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Feeding the beast
Cancer cells are hungry. Not only do they eat more than normal cells, but they also 
process their nutrients differently. Although this has been known since the 1920’s, 
recent advances have shown that metabolic alterations may be more than just an 
epiphenomenon. In fact, a rewired metabolism is essential for the development and 
growth of cancer cells as they become addicted to specific metabolic pathways 
to survive in a hostile environment. Having to survive under highly variable 
circumstances, cancer cells have evolved to be extremely flexible with their nutrients. 
As a consequence of this inherent metabolic flexibility, they are able to quickly rewire 
in response to chemotherapeutic drugs. 

In this thesis, I focus on this re-rewiring of metabolic pathways when cancer cells 
are attacked by anticancer drugs. Having changed their diets when they became 
cancer, these cells again change their metabolism to become resistant to anticancer 
drugs. But this metabolic flexibility comes with a cost. Their addiction to specific 
nutrients and metabolic pathways (which are less important to normal cells) makes 
them vulnerable to interferences with these nutrients and processes. This can be 
as simple as dietary restriction or as complex as chemical inhibition of enzymatic 
reactions. Understanding how metabolism is altered in drug-resistant cancer can 
thus lead to novel therapeutic strategies to overcome resistance. 

Metabolomics
Finding metabolic vulnerabilities is easier said than done. Cellular metabolism is 
an extremely complex network of interconnected chemical reactions transforming 
nutrients into cellular end-products. A human cell manages an estimated 16,000 
different endogenous metabolites and countless more exogenous metabolites. 
Together, these small-molecule nutrients, intermediates, by-products and end-
products are called the ‘metabolome’. This metabolome is characterized by high 
molecular diversity, structural heterogeneity and large concentration differences. 
The study of the metabolome – ‘metabolomics’ – therefore requires highly specific 
and sensitive analytical techniques. 

Mass spectrometry (MS) is one of the central instruments in the large-scale 
quantification of metabolites. Recent advances in high-resolution MS allow for the 
identification and quantification of metabolites with high sensitivity and accuracy. In 
the work described in this thesis, MS was coupled to liquid chromatography (LC) to 
identify and quantify both intra- and extracellular metabolites. This approach results 
in information about up- and downregulation of metabolites in different conditions. 

Although up- and downregulated metabolites can be indicative of metabolic 
adaptation, the complexity of the metabolic roadmap precludes definitive conclusions 
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about the causes and directions of these adaptations. To overcome this problem, 
substrates (nutrients) with stable isotopic atoms are used to follow nutrients though 
the network of pathways. Because high resolution MS makes it possible to identify 
a mass shift after the incorporation of the isotopic label, the fate of heavy labeled 
atoms can be traced over time though the complex roadmap of the metabolome. 

In analyzing metabolic adaptations, it is important to recognize that the 
metabolome is inherently intertwined with the proteome (the sum of proteins, the 
cellular machinery), the genome (the sum of genes, the cellular blueprint) and 
the transcriptome (the sum of genetic transcriptions, the active cellular program). 
Metabolomic findings can therefore be put in a better perspective when combined 
with proteomic, genomic and/or transcriptomic analyses. 

Outline of the thesis
The work presented in this thesis is focused on the role of cellular metabolism in 
drug-resistant cancers. For this, I applied MS-based metabolomics and metabolic 
flux analyses to study how cellular metabolism is altered when cells become resistant 
to drug treatment.

In chapter 1, I introduce the important aspects of cancer metabolism in general, 
with a special focus in metabolic pathways in central carbon metabolism. In addition, 
I review the current knowledge on how metabolic alterations are linked to anticancer 
drug resistance.

In chapters 2 and 3, I present work in search of metabolic vulnerabilities in 
bortezomib-resistant cells. I combine MS-based metabolomics, metabolic flux 
studies and targeted proteomics to map the differences in metabolism in bortezomib-
sensitive and resistant cells. 

The second part of this thesis shows how metabolomics can contribute to a better 
understanding of metabolic rewiring when combined with other -omics technologies. 
In chapter 4, I used metabolomics in combination with (phosphor)proteomics to 
study differences in lapatinib-sensitive and -resistant breast cancer cells. In chapter 
5, transcriptomics, proteomics and metabolomics were combined to study the effect 
of photodynamic therapy.

In the third part of this thesis, I demonstrate that metabolism influences drug 
response beyond cancer. Specifically, in chapter 6, I show that metabolism 
influences the effect of proteasome activating compounds, which illustrates the 
value of metabolomics in understanding drug action.

Finally, the summarizing discussion represents a synthesis of my work together 
with a discussion of the implications and limitations of the research presented in this 
thesis.
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INTRODUCTION

Metabolic alterations have been shown to be involved in resistance towards 
anticancer agents. This makes cancer metabolism a promising field to find novel 
strategies to overcome drug resistance, which will be the focus of this chapter.
Increased knowledge about the molecular mechanisms of cancer has led to the 
development of novel therapeutic compounds that specifically target cancer cells. 
Even though these targeted agents increase progression-free survival, this does not 
always translate in overall survival benefits due to rapid development of resistance 
[1]. Although adaptive resistance can be targeted to improve drug efficacy, new 
adaptive resistance is often rapidly developing, underlining the heterogeneity and 
adaptivity of cancer cells [2]. Therefore, understanding how resistance can be 
prevented, targeted and predicted becomes increasingly important to improve 
cancer therapy.

In the last decade, it has become apparent that alterations in cellular metabolism 
are a hallmark of cancer cells [3]. Many signalling pathways that are affected by 
genetic mutations in cancer influence metabolism [4]. Cancer cells can become 
addicted to specific metabolic pathways, which had led to the development of drugs 
that target these metabolic vulnerabilities [5, 6].

In this chapter, I will first introduce the important aspects of metabolic 
transformation in cancer in general, which is essential knowledge for the following 
parts of the chapter, as well as the rest of this thesis. In the second part, I will review 
how these metabolic alterations interfere with sensitivity to different anticancer 
therapeutics. Finally, I will discuss how these metabolic alterations can be targeted 
to overcome drug resistance in cancer.

METABOLIC TRANSFORMATION IN CANCER

Changes in metabolism are essential to sustain cancer cell growth and proliferation
Changes in metabolism are one of the emerging hallmarks of cancer cells [3]. 
Alterations in cellular metabolism sustain rapid production of adenosine triphosphate 
(ATP) and increased biosynthesis of macromolecules, including nucleotides, 
lipids and amino acids, and also help maintain cellular redox state [4, 7]. As such, 
changes in metabolism are essential to provide the needs for rapid cell growth and 
proliferation (Fig. 1).
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Both intrinsic and extrinsic mechanisms contribute to the characteristic metabolic 
alterations in cancer cells. Many different oncogenic as well as tumor suppressor 
signalling pathways influence metabolism, such as hypoxia-inducible factor 1 
(HIF1), p53 and MYC. In addition, cancer metabolism is influenced by the tumour 
microenvironment, for example the interaction with surrounding cells and the 
variation in availability of nutrients and oxygen (Fig. 1) [8]. Many of these mechanisms 
affect pathways involved in central carbon metabolism, such as glycolysis and 
the tricarboxylic acid (TCA) cycle, as described in more detail below. How these 
different mechanisms affect metabolism has been extensively reviewed by others 
and is beyond the scope of this review [4, 8–15].

Switching from oxidative phosphorylation to glycolysis for energy production
Glycolysis is the main pathway that is responsible for the breakdown of glucose to 
pyruvate involving several steps (Fig. 2). Glycolysis results in the production of a 
limited amount of energy in the form of ATP and of reducing equivalents in the form 

Altered 
cellular metabolism 

of cancer cell 

Genetic alterations
(p53, MYC, 
PI3K, HIF1)

Tumour microenvironment
(pH, nutrients, 

hypoxia)

Macromolecule
biosynthesis

Energy 
production

Redox
homeostasis

Cell growth
&

Proliferation 

Figure 1. Metabolic alterations in cancer cells are essential to sustain cancer cell growth and proliferation. 
Alterations in cellular metabolism in cancer cells are a result of intrinsic (genetic) factors and external factors. 
Genetic alterations in cancer cells result in loss of tumor supressors (e.g. p53) or activation of oncoproteins (e.g. 
PI3K), which affect signaling pathways that control metabolism. In addition, metabolism is influenced by environ-
mental conditions such as hypoxia, pH, and availability of nutrients, as well as the presence of other cells. The 
resulted altered metabolism provides energy in the form of adenosine triphosphate (ATP), building blocks for 
biosynthesis of macromolecules and aids in redox homeostasis, which are essential for rapid cell growth and 
proliferation. PI3K = phosphoinositide 3-kinase, HIF1 = hypoxia-inducible factor 1.   
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Figure 2. Metabolic pathways associated with cancer.
Pathways involved in central carbon metabolism are presented. Metabolic enzymes that are often upregulated in 
cancer and serve as potential therapeutic targets are shown in purple. These metabolic pathways are involved in 
the synthesis of building blocks for macromolecules and redox homeostasis (shown in red boxes). 2PG = 2-phos-
phoglycerate; 3PG = 3-phoshoglycerate; ATP = adenosine triphosphate; CPT1 = carnitine palmitoyltransferase I; 
F1,6-BP = fructose-1,6-bisphosphate; F2,6-BP = fructose-2,6-bisphosphate; F6P = fructose- 6-phosphate; FASN 
= fatty acid synthase; FH = fumarase; G6P = glucose-6-phosphate; GCLC = glutamate-cysteine ligase; GLS = 
glutaminase; GLUT = glucose transporter type; HK2 = hexokinase 2; I = complex I; IDH = isocitrate dehydrogena-
se; II = complex II; III = complex III; IV =complex IV; LDHA = lactate dehydrogenase A; MCT4 = monocarboxylate 
transporter 4; OAA, = oxaloacetate; PDH =pyruvate dehydrogenase complex; PDK1 = pyruvate dehydrogenase 
kinase 1; PEP = phosphoenol pyruvate; PFK1 = phosphofructokinase 1; PFK2 = phosphofructokinase 2; PGAM1 = 
phosphoglycerate mutase 1; PHGDH= 3-phosphoglycerate dehydrogenase; PKM2 = pyruvate kinase M2; PPP = 
pentose phosphate pathway; R5P = ribose 5-phosphate; SDH = succinate dehydrogenase; SSP = serine synthesis 
pathway; TCA = tricarboxylic acid cycle; V = complex V.
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of NADH. Pyruvate can subsequently be fed into the mitochondrial TCA cycle, where 
it is condensed with oxaloacetate (OAA) to produce citrate. A series of subsequent 
reactions supply reducing equivalents in the form of NADH and FADH2, which can 
be oxidized in the electron transport chain (ETC) complexes to ultimately produce 
ATP in a process called oxidative phosphorylation (OXPHOS) [16, 17] (Fig. 2). While 
ATP production via OXPHOS is more efficient, the majority of cancer cells generate 
most of their ATP through glycolysis, even in the presence of oxygen [18]. This 
phenomenon, known as aerobic glycolysis or “the Warburg effect”, is characterized 
by an increased rate of glycolysis, whereby pyruvate is converted to lactate and 
subsequently secreted by the cell instead of being funnelled into the TCA cycle. 

In order to maintain these high glycolytic rates, cancer cells have a higher demand 
for extracellular glucose as compared to healthy cells, which is often sustained by 
overexpression of glucose transporters (GLUTs) [19, 20]. In addition, glycolytic 
cancers often show higher levels of monocarboxylate transporter 4 (MCT4), which is 
responsible for lactate export and thereby maintaining intracellular pH and continued 
glycolysis [21, 22]. Likewise, several metabolic enzymes that catalyse the chemical 
reactions involved in glycolysis are overexpressed in different cancers. Interestingly, 
cancer cells seem to rely more on specific isoforms of glycolytic enzymes, making 
these promising targets to specifically inhibit glycolysis in cancer cells [6]. For 
example, the M2 isoform of pyruvate kinase (PKM2) is preferentially expressed 
over other isoforms in most cancer cells [23]. PKM2 catalyses the final step in 
glycolysis, and cancer cells are thought to regulate its activity to either increase 
glycolytic rates or divert glycolytic intermediates to biosynthetic pathways [24]. 
Cancers can also be more dependent on isoforms of hexokinase (HK2) [25, 26], 
and lactate dehydrogenase (LDHA) [27] or overexpress phosphoglycerate mutase 
1 (PGAM1) [28, 29]. Finally, enzymes that serve as regulators of glycolysis are highly 
expressed in cancer, including pyruvate dehydrogenase kinase 1 (PDK1) [30] and 
phosphofructokinase 2 (PFK2) [31, 32], allowing cancer cells to easily adapt glucose 
metabolism to meet their needs. 

There still is debate about why cancer cells prefer the less efficient glycolysis 
over OXPHOS for ATP production. Initially, Warburg hypothesized that cancer 
cells increased glycolytic activity because of impaired mitochondrial function [18]. 
Indeed, several cancers are associated with mutations in TCA cycle enzymes, 
supporting this hypothesis [33] (Fig. 2). Fumarate hydratase (FH) and succinate 
dehydrogenase (SDH) are tumour suppressors. Loss-of-function mutations in 
these genes are associated with tumorigenesis (reviewed in [34]) and result in 
the accumulation of succinate and fumarate, respectively, both of which function 
as oncometabolites [35, 36]. Mutations in isocitrate dehydrogenase 1 (IDH1) and 
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IDH2 are present in many cancers [37, 38] and result in the production of the 
oncometabolite 2-hydroxyglutarate [39]. How these oncometabolites promote 
cancer is not completely clear, but a common feature is stabilization of HIF1, which 
is a known regulator of glycolytic activity. Hence, the presence of these mutations 
provides a link between the Warburg effect and TCA cycle defects [40].

Later work showed that cancer cells prefer glycolysis also when mitochondrial 
function is intact [41, 42], suggesting that glycolysis confers other advantages to 
cancer cells. Likely, the increased glycolytic rates help cancer cells to fulfil the 
increased needs for biosynthesis of macromolecules and redox homeostasis by 
diverting glycolytic intermediates to key biosynthetic pathways [7] (described in 
more detail below). In addition, the production and secretion of lactate could aid 
tumor cells in creating an extracellular milieu that favours tumor growth, as lactate 
secretion results in an acidic tumor environment, which promotes migration and 
invasion [43, 44].

Diverting glycolytic resources towards the production of building blocks for 
macromolecules
Several glycolytic intermediates can branch off to biosynthetic pathways to generate 
nucleotides, amino acids and fatty acids. One of these pathways is the pentose 
phosphate pathway (PPP), which both sustains the biosynthesis of macromolecules 
and maintains redox homeostasis [45–47]. The PPP produces ribose-5-phosphate, 
which is needed for nucleotide synthesis, and regenerates NADPH, which 
provides reducing power for both glutathione (GSH) and thioredoxin that capture 
reactive oxygen species (ROS) produced during rapid cell proliferation. Glucose-
6-phosphate dehydrogenase (G6PD), whose activity reflects PPP activity, is 
upregulated in numerous cancer cells, underlining the importance of PPP in cancer 
metabolism [47, 48]. 

In addition, glucose is used for the synthesis of several non-essential amino 
acids, as 3-phosphoglycerate is a precursor for the biosynthesis of serine and 
downstream metabolites through the serine synthesis pathway (SSP). The SSP has 
emerged as a key pathway in cancer metabolism. Serine is needed to synthesize 
reduced GSH and phospholipids and also plays a major role in the one-carbon 
cycle, which sustains both the biosynthesis of nucleotides and NADPH regeneration 
[49, 50]. In line with this role, the SSP is often highly active in cancer cells and 
3-phoshoglycerate dehydrogenase (PHGDH), the first and rate-limiting enzyme in 
this pathway, is frequently upregulated in different cancers [51, 52]. 

Both glycolytic flux through SSP and PPP are regulated by PKM2 [53–56] 
and PGAM1 [57]. Cancer cells thus employ various strategies to divert glycolytic 

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   18 03-05-18   21:26



19

Metabolism and drug resistance 

metabolites into biosynthetic pathways, underscoring the importance of glycolytic 
regulators in cancer metabolism [7]. 

Turning glutamine into an important carbon source
Intermediates of the TCA cycle can also serve as building blocks for the biosynthesis 
of lipids and nucleotides (Fig. 2). Because TCA intermediates leave the TCA cycle 
for biosynthetic pathways, a new supply of carbons is needed to maintain TCA 
cycle activity, a process called anaplerosis. One of the most important anaplerotic 
pathways in cancer is glutaminolysis, in which glutamine is used to replenish the TCA 
cycle. Next to glucose, glutamine is the most consumed metabolite in proliferating 
cells in cell culture [58, 59] and it has been shown that many tumor cells are more 
dependent on glutamine as compared to healthy cells [60, 61]. However, a range of 
other metabolites has also been described to fuel the TCA cycle in cancer, including 
fatty acids (through β-oxidation) [62], lactate [63], acetate [64], and branched chain 
amino acids (BCAA) [65], illustrating the complexity of cancer metabolism. 

After glutamine enters the cell, it is converted to glutamate by glutaminase (GLS). 
Glutamate in turn can be further converted to α-ketoglutarate that can subsequently 
enter the TCA cycle (Fig. 2). As TCA cycle intermediates fuel pathways that have 
complementary functions to those diverting from glycolysis, the TCA cycle is as 
important as glycolysis for cancer cell anabolism. For example, glutamine is used for 
the production of the amino acids glutamate, aspartate and proline and for protein-, 
fatty acid and nucleotide synthesis as well as redox homeostasis [66, 67]. 

Both aspartate and proline, synthesized from glutamine, can be limiting for 
proliferation in cancer cells [68–70]. In addition, glutathione cysteine ligase (GCLC), 
which converts glutamate to GSH, is highly expressed in several cancers [71, 72]. 
Citrate can be used for fatty acid synthesis via fatty acid synthase (FASN), which 
has shown to be important in cancer cells (reviewed in [73]). Fatty acids are not only 
important components of membranes, but are also energy-rich compounds that can 
be degraded to provide ATP via β-oxidation [74]. Carnitine palmitoyl transferase 1 
(CPT1) conjugates fatty acids with carnitine to translocate them to mitochondria, 
where β-oxidation takes place (Fig. 2). CPT1C, an atypical isoform of CPT1, is highly 
expressed in cancers and promotes β-oxidation and ATP production [62]. These 
examples underscore the importance of glutamine and downstream pathways in 
cancer growth.
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LINKING METABOLISM TO ANTICANCER DRUG RESISTANCE

Resistance to therapeutic agents, either intrinsic or acquired, is currently a major 
problem in the treatment of cancers and occurs in virtually every type of anti-
cancer therapy [75, 76]. Acquired drug resistance can be the result of mutations 
causing decreased drug binding, increased activity of the drug target or due to 
the upregulation of multi-drug resistance transporters (Fig. 3). Acquired resistance 
can also be the result of various adaptive responses that occur downstream of the 
drug target and that help cancer cells withstand the effects of the drug (Fig. 3). 
(reviewed in [1, 76, 77]. Examples of such mechanisms are the upregulation of 
cellular pro-survival pathways, including the activation of DNA repair mechanisms 
[78], the upregulation of anti-apoptotic proteins [79, 80], and the upregulation of 
autophagy [81]. Another mechanism of resistance, that is frequently observed with 
kinase inhibitor therapy, is the so-called ‘oncogenic bypass’, in which the target 
pathway is activated through an alternative kinase, even when the primary kinase 
remains inhibited [82–85].

Drug inactivation

Active drug 

Enzyme inhibition 
DNA damage

Cell death

Alterations in drug target

Prosurvival signals

Deregulated apoptosis

Decreased infux

Increased efflux

DNA damage repair
Pathway redundancy

Oncogenic bypass

Figure 3. General mechanisms of drug resistance.
Drug resistance in cancer can be a result of adaptation mechanisms upstream or downstream of the drug target. 
Drug binding can be prevented by lowering intracellular drug concentrations (i.e. increased breakdown / efflux, 
decreased uptake) or mutations in the drug target. After drug binding, several mechanisms can occur that coun-
teract the effect of the drug, including DNA damage repair and activation of prosurvival signals, as well as pathway 
redundancy and oncogenic bypass. 
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A number of recent studies now also show the influence of metabolism on drug 
response in several cancers, identifying metabolic rewiring as a novel and important 
mechanism of adaptive resistance. An overview of these studies is given in Table 1. 
Studies focusing on multiple myeloma (proteasome inhibitors), breast cancer (EGFR 
inhibitors), lung cancer / ovarian cancer (cisplatin) and melanoma (BRAF inhibitors) 
are discussed in detail below (Fig. 4).

Metabolism-mediated resistance to proteasome inhibitors in multiple myeloma
Proteasome inhibitors are a cornerstone in the treatment of multiple myeloma [86, 87], 
with bortezomib being the first clinically available proteasome inhibitor. Proteasome 
inhibition results in a disbalance between production and degradation of proteins 
and eventually causes apoptosis in malignant cells via multiple pathways, including 
overproduction of ROS [88–90]. Although bortezomib therapy prolongs survival, 
some patients show intrinsic resistance to therapy, while others develop resistance 
during treatment [80, 90, 91]. Bortezomib resistance is associated with mutations in 
the proteasomal bortezomib-binding pocket and upregulation of the proteasomal 
machinery, both of which lower the efficacy of the drug [92–97]. 

However, intracellular concentrations of bortezomib seems to correlate 
with proteasome inhibition, but not with cytotoxicity [98], suggesting that other 
mechanisms must be involved in proteasome inhibition resistance. Indeed, recent 
studies suggest that downstream regulatory mechanisms are also important in 
bortezomib resistance, such as the unfolded protein response and vesicular 
exocytosis of ubiquitinated proteins [88, 99–102]. 

Several studies describe a role for metabolism in mediating sensitivity towards 
bortezomib (see Table 1, Fig. 4a) [103–108]. In particular, enzymes involved in the TCA 
cycle and the anti-oxidant response are upregulated in bortezomib resistance, as also 
described in chapters 2 and 3 of this thesis. Bortezomib-resistant cells, for example, 
have higher mitochondrial function and different expression of mitochondrial genes, 
including superoxide dismutase 2 (SOD2) which is important for mitochondrial ROS 
cleaning [109]. Proteomic screening of bortezomib-resistant and -sensitive cell lines 
showed that resistant cells have increased levels of proteins involved in mitochondrial 
function and enzymes involved in the generation of reducing equivalents [107]. 
Higher levels of mitochondrial biomarkers were also found in primary plasma cells 
from multiple myeloma patients that responded poorly to bortezomib [106]. The latter 
study also showed that mitochondrial respiration is increased in proteasome inhibitor 
resistant cell lines, with glutamine being the primary carbon source for the TCA cycle. 
Although these studies predict that inhibition of the TCA cycle would be toxic to 
bortezomib-resistant cells, dichloroacetate (DCA), which inhibits PDK1 and thereby 
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Tabel 1. Overview of metabolic alterations associated with drug resistance in cancer

Cancer type Pathways associated 
with resistance

Therapy Target in resistance 
(proposed therapy)

Ref

Multiple Myeloma
Glycolysis Bortezomib LDHA, PDK1 [110, 112, 

161]
Mitochondrial energy 
metabolism

Bortezomib, 
Carfilzomib

SOD2 (2ME), [106, 107, 
109, 111]

Redox metabolism Bortezomib - [104, 107, 
108]

Glutaminolysis Bortezomib, 
Carfilzomib

GLS (CB-839) [106]

Mevalonate pathway Bortezomib HMG-CoA 
(simvastatin)

[103]

Serine synthesis Bortezomib PHGDH [108]

Lung cancer
Mitochondrial energy 
metabolism

Cisplatin - [144]

Glutaminolysis Cisplatin xCT antiporter 
(riluzole)

[119, 144]

Redox metabolism Cisplatin ASS, TRX1
(Elesclomol), GCLC

[114, 115, 
118, 162]

Glycolysis Cisplatin, paclitaxel HK2 (2DG), mTOR, 
PDK2 (DCA)

[119, 121, 
163]

Ovarian cancer
Glycolysis Cisplatin - [117]

Pentose phosphate 
pathway

Cisplatin G6PDH (6-AN) [117]

Redox metabolism Cisplatin GSH [117]

Breast cancer
Fatty acid synthese Adriamycin FASN (Orlistat) [149]

Redox metabolism Adriamycin, 
Tamoxifen

xCT antiporter, GCLC 
(BSO)

[71, 128, 
164]

Glycolysis Lapatinib, Paclitaxel, 
Trastuzumab, 
Tamoxifen

HK (2-deoxyglucose) 
LDHA (oxamate)

[46, 122-
125]

Mitochondrial energy 
metabolism

Lapatinib, Tamoxifen ERRa, NQO1 [126-128]

Melanoma
Mitochondrial energy 
metabolism

BRAF inhibitor ETC (esclomol) [130-133]

Glutaminolysis BRAF inhibitor GLS (BPTES) [131]

Arginine metabolism BRAF inhibitor ASS1 (arginine 
starvation)

[155]

Glycolysis BRAF inhibitor 
(Vemurafenib)

PDK1 (DCA) [133, 134]
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promotes pyruvate entry in to the TCA cycle, increases sensitivity of multiple myeloma 
cells to bortezomib both in vitro and in myeloma-bearing mice [105, 110]. Since high 
intracellular glutathione levels protect cells from bortezomib-induced apoptosis [104], 
it is likely that DCA enhances the toxicity of bortezomib due to increased ROS levels 
that result from increased mitochondrial respiration. In line with this, the combination 
of SOD2 inhibition and bortezomib also induces cell death in bortezomib-resistant 
multiple myeloma cells via mitochondrial ROS overproduction [111]. 

In addition to SOD2, other antioxidant-related pathways are also upregulated 
in bortezomib-resistant cells , such as the PPP and SSP [108]. Furthermore, the 
presence of serine in the culture media influences the effect of bortezomib and high 
levels of PHGDH were found in a panel of bortezomib-resistant cells, demonstrating 
the importance of serine metabolism in bortezomib resistance (see chapter 2) [108]. 

Tabel 1. Continued

Cancer type Pathways associated 
with resistance

Therapy Target in resistance 
(proposed therapy)

Ref

Leukemia
Glycolysis Daunorubicin - [165]

Mitochondrial energy 
metabolism

Imatinib - [166]

Hepatocellular carcinoma
Glutaminolysis Sorefanib GLS1 (BPTES), 

PPARδ
[140]

Squamous cell carcinoma
Glycolysis Cisplatin, radiation 

therapy
PKM2 [151, 167]

Redox metabolism Cisplatin, radiation 
therapy

[151, 167]

Nucleotide 
metabolism

Gemcitabine (metformin) [168]

Fatty acid synthesis Radiation therapy FASN (orlistat) [151]

Colon Cancer
Glycolysis Multiple 

chemotherapeutic 
agents

[169]

Pancreatic cancer
Fatty acid synthesis Gemcitabine FASN (orlistat) [150, 170]

Glutaminolysis Gemcitabine [171]

Redox metabolism Gemcitabine xCT antiporter [139]
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Figure 4. Metabolic pathways involved in anticancer drug resistance.
Pathways involved in different drug-resistant cancer are presented. Metabolic enzymes that are associated with 
drug resistance are shown in purple. Metabolic inhibitors that can be used to target drug-resistant cancers are de-
picted in red. 2-DG = 2-deoxyglucose; 2ME = 2-methoxyestradiol; 6-AN = 6-aminonicotinamide; ATP = adenosine 
triphosphate; BPTES = bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide; BSO = buthionine sulphoxi-
mine; FASN = fatty acid synthase; G6PDH = glucose-6-phosphate dehydrogenase; GCLC = glutamate-cysteine 
ligase; GLS = glutaminase; HK2 = hexokinase 2; I = complex I; II = complex II; III = complex III; IV =complex IV; 
LDHA = lactate dehydrogenase A; LDHB = lactate dehydrogenase B; mTOR = mammalian target of rapamycin;  
NQO1 = NAD(P)H quinone dehydrogenase; PDH =pyruvate dehydrogenase complex; PDK1 = pyruvate dehy-
drogenase kinase 1; PHGDH= 3-phosphoglycerate dehydrogenase; PPP = pentose phosphate pathway; R5P = 
ribose 5-phosphate; ROS = reactive oxygen species; SOD2 = superoxide dismutase 2; SSP = serine synthesis 
pathway; TCA = tricarboxylic acid cycle; V = complex V; xCT = glutamate/cysteine xCT antiporter.
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Finally, several studies show that bortezomib resistance is accompanied with 
higher glycolytic activity [107, 110, 112]. Soriano et al. showed that proteasome-
resistant cells display higher levels of glycolytic enzymes and higher glycolytic rates 
than parental cell lines [107]. Higher glycolytic activity has also been found to lower 
bortezomib sensitivity under hypoxic conditions, while inhibition of LDHA enhanced 
sensitivity of bortezomib under these conditions [112]. In addition, LDHA expression 
correlated to poor prognosis in multiple myeloma patients [110]. Together, these 
studies suggest that glycolytic inhibition could be a novel strategy to overcome 
bortezomib resistance.

Metabolic rewiring in lung and ovarian cancer in response to cisplatin treatment
Cisplatin is a widely used chemotherapeutic agent in several types of cancer, including 
lung cancer and ovarian cancer. Its anticancer effect lies in the ability of cisplatin to 
interact with reducing equivalents (e.g. GSH) and DNA, resulting in increased ROS and 
DNA damage, which eventually leads to apoptosis [113]. Many mechanisms involved 
in cisplatin resistance have been described [113], and a number of studies suggest 
that metabolic rewiring of cisplatin-resistant cells is involved in redox buffering in both 
lung cancer and ovarian cancer cells (Table 1, Fig. 4b) [114–118]. Cisplatin-resistant 
lung cancer cells have higher levels of ROS, in part due to low levels of intracellular 
thioredoxin [114], and also display higher levels of GSH and GCLC [79, 115], likely 
to counteract the high ROS levels induced by cisplatin. Catanzaro et al. showed that 
cisplatin-resistant ovarian cancer cells have higher levels of GSH and G6PD, the rate 
limiting enzyme of the PPP and that PPP inhibition with 6-aminonicotinamide (6-AN) 
increases cisplatin cytotoxicity in these resistant cells [117]. In line with this, several 
studies show that cisplatin-resistant cells are vulnerable for ROS inducing agents. 
Cisplatin-resistant cells lung cancer cells have been reported to be more sensitive to 
elesclomol, an agent that is known to increase ROS [116]. In addition, the xCT-cysteine/
glutamate pump that provides cells with cystine for GSH synthesis, is upregulated in 
these cisplatin-resistant cells, and they are sensitive to the xCT-cysteine/glutamate 
pump inhibitor riluzole as compared to their parental counterpart [116]. Also, inhibition 
of GSH biosynthesis with buthionine sulfoximine (BSO) enhances the effect of cisplatin 
in breast cancer cells [71]. Together, these studies suggest that interfering with redox 
metabolism can improve cisplatin response. 

In addition, cisplatin-resistant cells have an altered energy metabolism compared 
to sensitive cells, but the findings on glycolysis and oxidative phosphorylation in 
lung and ovarian cancers are opposing. Cisplatin-resistant ovarian cancer cells 
were found to have higher rates of glycolysis and reduced mitochondrial activity 
compared to their cisplatin-sensitive counterparts. This leads to a higher sensitivity 
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of resistant cells to glucose starvation or to treatment with 2 deoxyglucose (2-DG), a 
competitive inhibitor of HK [117]. Cisplatin-resistant lung cancer cells, on the other 
hand, have lower rates of glycolysis and rely on oxidative phosphorylation instead 
[116, 119]. Cisplatin-resistant lung cancer cells have lower levels of HK1 and HK2 
[119], in accordance with the observation that cisplatin treatment itself lowers HK 
expression [120]. Cisplatin resistant lung cancer cells also display lower levels of 
LDHA as compared to sensitive parental cell lines as well as lower glucose uptake 
and lactate production [116], all of which is indicative of lower glycolytic activity. In 
line with lower glycolysis rates, cisplatin-resistant lung cancer cells are not sensitive 
to glucose starvation in comparison with parental cells under normal growth 
conditions. However, under hypoxic conditions, these cells are more vulnerable for 
2-DG treatment. As cells depend on glycolysis for energy in the absence of oxygen, 
the lower levels of HK in cisplatin-resistant cells likely makes them more vulnerable for 
2-DG under these conditions [119]. The lower glycolytic activity in cisplatin-resistant 
lung cancer cells is accompanied by higher rates of oxidative phosphorylation and 
mitochondrial activity [114, 116, 119], as well as a higher dependence on glutamine. 
[116]. In addition to glutamine, β-oxidation of fatty acids seem to fuel the TCA-cycle 
in cisplatin-resistant lung cancer cells [114, 119].

The metabolic reprogramming in lung cancer cells seems to some extent specific 
for cisplatin. Paclitaxel-resistant lung cancer cells show higher expression of PDK2 
as compared to their parental cells [121]. As a result, these resistant cells are more 
dependent on glycolysis than OXPHOS and could be sensitised to paclitaxel through 
PDK2 inhibition.

Metabolic alterations involved in drug-resistant breast cancers
Increased glycolysis is a common feature of drug-resistant breast cancer cells, 
irrespective of the type of chemotherapeutical agent used (Table 1, Fig. 4c). For 
example, several studies have found that resistance to lapatinib, an EGFR/ErbB2 
tyrosine kinase inhibitor that is widely used in ErbB2 overexpressing breast cancer, 
is associated with increased glycolysis [122, 123]. Lapatinib-resistant SKBR3 
breast cancer cells show increased expression of genes associated with glucose 
deprivation compared to sensitive cells, which correlates to poor outcome in patients. 
These genes include glucose transporters and enzymes involved in glycolysis, 
as well as alternative pathways for energy production, such as β-oxidation [122]. 
Overexpression of glycolytic genes was also found in a multi-omic approach involving 
(phospho)proteomics and metabolomics on lapatinib-resistant BT474 breast cancer 
cells (see chapter 4) [123]. As a result, resistant cells have higher activity of glycolysis 
and are more sensitive towards glycolytic inhibition. Increased glycolytic activity, 
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mediated by heat shock factor 1 and LDHA contributes to trastuzumab resistance 
in ErbB2-positive breast cancer cells and inhibition of glycolysis with 2-DG and the 
LDH inhibitor oxamate resensitizes resistant cells to trastuzumab [124]. 

Finally, downregulation of LDHA by knockdown or combining oxamate with 
paclitaxel shows a synergistic effect on promoting apoptosis in paclitaxel-resistant 
breast cancer cells [125]. Interestingly, Park et al. (2016) showed that the nuclear 
receptor estrogen-related receptor alpha (ERRα) regulates a metabolic switch to 
allow breast cancer cells to use lactate as a substrate for mitochondrial respiration 
in the absence of glucose. The ability to bypass glycolysis makes these cells less 
vulnerable for PI3K/mTOR inhibitors in the presence of lactate and ERRα antagonists 
are able to restore drug efficacy [126]. This finding underscores the importance 
of nutrient availability and metabolic alterations in the effectiveness of drugs. The 
importance of ERRα in regulating metabolism is further emphasized by Deblois et al. 
(2016), who showed that lapatinib-resistant breast cancer cells restore ERRα levels 
through reactivation of mTOR signaling, resulting in increased glutamine metabolism 
and anti-oxidant capacity [127]. Moreover, in a HER2-induced mammary tumour 
mouse model, targeting ERRα counteracts the metabolic alterations associated with 
lapatinib resistance and overcomes resistance to this drug [127]. Targeting ERRα is 
therefore emerging as a strategy to increase the sensitivity of drug-resistant breast 
cancer cells in the context of metabolism.

A second aspect that is observed in drug-resistant breast cancer cells is 
increased levels of OXPHOS, coupled to higher levels of oxidative stress. For 
example, tamoxifen-resistant MCF-7 breast cancer cells display increased 
mitochondrial metabolism and ATP production [128]. The biguanides metformin and 
phenformin, which inhibit ETC, selectively kill breast cancer stem cells which were 
resistant to standard chemotherapy [129], underscoring the importance of OXPHOS 
activity in the response to drugs. This higher mitochondrial activity may also explain 
the observation that tamoxifen-resistant breast cancer cells display lower levels 
of GSH [128], as these cells probably experience higher levels of oxidative stress 
in. In line with this, tamoxifen-resistant cells have higher expression of NADPH 
dehydrogenase 1 (NQO1) and GCLC, both involved in the defence against oxidative 
stress. Moreover, transduction of these genes into MCF-7 cells results in a tamoxifen-
resistant phenotype and NQO1 mRNA levels associate with disease progression in 
patients that received endocrine therapy [128]. Together, these results suggest that 
an increased anti-oxidant defence mechanism drives tamoxifen resistance. Finally, 
increased GSH synthesis in PI3K/Akt driven breast cancer is required for resistance 
to oxidative stress and inhibition of GSH biosynthesis synergizes with cisplatin to 
induce regression of in PI3K/Akt driven breast cancer [71]. 
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Metabolic contributions to BRAF inhibitor resistance in melanoma
The majority of cutaneous melanomas harbour activating mutations in the protein 
kinase BRAF, which makes inhibitors that target mutant BRAF promising agents 
to treat melanoma patients. In terms of metabolism, melanomas that express 
mutant BRAF and that developed resistance against BRAF inhibitors display 
increased activity of mitochondrial oxidative metabolism, increased dependency on 
mitochondria for survival and higher levels of ROS (Table 1, Fig. 4d) [130–133]. 
Treatment of mutant BRAF melanoma cells with the BRAF inhibitor vemurafenib 
results in increased mitochondrial respiration. Inhibition of mitochondrial respiration 
enhances vemurafenib-induced cell death, suggesting that increased mitochondrial 
activity serves as a defence mechanism against the drug. At the same time, 
increased levels of ROS that accompany the increased respiration renders these 
cells more vulnerable for further oxidative stress, induced by exogenous agents 
such as elesclomol [130]. Baenke et al. showed that increased dependency on 
mitochondrial respiration is associated with a metabolic switch that makes cells 
more dependent on glutamine rather than glucose. Hence, resistant BRAF mutant 
melanoma cells are more sensitive to the GLS inhibitor BPTES, which reduces ATP 
levels in resistant cells but not in parental cells. Moreover, BPTES enhances the 
anti-tumour activity of BRAF inhibitors, underscoring the importance of glutamine in 
mediating BRAF inhibitor resistance [131].

A second metabolic switch in BRAF inhibitor-resistant melanoma cells was found 
on the level of PDK [133, 134]. PDK inhibition results in more pyruvate influx into the 
TCA cycle, which increases ROS and thereby reduced viability of BRAF inhibitor 
resistant cells [133]. The susceptibility to higher rates of oxidative stress was also 
observed in other tumour types that harboured a mutation in BRAF, as mutant BRAF 
colorectal cancer cells are prone to cell death after exposure to the oxidized form of 
vitamin C, which causes oxidative stress via GSH depletion [135].

TARGETING DRUG RESISTANCE THROUGH THE MANIPULATION 
OF METABOLISM

Metabolic rewiring is an established hallmark of cancer and many studies have 
shown that cancer cells have an increased consumption of glucose and glutamine 
to satisfy their needs for energy, biosynthesis and redox balance. From the studies 
discussed above, it becomes apparent that metabolic alterations are often linked to 
anticancer drug resistance and may consequently be targeted to overcome drug 
resistance or to enhance the efficacy of current anti-cancer therapy. Among the 
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different drug-resistant cancers described, pathways involved in redox and energy 
metabolism are frequently altered (Table 1, Fig. 4), making them very promising 
pathways to target in drug-resistant cancers.

Targeting the redox balance
Resistance in many tumor types is accompanied with increased activity of pathways 
involved in redox balance. A majority of anticancer agents induce apoptosis by 
increasing oxidative stress [104, 118, 136–140] and it is likely that drug-resistant 
cells in general increase their anti-oxidant capacity to counteract the effect of drug 
treatment, albeit via different pathways. The fact that many resistant cells show an 
increased anti-oxidant capacity likely renders them cross-resistant to other oxidative 
stress inducing agents. Interfering with pathways involved in redox balance could 
therefore be a novel strategy to overcome (multidrug) resistance towards anticancer 
drugs that induce oxidative stress. But although an increased anti-oxidant capacity 
seems to be a common characteristic of drug-resistant cells, metabolic profiles are 
altered in drug-specific manners. For example, some drug resistant cells rely more 
on NADPH production via the PPP [108, 117, 140], while others have higher activity 
of GSH synthesis [71, 115, 128]. The fact that several different pathways are involved 
suggests not only that a tailored approach may be needed to overcome resistance 
to specific drugs, but also that these redundant pathways may protect cancer cells 
to a large extent from inhibition of one specific pathway. 

Exploiting energy metabolism
Many studies show an association between drug resistant cells and the Warburg 
effect, suggesting that a high glycolytic rate helps cancer cells to survive anticancer 
treatment [112, 125, 133, 134, 141]. Higher glycolytic rates may lower drug efficacy 
through the increased secretion of lactate into the extracellular space, as it has been 
postulated that an acidic extracellular pH contributes to drug resistance because 
some drugs are not stable under acidic conditions [142, 143]. High glycolytic rates 
in drug-resistant cells are often accompanied with higher expression of glycolytic 
regulators such as PDK1 and LDHA, making these enzymes interesting targets for 
drug-resistant cancers. 

Other resistant tumours rely more on mitochondrial activity fueled by glutamine 
rather than glucose [106, 131, 144]. Interfering with glutamine metabolism, via either 
inhibition of glutaminolysis or glutamine uptake, could be a strategy for drug-resistant 
tumors that rely on glutamine for energy production [145, 146]. In addition, as 
glutamine is mainly used for mitochondrial energy production, inhibition of ETC with 
biguanides holds great promise in cancer therapy and drug resistance [145, 147] 
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Whether the cells rely more on glycolysis or OXPHOS could be a result of multiple 
processes, such as the origin of the tumour and its genetic state. In addition, the 
location of the tumor can influence the metabolic state, because of differences in 
availability of oxygen and nutrients.   

Beyond central carbon metabolism
The majority of studies on metabolism-mediated drug resistance so far focused on 
pathways such as glycolysis and the TCA cycle and the role of the main carbon 
sources glutamine and glucose. But fatty acids and branched chain amino acids 
can also provide energy, and are also linked to tumorigenesis [74, 148]. Interesting 
opportunities to target drug resistance may therefore also be found beyond glycolysis 
and the TCA cycle.

FASN correlates with poor prognosis in various types of cancer and also interferes 
with drug efficacy [74]. FASN overexpression causes resistance to the anticancer 
drugs adriamycin and mitoxantrone in breast cancer cells [149], gemcitabine-
resistant pancreatic cells [150] and radiotherapy resistant head and neck squamous 
cell carcinomas [151]. Orlistat, a FASN inhibitor, increases the sensitivity to all drugs, 
suggesting that FASN can be a new target in drug resistant cancers. 

Amino acid metabolism may also yield promising targets to treat drug-resistant 
tumors. Cancer cells can be dependent on specific amino acids, such as serine [52, 
152], proline [70, 153], aspartate [68, 69] and arginine [154]. Although the role of 
amino acid metabolism in drug resistance is largely unexplored, studies suggest that 
amino acid availability could be important in drug response and the development of 
drug resistance. For example, BRAF inhibitor resistant melanoma cells are more 
sensitive to arginine deprivation as compared to parental cells [155]. 

Finally, serine synthesis is associated with bortezomib resistance in multiple 
myeloma and serine starvation enhanced the cytotoxic effect of bortezomib (see 
chapter 2) [108]. These studies not only underscore the complexity of cancer 
metabolism, but also suggest that the exploration of amino acid metabolism may be 
a promising avenue to identify novel targets to overcome drug resistance.

CONCLUSION

It is clear that understanding cancer metabolism can improve cancer therapy, as 
exemplified by the widespread use of 18-fluorodeoxyglucose, a glucose analogue 
that exploits the Warburg effect in PET imaging for cancer diagnosis, treatment and 
prognosis [156]. The potential of metabolic inhibitors in cancer is illustrated by the use 
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of antimetabolites, such as 5-fluorouracil and methotrexate, which have been used 
for decades to treat cancers [157], even though their anticancer effects were only 
coupled to metabolic interference much later [6]. Another example of a successful 
metabolic drug is the use of L-asparaginase, which is used in the treatment of acute 
lymphoblastic leukaemia [158]. 

The recent surge in knowledge in the field of cancer metabolism has sparked 
increased interest to exploit the altered metabolism of cancer cells to find novel 
targets for therapy. As a result, compounds have been developed that specifically 
target the unique metabolism of cancers. Several of these are now being tested in 
clinical trials [5, 6, 113, 159]. For many chemotherapeutic agents, combinational 
treatments are used to increase drug efficacy [77, 160].

Here, I discussed specific metabolic programs and adaptations that exist in 
drug-resistant tumors. I explained how these adaptations depend both on the drug 
and the origin of the tumor and how they contribute to drug resistance. From these 
studies, it becomes apparent that a better understanding of the altered metabolism 
in different drug resistant cancers is essential to improve cancer therapy. Such 
understanding will provide insights into the molecular mechanisms of resistance and 
may ultimately lead to novel metabolic targets that can be used for (combinational) 
therapy to increase the efficacy of current drugs. This knowledge may also lead 
to prognostic biomarkers for drug response, which may advance current therapy 
by predicting drug response based on the metabolic state of a tumor and thereby 
contribute towards more efficacious personalized medicine. 
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ABSTRACT

The proteasome inhibitor bortezomib (BTZ) is successfully applied in the treatment 
of multiple myeloma, but its efficacy is restricted by the wide-spread occurrence 
of resistance. Metabolic alterations play an important role in cancer development 
and aid in the cellular adaptation to pharmacologically changed environments. 
Metabolic changes could therefore play an essential role in the development of drug 
resistance. However, specific metabolic pathways that can be targeted to improve 
bortezomib therapy remain unidentified.

We elucidated the metabolic mechanisms underlying bortezomib resistance by 
using mass spectrometry-based metabolomics and proteomics on BTZ-sensitive 
and BTZ–resistant multiple myeloma cell lines as well as in a set of CD138+ cells 
obtained from multiple myeloma patients. 

Our findings demonstrate that a rewired glucose metabolism sustains bortezomib 
resistance. Mechanistically, this results in higher activity of both the pentose 
phosphate pathway and serine synthesis pathway, ultimately leading to an increased 
anti-oxidant capacity of BTZ-resistant cells. Moreover, our results link both serine 
synthesis pathway activity and expression of 3-phosphoglycerate dehydrogenase 
(PHGDH), which catalyses the rate-limiting step of serine synthesis, to bortezomib 
resistance across different BTZ-resistant multiple myeloma cell lines. Consistently, 
serine starvation enhanced the cytotoxicity of bortezomib, underscoring the 
importance of serine metabolism in the response to BTZ. Importantly, in CD138+ cells 
of clinically bortezomib refractory multiple myeloma patients, PHGDH expression 
was also markedly increased. 

Our findings indicate that interfering with serine metabolism can be a novel 
strategy to improve bortezomib therapy and identify PHGDH as a potential biomarker 
for BTZ resistance.
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INTRODUCTION

The proteasome inhibitor bortezomib (BTZ) is widely used in the treatment of multiple 
myeloma (MM) [1, 2]. The proteasome is a large intracellular protease complex, 
composed of a 20S core particle and two 19S regulatory particles. The 20S core 
particle consists of two outer rings of α-subunits and two inner rings of β-subunits. 
Three of these β-subunits, termed β1, β2 and β5 are catalytically active [3]. They 
can be replaced by the three interferon inducible subunits β1i, β2i and β5i to form 
immunoproteasomes. BTZ acts by inhibiting primarily the β5/β5i subunits and to a 
lesser extent the β1/β1i subunits [4]. The resulting imbalance between production 
and degradation of proteins leads to the accumulation of (regulatory) proteins, 
causing endoplasmic reticulum stress and activation of the unfolded protein 
response. Proteasome inhibition eventually causes apoptosis in malignant cells via 
multiple pathways, including overproduction of reactive oxygen species [5–7].

Despite good clinical results of initial treatment, many patients eventually relapse 
from BTZ therapy [7–9]. Resistance is associated with mutations in the binding 
pocket of the β5 subunit (PSMB5), resulting in impaired binding of the drug [10–12], 
upregulation of the proteasomal machinery, and a change in the ratio of (immuno)
proteasomal subunits [13–15]. However, how relevant PSMB5 mutations are in 
relapsed patients remains unclear [16] and more recent studies suggest that other 
mechanisms are involved in BTZ resistance, such as the unfolded protein response 
and vesicular exocytosis of ubiquitinated proteins [5, 17–20]. 

Targeting metabolism is emerging as a promising strategy for cancer therapy 
[21–23]. Metabolic alterations have been linked to resistance to chemotherapeutic 
agents [24–27] and may also play a role in the (lack of) response to BTZ. In particular, 
higher glycolytic activity has been found to lower BTZ sensitivity under hypoxic 
conditions [28] and BTZ resistant cells were found to have proteomic changes in 
redox and energy metabolism [29]. However, specific metabolic targets that can 
serve to augment responses to BTZ therapy remain unidentified. 

In this study we aimed to identify altered metabolic pathways in BTZ-resistant 
MM cells that drive resistance. By using mass spectrometry and tracer-based 
metabolomics combined with proteomics, we show that BTZ-resistant cells adapt 
their glucose metabolism. Mechanistically, this metabolic rewiring results in higher 
activity of both the pentose phosphate pathway (PPP) and serine synthesis pathway 
(SSP) and ultimately leads to an increased anti-oxidant capacity of BTZ-resistant 
cells. We also demonstrate that serine starvation enhances the effect of BTZ and 
that 3-phosphoglycerate dehydrogenase (PHGDH), which catalyzes the rate limiting 
step in the SSP, is upregulated across different BTZ resistant MM cells. Our results 
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indicate that serine metabolism is associated with BTZ resistance and that interfering 
with this pathway can be a novel strategy to improve BTZ therapy.  

RESULTS

Bortezomib resistance in MM cells is not solely driven by adaptation of the 
proteasome itself
To study BTZ resistance, we compared human BTZ-sensitive RPMI-8226 wild-type 
(WT) MM cells with two BTZ-resistant cell lines (BTZ/7 and BTZ/100), which grow 
in the presence of 7 nM and 100 nM BTZ, respectively [11]. Cell viability assays 
showed the 48-hour IC 50 values of BTZ to be 7.3 ± 2.4 nM, 25.3 ± 6.6 nM and 
231.9 ± 73 nM in the WT, BTZ/7 and BTZ/100 cell lines, respectively (Fig. 1a), in 
line with previous reports [11, 30]. Comparable IC50 values were found by analysing 
the cell growth of these cell lines, and also cell death assays using propidium 
iodide showed similar trends (Supplemental Fig. S1a). BTZ-resistant cells displayed 
cross-resistance towards the proteasome inhibitor carfilzomib (CFZ), but not to the 
chemotherapeutic drugs methotrexate (folate antagonist) and melphalan (alkylating 
agent) (Supplemental Fig. S1b). This suggests that the adaptations are related to 
proteasome inhibitor resistance rather than multidrug resistance, as also previously 
described for THP-1 cells [10].

Next, we evaluated the proteasome activity in these cells with and without 
BTZ treatment using the cell-permeable fluorescent proteasome activity probe 
Me4BodipyFL-Ahx3L3VS. In this assay, the fluorescence intensity directly correlates 
to the proteasome (subunit) activity, which can be visualized using SDS-PAGE [31]. 
Without BTZ treatment, both BTZ/7 and BTZ/100 cells showed reduced activity of the 
β2i subunit, a relative upregulation of the β2 activity and a lower total proteasome 
activity compared to WT cells (Fig. 1b), consistent with published reports [11, 30, 
32]. BTZ treatment decreased total proteasome activity in a dose dependent manner 
with 50% proteasome inhibition at 107.5 ± 56 nm for the BTZ/100 cells and 10.3 ± 4.1 
nM and 15.1 ± 0.9 nM in the WT and BTZ/7 cells, respectively (Fig. 1c, Supplemental 
Fig. S1c). Whereas the onset of β2 inhibition was shifted towards higher BTZ 
concentrations in the BTZ/100 cells, only small differences were observed in the onset 
of β1/5 inhibition between sensitive and resistant cell lines (Supplemental Fig. S1c). 
These results suggest that upregulation of β2 activity is one of the main proteasomal 
driving forces of BTZ resistance in RPMI-8226 cells. However, in contrast to WT cells, 
both resistant cell lines still show survival at 50% proteasome inhibition, in line with 
earlier results [29]. This indicates that in order to survive BTZ treatment, BTZ/7 and 
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BTZ/100 cells not only change the proteasome itself, but also adapt to survive under 
conditions of continuous proteasome inhibition. 

Bortezomib-resistant cells have an enhanced pentose phosphate pathway activity
Because metabolic alterations are increasingly recognized as a driving force in drug 
resistance, we next investigated whether such metabolic changes drive adaptation 
to continuous proteasome inhibition in BTZ-resistant MM cells. BTZ sensitivity has 
been linked to higher glycolytic activity under hypoxic conditions [28]. However, 
many metabolic pathways branch off from glycolysis, including the tricarboxylic acid 
(TCA) cycle, pentose phosphate pathway (PPP) and nucleotide synthesis pathway. 
Hence, to get a more comprehensive insight into the altered glucose metabolism 
in BTZ resistant cells, we first mapped the glucose metabolism in both resistant 
and sensitive cells by performing 13C-glucose tracer experiments. To this end, WT 
and BTZ/100 cells were grown in the presence of 8 mM [U-13C]-glucose and the 
incorporation of 13C-carbon from glucose in downstream metabolites was followed 
over time using mass spectrometry. In addition, changes in extracellular metabolites 
levels were analysed. As a centrifugation step – which disturbs the cells – is inevitable 
to resuspend cells in [U-13C]-glucose medium, cells will only reach pseudo-steady 
states hours after being resuspended. Therefore, early time points (less than 4 hours) 
were excluded from the analysis. As expected, BTZ/100 cells displayed both an 
increased uptake of glucose from and increased secretion of lactate into the culture 
medium, indicative of a higher glycolytic activity (Fig. 2a, b). In addition, BTZ/100 
cells displayed higher intracellular levels of 13C-glucose, as well as higher levels of 
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Figure 1. Bortezomib resistance is not solely driven by adaptations of the proteasome.
a Cell viability of RPMI-8226 wild type (WT) and bortezomib-resistant (BTZ/7 and BTZ/100) cells after a 48-hour 
treatment with increasing concentrations of bortezomib. Results represent % cell viability ± SD compared to 
non-treated controls of a representative experiment (n=3). b In gel fluorescence measurements of a representa-
tive experiment showing proteasome activity profiles of RPMI-8226 WT, BTZ/7 and BTZ/100 cells after a 1-hour 
incubation with proteasome activity probe Me4BodipyFL-Ahx3L3VS (lower panel). Quantification of gel images, with 
subunit activity plotted as of total proteasome activity. Results represent averages of 3 independent experiments 
(upper panel). c Total proteasome activity of RPMI-8226 WT, BTZ/7 and BTZ/100 cells after a 2-hour incubation 
with increasing concentrations of bortezomib, compared to non-treated controls. Results represent quantification 
of gel images obtained by a 1-hour incubation with Me4BodipyFL-Ahx3L3VS. Results represent averages of 3 inde-
pendent experiments. BTZ = bortezomib.
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13C-pyruvate and 13C-lactate, supporting higher glycolytic activity. No differences in 
the amount of 13C-citrate were observed between cell lines, suggesting no change 
in glucose flux to the TCA cycle (Fig. 2c). In contrast, sedoheptulose-7-phosphate 
(S7P), an intermediate of the PPP, was one of the most upregulated metabolites 
in BTZ/100 cells compared to WT cells. Substantially increased levels of de novo 
synthesized 13C-labeled S7P were present in BTZ/100 cells, indicating a higher 
PPP activity in resistant cells (Fig. 2c). Moreover, higher amounts of M+4 and M+6 
isotopomers of S7P were present in BTZ/100 cells, which are indicative of increased 
PPP cycling and further support the higher PPP activity in these cells. After 8 hours, 
the S7P levels dropped in both cell lines, suggesting that the cells temporarily raised 
their PPP activity in response to some type of stress, most likely the centrifugation 
of the cells. We therefore hypothesize that bortezomib resistant cells have a higher 
basal PPP activity as well as a higher capability to increase PPP activity in response 
to stress [33].

To investigate whether these findings are general features of BTZ-resistant cells, 
we repeated the MS analysis on BTZ-sensitive AMO-1 multiple myeloma cells and 
its BTZ- and CFZ-resistant counterpart, again including RPMI-8226 cells. We also 
included BTZ-resistant ARH-77 cells, which have a different origin (plasmocytoid 
lymphoma) in these analyses (Supplemental Fig. S2a-c) [13, 29]. Whereas BTZ-
resistant AMO-1 and RPMI-8226 cells all showed higher glucose uptake, lactate 
secretion and PPP activity compared to sensitive cells, AMO-1 CFZ/90 cells did 
not show these metabolic changes. Notably, overexpression of the drug efflux 
transporter ABCB1/P-glycoprotein, for which carfilzomib is a bona fide substrate, 
is an important underlying mechanism of carfilzomib resistance in CFZ/90 AMO-1 
[29, 34]. It is thus likely that these cells do not require metabolic adaptations to 
oppose proteasome inhibitor induced apoptosis. ARH-77 BTZ-resistant cells on the 
other hand showed an opposite effect on glucose uptake, lactate secretion and PPP 
metabolism. Together, these findings show that BTZ-resistant MM cells have higher 
PPP activity compared to sensitive cells and suggest that this effect is specific for 
bortezomib as well as for multiple myeloma.

Enhanced pentose phosphate pathway activity increases anti-oxidant capacity of 
bortezomib resistant cells
The PPP provides both ribose for purine nucleotide synthesis, and NADPH, which 
cells use for maintaining intracellular redox balance [33]. Since oxidative stress plays 
a role in the mechanism of action of BTZ, and BTZ/100 cells showed only moderately 
increased levels of the purines AMP and GMP (Fig. 2c), we hypothesized that BTZ-
resistant cells increase their PPP activity predominantly to increase their anti-oxidant 
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defenses and counteract the effect of the drug. Indeed, BTZ-resistant RPMI-8226 
cells showed significantly higher concentrations of total glutathione (GSH), an 
important cellular antioxidant (Fig. 3a). Significantly higher levels of intracellular GSH 
were also found in BTZ-resistant AMO-1 cells as compared to BTZ-sensitive AMO-1 
cells (Supplemental Fig. S2d). RPMI-8226 BTZ/100 cells were also less sensitive to 
hydrogen peroxide (H2O2) (IC50 256μM vs. 67μM) compared to WT cells (Fig. 3b). 
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Figure 2. Bortezomib resistant cells have an enhanced phosphate pathway activity.
Intra- and extracellular metabolite analysis of RPMI-8226 wild type (WT) and bortezomib resistant (BTZ/100) cells. 
Cells were suspended in DMEM containing 8 mM [U-13C] D-glucose. a,b Media samples were collected after 8 
hours, followed by LC-MS analysis of extracellular glucose (a) and lactate (b). Results represent % peak area 
± SD compared to cell-free media (n=3). Two-way ANOVA tests were performed (** = p<0.05, ** = p<0.01,). c 
Intracellular metabolites were extracted after 4 and 8 hours and analyzed by LC-MS. Data are means ± SD (n=3) 
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When BTZ/100 cells were exposed to H2O2 after a 24-hour pre-incubation with the 
PPP inhibitor trans-androsterone (TA), the IC50 of H2O2 shifted from 579μM to 358μM 
(Fig. 3c), confirming that the resistance to oxidizing agents in these cells is at least 
partly mediated through their increased PPP activity. Furthermore, in line with our 
metabolomics data we found that the GSH/GSSG ratio was increased in BTZ/100 
cells compared to WT cells (Fig. 3d), indicative of an increased anti-oxidant capacity. 
Finally, the ability of cells to reduce dehydroascorbate (DHA, oxidized vitamin C) to 
ascorbic acid (AA) can also be used as a tool to analyze cellular redox status [35]. DHA 
is rapidly taken up by the glucose transporters GLUT1 and GLUT3 and subsequently 
reduced either spontaneously or by GSH- and NADPH-dependent enzymes. As a 
consequence, DHA reduction is coupled to the ability of cells to regenerate NADPH 
and GSH [35]. We therefore developed an MS assay to measure the intracellular 
reduction of DHA to AA (Fig. 3e). Exposure to DHA resulted in similar intracellular 
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levels of DHA in both WT and BTZ/100 cells. In contrast, significantly higher levels 
of AA were found in BTZ-resistant cells, indicating an increased conversion of DHA 
to AA. Because reduction of DHA will help maintain a DHA gradient over the cell 
membrane that favours transport [36], total DHA plus AA levels are also higher in the 
BTZ-resistant cells. Moreover, whereas DHA exposure decreased GSH/GSSG ratio 
in WT cells compared to control conditions, this ratio remained stable in BTZ/100 
cells (Fig. 3d). These data indicate that the WT cells lack the capacity to regenerate 
GSH and NADPH, which render them more sensitive to oxidative stress compared 
to the resistant cells. 

Bortezomib-resistant cells have a higher activity of the serine synthesis pathway 
The serine synthesis pathway (SSP), in which serine is synthesized from 
3-phosphoglycerate, is another pathway that branches off from glycolysis and that is 
involved in both NADPH regeneration and GSH production. We therefore questioned 
whether BTZ-resistant cells also showed increased activity of the SSP. To investigate 
the basal activity of the SSP in BTZ sensitive and resistant cells, we performed tracer 
experiments in DMEM containing 8 mM 13C-glucose and normal levels of (unlabeled) 
12C-serine. As the activity of the SSP is controlled primarily by the demand for serine 
and is only activated when serine is depleted from the extracellular environment [37–
42], we expected only low levels of de novo serine synthesis under these conditions. 
Indeed, both RPMI-8226 WT and BTZ/100 cells contained predominantly 12C serine, 
obtained from the culture medium, and only small amounts of 13C-serine (M+1, M+2 
and M+3) (Fig. 4a). However, the levels of serine M+3, which is synthesized de novo 
from glucose through the SSP [43], were higher in resistant cells compared to wild-
type cells, indicative of a higher basal activity of the SSP in these cells. Moreover, 
BTZ/100 cells displayed a higher uptake of serine from the cell culture medium 
compared to the WT cells (Fig. 4b). Serine was almost depleted in the culture media 
in BTZ/100 cells after 24 hours, resulting in substantially lower serine levels 24 hours 
after fresh medium was added to cells (Fig. 4a, b). Although these data should be 
interpreted with care, as some nutrients are depleted at 24 hours, these data do 
indicate that BTZ/100 cells have an increased demand for serine compared to WT 
cells, which is met by increasing both serine synthesis and serine uptake.

Next, we investigated how BTZ-sensitive and -resistant cells behaved under 
conditions of serine starvation, when upregulation of the SSP would be a requirement 
to survive. To this end, cells were grown in the presence or absence of serine and 
glycine (SG), first for 24 hours in the presence of [U-12C]-glucose, and subsequently 
for 4 hours using [U-13C]-glucose, as described elsewhere [38]. To reduce extra 
stress on the cells and ensure ample glucose supply throughout the experiment, we 
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supplemented the cell culture medium with 25 mM glucose instead of 8 mM. These 
higher glucose levels did however not affect serine synthesis, at least under serine-
fed conditions (compare Fig. 4a, 4-hour time point, to Fig. 4c and Supplemental 
Fig. S3a). In both WT and BTZ/100 cells, serine starvation resulted in a decrease 
in both total serine levels and 13C-serine levels (Fig. 4c, Supplemental Fig. S3a), 
probably reflecting the rapid conversion of serine to further downstream metabolites 
[37]. Although total glycine and GSH levels also decreased in both cell lines during 
serine starvation (Supplemental Fig. S3a), higher levels of 13C-glycine and 13C-GSH 
were found in BTZ/100 cells (Fig. 4c), indicating that SSP can be activated to a 
higher extent in resistant cells compared to WT cells when needed. Additionally, 
BTZ-resistant cells are able to maintain higher levels of GSH during serine starvation, 
supporting our findings that they have higher anti-oxidant capacity.

Given that cells with high SSP activity are able to proliferate in the absence of 
extracellular serine [43], we next hypothesized that especially WT cells, that have 
low SSP activity, would be sensitive to serine starvation both in the absence and 
presence of BTZ. Indeed, serine starvation lowered the viability of WT cells, while 
BTZ/100 cells remained viable after 48 hours of serine starvation (Fig. 4d), likely 
because they compensate for the lack of serine through serine synthesis. At the 
same time, serine starvation significantly increased the amount of cell death in WT 
cells, but not in BTZ/100 cells (Supplemental Fig. S3b). Importantly, a 24-hour serine 
starvation prior to BTZ treatment increased the cytotoxic effect of BTZ on WT cells 
(Fig. 4e). These data not only confirm that the presence of serine is important in the 
defense mechanism of cells against BTZ, but also suggest that serine starvation 
could be combined with BTZ to increase the efficacy of treatment in BTZ-sensitive 
patients.

Bortezomib resistance correlates to the expression of PHGDH
Having established the importance of both PPP and SSP in the response of cells 
to BTZ, we next asked whether these differences were also found on the protein 
level. Hence, we performed proteomics on WT, BTZ/7 and BTZ/100 cells and 
quantified >3500 proteins , 395 of which were classified as metabolic enzymes 
(Fig. 5a, Supplemental Fig. S4a, Table S1, Table S2). The highest upregulated 
metabolic enzyme in both BTZ/7 and BTZ/100 cells was 3-phosphoglycerate 
dehydrogenase (PHGDH; fold change (FC) = 11.27 and 7.86, respectively), the first 
and rate-limiting enzyme in the SSP, underscoring the importance of the SSP in the 
response to BTZ. In agreement with our findings, overexpression of PHGDH has 
previously been associated with an increased glucose flux through the SSP and 
the ability to proliferate in the absence of extracellular serine [43, 44]. Of the other 
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SSP enzymes, phosphoserine aminotransferase 1 (PSAT1) was downregulated in 
BTZ/100 cells, while the proteomics data showed no change in the expression of 
phosphoserine phosphatase (PSPH) in BTZ/100 cells compared to WT cells (Fig. 
5b). However, since PHGDH is the rate-limiting enzyme in the SSP, the much higher 
PHGDH levels should allow for higher rates of serine synthesis. An 8-hour treatment 
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Figure 4. Bortezomib resistant cells have a higher activity of the serine synthesis pathway.
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cells. Cells were suspended in DMEM containing 8 mM [U-13C] D-glucose. Intracellular metabolites were extracted 
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201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   53 03-05-18   21:26



2

54

W
T

B
TZ

/7

B
TZ

/1
00 W
T

B
TZ

/9
0

C
FZ

/9
0

W
T

B
TZ

/9
00

1
2
3
4
5

RPMI-8226 AMO-1 ARH-77

****

****

**** ****

****

a 

c

b

e r = 0.56
P = .0042

-6 -4 -2 0 2 4 6
0

2

4

6

8

Fold change
(Log2 (100/WT))

Si
gn

ifi
ca

nc
e

-lo
g 1

0
(p

-v
al

ue
)

GNPNAT1

CAT

PHGDH

-9 -8 -7 -6 -5
0.0
1.0
2.0
3.0
4.0
5.0

BTZ sensitivity (log[IC50])

S
SP

ac
tiv

ity
(%

se
rin

e
M

+3
)

WT
BTZ/7

BTZ/100

RPMI-8226 AMO-1 ARH-77

WT

BTZ/90

CFZ/90
WT

BTZ/90

f

PHGDH

P
at

ie
nt

 1
 

P
at

ie
nt

 3
 

P
at

ie
nt

 4
 

P
at

ie
nt

 2
 

P
at

ie
nt

 6
 

P
at

ie
nt

 5
 

S
SP

ac
tiv

ity
(%

se
rin

e
M

+3
)

* * *

PHGDH PSAT1 PSPH
0
1
2
4
8

12

R
el

at
iv

e
pr

ot
ei

n
ab

un
da

nc
e

WT
BTZ/7
BTZ/100

****
****

ns
**

***

ns

d
W

T

B
TZ

/7
B

TZ
/1

00

W
T

B
TZ

/9
0

C
FZ

/9
0

W
T

B
TZ

/9
0

RPMI-8226 AMO-1 ARH-77

PHGDH
PSAT1
PSPH

Tubulin

PSAT1
PSPH

Figure 5. Bortezomib resistance correlates to the expression of PHGDH.
a Graphical representation of quantitative proteomics data. Proteins are ranked in volcano plot according to 
their statistically p-value (y-axis) and relative abundance ratio between RPMI-8226 wild type (WT) and bortezo-
mib resistant (BTZ/100 cells) (x-axis). Coloured spots represent significantly upregulated (red) or downregulated 
(green) proteins in BTZ/100 cells with at least a 5-fold change. Significantly regulated metabolic enzymes are 
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GDH is blotted on a separate membrane. BTZ = bortezomib, CFZ = carfilzomib, PHGDH = 3-phosphoglycerate 
dehydrogenase, PSAT1 = phosphoserine aminotransferase 1, PSPH = phosphoserine phosphatase, SSP = se-
rine synthesis pathway. 
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with BTZ had no effect on SSP enzyme levels cells in either cell line (Supplemental 
Fig. S4b), suggesting that the higher levels of PHGDH in BTZ/100 cells are not 
resulting from decreased proteasomal degradation of PHGDH but rather from 
an increase in PHGDH protein synthesis. Amongst the moderately upregulated 
metabolic enzymes (FC 1.5–5) in BTZ/100 cells were 6-phosphogluconolactonase 
(PGLS; FC=1.61) and transketolase (TKT1; FC=1.53), enzymes involved in NADPH 
production through PPP. In addition, glutamate-cysteine ligase (GCLC; FC=1.51) 
and cystathione g-lyase (CTH; FC=2.27), both important enzymes in GSH synthesis, 
were upregulated. These results are in line with the increased anti-oxidant capacity 
of resistant cells and further validate the metabolomics results described above.

To validate that higher expression of PHGDH as well as higher SSP activity are 
general features of BTZ resistant cells, we performed a western blot for all SSP 
enzymes expression on our panel of BTZ- and CFZ-resistant cells (Fig. 5c). In all 
resistant cell lines, one or more SSP enzymes were upregulated. Both BTZ-resistant 
RPMI-8226 and AMO-1 cells showed higher expression of PHGDH compared to 
their sensitive counterparts, AMO-1 BTZ/90 cells also showed increased expression 
of PSAT1, while ARH-77 BTZ/90 cells showed higher expression of PSPH (Fig. 5c). 
In addition, we profiled the activity of the SSP in these 8 cell lines by measuring 
the abundance of 13C3-serine (M+3) after incubation with [U-13C]-glucose (Fig. 5d). 
All BTZ-resistant cells showed a higher serine M+3 fraction compared to their WT 
counterparts, in line with higher expression of SSP enzymes in BTZ-resistant cells. 
Moreover, we observed a significant correlation between the serine M+3 fraction 
and the 48-hour IC50 towards BTZ in these cell lines (Fig. 5e). In the RPMI-8226 
and AMO-1 BTZ-resistant cells, the increase in SSP activity was accompanied by 
an increased uptake of extracellular serine (Supplemental Fig. S4c). However, no 
difference in serine uptake was seen in ARH-77 cells, and no significant correlation 
was found between serine uptake and the 48-hour IC50 towards BTZ (Supplemental 
Fig. S4d). Together, these data suggest that the ability to perform serine synthesis 
rather than serine uptake is an important metabolic determinant for BTZ resistance. 
As expected, CFZ/90 AMO-1 cells did not show an increase in PHGDH expression 
or serine synthesis (Fig. 5c,d).

To verify the correlation between SSP and BTZ sensitivity, PHGDH expression 
was examined in CD138+ plasma cells from a small set (n=6) of multiple myeloma 
patients isolated either at diagnosis, during therapy or after relapse from various 
therapeutic interventions (Fig. 5f, Supplemental Fig. S3e,f, Table S3). For one MM 
patient (#1) at diagnosis, and for one patient (#4) with metastatic disease prior to 
therapy, PHGDH expression was negligible. Interestingly, 3 patients with progressive 
disease or refractory to BTZ therapy (indicated with *) showed markedly increased 
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PHGDH expression, which was accompanied by higher PSPH expression but not 
PSAT1 expression. Notably, patient #6, that never received BTZ, but relapsed on 
melphalan, prednisone, lenalidomide therapy also displayed high PHGDH and PSPH 
expression. These results suggest that (BTZ)-therapy resistance in MM is associated 
with increased PHDGH expression in CD138+ cells.

DISCUSSION

Metabolic alterations may play an essential role in the development of cellular 
resistance against anticancer drugs [24–27]. In the present study, we therefore 
aimed to identify metabolic mechanisms underlying BTZ resistance in MM. Here, 
we demonstrate for the first time that BTZ resistance in MM cells is sustained 
by metabolic rewiring, particularly of serine metabolism. Using tracer-based 
metabolomics, we show that the SSP has significantly increased activity in BTZ-
resistant MM and plasmocytoid lymphoma cell lines. Importantly, we also observed a 
strong correlation between SSP activity and the ability of cells to withstand increasing 
BTZ concentrations in all BTZ-resistant cell lines tested. 

The SSP is involved in the production of precursors for nucleotide synthesis, as 
well as glutathione synthesis and NADPH regeneration and has been shown to be 
an important pathway to sustain cancer growth and proliferation [41, 42]. PHGDH, 
the first and rate-limiting enzyme of the SSP, is often overexpressed in cancer and 
has been linked to tumorigenesis as well as poor diagnosis in different cancers [44–
47], identifying PHGDH as an interesting pharmaceutic target [46, 48, 49]. Using 
proteomics, we show that PHGDH is the highest upregulated metabolic enzyme in 
BTZ-resistant RPMI-8226 MM cells, and western blots confirm that also in other BTZ-
resistant cell lines one or more SSP enzymes are upregulated. The status of known 
regulators of the SSP in bortezomib resistance remains to be investigated.

We also demonstrate that PHGDH and PSPH are overexpressed in a small panel 
of CD138+ cells from BTZ-refractory MM patients compared to BTZ-responsive 
patients. This raises the possibility that high PHGDH expression, possibly in 
combination with PSPH expression, could be predictive of BTZ resistance. In line 
with these observations, we find that serine starvation enhances the efficacy of BTZ 
in sensitive RPMI-8226 cells, which have not yet upregulated PHGDH. This finding 
suggests that by removing serine from the diet, which is tolerated by mice and has 
been shown to reduce growth of some tumors [38, 50], the efficacy of current BTZ 
treatment might be enhanced in patients. Because patient sample size was limited in 
the current pilot study, confident conclusions about the role of PHGDH as a predictive 
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biomarker for bortezomib response cannot be drawn at this point. However, these 
results underscore our findings in cell lines and warrant further research with a 
larger, controlled patient cohort to validate the use of PHGDH as a diagnostic tool 
to determine BTZ sensitivity in MM and other hematologic diseases. Notably, one 
patient, that never received BTZ but was relapsing on melphalan, prednisone en 
lenalidomide, also displayed high PHGDH expression, raising the possibility that 
the observed changes in metabolism are also associated with other ROS-inducing 
agents. BTZ-resistant RPMI-8226 cells indeed show cross-resistance to CFZ, as has 
also been reported for AMO-1 cells [29], suggesting that the observed metabolic 
changes confer cross-resistance to other proteasome inhibitors to a certain extent, 
as expected. However, our data also show that BTZ-resistant RPMI-8226 cells do 
not display cross-resistance to either methotrexate or melphalan, both of which 
increase intracellular ROS levels, suggesting that the observed metabolic changes 
are specific for proteasome inhibitor resistance.

In addition to changes in the SSP, we find that the influx of glucose into the PPP 
is increased in BTZ-resistant multiple myeloma cell lines. Proteomics experiments 
confirm that several proteins involved in both the PPP and in GSH metabolism are 
upregulated in BTZ resistant cells, in line with previous reports [29]. These metabolic 
alterations ultimately result in an increased anti-oxidant capacity of BTZ-resistant 
cells, as evidenced by a lower susceptibility to hydrogen-peroxide induced oxidative 
stress, a higher GSH/GSSG ratio, and an increased ability to convert DHA to AA. 
Likely, this increased anti-oxidant capacity functions to protect resistant cells from 
BTZ-induced oxidative stress [6, 51]. Remarkably, increased PPP metabolism was 
not observed in ARH-77 plasmocytoid lymphoma cells. A recent report shows that 
BTZ resistance in leukemia was mediated through exocytosis of polyubiquitinated 
proteins [20], which may eliminate the need for extensive metabolic rewiring to induce 
resistance. The same holds true for CFZ-resistant cells, in which overexpression of 
ABCB1/P-glycoprotein has been described as an important mechanism of resistance 
[29]. It thus seems likely that the ability of cells to employ other mechanisms of 
resistance regulates the extent of metabolic resistance. Altered serine metabolism, 
however, occurred in all cell lines tested. Our data therefore strongly support for 
the hypothesis that altered serine metabolism is one of the core mechanisms of 
resistance, together with changes in proteasome abundance and composition. The 
clear correlation that we observe between PHGDH expression, SSP activity and BTZ 
sensitivity encourage further studies to determine whether increased SSP activity is 
causally related to BTZ and PHGDH can be targeted to overcome BTZ resistance. 
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CONCLUSIONS

Here, we have identified specific metabolic mechanisms underlying bortezomib 
resistance. In particular, our results imply that BTZ resistance is associated with 
high activity of the serine synthesis pathway and overexpression of PHGDH. 
Interfering with serine metabolism, either by removal of serine from the diet or by 
PHGDH inhibition, are potential ways to increase BTZ efficiency in both sensitive and 
resistant patients. In addition, we propose PHGDH expression as a novel biomarker 
of bortezomib response.

METHODS

Reagents
The proteasome activity probe Me4BodipyFL-Ahx3L3VS was a gift from Huib 
Ovaa (Leiden University Medical Center, The Netherlands). Bortezomib (BTZ) 
and carfilzomib (CFZ) were purchased from Selleck Chemicals. All solvents were 
obtained from Biosolve. All other chemicals were obtained from Sigma-Aldrich, 
unless stated otherwise. 

Cell culture
Human multiple myeloma RPMI-8226 wild type (WT) were purchased from ATCC. 
BTZ resistant cells were obtained as described previously [11]. AMO-1 and ARH-77 
WT, BTZ- and CFZ-resistant cells were kindly provided by C. Driessen (Kantonsspital 
St. Gallen, Switzerland). Cells were maintained in suspension culture in RPMI-1640 
(Lonza) medium supplemented with 2mM L-glutamine (Lonza), 10% fetal bovine 
serum (FBS) (Gibco) and 100μg/ml penicillin/streptomycin (Lonza) and were kept 
at 37°C in humidified 5% CO2 atmosphere. BTZ and CFZ resistant cells were 
continuously cultured in the presence of BTZ or CFZ as previous described [11, 
13]. Cells were cultured without drugs 4-6 days prior to experiments. Media were 
supplemented with 10% FBS and 100μg/ml penicillin/streptomycin unless stated 
otherwise. 

Proteasome activity profiling
Proteasome activity was measured using Me4BodipyFL-Ahx3L3VS as described 
previously [31]. Cells were suspended in triplicate at a density of 1 x 106 cells  in 
RPMI-1640 medium and incubated with the indicated concentrations of BTZ at 37°C 
for 1 hour, followed by a 1-hour incubation with 500nM Me4BodipyFL-Ahx3L3VS. 
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Cells were collected by centrifugation, washed with PBS and lysed for 30min in 
NP40 lysis buffer (50mM Tris, pH 7.4, 150mM NaCl, 1% NP40) at 4°C, followed 
by centrifugation at 14.000g to remove membrane fractions, nuclei and cell debris. 
Protein concentrations were determined using the Bradford assay (Bio-rad) and 
equal amounts of protein were denatured by boiling in XT Sample buffer (Bio-rad) 
with 9% b-mercaptoethanol. Proteins were separated on a 4-12% SDS-PAGE gel 
(Bio-rad) and fluorescence was measured with a Typhoon scanner (GE Healthcare) 
(λex/λem = 488/526nm). Protein loading was confirmed with a coomassie blue stain.

Cell viability and cell growth assays
Cells were suspended in triplicate at a density of 2–5 x 104 cells in RPMI-1640 
medium in 96-well plates and incubated with drugs at the indicated concentrations 
for 24-48 hours. Cell growth was monitored continuously with the IncuCyte live-cell 
imager system. Images were automatically acquired every 2 hours for 1-2 days. 
Pictures were analysed using the IncyCyte Zoom software. Cell growth was defined 
as the amount of doubling times per 24/48 hours and calculated based on increase 
of confluency. Cell death was assessed after 24-48 hours by incubating each well 
with 30μM propidium iodide and measuring fluorescence after 15 minutes using 
the IncuCyte live-cell imager system. Cell death was calculated based on the area 
of the fluorescent signal, normalized to confluency of the wells. Cell viability was 
measured in parallel after 24-48 hours by incubation of cells with 50μM resazurin for 
an additional 2 hours, after which absorption was measured at 570nm and 600nm 
using a Multiskan GO microplate reader (Thermo Scientific). Results were calculated 
by subtraction of background absorbance at 600nm from absorbance at 570nm. 

Liquid chromatrography – Mass Spectrometry (LC-MS) based Metabolomics
For all experiments, cells were diluted in fresh medium 16-24 hours prior to the 
start of the experiment. 13C-tracer experiments were performed as described [38, 
52], with minor changes. At the start of all experiments, cells were counted and 
centrifuged for 5 minutes at 1400rpm to remove the old medium. Cells were then 
resuspended in DMEM containing 8mM [U-13C]D-glucose (Cambridge Isotopes) 
at a density of 1 x 106 cells/ml, unless indicated otherwise. After 4 or 8 hours, 
samples were washed with PBS and harvested by centrifugation for 5 min at 1000g 
at 4°C. At these timepoints, cells had recovered from centrifugation and reached 
pseudo-steady state, without nutrients being depleted from the culture media. 
For all analysed metabolites, (near) isotopic steady state was reached at these 
time points. In addition, samples were harvested after 24 hours to analyse serine 
levels in the cells. Because at this point some nutrients were depleted, no other 
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metabolites were analysed in these samples. Metabolites were extracted by adding 
100 – 200μl ice-cold MS lysis buffer (methanol/acetonitrile/uLCMS H2O (2:2:1)) 
to the cell pellets. To measure extracellular metabolites, medium samples were 
obtained prior to harvesting cells at 8 or 24 hours. Metabolites were extracted by 
diluting 10μL medium in 1mL MS lysis buffer. To measure differences in extracellular 
metabolites in different BTZ-resistant cell lines, cells were resuspended at a density 
of 1 x 106 cells/ml in in Minimal Essential Medium (MEM), supplemented with 1mM 
L-glutamine, 0.2mM L-serine and 0.2mM L-glycine. Medium samples were obtained 
after 8 hours and metabolites were extracted as described above. For serine 
starvation experiments, medium was formulated to match the composition of DMEM 
[38]. Medium consisted of MEM, supplemented with additional 1x MEM vitamins, 
1x MEM amino acids, 10% dialyzed FBS and glucose up to 25mM, in the presence 
or absence of 0.4mM L-serine. Cells were resuspended at a density of 0.7 x 106 in 
triplicate wells and were pre-incubated for 24 hours in the presence or absence of 
serine. After 24 hours, cells were centrifuged at 1400rpm for 5 minutes and media 
was replaced with matched media containing [U-13C]D-glucose. After 4 hours, cells 
were harvested as described above. 

Metabolites were analysed by LC-MS. LC-MS analysis was performed on an 
Exactive mass spectrometer (Thermo Scientific) coupled to a Dionex Ultimate 3000 
autosampler and pump (Thermo Scientific). The MS operated in polarity-switching 
mode with spray voltages of 4.5kV and -3.5kV. Metabolites were separated on a 
Sequant ZIC-pHILIC column (2.1 x 150mm, 5μm, Merck) with guard column (2.1 x 
20mm, 5μm, Merck) using a linear gradient of acetonitrile and a buffer containing 
20mM (NH4)2CO3, 0.1% NH4OH in ULC/MS grade water. Flow rate was set at 
150 μL/min. Metabolites were identified based on exact mass within 5 ppm and 
further validated by concordance with retention times of standards. Peak areas of 
identified metabolites were in their respective linear range of detection. Metabolites 
were quantified using LCquan software (Thermo Scientific). Because cells were 
resuspended at equal cell densities, no substantial cell growth occurred between 0-8 
hours and growth rates between resistant and sensitive cell lines were comparable 
up to 24 hours, samples were assumed to contain equal cell numbers. Peak 
intensities were additionally normalized based on median peak intensity to correct 
for technical variations during mass spectrometry analysis. Isotopomer distributions 
were corrected for natural abundance and data are plotted as relative peak area 
compared to WT cells under control conditions.
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DHA uptake assay 
Cells were suspended at a density of 0.5 x 106 cells in 200μL in MEM supplemented 
with 1mM L-glutamine and 0.2mM L-serine. Cells were incubated with 5mM 
dehydroascorbic acid (DHA) for 5 minutes at 37°C. DHA uptake was terminated 
by addition of 1.5mL cold PBS. Cells were centrifuged at 1000g for 5 minutes at 
4°C and lysed in 75μL MS lysis buffer. Samples were centrifuged at 16.000g for 15 
minutes at 4°C to remove precipitated proteins and cell debris and the supernatants 
were collected for LC-MS analysis. 

GSH/GSSG ratio 
Cells were suspended at a density of 5 x 106 cells in triplicate wells of 12-well plates 
and incubated in the indicated conditions. Cells were washed with cold PBS and 
lysed in 10mM HCl by two freeze/thaw cycles. Proteins were precipitated by addition 
of 1% 5-sulfosalicylic acid and pelleted by centrifugation at 4°C for 10 minutes at 
8000g. The ratio of reduced to oxidized glutathione (GSH/GSSG) in the supernatant 
was measured using the quantification kit for oxidized and reduced glutathione 
(Sigma) according to the manufacturer’s instructions. 

Proteomics
Cells were seeded in RPMI medium at a density of 1 x 106 cells/ml and incubated 
for 2 hours. Three replicates of 5 x 106 cells were washed with PBS and centrifuged 
for 5 minutes at 4°C. Cell pellets were lysed at room temperature by gentle vortexing 
in 8M urea, 50mM ammonium bicarbonate, 2% Triton X-100 and 0.1% SDS, 
supplemented with phosphatase inhibitor (PhosSTOP, Roche) and protease inhibitor 
(cOmplete mini EDTA-free, Roche). Total lysates were reduced in 4mM dithiothreitol 
(DTT), alkylated in 8mM iodoacetamide, and digested sequentially at 37°C with 1:75 
LysC (Wako) and 1:50 Trypsin (Sigma-Aldrich) for 4 and 12 hours, respectively. 
Digested peptides were acidified with 0.1% formic acid (FA) and purified by strong 
cation exchange STAGE tips, using loading buffer 80% ACN, 0.1% FA and elution 
buffer 0.5M ammonium acetate, 20% ACN, 0.1% FA. Eluted peptides were dried by 
vacuum concentrator and 2µg equivalent of peptides was analyzed in 3hr reverse 
phase separation on the UHPLC 1290 system (Agilent) coupled to an Orbitrap Q 
Exactive Plus mass spectrometer (Thermo Scientific). Peptides were first trapped 
on a 2 cm x 100 μm Reprosil C18 pre-column (3 μm) and then separated on a 50 
cm x 75 μm Poroshell EC-C18 analytical column (2.7 μm). Trapping was performed 
for 10 min in 0.1M acetic acid (Solvent A) and elution with 80% ACN in 0.1M acetic 
acid (Solvent B) in gradients as follows: 10-36% solvent B in 155 min, 36-100% in 
3min and finally 100% for 1min. Flow was passively split to 300 nl/min. MS data were 
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obtained in data-dependent acquisition mode. Full scans were acquired in the m/z 
range of 375-1600 at the resolution of 35,000 (m/z 400) with AGC target 3E6.Top 15 
most intense precursor ions were selected for HCD fragmentation performed at NCE 
25% after accumulation to target value of 5E4. MS/MS acquisition was performed at 
a resolution of 17,500.

Raw files were processed using MaxQuant version 1.5.3.30 and searched against 
the human Swissprot database (version Jan 2016) using Andromeda. Cysteine 
carbamidomethylation was set to fixed modification, while variable modifications of 
methionine oxidation and protein N-terminal acetylation, as well as up to 2 missed 
cleavages were allowed. False discovery rate (FDR) was restricted to 1% in both 
protein and peptide identification. Label-free quantification (LFQ) was performed 
with “match between runs” enabled. 

Immunoblotting
For drug treatment, cells were resuspended in RPMI medium at a density of 1 x 
106 cells/ml and incubated for 8 hours with the indicated concentrations of BTZ. 
Cells were lysed in a buffer containing 8M urea and 50mM ammonium bicarbonate, 
supplemented with phosphatase- and protease inhibitor. Protein content was 
determined using the Bradford assay (Bio-rad) and equal amounts of protein were 
denatured by boiling in XT Sample buffer (Bio-rad) with 15mM DTT. Proteins were 
separated on a 12% % SDS-PAGE gel (Bio-rad) and electroblotted onto PVDF 
membranes. The antibodies used were 3-phosphoglycerate dehydrogenase 
(PHGDH, Sigma), phosphoserine-aminotransferase antibody (PSAT1, Abcam), 
phosphoserine phosphatase antibody (PSPH, Abcam) and Tubulin antibody (Santa 
Cruz). For patient samples, protein loading was confirmed with a coomassie blue 
stain of the membrane. 

Multiple Myeloma patient samples
CD138-postive cells, isolated from bone marrow of 6 MM patients at diagnosis 
and during (BTZ) therapy, were available from the Hematology biobank. Patient 
characteristics are presented in additional file 1: Table S1. Research was approved 
by the Medical Ethics Committee of the VU University Medical Center and all patients 
gave written informed consent. 
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SUPPLEMENTAL MATERIAL

Supplemental figure S1. Response of RPMI-8226 WT, BTZ/7 and BTZ/100 cells to bortezomib and other 
chemotherapeutic agents.
a Growth rate and cell death of RPMI-8226 wild type (WT) and bortezomib=resistant (BTZ/100) cells after a 48-hour 
treatment with increasing concentrations of bortezomib (BTZ). Results represent % growth rate (left panel) or % 
cell death (right panel) ± SD compared to non-treated controls (n=3). b Cell viability and growth rate of RPMI-8226 
wild type (WT) and bortezomib-resistant (BTZ/100) cells after a 48-hour treatment with increasing concentrations of 
carfilzomib, melphalan and methotrexate. Results represent % cell viability (upper panel) or % growth rate (lower 
panel) ± SD compared to non-treated controls (n=3). c In gel fluorescence measurements showing representative 
proteasome activity profiles of RPMI-8226 WT, BTZ/7 and BTZ/100 cells after 2 hour of bortezomib treatment in 
increasing concentrations, including 1 hour treatment with proteasome activity probe Me4BodipyFLAhx3L3VS (left 
panel). Quantification of gel images, with results plotted as fractions of subunit activity compared to non-treated 
controls (right panel). BTZ = bortezomib
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Supplemental figure S2. Intra- and extracellular metabolite analysis of BTZ- and CFZ-resistant cell lines.
a,b Extracellular metabolite analysis of RPMI-8226, AMO-1 and ARH-77 wild type (WT) and bortezomib- and carfil-
zomib-resistant cells. Cells were suspended in MEM with 1mM L-glutamine, 0.2mM L-serine and 0.2mM L-glycine. 
Media samples were collected after 8 hours, followed by LC-MS analysis of extracellular glucose (a) and lactate 
(b). Results represent % peak area ± SD compared to cell-free media (n=3). c,d Intracellular metabolite analysis 
of RPMI-8226, AMO-1 and ARH-77 wild type (WT) and bortezomib- and carfilzomib-resistant cells. Cells were 
suspended in DMEM containing 8mM [U-13C] D-glucose. Intracellular metabolites were extracted after 8 hours 
and analyzed by LC-MS. Data are means ± SD (n=3) of unlabelled (white) and 13C- labelled metabolites (grey) for 
sedoheptulose 7-phosphate (c) and total glutathione (d). One-way ANOVA tests were performed (* = p<0.05, ** = 
p<0.01, *** = p<0.001, **** = p<0.0001)
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Supplemental figure S3. Response to serine starvation of RPMI-8226 WT and BTZ/100 cells.
a Intracellular metabolite analysis of RPMI-8226 WT and BTZ/100 cells in the presence or absence of extracellular 
serine (-SG). Cells were grown complete medium in the presence or absence of 0.4mM serine. After 24 hours, me-
dium were replaced with matched media containing 20 mM [U-13C]D-glucose. Cells were harvested after 4 hours 
and subjected to LC-MS analysis. Data are means ± SD (n=3) of unlabelled (white) and labelled metabolites (grey). 
b Cell death assay of RPMI-8226 WT and BTZ/100 cells in the presence or absence of extracellular serine (-SG). 
Data are means ± SD of % death cells after 24 hours. Two-way ANOVA tests were performed (**** = p<0.0001).
BTZ = bortezomib. GSH = glutathione.
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Supplemental figure S4. Bortezomib resistance correlates to the expression of PHGDH.
a Graphical representation of quantitative proteomics data. Proteins are ranked in volcano plot according to their 
statistically p-value (y-axis) and relative abundance ratio between RPMI-8226 WT and BTZ/7 cells (x-axis). Colou-
red spots represent significantly upregulated (red) or downregulated (green) proteins in BTZ/7 cells with at least 
a 5-fold change. Significantly regulated metabolic enzymes are marked. b Immunoblot of 3-phosphoglycerate 
dehydrogenase (PHGDH), phosphoserine aminotransferase 1 (PSAT1), phosphoserine phosphatase (PSPH) and 
Tubulin expression in RPMI-8226 WT and BTZ/100 cells after 8 hour incubation with increasing concentrations of 
bortezomib. c Extracellular metabolite analysis of RPMI-8226, AMO-1 and ARH-77 wild type (WT) and bortezo-
mib- and carfilzomib-resistant cells. Cells were suspended in MEM with 1mM L-glutamine, 0.2mM L-serine and 
0.2mM L-glycine. Media samples were collected after 8 hours, followed by LC-MS analysis of extracellular serine. 
Results represent % peak area ± SD compared to cell-free media (n=3). One-way ANOVA tests were performed 
(**** = p<0.0001). d Correlation between serine uptake and IC50 of bortezomib in RPMI-8226, AMO-1 and ARH-
77 bortezomib-sensitive and -resistant sublines. Pearson correlation: r = 0.35 (p=.0961). e,f  Coomassie stained 
membrane for loading control of PHGDH (e) and PSAT1 and PSPH (f) with isolated CD138+ plasma cells from 
diagnosed multiple myeloma patients (n=6). BTZ = bortezomib, CFZ = carfilzomib, PHGDH = 3-phosphoglycerate 
dehydrogenase, PSAT1 = phosphoserine aminotransferase 1, PSPH = phosphoserine phosphatase. 
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Supplemental Table S1. Characteristics of multiple myeloma patients

Patient Gender Age (yr) BTZ 
treatment

Remarks

1 Male 68 no Sample at diagnosis
2 Male 46 yes Initial response to BTZ/dexamethasone 

therapy, autologous stem cell transplantation, 
relapse after 2 years, second BTZ/
dexamethasone therapy  and tandem 
auto/allo-transplantation. Relapse with 
development of plasma cell leukemia when 
sample was taken.

3 Female 66 yes Relapse after autologous STC, start BTZ/
dexamethasone therapy, development of  
plasma cell leukemia after 4 months therapy 
when sample was taken (BTZ-refractory)

4 Female 68 no MM with breast cancer metastasis; starting 
therapy with melphalan when sample was 
taken

5 Female 65 yes Progressive disease during BTZ/
dexamethasone therapy when sample was 
taken (BTZ-refractory)

6 Male 70 no Sample taken at first relapse after melphalan/ 
dexamethasone/ lenalidomide therapy.
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Supplemental Table S2. Upregulated metabolic enzymes in RPMI-8226 BTZ/100 and BTZ/7 cells 
compared to WT

Protein ID
Gene 
name

Protein name
BTZ/100 : WT BTZ/7 : WT

FC p-value FC p-value
O43175 PHGDH D-3-phosphoglycerate dehydrogenase 7.86 1.57E-07* 11.27 3.08E-08*
Q5T6L4 ASS Argininosuccinate synthase 3.29 4.57E-06* 1.61 6.78E-04*
O60701 UGDH UDP-glucose 6-dehydrogenase 2.92 1.92E-05* 2.54 2.34E-05*
X5D767 ADA Adenosine deaminase 2.66 1.37E-04* 2.80 3.60E-05*
Q16222 UAP1 UDP-N-acetylhexosamine pyrophosphorylase 2.56 4.35E-05* 3.36 1.17E-06*
F5H5V4 PSMD9 26S proteasome non-ATPase regulatory subunit 9 2.41 8.44E-05* 1.16 1.31E-02*
P16152 CBR1 Carbonyl reductase [NADPH] 1 2.30 1.12E-04* 1.40 7.60E-02*
Q6LET3 HPRT1 Hypoxanthine-guanine phosphoribosyltransferase 2.28 7.40E-05* 1.58 9.22E-03*
P32929 CTH Cystathionine gamma-lyase 2.27 1.41E-03* 5.22 3.94E-04*
D6RFF8 GNPDA1 Glucosamine-6-phosphate isomerase 2.15 2.87E-03* 1.40 4.93E-03*
B3KN05 ACSL3 Long-chain-fatty-acid--CoA ligase 3 2.13 7.59E-04* 2.70 3.16E-04*
Q8NFW8 CMAS N-acylneuraminate cytidylyltransferase 2.06 5.09E-04* 1.64 7.62E-04*
E9PNU1 NME7 Nucleoside diphosphate kinase 7 1.97 2.51E-03* 1.33 4.31E-02*
A0A024R275 RFK Riboflavin kinase 1.95 1.75E-03* 1.10 1.21E-01
H0YMB3 GMPR2 GMP reductase 1.92 1.91E-05* 2.03 1.25E-04*
A0A024R912 UCK2 Uridine kinase 1.88 1.72E-03* 1.60 1.65E-03*
Q86TP1 PRUNE Protein prune homolog 1.87 1.53E-04* 2.18 5.81E-03*
A8K8N7 PFAS Phosphoribosylformylglycinamidine synthase 1.85 5.26E-04* 1.90 2.05E-04*
Q5M7Z5 GRHPR Glyoxylate reductase/hydroxypyruvate reductase 1.82 2.07E-03* 1.25 1.56E-01
P23526 AHCY Adenosylhomocysteinase 1.81 8.66E-05* 2.83 1.74E-05*
B2ZZ90 ACACA Acetyl-CoA carboxylase 1 1.76 2.49E-05* 1.48 2.67E-03*
Q53HM1 UCKL1 Uridine kinase 1.74 5.86E-03* 1.25 5.64E-02
Q9NZL9 MAT2B Methionine adenosyltransferase 2 subunit beta 1.74 6.97E-05* 1.27 5.14E-02
B4DM26 LCLAT1 Lysocardiolipin acyltransferase 1 1.74 3.53E-03* 1.48 1.00E-02*
P28070 PSMB4 Proteasome subunit beta type-4 1.73 2.47E-03* 0.78 2.41E-01
B7Z1Y2 ALDOC Fructose-bisphosphate aldolase 1.72 1.86E-04* 3.28 6.84E-06*
P28074 PSMB5 Proteasome subunit beta type-5 1.71 3.93E-04* 1.28 3.02E-02*
Q504W7 OCRL Inositol polyphosphate 5-phosphatase OCRL-1 1.70 3.08E-03* 1.33 2.59E-02*
B2R9X3 GMDS GDP-mannose 4,6 dehydratase 1.68 3.27E-04* 2.15 5.15E-05*
P08243 ASNS Asparagine synthetase 1.67 1.14E-04* 1.52 6.16E-03*
X5D8S6 ADSL Adenylosuccinate lyase 1.66 1.09E-03* 1.01 4.86E-01
P52788 SMS Spermine synthase 1.66 2.50E-04* 1.25 1.92E-02*
A0A024QZW7 NUP153 Nuclear pore complex protein Nup153 1.63 2.42E-05* 1.63 1.66E-05*
P15531 NME1 Nucleoside diphosphate kinase A 1.62 1.16E-02* 1.57 3.01E-02*
A8K6Y2 PPP2R5D Phosphatase 2A, regulatory subunit B56 delta isoform 1.62 1.35E-03* 1.90 1.37E-04*
O95336 PGLS 6-phosphogluconolactonase 1.61 7.07E-03* 1.26 6.40E-02*
Q96HT3 POLR1C DNA-directed RNA polymerases I and III subunit RPAC1 1.60 1.21E-03* 1.37 2.01E-02*
C9JFR7 CYCS Cytochrome c 1.59 5.91E-02 2.66 6.90E-03
A0A024R652 MTHFD1 Methylenetetrahydrofolate dehydrogenase 1.58 2.07E-04* 1.49 1.23E-04*
P25787 PSMA2 Proteasome subunit alpha type 1.58 3.26E-03* 1.15 7.93E-02
Q53HS0 QARS Glutaminyl-tRNA synthetase variant 1.56 1.42E-04* 1.02 3.90E-01
V9HWD9 TKT1 Transketolase 1.53 8.06E-06* 0.74 1.95E-03*
P25325 MPST 3-mercaptopyruvate sulfurtransferase 1.53 4.98E-02* 1.26 2.01E-01
P12268 IMPDH2 Inosine-5-monophosphate dehydrogenase 2 1.52 5.95E-04* 0.82 5.20E-04*
E9PF10 NUP155 Nuclear pore complex protein Nup155 1.51 1.47E-04* 1.56 1.49E-04*
Q14TF0 GCLC Glutamate-cysteine ligase 1.51 7.48E-04* 1.21 6.59E-02*

Metabolic enzymes that are upregulated in RPMI-8226 BTZ/100 cells compared to WT cells with fold change (FC) > 1.5
* = p<0.05 based on Student’s T-Test
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Supplemental Table S3. Downregulated metabolic enzymes in RPMI-8226 BTZ/100 and BTZ/7 
cells compared to WT

Protein ID Gene name Protein name BTZ/100 : WT BTZ/7 : WT

FC p-value FC p-value  
P04040 CAT Catalase 0.14 4.98E-05 * 0.65 2.90E-02 *
G3V4W4 A0A024R5K6 Glucosamine 6-phosphate N-acetyltransferase 0.17 3.56E-06 * 0.29 2.11E-04 *
A0A024R5K6 NDUFC2 NADH dehydrogenase [ubiquinone] 1 subunit C2 0.23 5.67E-02  0.54 3.62E-01  
J3KS22 DCXR L-xylulose reductase 0.25 2.32E-04 * 0.25 6.93E-04 *
Q6FGU2 DTYMK Thymidylate kinase 0.25 1.01E-04 * 0.43 8.87E-05 *
A0A087WXI1 HIBCH 3-hydroxyisobutyryl-CoA hydrolase 0.27 3.06E-05 * 0.40 3.50E-04 *
A0A024R222 PSAT1 Phosphoserine aminotransferase 0.27 6.72E-05 * 0.77 1.75E-02 *
Q9P2X2 SLC1A4 Amino acid transporter 0.27 1.40E-04 * 0.38 4.17E-03 *
B4DEA8 ACADVL Very long-chain specific acyl-CoA dehydrogenase 0.28 6.96E-04 * 0.21 7.66E-03 *
P36871 PGM1 Phosphoglucomutase-1 0.33 8.47E-05 * 0.35 9.04E-05 *
A0A024QZ78 AGMAT Agmatinase 0.33 2.67E-02 * 0.36 1.62E-02 *
A0A024RBX9 PDHA1 Pyruvate dehydrogenase E1 component subunit alpha 0.34 5.71E-04 * 0.50 2.72E-03 *
Q53GL5 IDH2 Isocitrate dehydrogenase [NADP] 0.34 1.27E-03 * 0.33 3.21E-04 *
Q71UA6 SLC1A5 Amino acid transporter 0.34 1.63E-01  1.11 2.64E-01  
E9PN17 ATP5L ATP synthase subunit g 0.37 5.76E-03 * 0.71 6.93E-02  
A0A024QYX0 EBP 3-beta-hydroxysteroid-Delta(8),Delta(7)-isomerase 0.37 3.30E-04 * 0.48 9.19E-04 *
Q5T0S4 PPT1 Palmitoyl-protein thioesterase 1 0.37 1.93E-04 * 0.63 9.87E-03 *
Q53X12 ATP6V0A1 V-type proton ATPase subunit a 0.40 5.84E-02  0.67 9.44E-03 *
Q8TCJ2 STT3B Dolichyl-diphosphooligosaccharide- 

-protein glycosyltransferase subunit STT3B
0.40 1.50E-03 * 0.67 4.23E-02 *

B4DJ81 NDUFS1 NADH-ubiquinone oxidoreductase 75 kDa subunit 0.40 8.00E-03 * 0.67 1.03E-02 *
B3KM58 DKFZp686O15119 Putative uncharacterized protein DKFZp686O15119 0.41 9.83E-04 * 0.38 3.97E-04 *
P11177 PDHB Pyruvate dehydrogenase E1 component subunit beta 0.42 1.50E-03 * 0.38 5.60E-04 *
B2R7W0 MTHFD2 methylenetetrahydrofolate dehydrogenase 0.42 2.35E-03 * 0.62 3.33E-03 *
Q15067 ACOX1 Peroxisomal acyl-coenzyme A oxidase 1 0.42 5.34E-04 * 0.43 6.81E-03 *
A0A024R6G6 NDUFB1 NADH dehydrogenase [ubiquinone] 1 beta subcomplex 0.42 9.24E-02  0.70 7.18E-02  
B4E072 ACAA1 3-ketoacyl-CoA thiolase 0.43 1.46E-04 * 0.60 5.84E-03 *
A0A087WTV6 PYCR2 Pyrroline-5-carboxylate reductase 2 0.43 1.62E-03 * 0.53 2.09E-03 *
A0A024QZ30 SDHA Succinate dehydrogenase [ubiquinone] flavoprotein 

subunit
0.43 2.46E-05 * 0.70 2.96E-03 *

P22695 UQCRC2 Cytochrome b-c1 complex subunit 2 0.43 2.76E-03 * 0.60 2.66E-02 *
A0A0C4DGS1 DDOST Dolichyl-diphosphooligosaccharide-protein 

glycosyltransferase 48 kDa subunit
0.44 1.81E-04 * 0.77 5.46E-02  

P32321 DCTD Deoxycytidylate deaminase 0.44 2.50E-02 * 0.65 5.71E-03 *
B4DZ08 ACO2 Aconitate hydratase 0.44 4.81E-05 * 0.56 9.45E-04 *
Q13057 COASY Bifunctional coenzyme A synthase 0.45 2.84E-03 * 0.41 4.68E-04 *
Q5QNZ2 ATP5F1 ATP synthase F(0) complex subunit B1 0.45 1.34E-04 * 0.59 1.11E-03 *
Q2TB59 NNT NAD(P) transhydrogenase 0.45 7.85E-04 * 0.43 8.22E-03 *
P31930 UQCRC1 Cytochrome b-c1 complex subunit 1 0.46 7.51E-04 * 0.64 1.17E-02 *
P21912 SDHB Succinate dehydrogenase [ubiquinone]  

iron-sulfur subunit
0.46 2.57E-03 * 0.73 1.40E-01  

Q0QEN7 ATP5B ATP synthase subunit beta 0.47 6.82E-04 * 0.51 2.83E-03 *
B3KUZ8 GOT2 Aspartate aminotransferase 0.47 7.87E-04 * 0.52 2.83E-03 *
P24752 ACAT1 Acetyl-CoA acetyltransferase 0.47 3.26E-04 * 0.68 6.34E-03 *
A0A024R7A8 AKR1B1 Aldose reductase 0.47 1.69E-04 * 0.75 1.09E-04 *
A8K168 ME1 Malic enzyme 0.48 6.98E-02  0.97 4.81E-01  
A0A024R3W5 SLC39A10 Zinc transporter ZIP10 0.48 6.04E-02  0.58 5.93E-02  
B4DRH6 HADHA Long-chain enoyl-CoA hydratase 0.48 3.32E-07 * 0.64 4.16E-04 *
P53602 MVD Diphosphomevalonate decarboxylase 0.49 4.35E-03 * 0.61 1.42E-02 *
B4DY96 HADHB 3-ketoacyl-CoA thiolase 0.49 4.49E-04 * 0.50 3.64E-03 *
Q53GR7 SLC25A13 Calcium-binding mitochondrial carrier protein Aralar2 0.49 3.91E-02 * 0.77 2.94E-01  
B4E0N9 GLUD1 Glutamate dehydrogenase 0.49 5.53E-04 * 0.49 2.03E-03 *
Q53FM7 NDUFS3 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3 0.50 3.71E-03 * 0.91 2.50E-01  
D3DVH3 INPP4A Type I inositol 3,4-bisphosphate 4-phosphatase 0.50 2.01E-03 * 0.68 1.03E-02 *
A0A087WVM4 MTHFD1L Monofunctional C1-tetrahydrofolate synthase 0.50 2.19E-03 * 0.87 2.11E-01  
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Supplemental Table S3. Continued
Protein ID Gene name Protein name BTZ/100 : WT BTZ/7 : WT

FC p-value FC p-value  
H7C3G9 NAGK N-acetyl-D-glucosamine kinase 0.50 3.20E-05 * 0.46 4.39E-04 *
Q6IB54 ATP5J ATP synthase-coupling factor 6 0.51 3.06E-04 * 0.61 4.60E-03 *
P13073 COX4I1 Cytochrome c oxidase subunit 4 isoform 1 0.51 1.66E-03 * 0.64 6.51E-03 *
A4D1K0 ATP6V1F V-type proton ATPase subunit F 0.52 1.06E-02 * 0.64 1.46E-03 *
Q5QP19 NFS1 Cysteine desulfurase 0.52 6.18E-04 * 0.66 2.54E-03 *
C9JJU1 SLC38A5 Sodium-coupled neutral amino acid transporter 5 0.52 5.86E-02  0.47 1.53E-01  
Q96HA1 POM121 Nuclear envelope pore membrane protein POM 121 0.52 2.77E-04 * 0.68 1.35E-03 *
B2RE46 RPN2 Dolichyl-diphosphooligosaccharide-protein 

glycosyltransferase subunit 2
0.52 7.94E-04 * 0.86 4.72E-02 *

B2R659 HSD17B4 Peroxisomal multifunctional enzyme type 2 0.53 1.04E-03 * 0.74 7.46E-03 *
E9PC15 AGK Acylglycerol kinase 0.53 8.21E-05 * 0.66 5.82E-03 *
P47985 UQCRFS1 ;Cytochrome b-c1 complex subunit 11 0.54 1.78E-02 * 0.55 6.43E-02  
B7Z9J8 IDH3A Isocitrate dehydrogenase [NAD] subunit 0.54 1.12E-01  1.65 2.12E-01  
O75947 ATP5H ATP synthase subunit d 0.54 1.49E-03 * 0.67 6.89E-02  
B4DFL1 DLD Dihydrolipoyl dehydrogenase 0.55 1.94E-02 * 0.54 2.65E-03 *
Q0QF37 MDH2 Malate dehydrogenase 0.56 6.85E-04 * 0.59 4.21E-03 *
K7EPM1 ENO3 Enolase 0.56 9.11E-03 * 0.60 4.53E-03 *
E9PDF2 OGDH 2-oxoglutarate dehydrogenase 0.56 1.29E-04 * 0.62 3.95E-03 *
E7D7X9 PYCR1 Pyrroline-5-carboxylate reductase 0.57 2.23E-04 * 0.55 9.36E-06 *
Q6FHM4 COX5B Cytochrome c oxidase subunit 5B 0.57 1.05E-02 * 0.65 2.35E-02 *
Q9GZS1 POLR1E DNA-directed RNA polymerase I subunit RPA49 0.58 9.82E-03 * 1.00 5.00E-01  
F5GZS6 SLC3A2 4F2 cell-surface antigen heavy chain 0.59 1.61E-03 * 0.75 5.05E-03 *
Q8N4P3 HDDC3 Guanosine-3,5-bis(diphosphate) 3-pyrophosphohydrolase 

MESH1
0.59 5.10E-03 * 0.97 3.51E-01  

O00116 AGPS Alkyldihydroxyacetonephosphate synthase 0.59 1.94E-03 * 0.83 8.40E-02  
B3KNL8 ALG2 Alpha-1,3/1,6-mannosyltransferase ALG2 0.59 4.21E-03 * 0.59 7.66E-03 *
B2R761 SCP2 Non-specific lipid-transfer protein 0.59 9.38E-03 * 0.67 1.83E-02 *
E9PF18 HADH Hydroxyacyl-coenzyme A dehydrogenase 0.59 1.76E-03 * 0.55 9.66E-04 *
Q99714 HSD17B10 3-hydroxyacyl-CoA dehydrogenase type-2 0.59 1.43E-03 * 0.64 5.16E-03 *
B4DL14 ATP5C1 ATP synthase subunit gamma 0.59 3.99E-03 * 0.64 2.87E-02 *
Q9NRN7 AASDHPPT L-aminoadipate-semialdehyde dehydrogenase- 

phosphopantetheinyl transferase
0.60 4.63E-04 * 1.03 4.39E-01  

A0A075X871 COX3 Cytochrome c oxidase subunit 3 0.60 2.40E-02 * 0.91 2.60E-01  
Q9NR45 NANS Sialic acid synthase 0.60 1.16E-03 * 0.60 5.31E-03 *
A0A087WUV8 BSG Basigin 0.61 9.33E-04 * 0.74 1.85E-02 *
A0A087WZN1 IDH3B Isocitrate dehydrogenase [NAD] subunit 0.61 1.76E-04 * 0.98 3.98E-01  
E9PPM8 DERA Deoxyribose-phosphate aldolase 0.61 6.77E-04 * 0.69 3.45E-03 *
Q53H22 PPAT Amidophosphoribosyltransferase 0.62 1.89E-04 * 0.58 3.24E-05 *
Q5JU21 FPGS Folylpolyglutamate synthase 0.62 6.92E-03 * 0.28 2.27E-02 *
P06132 UROD Uroporphyrinogen decarboxylase 0.63 3.97E-04 * 0.70 1.53E-03 *
E9PGM4 GBE1 1,4-alpha-glucan-branching enzyme 0.63 4.41E-05 * 0.94 3.51E-02 *
Q6ZRI6 C1orf57 Uncharacterized protein C15orf39 0.64 2.87E-02 * 0.90 2.68E-01  
A0A024RB32 PTGES3 Prostaglandin E synthase 3 0.64 2.58E-03 * 0.58 9.06E-03 *
P17858 PFKL ATP-dependent 6-phosphofructokinase 0.65 8.97E-05 * 0.51 7.45E-06 *
Q3T7C7 TRIT1 tRNA dimethylallyltransferase 0.65 1.11E-02 * 0.96 3.27E-01  
A0A087X2I1 PSMC6 26S protease regulatory subunit 10B 0.66 9.08E-04 * 0.95 2.18E-01  
Q6FHU0 PSMB8 Proteasome subunit beta type 0.66 2.15E-02 * 0.65 3.82E-03 *
ALDH18A1 ALDH18A1 Glutamate 5-kinase 0.66 7.33E-04 * 0.74 1.61E-02 *
Q01970 PLCB3 1-phosphatidylinositol 4,5-bisphosphate  

phosphodiesterase beta-3
0.66 3.43E-02 * 1.18 6.41E-02  

Metabolic enzymes that are downregulated in RPMI-8226 BTZ/100 cells compared to WT cells with fold change (FC) > 1.5
* = p<0.05 based on Student’s T-Test
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ABSTRACT

Metabolic alterations are an important aspect of cancer and also play a role in 
anticancer drug resistance. As drug-resistant cells can become reliant on their 
altered metabolism, a better understanding of this metabolic rewiring aids in finding 
novel strategies to improve current therapies.

The proteasome inhibitor bortezomib is widely used in the treatment of multiple 
myeloma, but its clinical success is hampered by the occurrence of resistance. 
Previously, we have shown that bortezomib-resistant cells rewire their glucose 
metabolism to divert glycolytic metabolites to biosynthetic pathways. Here, we 
aimed to further characterize this metabolic rewiring of bortezomib-resistant cells by 
using a combination of mass spectrometry-based metabolomics and proteomics.

Our data indicate that bortezomib-resistant cells have increased activity of the 
mitochondrial tricyclic acid (TCA) cycle and electron transport chain (ETC). We also 
demonstrate that BTZ-resistant cells use more glutamine to maintain TCA cycle 
activity, but are less dependent on extracellular glutamine for survival as compared 
to sensitive cells. Our data suggests that BTZ-resistant cells have activated multiple 
pathways to replenish the TCA cycle, underlining the importance of this pathway 
in BTZ-resistant cells. Using gene expression profiles, we further show that high 
expression of genes related to mitochondrial respiration results in lower response 
to BTZ in patients. Moreover, BTZ-resistant cells are more dependent on oxidative 
phosphorylation for ATP production and are more vulnerable to inhibition of the 
electron transport chain.

Overall, our data provides novel mechanistic insights in the increased mitochondrial 
energy production in bortezomib resistance and indicates that inhibition of oxidative 
phosphorylation with biguanides or simvastatin can be a novel strategy to overcome 
bortezemib resistance.

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   78 03-05-18   21:26



79

Rewired energy metabolism in bortezomib resistance

INTRODUCTION

Changes in metabolism are increasingly regarded as one of the emerging hallmarks 
of cancer cells [1]. In addition to rapid adenosine triphosphate (ATP) production and 
maintenance of redox state of malignant cells, metabolic rewiring plays an important 
role in fulfilling the higher demand for building blocks needed for proliferation [2, 3]. 
For example, cancer cells have a rewired glucose metabolism and convert pyruvate 
preferentially into lactate instead of diverting it to the tricarboxylic acid (TCA) cycle 
for ATP production, a process better known as the Warburg effect [4]. In addition, 
cancer cells are also more dependent on nutrients such as glutamine and other amino 
acids as well as fatty acids [5, 6], making them more vulnerable for interference with 
these metabolic pathways [7, 8]. Metabolic alterations have also been shown to be 
involved in resistance towards chemotherapeutic agents (see chapter 1), illustrating 
the potential of metabolic drugs to treat chemo-resistant cancers. 

The proteasome inhibitor bortezomib (BTZ) is widely used in the treatment of 
multiple myeloma. However, not all patients respond to BTZ and many responding 
patients develop resistance during the course of therapy [9, 10]. Although several 
mechanisms involved in BTZ-resistance are described, specific targets to overcome 
BTZ-resistance are still missing [11–17]. 

Various studies indicate that metabolic alterations play a role in the response 
of cells to BTZ [18–21]. Higher glycolytic activity lowers BTZ sensitivity under 
hypoxic conditions [18]. In a previous study, we have shown that in addition to 
increased glycolysis, BTZ-resistant cells use glucose to fuel the pentose phosphate 
pathway (PPP) and serine synthesis pathway (SSP). This metabolic rewiring of 
glucose metabolism is accompanied with upregulation of 3-phosphoglycerate 
dehydrogenase (PHGDH) in various BTZ-resistant cell lines [21]. This metabolic 
rewiring results in an increased antioxidant capacity, likely to protect cells from BTZ-
induced oxidative stress [22, 23].

Here, we hypothesize that if BTZ-resistant cells use glucose mainly for redox 
metabolism, other sources must be used to generate the energy needed for 
proliferation. Previous studies suggest that BTZ-resistant cells have increased 
energy metabolism and ATP production [19, 20]. In addition, in particular carfilzomib-
resistant cells seem dependent on glutamine metabolism to sustain oxidative 
phosphorylation (OXPHOS), at least in vitro [20]. However, whether and how energy 
metabolism can be exploited to counteract bortezomib resistance is unclear. 

We further characterised the role of energy metabolism in BTZ-resistant cells 
by combining a targeted proteomics approach, in which we enrich for metabolic 
enzymes, with metabolomics and 13C tracer studies. Our data indicate that BTZ-
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resistant cells have increased activity of the TCA cycle and electron transport 
chain (ETC), and that this signature also results in lower response to BTZ in 
multiple myeloma patients. Surprisingly, BTZ-resistant cells are less dependent on 
extracellular glutamine for survival as compared to sensitive cells. Instead, these 
cells are more vulnerable to inhibition of the ETC by phenformin and simvastatin, 
suggesting that inhibition of OXPHOS can be a novel strategy to overcome BTZ 
resistance.

RESULTS

Bortezomib-resistant cells have higher activity of mitochondrial energy metabolism 
To study the metabolic alterations contributing to BTZ resistance, we compared 
human BTZ-sensitive wild-type (WT) to BTZ-resistant (BTZ/100) RPMI-8226 multiple 
myeloma cells [12] and performed liquid chromatography-mass spectrometry (LC-
MS)-based proteomics and metabolomics in parallel, as detailed in Figure 1. In order 
to get a more comprehensive view on the metabolic alterations in BTZ-resistant cells 
we took a targeted proteomic approach, focussing on proteins that are involved in 
cellular metabolism. Since many metabolic reactions take place in membranes and 
mitochondria of cells, we fractionated cytosolic proteins from membrane proteins, 
in order to improve coverage of metabolic enzymes. A total of 7210 proteins was 
identified, with >5380 proteins quantified in at least 2 out of 4 biological replicates. 
Amongst these, 1807 proteins identified were reportedly involved in cellular 
metabolism, based on KEGG pathways, many of which were significantly up- or 
downregulated in BTZ-resistant cells (Fig. 2a). Amongst the highly upregulated 
metabolic proteins (≥ 5-fold) is 3-phosphoglycerate dehydrogenase (PHGDH; fold 
change (FC) = 6.4), which we previously associated with BTZ-resistance [21]. Also 
pyruvate dehydrogenase kinase 1 (PDK1) was highly upregulated in BTZ-resistant 
cells (FC = 8.5). By inhibiting pyruvate dehydrogenase, PDK1 regulates glucose 
flux into the SSP and PPP, both of which are upregulated in BTZ-resistant cells [21]. 
PDK1 upregulation thus confirms our previous findings. Although PDK1 inhibition 
with dichloroacetate (DCA) has been shown to increase sensitivity towards BTZ in 
(BTZ-sensitive) multiple myeloma cells [24, 25], PDK1 inhibition is not more effective 
in BTZ-resistant cells as compared to sensitive cells (Supplemental Fig. S1). As 
expected, many metabolites, involved in different metabolic pathways, were also 
up- or downregulated in BTZ-resistant cells (Supplemental Table. S1).

Next, differentially expressed metabolic enzymes (≥ 2-fold, p<0.05) were 
subjected to a Gene Ontology (GO) enrichment analysis. The most enriched 
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GO term in BTZ-resistant cells was isocitrate dehydrogenase (NAD+) activity. 
Upregulated metabolic proteins were also associated with nicotinamide adenine 
dinucleotide (NAD+), oxidoreductase activity and electron carrier activity in several 
go terms (Fig. 2b). Both isocitrate dehydrogenase (IDH) and NAD+, together with its 
reduced form NADH, play important roles in cellular energy production. IDH is part 
of the tricarboxylic acid (TCA) cycle, which produces  the NADH and FADH2

 that 
are oxidized by protein complexes (I-V) of the ETC to ultimately ATP (Fig. 3a,b) [26, 
27]. Based on our previous findings [21], we hypothesized that alterations in energy 
metabolism are essential to sustain diversion of glucose into anti-oxidant pathways 
rather than to the TCA cycle. 

We next mapped changes in TCA cycle metabolism on both the proteome and 
metabolome level. Almost all metabolic enzymes involved in the TCA cycle as well 
as almost all identified TCA intermediates were upregulated in BTZ-resistant cells 
as compared to WT cells (Fig. 3a), suggesting that the TCA cycle is more active 
in BTZ-resistant cells. Also most of the proteins involved in complexes I-IV as well 
as enzymes involved ubiquinone (Q) synthesis (COQ3,5,6,7) were upregulated in 

Metabolomics

WT BTZ/100

Lysis 
collection of metabolites

LC-MS

WT BTZ/100

Homogenise

Digestion, etc

LC-MS/MS

Cytosolic fraction

Membrane fractionation

Data analysis

Proteomics

~110 metabolites 

Inner membrane Plasma membrane

~7210 proteins

~1800 metabolic enzymes

Data analysis

Combined Dataset

Figure 1. Metabolomics and proteomics workflow.
Metabolomic and proteomic characterization of RPMI-8226 wild type (WT) and bortezomib-resistant (BTZ/100) 
cells. Cells were suspended in RPMI medium and harvested after 2 hours and either subjected to mass spectro-
metry (MS) based metabolomics or –proteomics. For proteomic analysis, homogenized cell samples were fractio-
nated in a cytosolic-, inner membrane-, and plasma membrane fraction. The inset on the bottom left corner depicts 
the cumulative identifications of our combined dataset.
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BTZ-resistant cells (FC = 3–5) (Fig. 3b, Supplemental Table S2). The higher levels 
of both TCA cycle and ETC proteins suggest that BTZ-resistant cells have more 
capability for mitochondrial ATP production. Indeed, BTZ-resistant cells had a higher 
basal oxygen consumption rate (OCR) (Fig. 3c,d), as well as higher ATP-coupled 
respiration (the difference in OCR in the presence or absence of the ATP-synthase 
inhibitor oligomycin) (Fig. 3e). These findings are in line with studies on other BTZ-
resistant cell lines [19, 20]. Together, these results suggest that BTZ-resistant cells 
have higher activity of the TCA cycle, which is coupled to higher ETC rate, resulting 
in increased mitochondrial ATP production. 

BTZ-resistant cells need more glutamine to sustain high TCA cycle activity
We next questioned which nutrients were preferentially used by BTZ-resistant cells to 
sustain the high TCA cycle rates. Many cells use glucose as one of the main sources 
of carbon for the TCA cycle, but as BTZ-resistant cells use glucose predominantly 
to fuel anti-oxidant pathways [21], these cells are likely depending on other carbon 
sources.

Glutamine is the main carbon source for TCA cycle in many cancerous cells, 
including multiple myeloma [28–30]. Glutamine is converted to glutamate by 
glutaminase (GLS), which is subsequently converted by transaminases (GPT2 or 
GOT2) or glutamate dehydrogenases (GLUD1), to form α-ketoglutarate (Fig. 4a). 
GPT2, GOT2 and GLUD1 were all significantly upregulated in BTZ/100 cells (≥ 
2-fold, p<0.05), suggesting that BTZ-resistant cells have higher capacity to convert 
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Figure 2. Analysis of metabolic enzymes associated with bortezomib resistance.
a Graphical representation of quantitative proteomics data. Proteins are ranked in volcano plot according to their 
statistically p-value (y-axis) and relative abundance ratio between RPMI-8226 wild type (WT) and bortezomib re-
sistant (BTZ/100) cells (x-axis). Coloured spots represent significantly upregulated (red) or downregulated (green) 
proteins in BTZ/100 cells with at least a 5-fold change. Significantly regulated metabolic enzymes are marked. b 
Gene Ontology (GO) enrichment analysis of upregulated metabolic enzymes in BTZ/100 cells (≥ 2-fold, p<0.05).
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glutamate to α-ketoglutarate. Analysis of cell culture medium by LC-MS revealed 
that BTZ-resistant cells have a higher uptake of extracellular glutamine (Fig. 4b). 
Together with the higher levels of TCA cycle intermediates and enzymes, these 
results suggest that BTZ-resistant use glutamine as the main carbon source for the 
production of TCA cycle intermediates. 

To further test this hypothesis, we performed tracer experiments using 
13C-glutamine. To this end, WT and BTZ/100 cells were grown in the presence of 
[U-13C]-glutamine for 8h, after which the incorporation of 13C-carbon from glutamine in 
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Figure 3. Bortezomib-resistant cells have higher activity of mitochondrial energy metabolism.
a Schematic overview of identified metabolites (square) and proteins (oval) involved in the TCA cycle that were 
significantly up- (orange) or downregulated (blue) in RPMI-8226 bortezomib-resistant (BTZ/100) cells compared 
to wild type (WT) cells. b Schematic overview of proteins involved in the electron transport chain that were signifi-
cantly upregulated (orange) in RPMI-8226 bortezomib-resistant (BTZ/100) cells compared to wild type (WT) cells. 
cde WT and BTZ/100 cells were plated in XF base medium exposed to the Seahorse XF Cell Mito Stress Test, 
consisting of automated treatment with oligomycin, FCCP, and the combination of antimycin A and rotenone at 
the indicated times. The oxygen consumption rate (OCR) was measured over time using the XFe24 Analyzer (c). 
Basal OCR (d) and ATP production (e) are shown. Data are mean OCR ± SD (n=5). One-way ANOVA tests were 
performed (**** = p<0.0001).
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downstream metabolites was analysed using mass spectrometry. BTZ-resistant cells 
showed lower intracellular levels of total glutamine, glutamate and α-ketoglutarate 
(Fig. 4c), which could be indicative of a fast conversion of these molecules to 
downstream metabolites [31]. Increased levels of TCA intermediates succinate and 
citrate were present in BTZ-resistant cells (Fig. 4c), suggesting that BTZ-resistant 
cells use glutamine to sustain a higher TCA cycle activity. 
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Figure 4. BTZ-resistant cells need more glutamine to sustain high TCA cycle activity.
a Schematic overview of identified metabolic enzymes involved in glutaminolysis. Metabolic enzymes that were 
significantly upregulated in BTZ/100 cells are depicted in orange. b Extracellular metabolite analysis of RPMI-8226 
wild type (WT) and bortezomib resistant (BTZ/100) cells. Cells were suspended in RPMI medium containing 1mM 
L-glutamine. Media samples were collected after 8 hours, followed by LC-MS analysis of extracellular glutamine 
Results represent uptake of glutamine as compared to cell-free media (n=3). One-way ANOVA tests were perfor-
med (**** = p<0.0001). cd Intracellular analysis of TCA cycle intermediates (c) and GSH (d) of WT and BTZ/100 
cells. Cells were suspended in DMEM containing 2 mM [U-13C]D-Glutamine. Intracellular metabolites were extrac-
ted after 8 hours and analyzed by LC-MS. Data are means ± SD (n=3) of unlabelled (white) and 13C- labelled (blue) 
metabolites as compared to WT (upper panel) or as % of metabolite level (lower panel). GCLC = glutamate-cystei-
ne ligase, GLS = glutaminase, GLUD 1 = glutamate dehydrogenase 1, GOT2 = aspartate aminotransferase, GPT2 
= alanine aminotransferase 2, GSH = glutathione. 
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All TCA cycle metabolites were predominantly 13C-labelled in both WT and 
BTZ/100 cells (Fig 4c), confirming the importance of glutamine as a carbon source 
for TCA cycle in multiple myeloma cells [29, 30]. While there was no significant 
difference in the percentage of 13C-labeled intermediates, higher absolute levels of 
13C-labeled intermediates were present in BTZ-resistant cells, especially in succinate 
(Fig. 4c). Together, these results indicate that glutamine is the main carbon source 
in both WT and BTZ/100 cells and because BTZ/100 cells have higher activity of the 
TCA cycle, it is likely that they need more extracellular glutamine to maintain high 
TCA cycle activity. 

Besides the conversion to α-ketoglutarate, glutamate can also be incorporated 
into glutathione (GSH) (Fig. 4a). Previously, we showed that BTZ-resistant have 
higher levels of GSH and have a higher anti-oxidant capacity [21]. Indeed, elevated 
levels of both 12C and 13C-GSH were found in BTZ-resistant cells (Fig. 4d), suggesting 
that the higher levels of GSH are, at least in part, a result of more GSH synthesis. 

Bortezomib-resistant cells are less dependent on extracellular glutamine for 
survival

Having found that BTZ-resistant cells have a higher uptake of glutamine, we tested 
whether BTZ-resistant cells were more dependent on extracellular glutamine for 
survival and cell proliferation. Withdrawal of glutamine from the cell culture medium 
resulted in a loss in cell growth for both BTZ-sensitive and –resistant cells (Fig. 5a). 
Interestingly, with 25% of glutamine left in the culture medium, WT cells showed 25% 
of growth inhibition, while BTZ-resistant cells showed no change in growth rate. While 
complete glutamine starvation stopped proliferation of both cell lines (Fig. 5a), the 
addition of extracellular glutamine after 24 hours of glutamine starvation restored cell 
proliferation of BTZ/100 cells but not of WT cells (Supplemental Fig. S2a), suggesting 
glutamine starvation induces a reversible growth inhibition in BTZ-resistant cells. In 
line with these data, cell death assays showed that WT cells underwent complete cell 
death within 24 hours of glutamine starvation, while less than 50% of BTZ-resistant 
cells died under the same conditions (Fig. 5b). OCR measurements in the presence 
or absence of glutamine showed that ATP production dropped severely in BTZ/100 
cells under glutamine-starved conditions, confirming that glutamine is a major source 
for mitochondrial energy production (Fig. 5c,d). However, while WT cells have no 
measurable basal respiration in the absence of glutamine, the OCR of BTZ/100 cells 
without glutamine is comparable to the OCR of WT cells under control conditions. In 
addition, BTZ-resistant cells were not more sensitive to inhibition of transaminases 
or GLUD1. (Supplemental Fig. S2b). Together, these results show that, although 
BTZ-resistant cells take up more extracellular glutamine, they are less dependent 
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on extracellular glutamine for survival and maintain sufficient mitochondrial activity 
to survive. 

Since glutamine is the main carbon source for the TCA cycle under normal 
growth conditions, we questioned how BTZ-resistant cells fuel the TCA cycle in the 
absence of glutamine. We performed a metabolic flux experiment using 13C-glucose 
under glutamine starved conditions. To this end, WT and BTZ/100 cells were grown 
for 4 hours in culture media supplemented with [U-13C]-glucose in the presence 
or absence of glutamine (Fig. 5e). Under normal conditions, a smaller fraction of 
acetyl-CoA and citrate become 13C labelled in BTZ-resistant cells compared to 
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Figure 5. Bortezomib-resistant cells are less dependent on extracellular glutamine for survival.
a,b Growth rate (a) and cell death (b) of RPMI-8226 wild type (WT) and bortezomib-resistant (BTZ/100) cells after 
a 24-hour treatment with decreasing concentrations of glutamine (GLN) present in the culture medium. Results 
represent % growth rate (left panel) or % cell death (right panel) ± SD compared to non-treated controls (n=3). 
cd Seahorse XF Cell Mito Stress Test (c) of WT and BTZ/100 cells and ATP production (d) in the presence and 
absence (-GLN) of extracellular glutamine, consisting of automated treatment with oligomycin, FCCP, and the 
combination of antimycin A and rotenone at the indicated times. Data are mean OCR ± SD (n=5). ef Intracellular 
metabolite analysis of RPMI-8226 WT and BTZ/100 cells in the presence or absence of extracellular glutamine (e) 
Cells were grown complete medium containing 25 mM [U-13C] D-glucose in the presence (+) or absence (-) of 2 
mM glutamine and intracellular metabolites were extracted after 4 hours, followed by LC-MS analysis. Data are 
means ± SD (n=3) of unlabelled (white) and 13C- labelled (blue) metabolites (f). Two-way ANOVA tests were perfor-
med (ns = not significant, *** = p<0.001**** = p<0.0001). GLN = glutamine, GLU = glutamate, GSH = glutathione, 
ATP = adenosine triphosphate, α-KG = α-Ketoglutarate.
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WT cells (Fig. 5f), in line with previous observations that BTZ-resistant cells divert 
glycolytic metabolites to biosynthetic pathways [21]. As expected, levels of TCA 
intermediates dropped when glutamine was depleted from the culture medium in 
both WT and BTZ-resistant cells. However, BTZ/100 cells maintained higher levels 
of TCA intermediates under glutamine-starved conditions as compared to sensitive 
cells. In addition, BTZ/100 cells were able to maintain their levels of NADH and 
GSH in the absence of glutamine, while these levels decreased in WT cells (Fig. 
5f). Surprisingly, a large part of the citrate and succinate in BTZ/100 cells remained 
unlabelled from glucose in the absence of glutamine (Fig. 5f), suggesting that these 
cells can deploy sources other than glutamine and glucose to maintain the levels of 
TCA cycle metabolites and ETC activity. 

Carbons from both fatty acids [32] and the branched chain amino acids (BCAA) 
leucine, isoleucine and valine [33] can also enter the TCA cycle (Fig. S3a). Almost 
all proteins involved in both β-oxidation of fatty acids and breakdown of BCAA were 
significantly upregulated in BTZ-resistant cells (Fig. S3b). In line with this, BTZ/100 
cells displayed a higher uptake of BCAA from the culture media (Fig. S3c) as well 
as elevated intracellular levels of α-ketoisocaproate, the first breakdown product of 
leucine (Fig. S3d). Together, these result suggest that both these pathways aid in 
sustaining mitochondrial ATP production in the absence of glutamine. 

BTZ-resistant cells are more vulnerable to ETC inhibition 
Together, our data show that BTZ-resistant cells have more TCA cycle activity and 
that metabolic enzymes involved in multiple pathways surrounding the TCA cycle 
and ETC are upregulated in these cells. We therefore hypothesized that BTZ-
resistant cells were dependent on mitochondrial respiration and more vulnerable to 
inhibition of the ETC compared to WT cells. To test this hypothesis, we performed cell 
growth assays in the presence of both phenformin, an inhibitor of complex 1 of the 
ETC [34], and simvastatin, a HMG-CoA reductase inhibitor that lowers ubiqionone 
(Q) levels [35, 36], an important coenzyme in the ETC (Fig. 6a). Phenformin was 
cytostatic and not cytotoxic to both cell types, but cell growth was inhibited in BTZ-
resistant cells at lower concentrations than WT-cells (Fig. 6b). BTZ-resistant cells 
were also more sensitive to growth inhibition by simvastatin, as compared to WT 
cells (Fig. 6c). Interestingly, simvastatin was cytotoxic to BTZ-resistant cells, while 
almost no cell death was present in WT cells, even at higher concentrations (Fig. 
6c). Overall, these data shows that BTZ-resistant cells are more susceptible to ETC 
inhibition as compared to WT cells. More importantly, these results suggest that ETC 
inhibitors such as phenformin and simvastatin are potent drugs to target bortezomib 
resistance and improve therapy. 
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OXPHOS gene expression in multiple myeloma patients is correlated to BTZ 
response
To verify if the increased activity of OXPHOS is linked to BTZ response and outcome 
in patients, we investigated the expression of OXPHOS-related genes in genome-
wide data of 264 multiple myeloma samples from the APEX trial [37]. In this study, 
purified multiple myeloma samples were collected prior to treatment with BTZ (188 
patients) or dexamethasone (DEX) (76 patients). For each patient, an OXPHOS 
expression index was defined based on the mean expression of genes involved in 
ETC (GO:0022904, 193 genes). This OXPHOS expression index was significantly 
higher in BTZ non-responders (NR) than in BTZ responding (R) patients (p<0.01) 
(Fig 7a). In addition, response (ordinal progressive disease (PD) – no change (NC) 
– minimal response (MR) –partial response (PR) – complete response (CR)) was 
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Figure 6. BTZ-resistant cells are more vulnerable to ETC inhibition.
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proportionally associated with OXPHOS expression index (proportional odds logistic 
regression (p<0.001)) (Fig 7b). The opposite effect was present in patients that 
were treated with DEX, indicating that high OXPHOS expression is specific for BTZ-
resistance (data not shown). At the same time, the mean expression of all other genes 
was decreased rather than increased in BTZ non-responders (mean difference in 
expression index -0.067, 95%CI -0.122 to -0.011, p=0.018). These results indicate 
that patients with higher expression of ETC-related genes are more likely to be 
resistant to BTZ therapy, substantiating our findings in BTZ-resistant cells. 

DISCUSSION

The occurrence of resistance in BTZ treatment remains a leading problem of multiple 
myeloma therapy. Considering that metabolism plays an essential role in resistance 
against anticancer drugs, we aimed to search for metabolic pathways involved in 
BTZ resistance. By combining a targeted, metabolism-oriented proteomics approach 
with metabolomics and 13C tracer studies, we show that metabolic pathways enabling 
higher mitochondrial oxygen consumption are specifically upregulated in BTZ-
resistant cells to. As a result, BTZ-resistant cells were more vulnerable to inhibition 
of the ETC. This suggests that combination treatments of BTZ and ETC-inhibitors 
might be a novel strategy to treat BTZ-resistant patients. Finally, we demonstrate that 
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Figure 7. Oxidative phosphorylation gene expression in multiple myeloma patients is correlated to BTZ 
response.
OXPHOS expression index was defined based on the mean expression of genes involved in ETC (GO:0022904, 
193 genes) in genome-wide data of 264 multiple myeloma samples. a OXPHOS expression index of BTZ non-res-
ponders (NR) than and BTZ responding (R) patients (p<0.01). b OXPHOS expression index of patients categorized 
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patients that do not respond to BTZ treatment have a higher expression of genes 
related to OXPHOS, suggesting that our findings are translatable to patients. 

Previously, BTZ resistance has been linked to higher glycolytic activity [18, 21]. 
The higher conversion of glucose into lactate, known as the Warburg effect, has 
been postulated to promote cell proliferation by diverting glycolytic intermediates to 
pathways for biosynthesis [2]. Indeed, we previously showed that in BTZ-resistant 
cells glucose is used for anti-oxidant pathways that branch of from glycolysis, such as 
the serine synthesis pathway and pentose phosphate pathway [21]. In the targeted 
proteomics screen described in the current study, we also identify PDK1 as one of the 
highest upregulated metabolic enzyme in BTZ-resistant cells. PDK prevents pyruvate 
flux into the TCA cycle by phosphorylating and inhibiting pyruvate dehydrogenase, 
thereby promoting the use of glucose for other biosynthetic pathways. We showed 
that BTZ-resistant cells are not more sensitive towards the PDK1 inhibitor DCA. DCA 
has been shown to enhance the effect of BTZ in (BTZ-sensitive) multiple myeloma 
cells due to increased oxidative stress [24, 25]. Because BTZ-resistant cells have an 
increased antioxidant mechanism, it is expected that PDK1 inhibition does not affect 
BTZ-resistant cells. 

The Warburg effect has been linked to impaired mitochondrial function in cancer 
cells [4]. However, most cancer cells that display the Warburg effect have intact 
mitochondrial respiration, which remains the major source for ATP production in 
many cancer cells, despite their higher glycolytic activity [38]. We here show that 
also BTZ-resistant cells have higher activity of the TCA cycle and that glutamine is 
the major source for TCA cycle in both BTZ-sensitive and –resistant cells, as in many 
cancers [28, 38]. Overall, this results in a higher consumption rate of glutamine in 
BTZ-resistant cells in particular. As a result of high glutamine consumption, many 
cancer cells are highly dependent on glutamine for survival and proliferation [28, 
39]. In addition, withdrawal of glutamine from the culture media results in growth 
arrest and cell death of multiple myeloma cells [29, 30]. In contrast, our results 
show that BTZ-resistant cells are dependent on glutamine for proliferation, but do 
not undergo apoptosis after glutamine starvation, whilst WT cells do. Moreover, our 
data show that BTZ-resistant cells remain higher levels of TCA cycle intermediates 
and mitochondrial oxygen consumption under conditions of glutamine starvation. 
Surprisingly, glucose is not the major carbon source for TCA cycle intermediates 
under glutamine-starved conditions and most likely fatty acid oxidation and the 
breakdown of branched chain amino acids also contribute to the TCA flux. 

A recent study showed that proteasome inhibitor-resistant cells are more 
sensitive to glutaminase inhibition compares to wild-type cells [20], especially in 
combination with carfilzomib. Notably, overexpression of the drug efflux transporter 
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ABCB1/P-glycoprotein, an ATP-dependent efflux pump, is an important underlying 
mechanism of carfilzomib resistance [19, 40]. It is therefore conceivable that 
carfilzomib-resistant cells are especially sensitive to the lower ATP levels that result 
from glutamine starvation or glutaminase inhibition. However, our data show that 
BTZ-resistant cells are not sensitive to glutaminase inhibition and can compensate 
glutamine loss by the activation of several other pathways that fuel the TCA cycle. 
The sensitivity to glutamine starvation or glutaminase inhibition therefore seems to 
be specifically associated with carfilzomib resistance, rather than a general feature 
of proteasome inhibitor resistant cells. 

The higher activity of the TCA cycle in BTZ-resistant cells is coupled to higher 
mitochondrial respiration. Proteasome inhibition induces mitochondrial damage, 
which results in oxidative stress and eventually leads to apoptosis [41]. It is therefore 
likely that BTZ-resistant cells upregulate their mitochondrial activity and anti-oxidant 
capacity to counteract these effects. Previously, mitochondrial activity was also 
linked to bortezomib sensitivity in multiple myeloma cell lines [19, 20, 42]. In the 
current study, we show that higher gene expression of OXPHOS related genes 
are also found in BTZ-resistant patients, in line with others [37, 43]. Together, this 
shows that higher activity of mitochondrial respiration is likely to contribute to BTZ-
resistance in patients. 

Finally, our combined proteomics and metabolomics approach shows that this 
higher OXPHOS is sustained by specific metabolic alterations in BTZ-resistant 
cells, which can be targeted by the biguanides phenformin and simvastatin. Both 
phenformin and the anti-diabetic compound metformin inhibit complex 1 of the ETC 
and have been shown to have anticancer effects [7]. Metformin inhibits proliferation 
of multiple myeloma cells [44], but the current literature shows contrasting results 
on the enhancement of metformin on the effect of BTZ [44, 45]. More importantly, 
retrospective studies show that the use of biguanides is associated with better 
prognosis in multiple myeloma patients [46–48]. Our data suggest that this effect 
could be the result of increased sensitivity to proteasome inhibitor therapy in 
combination with complex 1 inhibition. 

Simvastatin is an approved drug for the treatment of hypercholesterolaemia 
and is currently under investigation for cancer therapy [7, 49]. Simvastatin inhibits 
HMG-CoA reductase, the rate limiting step in cholesterol synthesis, which is also 
involved in the biosynthesis of ubiquinone [50]. Hence, statins lower the levels of 
ubiquinone in statin treated patients [35, 36]. Ubiquinone is an essential component 
of mitochondrial electron transport and simvastatin treatment lowers mitochondrial 
respiration and increase oxidative stress, which can be reversed by addition of 
ubiquinone [51, 52]. Our proteomics experiment revealed an upregulation of many 
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enzymes involved in ubiquinone synthesis, suggesting that simvastatin is more 
effective in inducing cell death in resistant compared to WT cells via its ability to 
lower ubiquinone levels.

In conclusion, our findings demonstrate that BTZ-resistant cells have rewired 
their metabolism to increase mitochondrial energy production. By performing tracer-
based metabolomics and proteomics, we have identified an increased activity of the 
TCA cycle and surrounding pathways that are linked to BTZ resistance. Moreover, 
we here show that this increased TCA cycle activity is linked to higher energy 
production via the ETC and BTZ-resistant cells are more sensitive towards the ETC 
inhibitors. In addition, expression of ETC related genes is increased in BTZ non-
responding patients, supporting our findings. We propose that a combination of ETC 
inhibition and BTZ could be a novel therapy to overcome BTZ resistance.

METHODS

Reagents
The proteasome activity probe Me4BodipyFL-Ahx3L3VS was a gift from Huib 
Ovaa (Leiden University Medical Center, The Netherlands). RPMI-8226 WT and 
Bortezomib-resistant cells were a kind gift from Gerrit Jansen (VU University Medical 
Center, Amsterdam). Bortezomib (BTZ) and carfilzomib (CFZ) were purchased from 
Selleck Chemicals. All solvents were obtained from Biosolve. All other chemicals 
were obtained from Sigma-Aldrich, unless stated otherwise. 

Cell culture
Human multiple myeloma RPMI-8226 wild type (WT) were purchased from ATCC. BTZ 
resistant cells were obtained as described previously [12]. Cells were maintained 
in suspension culture in RPMI-1640 (Lonza) medium supplemented with 2mM 
L-glutamine (Lonza), 10% fetal bovine serum (FBS) (Gibco) and 100μg/ml penicillin/
streptomycin (Lonza) and were kept at 37°C in humidified 5% CO2 atmosphere. BTZ-
resistant cells were continuously cultured in the presence of 100 nM BTZ as previous 
described [12, 14]. Cells were cultured without drugs 4-6 days prior to experiments. 
Media were supplemented with 10% FBS and 100μg/ml penicillin/streptomycin 
unless stated otherwise. 

LC-MS based Metabolomics 
For all experiments, cells were diluted in fresh medium 16-24 hours prior to the start 
of the experiment. At the start of all experiments, cells were counted and centrifuged 
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for 5 minutes at 1400 rpm to remove the old medium. For metabolic screens, cells 
were resuspended in fresh RPMI medium at a density of 1 x 106 cells/ml. After 2 
hours, samples were washed with PBS and harvested by centrifugation for 5 min at 
1000g at 4°C. Metabolites were extracted by adding 100 – 200μl ice-cold MS lysis 
buffer (methanol/acetonitrile/uLCMS H2O (2:2:1)) to the cell pellets. Samples were 
shaken for 10 minutes at 4°C, centrifuged at 14.000g for 15 minutes at 4°C and 
supernatants were collected for LC-MS analysis.

13C-tracer experiments were performed as described [53, 54], with minor changes. 
For glutamine flux studies, cells were resuspended in DMEM containing 2 mM [U-13C]
D-Glutamine (Cambridge Isotopes and harvested after 4 hours as described above. 
For glutamine starvation experiments, medium consisted of DMEM, supplemented 
with 25 mM [U-13C]D-Glucose and 10% dialyzed FBS in the presence or absence 
of 2 mM L-glutamine. Cells were resuspended at a density of 0.7 x 106 in triplicate 
wells and were After 4 hours, cells were harvested as described above. To measure 
extracellular metabolites, medium samples were obtained prior to harvesting cells at 
8 or 24 hours. Metabolites were extracted by diluting 10μL medium in 1mL MS lysis 
buffer. 

Metabolites were analysed by LC-MS. LC-MS analysis was performed on an 
Exactive mass spectrometer (Thermo Scientific) coupled to a Dionex Ultimate 3000 
autosampler and pump (Thermo Scientific). The MS operated in polarity-switching 
mode with spray voltages of 4.5kV and -3.5kV. Metabolites were separated on a 
Sequant ZIC-pHILIC column (2.1 x 150mm, 5μm, Merck) with guard column (2.1 x 
20mm, 5μm, Merck) using a linear gradient of acetonitrile and a buffer containing 
20mM (NH4)2CO3, 0.1% NH4OH in ULC/MS grade water. Flow rate was set at 
150 μL/min. Metabolites were identified based on exact mass within 5 ppm and 
further validated by concordance with retention times of standards. Metabolites 
were quantified using LCquan software (Thermo Scientific). Peak intensities were 
normalized based on median peak intensity. Isotopomer distributions were corrected 
for natural abundance and data are plotted as relative peak area compared to WT 
cells under control conditions. Peak areas of identified metabolites were in their 
respective linear range of detection. 

Proteomics with membrane fractionation
RPMI-8226 WT and BTZ-resistant cells were seeded in RPMI medium at a density 
of 1 x 106 cells/ml and incubated for 2 hours. Per treatment category, four biological 
replicates of 3 x 107 cells were washed with PBS and harvested for fractionation using 
a plasma membrane isolation kit (Abcam, ab65400). Cell pellets were gently lysed 
on ice using a dounce homogenizer in the presence of protease inhibitor (cOmplete 
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mini EDTA-free, Roche) and phosphatase inhibitor (PhosSTOP, Roche). Differential 
centrifugation according to manufacturer’s instructions yielded the cytosolic fraction 
(CF), inner membrane (IM) and finally plasma membrane (PM). Thirty micrograms 
of protein each from the cytosolic, inner membrane and plasma membrane fraction 
were reduced in 4mM Dithiothreitol (DTT), alkylated in 8mM iodoacetamide (IAA), 
and digested sequentially at 37oC with 1:75 Lys C (Wako) and 1:50 Trypsin (Sigma-
Aldrich) for 4 and 12 hours respectively. Digested peptides were acidified to 0.1% 
formic acid (FA) and purified by strong cation exchange (SCX) STAGE tips. Eluted 
peptides were dried by vacuum and 2µg equivalent of peptides was analysed in 
each 3hr reverse phase separation on the UHPLC 1290 system (Agilent) coupled to 
an Orbitrap Q Exactive Plus mass spectrometer (Thermo Scientific). 

RP-nanoLC-MS/MS
Proteomics data were acquired using an UHPLC 1290 system (Agilent) coupled to 
an Orbitrap Q Exactive Plus mass spectrometer (Thermo Scientific). Peptides were 
first trapped on a 2 cm x 100 μm Reprosil C18 pre-column (3 μm) and then separated 
on a 50 cm x 75 μm Poroshell EC-C18 analytical column (2.7 μm). Trapping was 
performed for 5 min in 0.1 M acetic acid (Solvent A) and elution with 80% ACN 
in 0.1M acetic acid (Solvent B) in gradients as follows: 10-36% solvent B in 155 
min, 36-100% in 3min and finally 100% for 1min. Flow was passively split to 300 nl/
min. MS data were obtained in data-dependent acquisition mode. Full scans were 
acquired in the m/z range of 375-1600 at the resolution of 35,000 (m/z 400) with AGC 
target 3E6.Top 15 most intense precursor ions were selected for HCD fragmentation 
performed at NCE 25% after accumulation to target value of 5E4. MS/MS acquisition 
was performed at a resolution of 17,500. 

Database search
Raw files were processed using MaxQuant version 1.5.3.30 and searched 
against the human Swissprot database (version Jan 2016, 147933 entries) using 
Andromeda. Cysteine carbamidomethylation was set to fixed modification, while 
variable modifications of methionine oxidation and protein N-terminal acetylation, 
as well as up to 2 missed cleavages were allowed. False discovery rate (FDR) was 
restricted to 1% in both protein and peptide identification. Label-free quantification 
(LFQ) was performed with “match between runs” enabled. 

Extracellular flux analysis
Extracellular flux analysis was performed using a Seahorse Bioscience XFe24 
Analyzer. RPMI-8226 WT and BTZ-resistant cells were resuspended at a density of 1 
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x 106 cells / ml in Seahorse XF Base medium (Seahorse Bioscience), supplemented 
with 25mM glucose and 1M NaOH, in the presence or absence of 2mM L-glutamine. 
1 x 106 cells (100 μL) were added to 5 wells of XF24 cell culture microplates (Seahorse 
Bioscience). After 30 minutes, microplates were centrifuged at 400 rpm to ensure 
cells were adhered to the bottom of the plates. 425 μL of corresponding media was 
added and cells were incubated for 60 min at 37 °C. The oxygen consumption rate 
(OCR) in pmol O2/min was measured in triplicate at basal conditions, and after the 
injection of 1 μM oligomycin, 0.1μM FCCP and 2 μM of Rotenone and Antimycin A 
after 18, 36 and 54 min, respectively. After injections, measurements of 3 min were 
performed in triplicate, preceded by 1 min of mixture time and 2 min waiting time. 

Cell viability and cell growth assays
Cells were suspended in triplicate at a density of 2–5 x 105 cells/ml in RPMI-1640 
medium in 96-well plates and incubated with drugs at the indicated concentrations 
for 24-48 hours. Cell growth was monitored continuously with the IncuCyte live-cell 
imager system (Essen Instrumnents). Images were acquired every 2 hours for 1-2 
days, and analysed using the IncyCyte Zoom software (Essen Insruments). Cell 
growth was defined as population doublings per 48 hours and calculated based on 
increased confluence. 

Cell death was assessed after 24-48 hours by incubating each well with 30 μM 
propidium iodide and measuring fluorescence after 15 minutes using the IncuCyte 
instrument. Cell death was calculated based on the area of the fluorescent signal, 
normalized to confluency of the wells.

Gene expression analysis 
Gene expression profiles were analysed from a dataset downloaded from Gene 
Expression Omnibus with accession number  GSE9782 [37]. In this study, purified 
multiple myeloma samples were collected prior to treatment with BTZ (188 patients) 
or dexamethasone (DEX) (76 patients). Patients were classified based on their 
response to therapy: complete response (CR), partial response (PR), minimal 
response (MR), no change (NC), or progressive disease ( PD) [37]. For each patient, 
an OXPHOS expression index was defined based on the mean expression of genes 
involved in ETC (GO:0022904, 193 genes). 
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SUPPLEMENTAL

Supplemental Table S1. Intracellular metabolite levels of bortezomib-sensitive and –resistant cells 
Metabolite WT 

(peak area)
BTZ/100
(peak area)

FC (BTZ/100:WT)

PHE 40483886 70383949 1.74
LEU 99351203 171669537 1.73
ILE 116798970 173437399 1.48
MET 28441323 47911014 1.68
TRP 5179828 11562706 2.23
VAL 50051115 71195125 1.42
PRO 1269420514 1872845564 1.48
TYR 19833998 33170402 1.67
THR 50214151 60816653 1.21
ALA 41707335 56940642 1.37
GLN 323834368 302057164 0.93
ASN 15680953 19594539 1.25
b-ALA 53166314 34283584 0.64
GLU 190644339 159763437 0.84
GLY 3048247 5037437 1.65
SER 9014892 10064065 1.12
ASP 24675090 14497570 0.59
HIS 3661789 6629239 1.81
LYS 987508 1243628 1.26
ARG 47041878 55269962 1.17
4-Methyl-2-Oxopentanoate 1129599 2100190 1.86
4-Hydroxyphenylpyruvate 18384 18360 1.00
Kynurenine 118714 227003 1.91
Trimethyllysine 998936 1062859 1.06
Dimethyllysine 347166 452659 1.30
ADMA 1492278 1770845 1.19
NMMA 37775 39692 1.05
Monomethyllysine 2277906 3433537 1.51
Pyruvate 1144568 479663 0.42
Lactate 48582141 66144955 1.36
Glucose 2097398 1277711 0.61
Dihydroxyacetone3P 234845 138967 0.59
HexP 1381259 255914 0.19
Glyceraldehyde3P 838805 1438254 1.71
2P-glycerate 1316879 736127 0.56
G6P 209011 81107 0.39
PEP 163843 142209 0.87
Fructose16bisP 240866 204708 0.85
Erythrose4P 15828 4404 0.28
Ribulose5P 104033 102496 0.99
Sedoheptulose7P 126155 204297 1.62
6P-gluconate 20312 12621 0.62
AcetylCoA 884503 1111638 1.26
GABA 35157365 35858355 1.02
Succinate 7349456 11044334 1.50
a-Ketoglutarate 33505207 13436038 0.40
Malate 85535143 127303657 1.49
SuccinylCoA 100585 127566 1.27
cis-Aconitate 2839238 3826322 1.35
Citrate 71738411 84370508 1.18
Creatinine 41207592 55703707 1.35
Creatine 532323387 604782449 1.14
n-Acetylglutamate 520865 377502 0.72
Citrulline 437993 336138 0.77
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Supplemental Table S1. Continued
Metabolite WT 

(peak area)
BTZ/100
(peak area)

FC (BTZ/100:WT)

Fumarate 6050046 9293370 1.54
Ornithine 1643711 2122029 1.29
N-Ac-Glucosamine 144497 161487 1.12
N-Ac-Glucosamine-6P 64180 56470 0.88
UDP-N-Ac-Glucosamine 37150969 44144593 1.19
Nicotinamide 24275863 12564413 0.52
Betaine 110589462 226906111 2.05
Cystine 200731 403284 2.01
S-Adenosyl-Methionine 432025 452619 1.05
Choline 26690938 17490873 0.66
Cystathionine 176857 235197 1.33
8-oxo-guanine 720674 616329 0.86
NADH 2431412 4518373 1.86
Glutathione 95077069 126351845 1.33
NAD+ 14542206 22706009 1.56
NADP+ 157618 187177 1.19
NADPH 1020547 1160754 1.14
GSSG 274234 624795 2.28
Adenosine 193092 640977 3.32
Adenine 295682 420854 1.42
cAMP 397102 51644 0.13
Inosine 16178 41779 2.58
AMP 1243779 1029065 0.83
IMP 63554 41203 0.65
GMP 130522 98611 0.76
Orotate 793525 1099297 1.39
Uracil 162784 226592 1.39
Dihydroorotate 119358 78820 0.66
Cytidine 53373 152940 2.87
UMP 336478 333554 0.99
CMP 64531 59823 0.93
N-Carbamoyl-aspartate 85801 90380 1.05
16.0Palmitoyl-L-carnitine 330144 406163 1.23
18.0Stearoyl-L-carnitine 212315 258563 1.22
18.1Oleoyl-L-carnitine 288380 427369 1.48
14.0Myristoyl-L-carnitine 228446 178589 0.78
6.0Hexanoyl-L-carnitine 768434 424522 0.55
4.0Butyryl-L-carnitine 78982188 196888508 2.49
3-HydroxybutanoicAcid(BHBA) 63629 163833 2.57
3.0Propionyl-L-carnitine 19316333 53089991 2.75
Glycerol 2468891 2589675 1.05
2.0Acetyl-L-Carnitine 72403538 245007714 3.38
FAD(addH-1) 347226 421890 1.22
L-Carnitine 282143694 475940294 1.69
Glycerol-3P 1917625 21444249 11.18
HMG-CoA 6490 4787 0.74
Niacinamide 26696226 13736089 0.51
Pyridoxin 6922439 7419442 1.07
Pantothenate 19748364 19066585 0.97
Biotin 1409251 485362 0.34
Riboflavin 51822 49870 0.96
Inositol 4047506 3208269 0.79
Thiamine 3962380 10650657 2.69
Folic acid 16975 10887 0.64
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Supplemental Table S2. Proteins involved in oxidative phosphorylation
 Gene name BTZ/100 : WT Gene name BTZ/100 : WT

Complex I  FC Significant Complex II  FC Significant
 NDUFA10 1.528867 *  SDHA 1.7083014 *

 NDUFA11 1.703058 *  SDHD 0.9231727  

 NDUFA12 1.282812 * Complex III    

 NDUFA13 1.781574 *  CYC1 1.640397 *

 NDUFA2 1.652314 *  UQCR10 1.0984297  

 NDUFA5 1.80498 *  UQCRB 1.6849432 *

 NDUFA6 1.383658 *  UQCRC1 1.6692847 *

 NDUFA7 1.51635 *  UQCRC2 1.6448289 *

 NDUFA8 1.344293 *  UQCRFS1 2.3798366 *

 NDUFA9 1.603948 *  UQCRH 2.1174861 *

 NDUFAB1 2.207697 *  UQCRQ 1.409609 *

 NDUFAF1 1.472125 * Complex IV    

 NDUFB1 2.439909 *  COX15 1.8899231 *

 NDUFB10 1.582346 *  COX4I1 1.6397092 *

 NDUFB11 1.32969 *  COX5A 1.5931918 *

 NDUFB2 1.001866   COX5B 1.8057116 *

 NDUFB3 1.463926 *  COX6B1 2.1825996 *

 NDUFB4 1.415444 *  COX6C 1.6313344 *

 NDUFB5 1.416075 *  COX7A2L 2.0403972 *

 NDUFB6 1.52835   COX7C 2.3325249 *

 NDUFB7 1.787651 *  NDUFA4 2.6567316 *

 NDUFB8 1.936062 * ATP-synthase   

 NDUFB9 1.766737 *  ATP5C1 1.3356898 *

 NDUFC1 1.14072   ATP5D 1.4557827 *

 NDUFC2 1.353474 *  ATP5E 0.577633  

 NDUFS1 1.417631 *  ATP5O 1.1317929  

 NDUFS2 1.961235 *  ATP6AP1 0.7176091 *

 NDUFS3 1.482105 *  ATP6V0C 0.3518177 *

 NDUFS4 1.683434 * Q-synthesis    

 NDUFS5 1.536556 *  COQ3 2.7543034 *

 NDUFS6 1.50231 *  COQ5 4.1320279 *

 NDUFS7 1.63212 *  COQ6 4.6771348 *

 NDUFS8 1.908845 *  COQ7 4.3295362 *
 NDUFV1 1.659234 *     
 NDUFV2 1.23852 *     
 NDUFV3 2.166648      

Metabolic enzymes that are upregulated in RPMI-8226 BTZ/100 cells compared to WT cells
* = p<0.05 based on Student’s T-Test
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Supplemental figure S1. Inhibition of PDK1 in bortezo-
mib-sensitive and -resistant cells.
Cell viability of RPMI-8226 wild type (WT) and bortezo-
mib-resistant (BTZ/100) cells after a 48-hour treatment with 
increasing concentrations of DCA. Results represent % cell 
viability ± SD compared to non-treated controls (n=3).
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Supplemental figure S2. Bortezomib-resistant cells are less dependent on extracellular glutamine for 
survival.
a Confluency of RPMI-8226 wild type (WT) (left panel) and bortezomib-resistant (BTZ/100) (right panel) cells follo-
wed over time in the presence (black) or absence (grey) of glutamine (GLN). Glutamine was added after 24 hours 
in cells that were starved for glutamine (blue). Results represent % of confluence (n=3). b Schematic representa-
tion of the TCA cycle and glutaminolysis inhibitors (upper panel). c Growth rate of WT and BTZ/100) cells after a 
48-hour treatment with increasing concentrations of aminooxyacetic acid (AOA) (left panel) and Epigallocatechin 
gallate (EGCG) (right panel). Results represent % growth rate ± SD compared to non-treated controls (n=3). AOA 
= aminooxyacetic acid, EGCG = Epigallocatechin gallate, GLUD 1 = glutamate dehydrogenase 1, GOT2 = aspar-
tate aminotransferase, GPT2 = alanine aminotransferase 2. 
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Supplemental figure S3. Bortezomib-resistant cells have higher levels of proteins involved in β-oxidation 
and BCAA catabolism.
a Schematic overview of pathways. b Heatmap of identified proteins involved in β-oxidation (GO:0006635) and 
BCAA catabolism (GO:0009083). The colour indicates the amount of up- (red) or down (blue) regulation of the 
proteins in BTZ/100 cells as compared to sensitive cells. Proteins that were significantly regulated are marked with 
*. c Extracellular analysis of leucine, isoleucine and valine in RPMI-8226 wild type (WT) and bortezomib resistant 
(BTZ/100) cells. Cells were suspended in RPMI medium containing 1mM L-glutamine. Media samples were collec-
ted after 8 hours, followed by LC-MS analysis. Results represent metabolite levels as compared to cell-free media 
(n=3). d Intracellular analysis of α-ketoisocaproate.
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Metabolomics in
multi-omics approaches 
to study responses to 
anticancer therapy

Part II

Although I am not first author of the publications in this part, I believe that my 
contribution to both projects warrants their inclusion in this thesis. In both chapters, 
I performed metabolomic analysis, contributed to the metabolomics-related figures and 
was involved in writing and editing the manuscript.

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   107 03-05-18   21:26



201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   108 03-05-18   21:26



Chapter
Part II

Cancer Res. 2017;77:1842–53

1 Chair of Proteomics and Bioanalytics, Technical University of Munich, Freising, Germany
2 Center for Integrated Protein Science Munich (CIPSM), Freising, Germany
3  Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for Biomolecular Research Utrecht 

University, Utrecht, The Netherlands
4 German Cancer Consortium (DKTK), Heidelberg, Germany
5 German Cancer Research Center (DKFZ), Heidelberg, Germany
6 Bavarian Biomolecular Mass Spectrometry Center, Technical University of Munich, Freising, Germany

Benjamin Ruprecht1,2, Esther Zaal3, Jana Zecha1,4,5, Wei Wu3, Celia Berkers3, Bernhard Kus-
ter1,2,4,5,6 and Simone Lemeer1,2, 3

Lapatinib resistance in breast cancer cells is accompanied 
by phosphorylation-mediated reprogramming of glycolysis
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ABSTRACT 

Despite initially high response rates to the small molecule kinase inhibitor lapatinib in 
ERBB2 overexpressing breast cancer, the acquisition of drug resistance frequently 
occurs. Here, we used an established BT-474 cell line model of lapatinib resistance 
and employed explorative mass spectrometry to profile the proteome, kinome and 
phosphoproteome changes in an effort to systematically investigate initial inhibitor 
response and concomitant kinome reprogramming and signaling rewiring in 
resistance. The resulting dataset, which collectively contains quantitative data for 
> 7,800 proteins, > 300 protein kinases and > 15,000 phosphopeptides enabled 
deep insight into signaling recovery and molecular reprogramming upon resistance. 
Our data-driven approach confirms previously described mechanism of resistance 
(e.g. AXL overexpression and PIK3 reactivation), reveals novel, pharmacologically 
actionable targets (e.g. CDK1 and the spliceosome) and furthermore suggests a 
great heterogeneity in molecular resistance drivers inducing distinct phenotypical 
changes. Furthermore, we identified an extensive and exclusively phosphorylation-
mediated reprogramming of glycolytic activity which is further supported by 
widespread changes of corresponding metabolites and an increased sensitivity 
towards glycolysis inhibition. Collectively, this multi omic analysis offers a new 
perspective on the molecular mechanisms of resistance which points to new 
therapeutically relevant markers and treatment options for lapatinib sensitive and 
resistant ERBB2 overexpressing breast cancer. 

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   110 03-05-18   21:26



111

Reprogrammed glycolysis in lapatinib resistance

INTRODUCTION 

The receptor tyrosine kinase ERBB2 is overexpressed in 20 % - 30 % of all breast 
tumors and leads to an increase in the proliferative and invasive potential which 
is associated with poor prognosis for patient survival [1, 2]. Mechanistically, high 
levels of ERBB2 cause homodimerization, autophosphorylation and activation 
of downstream signaling pathways even in the absence of an activating ligand 
[3]. Pharmacological efforts directed against ERBB2 activity resulted in the FDA 
approval of e.g. trastuzumab [4–6], a monoclonal antibody which prevents ERBB2 
dimerization, and lapatinib [7, 8], a small molecule EGFR/ERBB2 inhibitor which 
blocks the kinases’ active site. However, despite initially high response rates, breast 
tumors frequently acquire resistance against targeted therapy. Owing to the early 
FDA approval of ERBB2 targeted therapies and their clinical prevalence in breast 
cancer, a wealth of different resistance mechanisms has been described to date.

For example, Liu et al. found the overexpression of the receptor tyrosine kinase 
AXL to be driving lapatinib resistance in the ERBB2 overexpressing breast cancer 
cell line BT-474 [9]. They showed that AXL engaged PIK3 which in turn restored 
proliferation by recovery of the AKT/MTOR signaling branch. Other examples include 
signaling switches to other receptor tyrosine kinases (RTKs; EGFR [10], ERBB3 [11], 
EPHA2 [12], IGF1R [12, 13], MET [15] or MERTK [16], the activation of downstream 
kinases PRKACA [17], SRC [18, 19, 20] or PIK3CA [21] and non-kinase mediated 
mechanisms (CCNE [22], PTEN [23], CDKN1B [24], ESR1 [25]).

Metabolic alterations provide another mechanism by which cancer cells can 
evade the selective pressure of inhibitor treatment. Overexpression of LDHA [26], 
as well as increased expression of the glucose deprivation response network [27] 
are described mechanisms in lapatinib resistant breast cancer. In addition, two 
independent studies recently found that small molecule inhibitor resistance can 
be mediated by the Estrogen Related Receptor Alpha (ESRRA) which is capable 
of altering metabolism through transcriptional regulation induced by oncogenic 
signaling changes [28, 29]. Deblois et al. showed that MTOR-dependent ESRRA re-
expression contributes to lapatinib resistance via increased glutamine metabolism 
and Park et al. provided evidence for intrinsic resistance of breast cancer cells to 
PIK3/MTOR inhibition, which is caused by alteration of mitochondrial function and 
lactate metabolism. Both studies reveal a tight orchestration of kinase signaling, 
protein expression changes and metabolic adaption which clearly highlights the 
importance of a systems level understanding of resistance and furthermore suggests 
the existence of several parallel and targetable alterations which are co-dependent. 
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Mass spectrometry-based technologies nowadays allow for the explorative 
and large-scale assessment of (phospho)proteins and metabolites, thus rendering 
the study of such complex associations feasible. Here, we used an established, 
lapatinib resistant BT-474 cell line model [9] and applied a combination of 
proteomics, chemoproteomics, phosphoproteomics and metabolomics in an 
effort to globally assess the molecular consequences of lapatinib treatment and 
resistance. Collectively, our analysis offers a systems-wide view on the molecular 
mechanisms of resistance and shows that the acquisition is accompanied by many 
pharmacologically exploitable alterations. Specifically, the data suggests that 
posttranslational regulation of glycolysis leads to increased glycolytic addiction in 
lapatinib resistance. In combination with results from other studies, this observation 
implies that increased glucose addiction in resistance can occur via multiple 
different routes. Hence, this phenotype might represent a common and targetable 
convergence point and, as such, a universal “Achilles’ heel” of resistance to ERBB2 
targeted therapies in breast cancer.

RESULTS 

Mass spectrometry-based multi proteomic profiling of lapatinib action and resistance 
With the aim to globally study lapatinib action and lapatinib resistance, we performed a 
mass spectrometry-based (phospho)proteomic analysis on a previously established 
cell line model system, consisting of both a lapatinib sensitive and a lapatinib 
resistant cell line [9]. Triple dimethyl-labeling of proteome digests in combination 
with Fe-IMAC column-based phosphopeptide enrichment allowed us to compare 
the (phospho)proteome of parental cells to cells exposed to 1 µM lapatinib and to 
lapatinib resistant cells (Fig. 1a; four independent biological replicates). To gain 
further insight into protein kinase expression changes, we additionally performed 
kinase affinity enrichment using Kinobeads γ (KBγ) in triplicate [30] (Fig. 1a). The 
collective dataset (Supplemental Tables S1–3) comprised quantitative information 
for > 7,800 proteins (Supplemental Fig. 1a), > 300 protein kinases and > 15,000 
unique phosphopeptides (> 9,800 unique phosphorylation sites; Supplemental Fig. 
1b). The correlation between biological replicates was excellent (average Pearson 
R of > 0.98 for phosphopeptides and > 0.99 for proteins from replicates of the same 
condition, Supplemental Fig. 1c) and Principal Component Analysis (PCA) of the 
twelve experimental states (three dimethyl channels in four replicates) revealed that 
the proteome and phosphoproteome samples cluster according to biology rather 
than batch (Fig. 1b). 

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   112 03-05-18   21:26



113

Reprogrammed glycolysis in lapatinib resistance

Figure 1. Multi-proteomic characterization of lapatinib treatment in parental BT-474 cells (Parental) and 
their resistant counterpart BT-474-J4 (Resistant). 
a For the mass spectrometry-based (phospho) proteomic workflow used in this study, digested peptides from 
three different experimental conditions were dimethyl-labeled, combined and enriched for phosphopeptides using 
Fe-IMAC chromatography. To increase proteome and phosphoproteome coverage, the column flow through was 
separated using hydrophilic strong anion exchange (hSAX) chromatography and the phosphopeptide containing 
eluate was fractionated using high-pH reversed-phase micro-columns. The whole procedure was repeated in four 
independent biological replicates. In order to increase kinome coverage, Kinobead pull downs were conducted 
in three replicates. The inset on the bottom right corner depicts the cumulative identifications of our combined 
dataset b PCA analysis of the three dimethyl-encoded experimental states which were conducted in four biological 
replicates shows that samples cluster tightly according to biology.
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Phosphoproteomic analysis of lapatinib mode of action in parental cells
We first analyzed phosphorylation changes induced by treatment of the parental 
cell line with 1 µM lapatinib for 30 min. To assess statistical significance, a FDR 
controlled t-test (FDR < 0.01, S0 of 0.5) was performed on localized sites (localization 
probability > 0.75) which were observed in a minimum of three biological replicates. 
Despite the inhibitor’s exquisite selectivity, a total of 332 sites (5 % of the 6421 sites) 
changed significantly upon short term lapatinib treatment (178 sites down and 154 
sites up; Fig. 2a). As expected, less than one percent of the measured proteins 
changed significantly within the same period of time (Supplemental Fig. 2a). Figure 
2b shows that the 178 downregulated sites contain several known, ERBB2 pathway 
and protein activity regulating kinase phosphorylation sites such as ERBB2 pY-
1233 (log2 FC of -1.3; p-value of 3.6E-4) or MAPK3 pY-204 (log2 FC -3.2; p-value 
of 1.2E-08). Enrichment analysis of combined kinase substrates and linear motifs 
amongst regulated sites [31] showed strong inhibition of AKT-MTOR-RPS6KB1 and 
EGFR-MAPK1/3-RPS6KA3 signaling upon lapatinib treatment (Fishers Exact test, 
FDR < 0.01; Supplementary Fig. 2b). The analysis additionally uncovered regulation 
of receptor tyrosine kinase adaptor proteins such as IRS1/2, SHC1 or GAB2 and 
the inactivation of central transcription factors such as JUN and MYC (Fig. 2c). 
Global protein interaction analysis of changing phosphoproteins using the STRING 
database in combination with KEGG annotation of the extracted network confirmed 
the perturbation of MTOR signaling (FDR = 7.5E-07), ERBB signaling (FDR = 7.6E-
05; Fig. 2c and Supplemental Table S1) and MEK-ERK signaling directly downstream 
of ERBB2. Moreover, it revealed a previously unknown impact of the inhibitor on the 
spliceosome (FDR = 7.5E-07; inset in Fig. 2c). 

Resistance acquisition is accompanied by extensive reprogramming of cellular 
signaling 
Having analyzed the impact of short term lapatinib treatment, we next looked at 
signaling changes occurring upon acquisition of resistance. In line with what has 
been reported before [9], resistant BT-474 cells are insensitive to lapatinib treatment 
(IC50 of 4.4 µM for the resistant cells and 56 nM for the parental cells; Supplemental 
Fig. S3a), responsive to AXL inhibition (IC50 of 82 nM for the multi kinase inhibitor 
BMS-777607 which also targets AXL; Supplemental Fig. S3b) and have a proliferation 
rate comparable to the parental cells (Supplemental Fig. S3c). Since AXL expression 
was found to be directly dependent on the selective pressure of lapatinib, the growth 
medium of the resistant cell line was supplemented with 1 µM lapatinib throughout 
the study (Supplemental Fig. S3d).
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Global proteome and phosphoproteome analysis of resistant versus parental 
cells showed that 767 out of 6,318 proteins (247 up and 521 down; Supplemental Fig. 
S3e) and 2,247 out of 6421 phosphorylation sites (1,111 up and 1,136 down; Fig. 3a) 
changed significantly. The latter corresponds to over one third of all covered sites, 
which is surprisingly large in comparison to the moderate changes elicited by short 
term treatment with lapatinib (5 % of all sites; Fig. 2A). To study signaling recovery 
in resistance we divided the 332 sites which were initially inhibited by lapatinib in the 
parental cells into the categories “remain responsive” (182 sites), “medium recovery” 

Figure 2. (Phospho)proteomic analysis of lapatinib mode of action in parental cells.
a A volcano plot shows that 332 localized phosphorylation sites (found in a minimum of three biological replicates) 
change significantly (FDR < 0.01, S0 of 0.5; blue dots) upon 30 min treatment with 1 µM lapatinib. b Bar plots 
display the average log2 FC of sites which are known to have a functional impact on protein activity. Among 
those are several sites expected to be responsive to lapatinib treatment (e.g. ERBB2 pY-1233 or SHC pY-427).  
c Protein-protein interaction map of phosphoproteins whose sites are significantly changing upon short term 
lapatinib treatment. The node color represents the log2 FC upon lapatinib treatment, whereas the thickness of the 
edge represents the STRING combined interaction score (> 0.7). Kinases are indicated by diamond shaped nodes. 
Known and annotated associations are highlighted by dotted circles. The top three KEGG terms overrepresented 
among regulated phosphoproteins are shown in the inset: this confirms the known (inactivation of MAPK, MTOR 
signaling) and uncovers a new (spliceosome) mode of lapatinib action.
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(99 sites) and “strong recovery” (51 sites) according to statistical criteria and the 
magnitude of the log2 FC between lapatinib treated parental and resistant cells 
(Supplemental Methods). Figure 3b shows protein activity indicating sites assigned 
to those categories. Whereas the activity of the kinases ERBB2 or MAPK1 and the 
transcription factors FOXO3 and BAD remained strongly inhibited, the activity of 
the kinases RAF1, MAPK3, GSK3A and the transcription factor JUN recovered in 
lapatinib resistant compared to sensitive cells. Globally, 2D annotation enrichment 
(FDR < 0.01) [31] confirmed the re-activation of the PIK3/AKT/MTOR signaling axis 
(e.g. kinases AKT, RPS6KB1 and RPS6KA1 based on combined kinase substrates 
and ERBB- and MTOR-signaling based on differential KEGG terms; Supplemental 
Fig. S3f and Supplemental Table S1).

As kinases are frequently involved in the resistant phenotype and contain a high 
proportion of pharmacologically actionable targets, kinome perturbations were of 
special interest. Complementing the phosphoproteomic data which suggested de 
novo activation of several kinases (e.g. CDK1 and SRC; Supplemental Fig. 3g), 
kinobead pull-downs in combination with kinome expression changes derived 
from the full proteome dataset confirmed the known overexpression of AXL and 
highlighted many other kinases with known or emerging roles in breast cancer 
biology (e.g. ERN1 [32], FGRF2 [33], ATR [34] and EEF2K [35], with a log2 FC of 
3.1, 2.9, 2.0 and 1.9; Fig. 3c and Supplemental Table S5). Notably, expression of 
the primary lapatinib targets EGFR and ERBB2 remained constant (Fig. 3c). This 
extensive kinome reprogramming highlights a pool of potentially relevant kinases in 
resistance, of which several are druggable targets. 

Pharmacological exploitation of reprogrammed cellular signaling 
Our multilayered (phospho)proteomic dataset allowed us to paint a detailed molecular 
picture of lapatinib resistance. The pathway map depicted in Figure 4a, summarizes 
both protein expression and protein phosphorylation changes in lapatinib treated 
compared to resistant cells. Proteins highly overexpressed in resistance are 
highlighted and phosphorylation events were classified as remaining inhibited, 
moderately recovering, strongly recovering or de novo activated depending on the 
fold change detected between lapatinib treated and resistant cells (Supplemental 
Methods). 

We next followed up on some selected observations in order to demonstrate 
the utility of such a resistance map. First, the model revealed a moderate recovery 
of a RAF1/BRAF-MAPK3-JUN which implied that this signaling axis is controlled 
independently of ERBB2-MAPK1 which remained responsive to lapatinib. This 
was surprising given that RAF1/BRAF phosphorylated MEK usually activates both 
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MAPK1 and MAPK3. Further support for both signaling axis being uncoupled came 
from differential responsiveness of the resistant cells towards MEK and RAF1/BRAF 
inhibition (Fig. 4b). This uncoupling might for example be caused by a differentially 
activated phosphatase. In contrast, the AKT-MTOR pathway fully recovered and 
resistant cells were this exquisitely sensitive towards AKT inhibition (sensitivity 
increases roughly twofold compared to parental cells; Supplemental Fig. S4a). 
Collectively, this suggests that our approach is capable of dissecting differentially 
recovering signaling nodes which can support the rational targeting of functionally 
relevant pathways. 

Second, we asked if the de novo activated kinases can be pharmacologically 
exploited. CDK1 was selected as a promising target owing to the strongest observed 
activation of any protein kinase present in our dataset (activity associated site pT-
161 increases with a log2 FC of 2.7, Supplemental Fig. S3g). Indeed, a much higher 
proportion of the resistant cell population was susceptible to the CDK1 inhibitors 
BMS-387032 (Fig. 4c) and SCH-727965 (Supplemental Fig. S4b) which implies 
increased dependence on CDK1 signaling despite similar proliferation rates 
(Supplemental Fig. S3c). 

Third and motivated by the fact that resistance against ERBB2 inhibition in breast 
cancer is one of the best studied model systems of resistance against targeted therapy, 
we asked if common molecular drivers of resistance acquisition exist. Strikingly, 
our dataset contained quantitative information for virtually all of the molecules and 
phosphorylation events described in 20 previous studies investigating trastuzumab 
or lapatinib resistance in ERBB2 overexpressing breast cancer (Supplemental Fig. 
S4c). Whereas large-scale (phospho)proteomic measurement readily confirmed 
Western Blot based read-outs from the same resistant cell line [28] (e.g. AXL 
overexpression or loss of BAD pS-99 and FOXO pT-32) the majority of alterations 
found in other studies were not evident in our datasets (Supplemental Fig. S4c). 
However, we were able to confirm the previously described activation of SRC [18–20] 
and the overexpression of IGF1R [13] (Supplemental Fig. S3f,g for SRC and Fig. 3c 
for IGF1R). Dose-dependent addition of an IGF1R inhibitor linsitinib (Supplemental 
Fig. S4d) or the SRC inhibitors dasatinib and saracatinib (Supplemental Fig. S4e) 
showed that neither of those kinases is required for proliferation in our resistance 
model. Owing to clear morphological changes of the resistant cell line (Supplemental 
Fig. S4f) and the well-established role of the de novo activated SRC in invasion [36], 
we additionally examined the invasive behavior in resistance and found it to be three 
fold higher compared to the parental cell line (Fig. 4d). Interestingly, the removal 
of lapatinib increased the invasiveness to roughly six fold (Supplemental Fig. S4f), 
which calls discontinued inhibitor exposure of patients upon the development of 
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resistance into question. The invasive phenotype was reduced nearly back to the 
level of parental cells by addition of low doses of SRC inhibitors, indicating that 
SRC family kinases may be driving the invasiveness in resistance cells (Fig. 4d). 
Collectively, the obtained results suggest that resistance acquisition is molecularly 
very heterogeneous, that previously identified drivers of resistance can have 
diverse functional roles (e.g. SRC) and that activation or increased expression of 
proteins is not necessarily a direct indicator for functional relevance (e.g. IGF1R and 
proliferation). 

Figure 4. Identification of pharmacologically actionable targets and phenotypes based on a breast cancer 
model of lapatinib resistance.
a A manually compiled pathway model of signaling reprogramming in resistance identifies phosphorylated nodes 
which remain responsive to lapatinib also in resistance (green), nodes that are reactivated and might thus re-esta-
blish proliferation (blue shades) and nodes which are de novo regulated in resistance (black). Grey dots represent 
overexpression in resistance. Different nodes/colors for the same (phospho)protein indicate that multiple such 
events occur simultaneously. The dotted circles highlight a strong involvement of adaptor proteins, the spliceoso-
me and general translational control. b The extent of signaling recovery in the resistant cell line compared to the 
lapatinib treated parental cell line might provide a means to prioritize pathways based on functional importance. 
Whereas resistant (Res) cells are not responsive to MEK inhibition, they are responsive to RAF and highly res-
ponsive to AKT inhibition. c In line with strong CDK1 activation in resistance, a dose-response curve for resistant 
and parental cells treated with the CDK inhibitor BMS-387032 shows that a higher proportion of the resistant cell 
population is dependent on CDK signaling. d A triplicate matrigel invasion assay shows that resistant cells cultured 
in the presence of 1 µM lapatinib are more invasive than their parental counterpart (cultured in 0.5 % DMSO). This 
invasiveness can be reduced almost back to parental (Par) levels by addition of SRC inhibitors dasatinib (Das; 250 
nM), bosutinib (Bos; 300 nM) or saracatinib (Sar; 250 nM). 
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Lapatinib resistance leads to phosphorylation-mediated changes in glycolysis
Two other described molecular mechanisms of resistance are based on glycolytic 
addiction caused by metabolic reprogramming [27, 37] (Supplemental Fig. S4c). 
One of these mechanisms involves HSF1 dependent overexpression of LDHA, 
a metabolic protein that enhances glycolytic flux [37]. Whereas LDHA was not 
significantly regulated in our model, we found a massive (60-fold) increase of 
LDAH Y-10 phosphorylation, a site which is known to cause enzymatic activation 
[38] (p-value of 8.7E-03; Supplemental Fig. S3g). Also ENO1 pY-44, PKM pY-175, 
PGAM1 pY-92, phosphotyrosine sites on three other important glycolytic enzymes 
were highly upregulated in resistance (log2 FC of 4.9, 2.8 and 3.7). In addition, 
several phosphoserine sites such as ALDOA pS-39, ALDOA pS-46, PFKP pS-
386 and GAPDH pS-83 (log2 FC of 1.4, 1.3, 1.3 and 2.5) showed a strong gain 
in phosphorylation without a significant increase in protein abundance (except 
for ALDOA). Apart from core glycolytic enzymes, enzymes involved in glycogen 
catabolism were also found to be phosphorylated to a significantly higher degree 
in lapatinib resistant cells compared to the parental cell line (PYGB pT-59, PGM1 
pS-117 and PGM2 pS-165; log2 FC of 5.0, 2.3 and 2.1 respectively). Moreover, we 
observed a 1.4 log2 fold recovery of PFKFB2 pS-466 phosphorylation in resistance 
(p-value of 5.9E-06). This site was initially inhibited by lapatinib treatment and its 
recovery likely indicates its functional importance in resistance. Phosphorylation of 
pS-466 has been shown to stimulate PFKFB2 kinase activity, which catalyzes the 
production of fructose-2,6-bisphosphate, an allosteric activator of glycolysis [39]. 
Finally we observed posttranslational inactivation of PDHA1, caused by strong 
phosphorylation of the enzymatic activity inhibiting sites pS-293 and pS-300 (40) 
(log2 FC of 1.9 and 4.8). This enzyme catalyzes the conversion of pyruvate into acetyl-
CoA, which is the starting point of the citric acid cycle. Taken together these results 
suggested a strong, phosphorylation mediated, regulation of glucose metabolism.

In order to investigate if these changes affected the levels of glycolytic metabolites, 
we quantitatively and time-dependently determined the levels of 86 metabolites in 
the resistant and parental cells 2 h, 8 h and 24 h after medium change (in triplicates) 
(Fig. 5a, Supplemental Table S4,). To summarize the obtained results and facilitate 
integrated analysis, we assembled the key observations from all acquired “-omics” 
datasets in a quantitative glycolysis map (Fig. 6a). Metabolic analysis confirmed higher 
intracellular levels of glucose (log2 FC of 1.9 after 8 h) in resistant cells together with 
higher levels of glycolytic intermediates, which was especially apparent for glucose-
6-phosphate (log2 FC of 1.6 after 8 h), glyceraldehyde-3-phosphate (log2 FC of 1.4 
after 2 h) and phosphoenolpyruvate (log2 FC of 1.7 after 8 h; Fig. 5, Supplemental 
Table S4). Moreover, time-dependent measurement of extracellular metabolites after 
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8 h and 24 h revealed that the resistant cells import higher amounts of glucose, export 
more lactate and massively secrete pyruvate compared to their parental counterpart 
(Fig. 6b). Collectively, the acquired intracellular and extracellular metabolomic data 
clearly provide compelling evidence for a higher glycolytic activity which supports 
conclusions drawn from phosphorylation changes.

Finally, we investigated if the increased glycolytic activity in resistant cells can 
be therapeutically exploited. Hence, we treated resistant and parental cells with the 
competitive Hexokinase inhibitor 2-deoxy glucose. Figure 6c shows that the resistant 

Figure 5. Metabolic changes in lapatinib resistant cell line model.
The levels of 86 different metabolites have been quantitatively determined at different time points after medium 
change (2 h, 8 h, 24 h). The overview summarizes the color-coded log2 FC between resistant (Res) and parental 
(Par) cells. 
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cells were indeed more sensitive to glycolysis inhibition by 2-deoxy-glucose (2-DO-
Glc), in line with our metabolomic and phosphoproteomic results. Importantly, 
glycolysis inhibitors such as 2-DO-Glc or the antidiabetic drug metformin are actively 
evaluated in clinical breast cancer trials which renders their application a viable 
therapeutic option.

Figure 6. Phosphorylation mediated rewiring of glycolysis as a targetable alteration in lapatinib resistant 
breast cancer cells.
a A metabolic pathway model summarizes expression (significant with a FDR < 0.01), phosphorylation (significant 
with a FDR < 0.01) and time-dependent (after 2 h, 8 hand 24 h) metabolite changes of resistant (Res) and parental 
(Par) cells. Big dots represent metabolic enzymes and small dots represent phosphorylation sites. The color code 
indicating magnitude of FC is consistent for all data types. The absence of protein expression changes suggests 
that glycolytic rewiring is driven by phosphorylation on a post-translational level. Phosphorylation affects many 
known glycolytic enzymes which provides widespread evidence for crosstalk with oncogenic protein kinases and/
or phosphatases (indicated by red boxes). b Metabolite levels present in media of resistant (Res) and parental 
(Par) cells were determined after 8 h and 24 h. c Compared to the parental cell line, the resistant cells show a 
decrease viability upon treatment with increasing doses of 2-deoxy-glucose (2-DO-Glc) for 96 h. 
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DISCUSSION

In this study we used a multilayered proteomic approach to investigate how the 
small molecule kinase inhibitor lapatinib acts on responsive, ERBB2 overexpressing 
breast cancer cells and compared this to the rewired signaling of lapatinib resistant 
cells. This setup allowed us to functionally prioritize phosphorylation site and 
pathway changes in resistance in light of their initial responsiveness to lapatinib, 
with the rational that re-activation of initially inhibited pathways must be crucial for 
the resistant phenotype. Collectively, the data confirmed previous observations 
made using classical biochemical approaches (e.g. PIK3-AKT-MTOR recovery or 
AXL overexpression [9]), but also provided many new additional molecular insights 
of which we are only able to discuss a few. First, splicing was shown to be heavily 
affected by short term lapatinib treatment of parental cells. Splicing is already 
well known to be implicated in virtually all steps of tumor biology and is frequently 
involved in oncogenic transformation [41]. Hence, the spliceosome is increasingly 
recognized as druggable tumor target [42]. Moreover, spliceostatins (or analogues 
thereof) are known to inhibit parental BT-474 cells with low nanomolar affinity 
[43, 44]. Impairment of splicing mechanisms might thus represent a previously 
unrecognized mechanism of lapatinib action in breast cancer. Second, the data 
allowed us to propose a detailed model of signaling adaptor rewiring in resistance. 
Re-established phosphorylation might imply a higher relevance of IRS1, GAB2 and 
INPPL1 for resistance acquisition as compared to several other adaptor proteins 
which remain de-phosphorylated (e.g. SHC1 or IRS2). Whereas GAB2 pY-452 is 
known to confer resistance against BCR/ABL targeted therapy, we found GAB2 
pY-476 to be important in AXL mediated resistance (the site is not responsive to 
short term lapatinib treatment, highly upregulated in resistance and known to induce 
interaction with PIK3R1, the regulatory subunit of PIK3 [45]). GAB2 is an amplifier 
of oncogenic signaling, serves as a signaling integrator and also confers imatinib 
resistance in chronic myeloid leukemia which might make it an ideal target for the 
effective treatment of a diverse set of cancers addicted to deregulated RTKs [46, 
47]. The same applies to IRS1 and INPPL1, which are known to confer the mitogenic 
signals of several oncoproteins and have potential therapeutic value [48, 49]. 

Third, the integrative data analysis suggests that the cell tries to surmount initial 
inhibitor action by excessive re-activation of initially targeted nodes and pathways 
(e.g. the spliceosome; Supplemental Fig. S5b), the hormone-receptor PGR or 
the translation associated kinase EEF2K). Hence, our analysis also singles out 
phosphorylation sites which might be useful as early markers of resistance onset. 
The immediate upregulation of the PGR transcription inducing site pS-102 indicates 
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a direct and posttranslational link between lapatinib action and PGR activation, 
which further emphasizes the emerging paradigm of ERBB2-PGR crosstalk [50]. 
The fact, that this activity is lost in resistance (probably at least in part due the loss of 
PGR expression itself) makes it intriguing to speculate that PGR activity needs to be 
low to ensure proper survival of ERBB2 overexpressing breast cancer cells. 

Fourth, lapatinib treatment of sensitive BT-474 cells is known to affect glycolysis 
[27] and our analysis unveiled that phosphorylation of S466 on PFKFB2, a regulator 
indirectly affecting a rate limiting step in glycolysis, is inhibited in response to lapatinib 
treatment but is recovering to initial phosphorylation levels (i.e. to the same extent as 
non-treated parental cells) in resistance, providing a molecular connection between 
lapatinib mode of action and therapeutically relevant metabolic reprogramming in 
resistance. This specific example shows that the analysis of the initial drug mode of 
action is crucial for the interpretation of phosphorylation changes in resistance, as 
this observation would have gone unnoticed if parental cells would be compared to 
resistant cells directly. 

Our study demonstrates that resistance in our cell line is characterized by 
extensive post-translational changes on glycolytic enzymes. Importantly, the fact that 
this reprogramming was not apparent from protein expression changes underscores 
the importance to study post-translational events in general and phosphorylation in 
particular. Moreover, metabolic alterations are an established hallmark of cancer and 
phosphorylation is emerging as a major switch connecting oncogenic protein kinase 
signaling to modified metabolic activity [51]. Indeed, we found many examples 
where phosphorylation on metabolic enzymes co-occurs with the expected shift of 
metabolite levels. For example, phosphorylation of PDHA1 at S-293/S-300 which 
is known to inhibit its enzymatic activity [39] is co-detected with a decrease in 
intracellular Acetyl-CoA abundance and a concomitant secretion of pyruvate. The 
latter might additionally be promoted by a strong increase in Y-175 phosphorylation 
of PKM which is responsible for pyruvate production. PKM is particularly interesting, 
since it is one of the rate limiting enzymes in glycolysis and well known to be controlled 
by kinase signaling [52]. Another example is pY-44 of ENO1 which co-occurs with 
strong and sustained elevation of its enzymatic product 2-phosphoglycerat. Our 
analysis further uncovered a massive increase in intracellular glucose-6-phosphate 
levels and phosphorylation of several key enzymes responsible for glycogenolysis 
(which ultimately results in glucose-6-phosphate production). This might be another 
way for the resistant cells to fuel glycolysis which can be targeted. 

Some of the detected phosphorylation sites have previously been connected 
to specific oncogenic kinases. As mentioned above, LDHA Y-10 is known to be 
phosphorylated by several tyrosine kinases (e.g. FGFR or ABL [38]). Activated 
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SRC is capable of phosphorylating ENO1 and PGAM1 and PDHA1 S-293 and 
S-300 are known to be phosphorylated by PDK isoenzymes [53, 54]. Other sites 
on glycolytic enzymes (e.g. PFKP pS-386, GAPDH pS-83) are not yet associated 
with a specific kinase/phosphatase and provide starting points for further analysis 
of kinase mediated metabolic control. Overall, the extent of glycolytic rewiring, the 
occurrence of various phosphoserine/-threonine as well as phosphotyrosine sites 
and the diversity of functionally involved kinases suggest that post-translational 
mediated glycolytic addiction is a collective phenomenon rather than being caused 
by one single kinase. 

Metabolic alterations are increasingly implicated in resistance against kinase 
inhibitors in general [55] and lapatinib in particular [27–29]. Importantly though, all 
previously described mechanisms are dependent on expression changes. To the 
best of our knowledge, this is the first study to show that such a metabolic shift 
involved in lapatinib resistance can occur exclusively by change of enzymatic activity 
which is likely caused by post-translational regulation. Interestingly, recent reports 
suggest that metabolites are themselves capable of affecting kinase pathways. For 
example, lactate which is found to accumulate in our resistant cell line has been 
shown to engage AXL and activate the PIK3 pathway [56]. This reciprocal crosstalk 
might open up exciting new therapeutic opportunities and shows how important it is 
to understand resistance on a systems-wide level.  

Furthermore, our proteomic datasets revealed that mechanisms of resistance 
acquisition are very heterogeneous and that previously identified resistance drivers 
can result in different phenotypic changes, depending on the resistant cell line 
used. This heterogeneity might pose a great challenge in terms of unifying treatment 
options. Thus, it might be a more efficient strategy to search for common alterations 
and molecular integrators of different, heterogeneous resistance mechanisms. As an 
example, several resistance mechanisms observed in ERBB2 overexpressing breast 
cancer, whether it is AXL, EPHA2 or MET, lead to the reactivation of PIK3, which 
might consequently be a more attractive node to target [9, 12, 15]. Glycolysis is 
another example: both, our cell line and the resistant cell line from Komurov et al., are 
sensitive to inhibition of the glycolysis rate limiting enzyme hexokinase via 2-deoxy 
glucose treatment independent of the way glycolytic addiction has been acquired 
[27]. Moreover, recent reports also establish a link between hormone receptor 
overexpression, altered metabolism, MTOR signaling and lapatinib resistance [28, 
29]. Although all three aberrations represent individually targetable entities, they 
seem to depend on each other. Indeed, also in our cell line model estrogen receptor 
upregulation is responsible for AXL overexpression as shown by Liu and colleagues 
[9]. This interplay between different molecular aberrations implies that there are 
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diverse ways of targeting the resistant phenotype. Selecting the mechanism most 
commonly occurring might thus emerge as a key step in resistance management. 

Finally, our dataset contains many additional observations (e.g. multiple 
deregulated intracellular/extracellular metabolites (Supplemental Fig. S5c), 
signaling events and kinase targets). For example, we observed a massive 
secretion of the acidic metabolite glutamate which is known to promote growth and 
invasion [57]. Given the prevalence of brain metastasis in breast cancer and the 
observed invasive phenotype connected to lapatinib resistance, knowledge about 
potential metabolic mechanisms causing or amplifying invasion might ultimately 
result in better cure of disease. In addition, not only glycolysis is deregulated but 
we rather find a strong global impact of resistance acquisition on diverse metabolic 
pathways such as the citric acid cycle, redox signaling, amino acid metabolism 
and several more (Fig. 5). These and many other observations resulting from the 
acquired datasets clearly merit closer inspection which places this work as a rich 
resource for further studies.

METHODS

Cell culture and reagents
Parental BT-474 cells and its lapatinib resistant clone BT-474-J4 were grown 
in DMEM/Ham’s F-12 medium (Biochrom) supplemented with 15 % (v/v) Fetal 
Bovine Serum (Biochrom) and 1 % (v/v) Antibiotic/Antimycotic solution (Sigma). 
Resistant BT-474-J4 cells were cultured in the continuous presence of 1 µM 
lapatinib. Biological replicates were prepared at different days using a different 
cell line passage. Lapatinib, sorafenib, dasatinib and bosutinib were purchased 
from LC Laboratories, 2-deoxy-D-glucose was purchased from Sigma Aldrich and 
saracatinib, selumetinib, linsitinib, BMS-387032, SCH-727965 and MK-2206 were 
purchased from Selleckchem. 

Viability and invasion assay 
For viability/drug treatment assays, cells were seeded in 96-well plates at a 
concentration of 4×104 cells/well with complete culture medium. Cell viability was 
measured using the AlamarBlue® Cell Viability Assay (ThermoFisher Scientific) 
according to manufacturer’s instructions. Sigmoidal dose response curves were 
fitted using a nonlinear regression model in GraphPad Prism v.5.01. The invasive 
potential of parental and resistant BT-474 cell lines was assessed in a transwell 
assay using BD matrigel (VWR). 
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Cell lysis 
Prior to harvest, cells were washed two times with PBS. For (phospho)proteome 
preparation, cells were lysed in 8 M Urea, 40 mM Tris/HCl (pH 7.6), 1 x EDTA-free 
protease inhibitor mixture (complete mini, Roche) and 1 x phosphatase inhibitor 
cocktail 1, 2 and 3 (Sigma). The lysate was centrifuged at 20,000 g for 45 min at 4 
°C. For Kinobead experiments, cells were lysed in 1 x CP buffer (50 mM Tris-HCl, 
pH 7.5, 5 % glycerol, 1.5 mM MgCl2, 150 mM NaCl) supplemented with 0.8 % NP-
40, 1 mM DTT, 25 mM NaF and freshly added protease and phosphatase inhibitors 
(5 x phosphatase inhibitor cocktail 1 and 2, Sigma−Aldrich; 1 x phosphatase 
inhibitor cocktail 3, Sigma−Aldrich; 1 mM Na3VO4). CP buffer protein extracts were 
clarified by ultracentrifugation at 150,000 g for 1 h at 4 °C. Protein concentration for 
phosphoproteome and kinome samples was determined by the Bradford method 
(Coomassie (Bradford) Protein Assay Kit, Thermo Scientific) and the cleared lysates 
were stored at -80 °C until further use.

Digestion and dimethyl labeling for phospho- and full proteome preparation
The urea containing lysate was reduced with 10 mM DTT at 56 °C for 30 min and 
alkylated with 55 mM CAA for 30 min at room temperature in the dark. The protein 
mixture was diluted with 40 mM Tris/HCl to a final urea concentration of 1.6 M. 
Digestion was performed by adding sequencing grade trypsin (Promega) in an 
enzyme-to-substrate ratio of 1 : 100 and incubation for 4 h at 37 °C. Subsequently, 
another 1 : 100 trypsin was added for overnight digestion at 37 °C. The next day, 
samples were acidified with TFA to a pH of 2 and desalted using SepPak columns 
(C18 cartridges Sep-Pak Vac 1 cc (50 mg), Waters Corp., solvent A: 0.07 % TFA, 
solvent B: 0.07 % TFA, 50 % ACN). Dimethyl labeling was performed on column as 
described previously [58]. 

Fe-IMAC column enrichment and (phospho)peptide fractionation
Phosphopeptide enrichment was essentially performed as previously described 
[59]. Detailed description of high pH reversed-phase micro-column fractionation can 
be found in the Supplementary Materials and Methods section. hSAX fractionation of 
300 µg Fe-IMAC column flow through into 24 fractions was performed as previously 
described [59].

Sample preparation for metabolomics experiments
BT-474 and BT-474-J4 cells were seeded in triplicates on 6-well plates at a density 
of 4x105 cells per well. Extra wells were seeded for cell counting. After 24 h, media 
was replaced and after 2 h, 8 h and 24 h, cells were washed with ice cold PBS and 
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metabolites were extracted in 0.25 mL lysis buffer containing MeOH/ACN/ddH2O 
(2:2:1). Samples were centrifuged at 16,000 g for 15 min at 4 °C and supernatants 
were collected for LC-MS analysis. In addition, the media were sampled 8 h and 
24 h after exchange. For this, 10 μL of medium was added to 1 mL of lysis buffer 
containing MeOH/ACN/ddH2O (2:2:1) and prepared as described above. 

Kinase affinity pull downs
Kinobead pull downs were conducted in a 96 well plate format as described 
previously [30].

LC-MS/MS measurements
For full- and phosphoproteome fractions, nanoflow LC-MS/MS was performed by 
coupling an Agilent 1290 (Agilent technologies, Middelburg, Netherlands) to an 
Orbitrap Q Exactive Plus mass spectrometer (Thermo Scientific, Bremen, Germany). 
For Kinobead eluates, nanoflow LC-MS/MS was performed by coupling an UltiMate 
3000 nano LC system (Thermo Scientific) to a Q Exactive HF mass spectrometer 
(Thermo Scientific). For metabolomics experiments, LC-MS analysis was performed 
on a Q Exactive mass spectrometer (Thermo Scientific) coupled to a Dionex Ultimate 
3000 autosampler and pump (Thermo, Scientific). Detailed LC and MS parameters 
can be found in the Supplementary Materials and Methods section. 

Data analysis
Processing of raw mass spectrometric data was performed using MaxQuant 
v1.4.0.5 [60]. To facilitate further data analysis, the results were either imported 
into the MaxQuant associated software suite Perseus (v.1.5.0.15) [31] or into Excel 
(Microsoft). Data normalization was performed according to a procedure that will 
be published elsewhere. A two-sided student’s t-test was used to assess statistical 
significance. Phosphopeptide and protein p-values were corrected for multiple 
testing using a permutation based 1 % FDR cut-off (250 randomizations; S0 of 0.5). 
Metabolites were quantified using LCQUANTM software (Thermo Scientific).

Additional information on materials and methods used in this study is provided in 
the Supplemental Information.
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ABSTRACT

Photodynamic therapy (PDT) is an established palliative treatment for perihilar 
cholangiocarcinoma that is clinically promising. However, tumors tend to regrow 
after PDT, which may result from the PDT-induced activation of survival pathways 
in sublethally afflicted tumor cells. In this study, tumor-comprising cells (i.e., 
vascular endothelial cells, macrophages, perihilar cholangiocarcinoma cells, EGFR-
overexpressing epidermoid cancer cells) were treated with the photosensitizer zinc 
phthalocyanine that was encapsulated in cationic liposomes (ZPCLs). The post-
PDT survival pathways and metabolism were studied following sublethal (LC50) and 
supralethal (LC90) PDT.

Sublethal PDT induced survival signaling in perihilar cholangiocarcinoma (SK-
ChA-1) cells via mainly HIF-1-, NF-кB-, AP-1-, and heat shock factor (HSF)-mediated 
pathways. In contrast, supralethal PDT damage was associated with a dampened 
survival response. PDT-subjected SK-ChA-1 cells downregulated proteins associated 
with EGFR signaling, particularly at LC90. PDT also affected various components of 
glycolysis and the tricarboxylic acid cycle as well as metabolites involved in redox 
signaling.

In conclusion, sublethal PDT activates multiple pathways in tumor-associated cell 
types that transcriptionally regulate cell survival, proliferation, energy metabolism, 
detoxification, inflammation/angiogenesis, and metastasis. Accordingly, sublethally 
afflicted tumor cells are a major therapeutic culprit. Our multi-omics analysis unveiled 
multiple druggable targets for pharmacological co-intervention.
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INTRODUCTION

Photodynamic therapy (PDT) is a non-to-minimally invasive treatment modality for 
solid cancers that entails the photosensitization of a tumor using light-sensitive 
compounds called photosensitizers. After the photosensitizer molecules have 
sufficiently accumulated in the target tissue, the tumor is illuminated with light to 
activate the photosensitizer molecules [1]. Activated photosensitizers interact with 
molecular oxygen through energy or electron transfer, leading to the photochemical 
production of singlet oxygen and superoxide anion, respectively. These reactive 
oxygen species (ROS) subsequently attack biomolecules in the vicinity of their 
production site and induce a state of hyperoxidative stress in the illuminated tumor 
cells in case of an optimal PDT regimen. The oxidative damage in turn results in tumor 
cell death, microvascular shutdown and corollary tumor hypoxia and hyponutrition, 
and induction of an anti-tumor immune response (reviewed in [2]), altogether 
culminating in tumor destruction and removal.

Some types of cancers respond well to PDT and are associated with excellent 
cure rates, including esophageal carcinoma [3] and basal cell carcinoma [4]. In 
contrast, the cure rates for nasopharyngeal carcinomas [5] and superficial recurrent 
urothelial carcinomas [6,7] are suboptimal with respect to PDT and warrant 
improvement. Moreover, non-resectable perihilar cholangiocarcinomas respond 
better to PDT than to any other last-line treatment such as chemotherapy [8], but 
all available treatments (including PDT) are currently palliative and not curative. The 
recalcitrant nature of these tumor types to PDT is believed to stem from the use of 
photosensitizers with suboptimal spectral properties and poor pharmacokinetics as 
well as the activation of cell survival pathways by tumor cells following PDT [9,2].

In order to resolve these issues with a single therapeutic modality, we have 
developed a 4th-generation photosensitizer-based PDT platform that aims to target 
pharmacologically relevant locations in the tumor, namely the tumor cells [10], the 
tumor endothelium [11-13], and the tumor interstitium [14]. The platform employs a 
2nd-generation photosensitizer (zinc phthalocyanine, ZnPC) encapsulated in targeted 
liposomes (making it a 3rd-generation photosensitizer, which was employed in this 
study) with co-encapsulated molecular inhibitors of survival pathways (making it a 4th-
generation photosensitizer) [14,10,13,9,12,2,11]. Previously, we demonstrated that 
PDT of human skin and bile duct cancer cells with liposomal ZnPC and acriflavine, an 
inhibitor of hypoxia-inducible factor 1α (HIF-1α) [15], increases therapeutic efficacy 
by downmodulation of HIF-1α-driven survival signaling following PDT [13,11]. In 
light of this combined therapy and the broader scope of applicability of the PDT 
platform technology, it is imperative to map post-PDT survival pathways [9] for every 
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liposomal formulation so as to identify druggable targets beyond those already 
tested [9]. So far we have mapped PDT-activated survival pathways with respect to 
the interstitially targeted ZnPC-liposomes [16], but not yet for the endothelium- and 
tumor cell-targeting liposomes.

Of the three different liposomal formulations that were developed, the most 
promising is the tumor endothelium-targeting ZnPC formulation. These liposomes, 
which are cationic and PEGylated, are taken up by cultured endothelial cells [14], 
macrophages (manuscript in preparation), and tumor cells [14,13,11], enabling 
multi-targeted delivery of the photosensitizer to key locations. Moreover, the 
liposomes are relatively non-toxic in the absence of light (this study), but become 
highly toxic to cultured cells upon illumination in the low nanomolar photosensitizer 
concentration range [13,11]. Finally, ZnPC distributes to multiple intracellular loci 
after uptake of the liposomes [17,18], from which different cell death pathways 
but also cell survival pathways are activated [2]. In preliminary experiments it was 
discovered that epidermal growth factor receptor (EGFR), a receptor overexpressed 
in a multitude of cancers [19] including perihilar cholangiocarcinoma [20,21], was 
afflicted by PDT with ZnPC-liposomes. EGFR constitutes an important druggable 
target in cancer therapy, as evidenced by the approval status of the monoclonal 
antibodies cetuximab and panitumumab as well as the kinase inhibitors gefitinib and 
erlotinib [22].

This study therefore examined the cell survival pathways induced by ZnPC-
encapsulating PEGylated cationic liposomes (ZPCLs) in tumor parenchymal 
and non-parenchymal cell types using a multi-omics approach: transcriptomics, 
(phospho)proteomics, and metabolomics. The cells that were employed are human 
umbilical vein endothelial cells (HUVECs) as a model for vascular endothelium; RAW 
264.7 murine macrophages as a model for tumor-resident macrophages; human 
biliary adenocarcinoma (SK-ChA-1) cells as model for PDT-recalcitrant perihilar 
cholangiocarcinomas; and EGFR-overexpressing human epidermoid carcinoma 
(A431) cells to further elaborate on the preliminary experimental results. The studies 
were performed at supralethal light dose (90% lethal concentration, LC90), reflective 
of cells fully affected by PDT, and at sublethal light dose (LC50), representative of 
cells in the distant and peripheral portions of the illuminated tumor, where the fluence 
rates are insufficient due to light absorption and scattering [23]. Therapeutically, the 
low-fluence sites are the most important tumor regions because survival signaling 
is expected to predominate, which may negatively impact therapeutic outcome and 
facilitate tumor recurrence as has been observed in PDT-treated patients [24].

The most important results of the study were that (1) ZPCLs were not toxic in vitro, 
which is key for clinical translation, (2) sublethal PDT was associated with extensive 
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survival signaling, which is detrimental to therapeutic outcome, (3) PDT resulted in 
downregulation of proteins involved in EGFR signaling and cell adhesion, in particular 
after optimal PDT, and (4) sublethal and optimal PDT both downregulated metabolic 
pathways involved in energy production, including glycolysis and the tricarboxylic 
acid (TCA) cycle. The latter two findings are chiefly advantageous for therapeutic 
efficacy.

RESULTS

PDT induces photosensitizer concentration- and time-dependent cell death 
To correlate the transcriptomic-, (phospho)proteomic-, and metabolomic responses 
to the extent of PDT-induced cell death, the viability of HUVEC, RAW 264.7, SK-ChA-1, 
and A431 cells was determined first as a function of time after PDT at previously 
calculated LC50 and LC90 concentrations (details can be found in Supplemental Table 
S1). The effect of PDT on cells was assessed with the water-soluble tetrazolium salt 
(WST-1) and sulforhodamine B (SRB) assays. WST-1 is a measure of mitochondrial 
metabolic activity [33] and therefore represents a parameter of early-onset cell 
demise. In contrast, SRB stains total protein and is therefore used as a parameter of 
late, fully executed cell death.

The ZPCLs exhibited no deleterious effect on metabolic activity (Fig. 1A-D) or 
cell viability (Fig. 1E-H) in any of the cell types in the absence of laser irradiation, 
indicating that the ZPCLs imparted no dark toxicity. The loss of metabolic activity 
(Fig. 1A-D) and extent of cell death (Fig. 1E-H) were more pronounced in the LC90 
group versus the LC50 group and occurred in a time-dependent manner. The loss of 
metabolic activity is in line with the localization of ZnPC to mitochondrial membranes 
[2] and the post-PDT induction of mitochondrial permeability transition [12]. Typically, 
cells were most afflicted at the longest incubation time, underscoring that metabolic 
perturbations and execution of cell death pathways are progressive during at least 
24 hours after PDT. Unexpectedly, the LC90 HUVECs showed significantly higher 
cell viability 24 hours after PDT compared to 2 hours post-PDT (Fig. 1E). HUVECs 
in the LC90 group were also more resilient to treatment 24 hours following PDT than 
HUVECs in the LC50 group (Fig. 1E). 

PDT at LC90 has greater transcriptional effects than at LC50, but the effect size is 
cell type-dependent
To gain insight in the early transcriptomic response after PDT with ZPCLs, non-
illuminated and PDT-treated cells were harvested 90 minutes after (control) treatment 

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   139 03-05-18   21:26



5

140

Fi
gu

re
 1

. C
el

l v
ia

bi
lit

y 
af

te
r Z

PC
L-

PD
T.

 
a-

h 
H

U
VE

C
, R

AW
 2

64
.7

, S
K-

C
hA

-1
, a

nd
 A

43
1 

ce
lls

 w
er

e 
in

cu
ba

te
d 

w
ith

 Z
PC

Ls
 (c

on
ce

nt
ra

tio
ns

 c
an

 b
e 

fo
un

d 
in

 T
ab

le
 S

1)
 a

nd
 tr

ea
te

d 
w

ith
 P

D
T.

 T
w

o 
ho

ur
s 

(w
hi

te
 b

ar
), 

6 
ho

ur
s 

(li
gh

t g
re

y 
ba

r),
 a

nd
 2

4 
ho

ur
s 

(d
ar

k 
gr

ey
 b

ar
) a

fte
r P

D
T,

 c
el

l v
ia

bi
lit

y 
w

as
 d

et
er

m
in

ed
 u

si
ng

 th
e 

a-
d 

W
ST

-1
 a

nd
 (E

-H
) S

RB
 a

ss
ay

 (n
 =

 8
 p

er
 g

ro
up

). 
Re

ad
er

s 
ar

e 
re

fe
rre

d 
to

 th
e 

ex
pe

rim
en

ta
l s

ec
tio

n 
fo

r t
he

 s
ig

ni
fic

an
ce

 o
f t

he
 s

ta
tis

tic
al

 s
ym

bo
ls

. A
bb

re
vi

at
io

n:
 m

et
ab

. a
ct

., 
m

et
ab

ol
ic

 a
ct

iv
ity

.

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   140 03-05-18   21:26



141

Multi-omic profiling of cells after PDT

and the transcriptome was analyzed by whole genome microarray, summarized in 
Fig. 2, and correlated to cell viability. This toxicogenomics approach corroborated 
the absence of dark toxicity of ZPCLs (Fig. 2, vehicle vs control), given that of all 
screened genes, none were dysregulated compared to control. The same had been 
observed previously with the ZnPC-encapsulating interstitially-targeted liposomes 
[16], which differ from the ZPCLs in that they lack DC-cholesterol in the membrane 
and therefore bear a neutral surface charge rather than a cationic charge.

In case of the interstitially targeted liposomes, the milder PDT protocol (irradiation 
of cells at 50 mW) induced more profound transcriptional dysregulation than the 
severe PDT regimen (500 mW laser irradiation) [16]. In contrast, the extent of mRNA 
dysregulation following PDT with ZPCLs was most pronounced in the LC90 groups 
compared to the LC50 groups (Fig. 2). The overlap between genes dysregulated in 
both the LC90 and LC50 groups was also cell type-specific. The highest number of 
commonly afflicted genes was observed in RAW 264.7 cells (3363), followed by 
A431 (790), SK-ChA-1 (638), and HUVEC (134) cells.

PDT-mediated induction of survival signaling
The basis of therapeutic recalcitrance towards PDT may partly originate from the 
induction of survival signaling after PDT [16]. PDT activates six major pathways 
that encompass a nuclear factor of kappa light polypeptide gene enhancer in B 
cells (NF-кB)-mediated inflammatory response, a proteotoxic stress response via 
the unfolded protein response (UPR) and heat shock transcription factor (HSF)-
mediated response, an activator protein 1 (AP-1)-mediated immediate early gene 
response, a HIF-1-mediated hypoxia-induced stress response, and a nuclear 
factor (erythroid-derived 2)-like (NFE2L2)-mediated antioxidant response [9]. The 
pathways have been described in detail in [16,34]. The microarray expression data 
were superimposed on these pathways (Fig. S3 (with pathways and transcriptional 
targets) and Fig. 3 (transcriptional targets only)).

The downstream targets of the survival pathways were analyzed with a ROAST 
gene test to determine whether a pathway was differentially regulated in response to 
PDT. All cell types upregulated the NF-кB, AP-1, and HSF survival pathways at LC50 
and LC90, whereas only the LC50 groups exhibited upregulation of HIF-1-mediated 
signaling (Table S4). Importantly, HIF-1-, UPR-, AP-1-, and NF-кB-associated genes 
were less extensively dysregulated in the LC90 group of the tumor-derived cell 
lines (A431, SK-ChA-1) compared to the LC50 group. In contrast, the LC90 group of 
the non-tumor derived cells (RAW 264.7, HUVEC) displayed more HSF-mediated 
signaling than the LC50 group. Altogether, these findings indicate that PDT induced 
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extensive survival signaling in all cell types tested, whereby survival signaling was 
more prominent in cells treated by sublethal PDT. 

NF-кB-mediated inflammatory response
NF-кB mediates an inflammatory response following PDT [35,36]. As shown in Fig. 3, 
the transcription of various pro-inflammatory cytokines that are under the control of 
NF-кB, including interleukin 1A (IL1A), IL1B, IL6, and chemokine (C-X-C motif) ligand 
8 (CXCL8), increased following PDT in the human cell types. Murine Il1b and Cxcl2 
were also considerably induced following PDT in RAW 264.7 cells. Sublethal PDT 

Figure 2. Gross transcriptional response 90 minutes after ZPCL-PDT. 
The Venn diagrams show the number of upregulated (red) and downregulated (green) genes compared to the 
control group (FDR < 0.05), as well as the overlapping genes between the vehicle (dark toxicity), LC50, and LC90 
groups (n = 3 per group). The total number of upregulated and downregulated genes per PDT regimen (full circle) 
equals the sum of all values enveloped by the respective circle.
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resulted in upregulation of vascular endothelial growth factor (VEGF) in SK-ChA-1 
and A431 cells, which was downregulated in HUVEC cells. The pro-inflammatory 
factor prostaglandin-endoperoxide synthase 2 (PTGS2, Ptgs2) was also highly 
upregulated following PDT in HUVEC, RAW 264.7, and A431 cells.
 
Proteotoxic stress response
The proteotoxic stress response can be induced by ROS-mediated endoplasmic 
reticulum (ER) stress that leads to the accumulation of misfolded and unfolded 
proteins in the ER [37]. As a result, the UPR is initiated together with the activation of 
HSF1 [38]. ZPCL-PDT at both regimens induced upregulation of the UPR-associated 
genes DNA-damage-inducible transcript 3 (DDIT3, Ddit3), activating transcription 
factor 3 (ATF3, Atf3), protein phosphatase 1, and regulatory subunit 15A (PPP1R15A, 
Ppp1r15a) in all cell types (Fig. 3). PDT at LC50 triggered upregulation of DnaJ 
(Hsp40) homolog, subfamily B, member 9 (DNAJB9) in all cell types, of which the 
protein product protects cells from apoptosis [39]. With respect to HSF signaling, all 
cell types exhibited elevated DNAJB1 (Dnajb1) and heat shock 70kDa protein 1A 
(HSPA1A, Hspa1a) mRNA levels following PDT (Fig. 3). In contrast to RAW 264.7, 
SK-ChA-1, and A431 cells, HUVECs revealed a dose-dependent effect on the 
transcript levels of HSPA1A, DNAJB1, JUN, and FOS, where PDT at LC90 caused the 
most pronounced upregulation of these genes.

AP-1-mediated immediate early gene response
In response to various extracellular and intracellular (e.g., ROS) stimuli, the 
immediate early response is activated via apoptosis signal-regulating kinase 1 (ASK-
1) that enables AP-1-mediated transcription [40]. The AP-1 transcription factors FBJ 
murine osteosarcoma viral oncogene homolog (FOS, Fos) and jun B proto-oncogene 
(JUNB, Junb) were upregulated in RAW 264.7, SK-ChA-1, and A431 cells in both 
the LC50 and LC90 groups (Fig. 3). Furthermore, the survival factor heparin-binding 
EGF-like growth factor (HGEGF, Hbegf) was strongly upregulated in all cell types 
following both PDT regimens. EGFR was downregulated in HUVEC, SK-ChA-1, and 
A431 cells, particularly in the LC90 group. 

In addition, the effect of PDT on EGFR signaling in EGFR-overexpressing A431 
cells versus SK-ChA-1 cells is shown in more detail in Fig. S4. This subanalysis 
revealed that PDT had an inhibitory effect on the various ErbB isoforms, which was 
observed in both cell lines, although EGFR (ERBB1) was mostly afflicted. Also, 
known downstream targets of EGFR [41] appeared to be more inhibited in A431 
cells compared to SK-ChA-1 cells after supralethal PDT (Fig. S4).
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HIF-1-mediated hypoxia-induced stress response
HIF-1 is a transcription factor that is induced by ROS and hypoxia [42], which 
promotes the transcription of genes involved in cell survival and angiogenesis [43]. 
ZPCL-PDT caused upregulation of various HIF-1-associated genes, including VEGFA 
(not in HUVECs), PTGS2, endothelin 1 (EDN1), myeloid cell leukemia 1 (MCL1), and 
phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1) (Fig. 3). The effects 
were more pronounced after sublethal PDT. PDT also upregulated several HIF-1-
associated genes in RAW 264.7 cells, including Vegfa, Ptgs2, Edn1, and Pmaip1 but 
not Mcl1. However, RAW 264.7 cells did not exhibit any dose-dependent differences 
as observed in the human cell types.

NFE2L2-mediated antioxidant response
The NFE2L2-mediated antioxidant response is activated by oxidative stress and 
serves to restore the cellular redox balance. As shown in Fig. 3, the NFE2L2 pathway 
was largely unaffected. In fact, PDT reduced the expression of genes involved in 
detoxification (e.g., ATP binding cassette subfamily C member 4 (ABCC4, Abcc4), 
ATP binding cassette subfamily G member 2 (ABCG2, Abcg2)), and antioxidant 
activity (e.g., epoxide hydrolase 1 (EPHX1, Ephx1)). Heme oxygenase 1 (HMOX1, 
Hmox1) is linked to cell survival following PDT [44]. In addition to NFE2L2, HIF-
1 (section 3.3.4) is also able to mediate transcription of HMOX1 [45]. Its gene 
expression after PDT was higher in RAW 264.7, SK-ChA-1, and A431 cells but not 
in HUVEC cells. This effect was more pronounced in the LC50 cells compared to the 
LC90 cells as evidenced by the log2 fold-changes in HMOX1/Hmox1 gene expression: 
A431 (2.1 versus 1.3, respectively), SK-ChA-1 (2.1 versus 1.4, respectively), and 
RAW 264.7 cells (1.7 versus 1.5, respectively). 

PDT upregulates transcription-related proteins and downregulates proteins linked 
to EGFR signaling
To explore the cellular response in a cell line derived from a tumor that is refractory 
towards PDT [24], SK-ChA-1 cells were subjected to more in-depth analysis using an 
untargeted (phospho)proteomic-based approach 90 minutes after PDT. The EGFR-
overexpressing A431 cell line was excluded from the (phospho)proteomic analysis 
to eliminate redundancy, given that SK-ChA-1 cells also express high basal levels 
of EGFR [46]. The differentially expressed phosphorylated and non-phosphorylated 
proteins (compared to non-treated cells) are presented in Table S5. A no-liposome, 
irradiation-only group was excluded because we have shown previously that red 
light irradiation has no effect on cells [14].
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Figure 3. Transcriptional response following ZPCL-PDT.
Expression analysis of genes that are involved in NF-кB, UPR, HSF, NFE2L2, HIF-1, and AP-1 signaling as shown 
by the log2 fold-change (lower right corner). All comparisons were made between the PDT-treated groups versus 
the control group (n = 3 per group). A gene may correspond to multiple probes as indicated by horizontal splits. 
Each gene is divided in two halves corresponding to the LC50 (left) and LC90 (right) group. Grey boxes signify 
probes that exhibited poor quality or were not included in the gene expression analysis.
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The proteome data revealed a dose-dependent response in the number of 
differentially expressed proteins (Fig. S5). To gain more insight in the affected 
molecular pathways, the data were analyzed with Reactome [47,48] (Fig. 4). Based 
on the proteomics data, PDT caused downregulation of various proteins involved 
in endocytosis in the LC50 group, but more predominantly in the LC90 group (AP-2 
complex subunit alpha-1 (AP2A1), AP2M1, AP2B1, AP3B1). Furthermore, SK-ChA-1 
cells that had been treated at LC90 upregulated proteins involved in pre-RNA splicing 
(serine/arginine-rich splicing factor 4 (SRSF4), SRSF6) and epigenetic control of 
transcription (protein dpy-30 homolog (DPY30), WD repeat-containing protein 5 
(WDR5)) (Fig. 4).

Phosphoproteomic data were analyzed with the Phosphopath plugin in Cytoscape 
[32] and only phosphosites which were differentially regulated in either LC50 or LC90 
groups were analyzed. PDT of SK-ChA-1 cells induced the phosphorylation of heat 
shock protein beta-1 (HSPB1) (Fig. 5), which is involved in the defense against 
oxidative stress [49,50]. Furthermore, PDT decreases phosphorylation of proteins 
involved in EGFR signaling, such as mitogen-activated protein kinase 1 (MAPK1), 
son of sevenless homolog 1 (SOS1), and catenin delta-1 (CTNND1). This effect was 
more evident at LC90 inasmuch as these cells downregulated the EGFR-associated 
proteins EGFR (confirmed by Western blotting, Fig. S2), proto-oncogene tyrosine-
protein kinase Src (SRC), caveolin-1 (CAV1), and phosphorylated proteins SOS1, 
related RAS viral (r-ras) oncogene homolog 2 (RRAS2), MAPK1, and MAPK3. 
Altogether, it seems that PDT induced the expression of transcription-related proteins 
and downregulated proteins involved in EGFR signaling. 

PDT affects metabolites that are involved in energy production and redox signaling
Finally, PDT-treated SK-ChA-1 cells were investigated in terms of metabolomics at 
90 minutes post-PDT. Incubation of cells with ZPCLs in the absence of light only 
marginally affected the metabolomic profile (Fig. 6A, Table S6), again confirming the 
in vitro safety of the ZPCLs. 

PDT highly influenced almost all studied metabolites, whereby the effects observed 
in the LC50 group were essentially exacerbated in the LC90 group. PDT-subjected SK-
ChA-1 cells upregulated multiple amino acid levels as well as metabolites involved 
in nucleotide metabolism. In contrast, metabolites involved in the TCA cycle and 
urea cycle were downregulated, reflecting perturbations in anaerobic energy 
production as evidenced by the lactate and succinate accumulation. Moreover, PDT 
also affected metabolites that modulate the redox balance (Fig. 6B). Glutathione 
and oxidized glutathione (GSSG) were downregulated, while nicotinamide adenine 
dinucleotide phosphate (NADP+) was upregulated. Possibly as a consequence of 
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the pro-oxidative state, metabolites in the oxidative branch of the pentose phosphate 
pathway were upregulated (Table S6). Lastly, the nucleotide profile was also 
determined in PDT-treated cells, which showed slightly lower uridine triphosphate 
(UTP), cytidine triphosphate (CTP), and guanosine triphosphate (GTP) levels in the 
LC50 group (Fig. S6). The lower ATP:ADP ratio in PDT-treated cells may be indicative 
of dying cells (Fig. S6).

Figure 4. Differentially expressed proteins observed after ZPCL-PDT of SK-ChA-1 cells in the LC90 group. 
Up- (in red) and downregulated (in green) proteins between the PDT-treated groups and control group (n = 4 
per group) were analyzed using Reactome to assess functional interactions [48,47]. Arrows indicate activating/
catalyzing reactions, whereas straight and dashed lines indicate functional and predicted functional interactions, 
respectively. Proteins without functional interactions are not displayed in the figure.
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Figure 6. Metabolomic analysis of SK-ChA-1 cells after ZPCL-PDT.
a Metabolites were classified into pathways and metabolite expression is depicted as the log2 fold-change (bot-
tom left corner) between treated and control cells (n = 3 per group). Numerical values can be found in Table S6.  
b Log2 fold-change of metabolites in the category carbohydrate metabolism grouped per pathway. Changes in 
LC50- (left) and LC90-treated (right) SK-ChA-1 cells compared to control cells are depicted. Identical log2 fold-chan-
ge values are plotted for 3PG and 2PG and for citrate and isocitrate, as these metabolites could not be resolved. 
Metabolites indicated in grey could not be quantified. Abbreviations: TCA cycle, tricarboxylic acid cycle; PPP, 
pentose phosphate pathway; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; F1,6BP, fructose-1,6-bisp-
hosphate; DHAP, dihydroxyacetone phosphate; G3P, glyceraldehyde-3-phosphate; 1,3 BPG, 1,3-bisphosphog-
lycerate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate; 6pG, 6-phosphog-
luconate; PenP, pentose-phosphate.
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DISCUSSION

Clinical PDT may be enhanced by pharmacologically interfering in molecular 
pathways that mediate resistance to therapy [2]. During PDT, light intensity attenuates 
in the tumor tissue as a result of absorption and scattering, creating a gradient 
of cumulative light dose (fluence) across the tumor. Since PDT-mediated ROS 
production is proportional to the fluence [14], tumor cells that are more distal from 
the light source, or tumor cells that are insufficiently oxygenated, may experience 
less oxidative stress than fully exposed cells [23], allowing the sublethally afflicted 
cells to activate survival pathways. Inasmuch as tumor cell survival may ultimately 
enable recurrence and metastasis, it is critical that the tumor bulk is completely 
eradicated in a single PDT session.

One potential strategy to optimize PDT is by using pharmacological adjuvants 
that inhibit post-PDT survival signaling, which may be co-administered with the 
photosensitizer [13,12,11]. This study was conducted to determine which pathways 
are activated and hence eligible for pharmacological targeting. The response of 
tumor parenchymal and non-parenchymal cells subjected to sublethal (LC50) and 
supralethal PDT (LC90) was therefore investigated in the acute phase of PDT – a 
time point where the transcriptome and acute phase proteins were expected to be 
dysregulated. SK-ChA-1 and A431 cells were used because the former are derived 
from a tumor known to be refractory to PDT [51,52] and because both overexpress 
EGFR, which was shown to be profoundly affected by PDT. It is critical to underscore 
that the post-PDT environment temporally evolves in a dynamic manner at the level 
of the transcriptome, lipidome, proteome, and metabolome [53]. In support of 
this, the extent of PDT-induced cell death progressively increased at 2, 4, and 24 
hours after PDT and transcriptomic and (phospho)proteomic analysis revealed that 
mRNA and protein expression was discordant at 90 minutes post-PDT (Fig. S7). 
Firstly, mRNA and protein expression profiles may be more in sync at later time 
points, i.e., when the mRNA has been translated to functional proteins. Secondly, 
the transcriptome and proteome are also expected to change over time, potentially 
necessitating an acclimating pharmacological inhibition strategy after PDT. Because 
the transcriptomic-, (phospho)proteomic-, and metabolomic temporal changes are 
vital to therapeutic outcome, studies in our labs are underway to establish post-PDT 
molecular signatures across the 24-hour time span.

In the acute phase, transcriptomic analysis revealed that PDT-treated tumor cells 
(SK-ChA-1, A431) were afflicted at multiple physiological and biochemical junctions 
and activated extensive survival signaling via HIF-1, NF-кB, AP-1, and HSF. Survival 
signaling was most pronounced in the low-dose PDT group, which is detrimental to 
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the desired clinical outcome. Second, PDT-treated SK-ChA-1 cells downregulated 
proteins involved in EGFR signaling. Third, metabolomic analysis of PDT-treated SK-
ChA-1 cells pointed to downregulation of metabolites involved in energy metabolism 
(glycolysis, TCA cycle), altered cellular redox state, and upregulation of metabolites 
involved in nucleotide metabolism and the pentose phosphate pathway. These latter 
two findings are expected to be beneficial for PDT outcome, as EGFR downregulation 
and perturbed energy metabolism negatively affect cell viability and proliferation 
and hence offset the survival signaling.

The ROAST gene set analysis supports our hypothesis that suboptimally treated 
tumor cells (LC50) engage in more extensive survival signaling in response to PDT. 
Especially the HIF-1- and NF-кB-mediated pathways may be attractive for therapeutic 
interventions. PDT of SK-ChA-1 and A431 cells upregulated genes downstream of 
HIF-1 and NF-кB (IL1A, IL1B, IL6, CXCL8, VEGFA, HMOX1) that mediate inflammation, 
survival, and angiogenesis [54,55]. These findings have been echoed in literature 
(Table 1). Whereas overexpression of HIF-1 was associated with therapeutic 
resistance in 5-aminolevulinic acid (5-ALA)-PDT-treated human esophageal 
carcinoma cells [56], combination therapy of siRNA-mediated knockdown of HIF-1 
with Photosan-PDT significantly improved therapeutic efficacy in human head-and-
neck cancer (SCC4, SAS) tumor-bearing mice [57]. Corroboratively, treatment of 
A431 and SK-ChA-1 cells with the HIF-1 inhibitor acriflavine significantly improved 
PDT efficacy [11,13]. Similarly, it was shown in various studies that combined 
treatment comprising NF-кB inhibitors and PDT augmented therapeutic efficacy 
[35,58,59]. 

In addition to the tumor-derived cell lines, murine macrophages (RAW 264.7) 
responded fervently to PDT, inasmuch as these cells significantly upregulated all 
survival pathways (except for NFE2L2 in the LC90 group). This hyperactive state may 
in part have been caused by the fact that macrophages become activated upon 
exposure to dying cells and cell debris [60], including post-PDT [35]. The same 
pattern was observed for HUVEC cells, but in contrast to the tumor cell lines, only 
few differences were observed between the LC50 and LC90 groups. Unexpectedly, 
after PDT the endothelial cells slightly downregulated VEGF, which is a growth factor 
for (tumor) endothelium that stimulates angiogenesis. Zhang et al. also observed 
downregulated VEGF protein levels after hypericin-PDT in HUVECs [61], which may 
indicate that PDT is able to induce growth inhibition of tumor endothelium.

SK-ChA-1 cells were also subjected to (phospho)proteomic and metabolomic 
analysis, of which the main results are summarized in Fig. 7. At the proteomic 
level, PDT mediated phosphorylation of HSPB1, which is a stress protein that acts 
as a chaperone to stimulate survival under stress conditions [50]. PDT at LC90 
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downregulated proteins involved in focal adhesion (CAV1, integrin alpha-2 (ITA2)), 
adherens junctions (CTNND1, EPCAM), and tight junctions (phosphorylated ZO1 
and ZO3). As reported in [62-64], PDT may oxidatively damage proteins involved 
in cell-cell adhesion, cytoskeletal structure, and focal adhesion, which appears to 
be dependent on cell type, photosensitizer concentration, and light dose. However, 
it may also contribute to a higher metastatic potential after PDT, inasmuch as loss 

Figure 7. Overview of the cellular response of SK-ChA-1 cells to supralethal (LC90) PDT.
In response to PDT, SK-ChA-1 cells downregulate proteins involved in focal adhesion, tight and adherens junc-
tions, and EGFR signaling. Metabolic processes that are dependent on mitochondria (TCA cycle, urea cycle) 
appear to be downmodulated, whereas the antioxidant response was activated. On the transcriptomic level, SK-
ChA-1 cells demonstrated an upregulation of AP-1-, HSF-, and NF-кB-mediated signaling that may contribute to 
cell survival.
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of adhesion proteins is associated with invasion [62]. Further research is warranted 
to establish whether PDT enhances the metastatic potential of cancer cells, as 
activation of both survival and metastasis pathways by PDT may hamper clinical 
safety of the procedure.

Supralethal PDT also downregulated various proteins involved in EGFR signaling, 
which is an important therapeutic target as it is overexpressed in numerous cancer 
types [19]. Previous studies have shown that SK-ChA-1 and A431 cells in the 
absence of PDT are sensitive to EGFR inhibitors, as these compounds inhibited cell 
growth [46,65]. ZPCL-PDT of SK-ChA-1 cells with LC90 revealed downregulation of 
EGFR on both the transcriptomic and proteomic level. Both SK-ChA-1 and A431 cells 
exhibited a reduction in EGFR mRNA levels after PDT and this effect was enhanced 
in the LC90 group. Although the exact mechanism is still unknown, the general trend 
is that PDT is able to inhibit and/or degrade EGFR, thereby deterring tumor growth 
and inducing apoptosis [66]. However, exceptions do exist. For instance, Edmonds 
and co-workers showed that human ovarian carcinoma (OVCAR-5) and non-small 
cell lung cancer (H460) cell lines upregulated EGFR after PDT with verteporfin (log P 
= 3.74) [67,68]. Inhibition of EGFR with erlotinib increased PDT efficacy and resulted 
in apoptotic cell death [67], linking pharmacological EGFR inhibition to cell demise. 
Also, a more recent study demonstrated that erlotinib treatment prior to PDT induced 
higher complete response rates in NSCLC (H460, A549)-xenografted mice [69]. 
Interestingly, treatment of various cancer cell lines with the photosensitizer Photofrin 
(porfimer sodium, log P = 8.5 [2]) alone downregulated EGFR protein expression, which 
was enhanced upon PDT, indicating that Photofrin alone is able to downmodulate 
EGFR expression [70]. ZnPC is a highly lipophilic photosensitizer (log P = 8.5 [2]) 
that intercalates into biomembranes [13]. Given that EGFR is a transmembrane 
protein, ZnPC is expected to reside in the direct vicinity of the transmembrane 
domain of EGFR, where it can subsequently cause oxidative modification of EGFR’s 
transmembrane structures and impede its functional properties. The same applies 
to verteporfin and Photofrin. However, apparently the site of ROS generation is 
not ubiquitously linked to protein dysfunctionalization. Instead, EGFR expression 
after PDT is photosensitizer-dependent, whereby inhibition of EGFR by PDT may 
contribute to an anti-cancer effect when photosensitizers are employed that induce 
its downregulation, such as ZnPC, by an as yet undefined mechanism. 

The metabolomics data of PDT-treated SK-ChA-1 cells showed similar trends 
between the LC50 and LC90 groups, although the effects were more pronounced in 
the LC90 group. PDT-treated cells exhibited increased glucose levels, whereas a 
number of glycolytic-associated metabolites were reduced, suggesting that glucose 
is shuttled into pathways that branch off glycolysis, such as the pentose phosphate 
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pathway. Also, the TCA cycle appeared to be downregulated following PDT, as 
evidenced by a downregulation of acetyl-CoA, citrate, α-ketoglutarate, and malate. 
As a result of ROS production during PDT, the redox status of a cell may be seriously 
affected. This is also observed in PDT-treated SK-ChA-1 cells, as regulators of 
the redox response differed (e.g., reduction of glutathione and GSSG, increase 
of NADP+). The post-PDT pro-oxidative state may also explain the upregulation 
of the pentose phosphate pathway (Fig. 6B), as the pentose phosphate pathway 
contributes to the production of NADPH – a major player in the antioxidant response 
[71]. Another important factor that was increased in PDT-treated SK-ChA-1 cells is 
succinate. Mitochondria are a known target of ZnPC-based PDT [17,2], after which 
mitochondria-localized succinate may be released to the cytoplasm [72]. Succinate 
has been shown to mediate ATP generation in mitochondria, activation of HIF-1, and 
pro-inflammatory signaling (reviewed in [73]). Pharmacological strategies that limit 
succinate production could therefore serve as a strategy to augment PDT efficacy, 
although succinate build-up in mitochondria is also a precursor condition for latent 
oxidative stress [74] that in turn may promote tumor cell death.

To our knowledge, this is the first study that explored the PDT response in such 
detail. Therefore, it may provide novel information that could be valuable to design 
new therapeutic strategies, possibly based on therapeutic targets that were found 
in this study (Table 1). Consistent with earlier reports, the combined use of PDT and 
inhibitors of survival pathways may be an attractive approach to improve therapeutic 
efficacy in the aforementioned clinically recalcitrant cancer types.

METHODS

Chemicals
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 3β-[N-(N’,N’-dimethyla-
minoethane)-carbimoyl]cholesterol (DC-cholesterol) were purchased from 
Avanti Polar Lipids (Alabaster, AL). β-mercaptoethanol, cholesterol, chloroform, 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol (DSPE-
PEG, average PEG molecular mass of 2,000 amu), ZnPC (97% purity), acetonitrile, 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), potassium carbonate 
(K2CO3), pyridine, sodium chloride (NaCl), sodium deoxycholate, sodium fluoride, 
sodium orthovanadate, SRB, tris(hydroxymethyl)aminomethane (Tris), and Triton 
X-100 were obtained from Sigma-Aldrich (St. Louis, MO). Glycerol was purchased 
from Fisher Scientific (Hampton, NH), and sodium dodecyl sulfate (SDS) and 
bromophenol blue were obtained from Bio-Rad Laboratories (Hercules, CA). 
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Methanol, perchloric acid (HCLO4), and sodium hydroxide (NaOH) were from Merck 
(Darmstadt, Germany).

All lipids were dissolved in chloroform and stored under a nitrogen atmosphere at 
-20 °C. ZnPC was dissolved in pyridine at a 178-µM concentration and stored under 
nitrogen at room temperature (RT) in the dark. 

Cell culture
Human epidermoid carcinoma (A431) cells and murine macrophages (RAW 264.7) 
were cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Lonza, Walkersville, 
MD) supplemented with 10% fetal bovine serum (FBS) (Bodinco, Alkmaar, the 
Netherlands), 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine 
(all from Lonza). Human umbilical vein endothelial cells (HUVECs) were isolated as 
described in [25] and maintained in EndoGro-LS complete culture medium (Merck 
Millipore, Billerica, MA). HUVECs were grown in Primaria cell culture flasks (Corning 
Life Sciences, Tewksbury, MA). Human perihilar cholangiocarcinoma (SK-ChA-1) 
cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 culture medium 
(Lonza) supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 
2 mM L-glutamine, and 143 µM β-mercaptoethanol. All cells were maintained at 
standard culture conditions (37 °C, 5% CO2, 95% air, humidified atmosphere).

Preparation of ZPCLs
ZPCLs were composed of DPPC, DC-cholesterol, cholesterol, and DSPE-PEG 
(66:25:5:4, molar ratio) and prepared by the lipid film hydration technique as 
described previously [16,13]. Physiological buffer composed of 10 mM HEPES, 
0.88% (w/v) NaCl, pH = 7.4, 0.293 osmol/kg [14] was used as hydration solution. 
ZnPC was incorporated in the liposomal formulation at a ZnPC:lipid molar ratio of 
0.003. Liposomal formulations were purged with nitrogen gas and stored at 4 °C in 
the dark. Under these conditions the liposomal ZnPC remains stable for at least 56 
days [13]. 

PDT protocol
Cells were seeded in either 6-well (2 mL per well) or 24-well (0.5 mL per well) culture 
plates (Corning Life Sciences) as specified in the corresponding subsections and 
grown under standard culture conditions. HUVEC, RAW 264.7, SK-ChA-1, and A431 
cells were seeded at a density of 0.5 × 105 cells/mL, 0.5 × 106 cells/mL, 0.25 × 106 cells/
mL, and 0.5 × 106 cells/mL, respectively, and cultured until confluence in 24 hours (48 
hours for SK-ChA-1 cells). HUVECs were cultured in Primaria culture plates (Corning 
Life Sciences) throughout the study. After reaching confluence, cells were washed 
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with PBS and incubated with ZPCLs in serum-free supplemented phenol red-free 
medium for 1 hour (drug-light interval) at 37 °C under standard culture conditions. 
Control cells received an equal volume of physiological buffer. The concentrations of 
ZPCLs that were used for the different cell types are specified in Table S1. Next, cells 
were washed with PBS and fresh supplemented phenol red-free medium was added. 
Cells were either returned to the incubator (control and dark toxicity) or irradiated 
with a 671-nm diode laser (CNI, Changchun, China) at a laser power of 500 mW 
with a fluence of 15 J/cm2. The spot size was set to the exact dimensions of the well 
(6-wells plate: 9.5 cm2, 24-wells plate: 1.9 cm2). During the application of PDT, cells 
were maintained at 37 °C using a hotplate (cat. no. 97042-616, VWR, Radnor, PA).

Cell metabolic activity and viability assays
Cell metabolic acivity was assessed using the WST-1 reagent (Roche Diagnostics, 
Basel, Switzerland). Cells were seeded in 24-wells plates and cultured until 
confluence. After a predetermined time interval after PDT, the culture medium was 
removed and 300 µL of WST-1-containing serum-free and phenol red-free medium 
(at a 1:25 volume ratio) was added to the wells. After 30 minutes of incubation under 
standard culture conditions, the absorbance was read at 450 nm using 600 nm as 
a reference wavelength (BioTek Synergy HT multi-well plate reader, Winooski, VT). 
Data were normalized to the average values of the control cells that was set at a 
viability of 100%. 

After the measurement, the wells were washed with PBS, and the protein content 
was determined with the SRB total protein assay as described by Vichai et al. [26]. 
SRB absorbance was read at 564 nm using 690 nm as a reference wavelength 
(BioTek Synergy HT). Data were normalized to the average values of the control cells 
that was set at a viability of 100%.

Whole genome expression analysis
Cells were seeded in 6-wells plates and cultured until confluence. Cells were 
treated using the PDT protocol as described in section 2.4 (n = 3 per group). Total 
cellular RNA was extracted using 1 mL of TRIzol (Life Technologies, Carlsbad, CA) 
according to the manufacturer’s protocol. RNA samples were purified using the 
NucleoSpin RNA kit (Machery-Nagel, Düren, Germany) and eluted in 30 µL RNAse-
free water. The quality control, RNA labeling, hybridization, and data extraction were 
performed at ServiceXS (Leiden, the Netherlands), and the procedure can be found 
in [16]. Samples for human cell lines were randomly assigned to three Human-HT12 
v4 arrays. For the RAW 264.7 cell line, MouseWG-6 v2 arrays were used with control 
and vehicle samples on one chip and LC50 and LC90 samples on a second chip. 
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Microarray data preprocessing and analysis
Microarray data preprocessing and analysis were performed as described 
previously [16]. In short, each cell line was analyzed separately with Bioconductor 
packages (version 2.13) using the statistical software package R (version 3.1.0). 
Normalization was performed starting from the Illumina sample and control probe 
profiles by a normexp-by-control background correction, quantile normalization, and 
log2 transformation (limma package). Probes with a detection P-value of > 0.05 (non-
expressed) on all arrays for the cell line under study were filtered out. Differential 
expression between the experimental conditions was assessed with a moderated 
t-test using the linear model framework (limma package). Resulting P-values were 
corrected for multiple testing using the Benjamini-Hochberg false discovery rate. 
Corrected P-values ≤ 0.05 were considered statistically significant. Probes were 
reannotated using the Bioconductor IlluminaHumanv4.db and lluminaMousev2.db 
packages. The microarray data have been deposited in NCBI Gene Expression 
Omnibus in a MIAME compliant format and are accessible under GEO series 
accession number GSE84758. Microarray data were confirmed using quantitative 
reverse transcription polymerase chain reaction (qRT-PCR) since the qRT-PCR data 
were in agreement with the microarray data (Fig. S1). This also strongly suggests that 
for the RAW 264.7 cells potential confounding of effects due to systematic differences 
between chips and biological effects of interest (comparison of LC50/LC90 versus 
control/vehicle) is limited. In addition, a ROAST gene set test [27] was performed on 
the downstream targets of each survival pathway (Table S2) to statistically determine 
whether a survival pathway was either upregulated or downregulated using 10,000 
rotations with Benjamini-Hochberg-based multiple testing correction of the mid 
P-values.

qRT-PCR
RNA was extracted as described in section 2.6. cDNA synthesis and qRT-PCR 
reactions were performed as described previously [16]. Primer sequences can be 
found in Table S3. The quantitative analysis of the qRT-PCR data was performed 
according to Ruijter et al. [28] to calculate the starting concentration (N0) of each 
cDNA template. Gene expression levels were normalized to the expression level of 
the reference gene ribosomal protein S18 (RPS18). Log2 fold-changes of the target 
genes were calculated based on the mean values of the control group.
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Proteomics
Harvesting
SK-ChA-1 cells were seeded in 6-wells plates and cultured until confluence. 
Cells were treated using the PDT protocol as described in section 2.4 (n = 12 per 
group). Ninety minutes post-PDT, cells were washed three times with 2 mL PBS 
and 150 µL of lysis buffer (8 M urea, 0.5% sodium deoxycholate, 50 mM NH4HCO3, 
supplemented with cOmplete Mini protease inhibitor cocktail and phosSTOP (both 
from Roche)) was added to each well that was ensued by 30-minute incubation on 
ice. Lysates were scraped, collected, pooled (to yield n = 4 per treatment group), 
and centrifuged for 15 minutes at 20,000 × g. The supernatant was stored at -80 °C 
for further analysis. Protein concentrations were determined with the bicinchoninic 
acid (BCA) assay (Thermo Fisher Scientific, Waltham, MA). 

Affinity purification and digestion
For each sample, 400 µg of proteins was reduced by incubating with 2 µL of 1 M 
DTT at 56 °C for 25 minutes, alkylated by adding 4 µL of 200 mM IAA for 30 minutes 
at RT in the dark, and digested by Lys-C (enzyme:protein ratio of 1:75) for 4 hours 
at 37 °C. Samples were then diluted 4 times with 50 mM NH4HCO3 and digested 
overnight at 37 °C with trypsin (enzyme:protein ratio of 3:100). Next, 100 µL of acetic 
acid was added to each sample to precipitate sodium deoxycholate, after which 
samples were centrifuged for 15 minutes at 20,000 × g. The obtained digests were 
desalted using 1cc Sep-Pak C18 cartridges. Phosphoenrichment was performed 
with Ti-IMAC microcolumns with 250 µg of digests following the protocol previously 
described in detail [29], while the rest of the digests was kept for proteome analysis. 

NanoLC-MS/MS analysis
Phosphoproteome and proteome were analyzed by NanoLC-MS/MS using an Agilent 
1100 HPLC system (Agilent Technologies, Santa Clara, CA) coupled to a Q Exactive 
Plus Orbitrap (Thermo Scientific) mass spectrometer. Peptides were trapped at 5 µL/
minute in 100% solvent A (0.1 M acetic acid in water) on an in-house packed 20 mm 
× 100 µm ID trapping column (ReproSil-Pur C18-AQ, 3 µm, Dr. Maisch, Ammerbuch, 
Germany) and then transferred to an in-house packed 50-cm × 50-µm ID analytical 
column (Poroshell 120 EC-C18, 2.7 μm, Agilent Technologies) maintained at 40 °C. 
The gradient used for proteome analysis ranged from 10 to 40% solvent B (0.1 M 
acetic acid in 8:2 (v/v) acetonitrile/water) in 180 minutes at ~100 nL/minute, whereas 
the gradient for phosphopeptides ranged from 4 to 40% in 120 minutes. The eluent 
was sprayed via distal coated emitter tips (New Objective, Woburn, MA) connected 
to the analytical column. The Q Exactive Plus was operated in data-dependent 
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mode, automatically switching between MS and MS/MS. Full-scan MS spectra (from 
m/z 350 to 1500) were acquired in the Orbitrap with a resolution of 60,000 at m/z 
400 (after accumulation to a target value of 500,000). The 20 most intense ions at a 
threshold above m/z 500 were successively selected and fragmented in HCD cells 
at normalized collision energy of 35% after accumulation to a target value of 10,000.

Protein quantification and identification
Data analysis was performed using MaxQuant (version 1.5.2.8) [30] and the 
integrated search engine Andromeda [31]. For peptide and protein identification, 
raw files were searched against the human Swissprot database (20,201 entries) with 
carbamidomethylated cysteine as fixed modification and phosphorylation of serine, 
threonine, and tyrosine, and oxidation of methionine as variable modifications. 
Trypsin/P was set as the proteolytic enzyme for which up to two missed cleavage 
sites were allowed. Precursor tolerance was set to 4.5 ppm and fragment ion 
tolerance to 0.05 Da. Peptide identifications required a minimal length of 7 amino 
acids and all datasets were adjusted to 1% PSM FDR. For label-free quantification 
(LFQ), match between runs was selected with a maximum shift time window of 3 
minutes and the intensities of razor and unique peptides were summed up. Resulting 
protein intensities were then normalized to obtain LFQ intensities. To facilitate further 
data analysis, the results were imported into Perseus (version 1.5.2.4). Replicates 
were grouped per condition, and proteins or phosphopeptides identified in less 
than 3 out of 4 replicates were discarded. A two-tailed t-test was used to assess 
statistical significance. Phosphopeptide and protein P-values were corrected by 
permutation-based FDR correction (FDR 5%). Phosphopeptides were filtered for 
a localization probability > 0.75 (class 1 sites). Regulated proteins were analyzed 
using Reactome within the Cytoscape environment and regulated phosphorylation 
sites were analyzed by Phosphopath [32] within Cytoscape. The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange Consortium via the 
PRIDE partner repository with the dataset identifier PXD004320.

Western Blotting
Western Blotting was performed to validate the (phospho)proteomic data (Fig. S2). 
As such, SK-ChA-1 cells were seeded in 6-wells plates, cultured until confluence, 
and treated by PDT as described in section 2.4 (n = 3 per group). Ninety minutes 
after PDT, cells were washed twice with ice-cold PBS, placed on ice, and lysed in 
ice-cold RIPA buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 0.5% sodium 
deoxycholate, 1% SDS) supplemented with cOmplete Mini protease inhibitor 
cocktail, 10 mM sodium fluoride, and 1 mM sodium orthovanadate. The samples 
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were centrifuged for 15 minutes at 14,000 × g (4 °C) and the supernatant was stored 
for further analysis. Protein lysates were mixed with 4 × SDS sample buffer (200 mM 
Tris (pH = 6.8), 8% SDS, 40% glycerol, 0.02% bromophenol blue) and boiled for 5 
minutes at 95 °C. Next, samples (20-30 µg) were loaded on a TGX 10% precast gel 
(Bio-Rad Laboratories) and electrophoresis was performed at 150 V. The gels were 
blotted onto Amersham Hybond P 0.45 PVDF membranes (GE Healthcare, Little 
Chalfont, UK) for 2 hours at 250 mA at 4 °C. The membranes were blocked for 1 hour 
with 5% BSA (Sigma-Aldrich) in 0.1% Tween 20 Tris-buffered saline (TBST, 20 mM 
Tris, 150 mM NaCl, pH = 7.6), after which the membranes were incubated overnight 
with the primary antibody at 4 °C on a rocker. The primary antibodies used were 
(dilution factor, catalogue number, company): EGFR (1:1000, #4267, Cell Signaling 
(Danvers, MA)), phospho-ERK (1:1000, #4370, Cell Signaling), phospho-p38 
MAPK (1:500, #9216, Cell Signaling), p38 MAPK (1:1000, #9228, Cell Signaling), 
COX IV (1:1000, #4844, Cell Signaling), and ERK (1:1000, sc-2711270, Santa Cruz 
Biotechnology (Dallas, TX)). All primary antibodies were diluted in 5% BSA in TBST. 
Next, the membranes were washed three times in TBST and incubated with a HRP-
conjugated secondary antibody (1:2,000, Dako Cytomation (Glostrup, Denmark)) for 
1 hour at RT. Subsequently, membranes were washed three times with TBST. The 
enhanced chemiluminescence (ECL) kit (Thermo Scientific) was used as substrate 
and protein bands were visualized on an ImageQuant LAS 4000 luminometer (GE 
Healthcare).

Metabolomics
SK-ChA-1 cells were seeded in 6-wells plates and cultured until confluence. Cells 
were treated using the PDT protocol as described in section 2.4 (n = 3 per group). 
After 90 minutes, the cells were washed with 1 mL cold PBS and the cells were lysed 
in 1 mL lysis buffer (40% acetonitrile, 40% methanol, 20% water). The cells were 
scraped and transferred to 2-mL centrifuge tubes that were shaken for 10 minutes 
at 4 °C. Next, the samples were centrifuged for 15 minutes at 20,000 × g (4 °C), 
after which the supernatant was aspirated and stored at -80 °C. LC-MS analysis 
was performed on an Exactive mass spectrometer (Thermo Scientific) coupled to a 
Dionex Ultimate 3000 autosampler and pump (Thermo Scientific). The MS operated 
in polarity-switching mode with spray voltages of 4.5 kV and -3.5 kV. Metabolites 
were separated using a Sequant ZIC-pHILIC column (2.1 × 150 mm, 5 µm, guard 
column 2.1 × 20 mm, 5 µm (Merck)) using a linear gradient of acetonitrile and eluent 
A (20 mM (NH4)2CO3, 0.1% NH4OH in ULC/MS grade water (Biosolve, Valkenswaard, 
the Netherlands)). The flow rate was set at 150 µL/min. Metabolites were identified 
and quantified using LCquan software (Thermo Scientific) on the basis of exact 

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   161 03-05-18   21:26



5

162

mass within 5 ppm and further validated in accordance with the retention times of 
standards. Peak intensities were normalized based on total ion count (TIC).

Nucleotide profiles
SK-ChA-1 cells were seeded in 6-wells plates and cultured until confluence. 
Cells were treated using the PDT protocol as described in section 2.4 (n = 3 per 
group). After 90 minutes, the cells were washed twice with PBS, placed on ice, and 
nucleotides were extracted using 200 µL ice-cold 0.4 M HCLO4. After 10-minute 
incubation on ice, the samples were centrifuged for 5 minutes at 10,000 × g (4 
°C) and the nucleotide-containing supernatant was neutralized using 7.5 µL 5 M 
K2CO3. The wells were washed twice with 150 µL 0.2 M NaOH to remove residual 
proteins, which was added to the protein-containing dry pellet as obtained in the 
previous centrifugation step. In addition, 300 µL 0.8 M HCLO4 was added to the 
protein fraction. After mixing thoroughly, the samples were centrifuged for 5 minutes 
at 10,000 × g (4 °C) and the protein-containing pellet was dissolved in 200 µL 0.2 M 
NaOH. Protein content was determined using the bicinchoninic acid assay protein 
kit (Thermo Scientific).

Nucleotide extracts were analyzed by high-performance liquid chromatography 
(HPLC) using a Partisphere 5-μm SAX cartridge column (cat. no. 4621-0505, 
Hichrom, Reading, United Kingdom). Nucleotides were eluted with a gradient from 
100% buffer A (100-fold dilution of buffer B) to 70% buffer B (0.75 M NaH2PO4 , pH = 
4.55) in 50 minutes at a flow rate of 1 mL/min.

Statistical analysis
Statistical analysis was performed in GraphPad Prism 6 (GraphPad Software, 
La Jolla, CA). Normality was tested with the D’Agostino Pearson omnibus test. 
Differences between normally distributed variables were analyzed with a one-way 
ANOVA with Bonferroni post-hoc test. Intergroup differences were indicated with 
(*) and differences between the treated groups and the control group at the same 
time point were indicated with (#). Differences between a condition and the previous 
condition at the same time point are, when relevant, indicated with ($) (Fig. 1). 
A single, double, and triple sign indicate a P-value of ≤ 0.05, ≤ 0.01, and ≤ 0.001, 
respectively. Data are presented as mean ± SD throughout the manuscript.
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ABSTRACT

Proteasome activating compounds are of interest as potential therapeutics in 
neurodegenerative diseases. Recently, we identified 11 compounds that increase 
proteasome activity. However, how these compounds activate proteasome activity 
remains elusive. 

Here, we used mass spectrometry-based metabolomics in combination with 
proteasome activity assays to elucidate whether metabolism plays a role in the 
proteasome activating effect of these compounds.     

Our findings show that proteasome activation with the p38 MAPK inhibitor 
PD169316 results in increased levels of adenosine and adenosine monophosphate 
(AMP). Metabolic flux studies confirmed that higher purine levels after PD169316 
treatment are a result of increased de novo synthesis. Further analysis indicate that 
increased adenosine levels enhance proteasome activity, while AMP has a negative 
effect on proteasome activity via AMPK activation. Therefore, AMPK inhibition with 
dorsomorphin enhances the effect of PD169316.  

In conclusion, we show that the combination of AMPK inhibition with PD169316 
can be a novel therapeutic strategy for neurodegenerative diseases. In addition, our 
study demonstrate that metabolism influences the response to proteasome activating 
compounds, underscoring the value of metabolomics in drug development studies. 
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INTRODUCTION

The proteasome is a large protein complex that is responsible for the degradation of 
intracellular proteins. Because protein degradation by the proteasome is involved in 
many cellular processes, modulating its activity can be of interest for therapeutically 
purposes. For example, the fact that proteasome inhibition leads to apoptosis 
particularly in malignant cells has led to the successful application of proteasome 
inhibitors in haematological cancers [1]. Not only proteasome inhibition, but also 
proteasome activation is of interest for clinical use.

Proteasome activity declines during aging and loss of proteolytic activities is seen 
as one of the hallmarks of aging, leading to the accumulation of misfolded, damaged 
and oxidized proteins [2, 3]. In addition, the accumulation of oxidized proteins 
results in oxidative stress, which plays a central role in several age related diseases, 
including heart diseases, atherosclerosis and neurodegenerative diseases [4]. 
Many neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s 
disease, are characterized by accumulation of toxic protein aggregates, such as 
tau and α-synuclein, respectively [5].  The accumulation of protein aggregates 
and oxidized proteins in turn can inhibit proteasome activity, resulting in a loop of 
low proteasome activity [6, 7]. Increasing proteasome activity extends lifetime in 
yeast and increased clearance of toxic proteins in human cells [8, 9], illustrating the 
potential of proteasome activation in the treatment of age-related diseases.

In a recent study, we identified 11 compounds that increased proteasome activity 
[10]. One of the identified compounds, PD169316, is a p38 mitogen-activated protein 
kinase (MAPK) inhibitor and further experiments confirmed the involvement of the 
MAPK signaling pathway in proteasome activation. Although phosphorylation of the 
proteasome by p38 MAPK and upstream kinase ASK1 has been described to inhibit 
proteasome activity [11, 12], proteasome activation by PD169316 seems to act via 
a different mechanism [10]. How inhibition of p38 MAPK by PD169316 activates 
the proteasome remains to be identified. In addition, the mechanism of proteasome 
activation of the other identified proteasome activators, which have various targets, 
remains elusive.  

Several studies suggest that proteasome activity is influenced by metabolic 
regulators, such as cyclic adenosine monohoshate (cAMP) dependent protein 
kinase (PKA) [13, 14] and mammalian target of rapamycin (mTOR) [15, 16]. In 
addition, posttranslational modification of the proteasome by O-GlcNAc, of which 
glucose is a precursor, inhibits proteasome activity [17]. Previously, we have shown 
that metabolic alterations affect the response to the proteasome inhibitor bortezomib 

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   175 03-05-18   21:26



6

176

(see chapter 2 and 3 of this thesis, [18]). Hence, we hypothesize that metabolism 
also plays a role in the mechanism of proteasome activation. 
By studying the effects on cellular metabolism after proteasome activator treatment, 
we here provide novel insights in the mechanism of proteasome regulation by 
PD169316. We show that proteasome activation by PD169316 is accompanied 
with increased levels of adenosine monophosphate (AMP) levels, which has a 
negative effect on proteasome activity, supporting a negative feedback loop via 
AMPK activation. In addition, we identify the AMPK inhibitor dorsomorphin as a 
novel proteasome activator, which has a synergistic effect on proteasome activity in 
combination with PD169316.

RESULTS

P38 MAPK-mediated proteasome activation induces alteration in nucleotide 
metabolism
In a previous study, we identified more than 10 small molecules that increased 
proteasome activity in intact cells. One of these compounds, PD169316, is an inhibitor 
of p38α MAPK. Chemical and genetic inhibition of the MAPK pathway via both up- 
and downstream modulators of p38 MAPK led to an increase in proteasome activity 
[10]. However, how the p38 MAPK pathway modulates proteasome activity remains 
elusive, as well as the mechanism of proteasome activation of the other compounds. 
Here, we hypothesize that proteasome activity is mediated by metabolic alterations.

To study the effect of PD169316 on metabolism, MelJuSo cells were treated with 
3 μM PD169316 for 4 hours and intracellular metabolites were analyzed with LC-MS 
analysis. At this concentration, proteasome activity is 2.5 fold increased and has 
not reached its maximum (Fig. 1). Analyzing intracellular metabolites after 4 hours 
allowed us to capture fast metabolic responses after proteasome activation, while 
minimalizing side effects. We identified 107 metabolites covering several important 
metabolic pathways such as glycolysis, tricarboxylic acid cycle and amino acid 
metabolism (Supplemental fig. S1). Surprisingly, only few metabolites were altered 
after 4 hours of PD169316 treatment as compared to non-treated controls. Glucose, 
lactate and pyruvate were downregulated, suggesting lower activity of glycolysis 
after PD169316 treatment. This is expected, since p38 MAPK is involved in activation 
of the glycolysis [19, 20]. Interestingly, almost all upregulated metabolites were 
purine nucleotides (adenosine monophosphate (AMP), inosine monophosphate 
(IMP), guanosine monophosphate (GMP) and nucleosides (adenosine, inosine and 
guanine). These metabolites are not only important building blocks for RNA and 
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DNA, but also play an important role in cell signaling. These results suggest that 
alterations in nucleotide metabolism might be involved in proteasome activation. 

Previously, we have shown that other inhibitors of p38 MAPK were also able to 
activate the proteasome [10]. We investigated whether the upregulation of nucleotides 
and nucleosides is a general feature of p38 MAPK inhibition, by incubating cells with 
losmapimod, a more potent inhibitor of p38 MAPK. The use of the cell-permeable 
fluorescent proteasome probe Me4BodipyFL-Ahx3L3VS, which covalently binds to 
catalytically active subunits of the proteasome [21, 22], showed that losmapimod is 
less potent in activating the proteasome as compared to PD169316 (Fig. 2a). After 
3 hours of losmapimod, only 25% proteasome activation occurs at a concentration 
of 5 μM and a high concentration of 20 μM resulted in a similar effect than 3 μM 
PD169316 (Fig. 2a). This corresponds with the lower potency of other p38 MAPK 
inhibitors to activate the proteasome [10] and might suggest that the effect on the 
proteasome is not directly regulated via p38 MAPK. Mass spectrometry analysis 
of extracted metabolites indicates that losmapimod treatment results in altered 
levels of metabolites involved in purine biosynthesis, similar to PD169316 (Fig 2b). 
Together, these results suggest that p38 MAPK inhibitors mediate alterations in 
purine nucleotides and nucleosides levels. 

To verify whether these findings are limited to p38 MAPK inhibition or are general 
for proteasome activation, we investigated the metabolic alterations of proteasome 
activators metergoline, pimozide, win 62.577 and verapamil [10]. At concentrations 
of 3 μM, these compounds are able to enhance proteasome activity (win 62.577 
>> PD169316 > pimozide > metergoline > verapamil) (Fig. 2c). Indeed, after 18 
hours of incubation with these compounds, levels of metabolites involved in purine 
synthesis were affected, with adenosine the most upregulated metabolite (Fig. 2d). 
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Figure 1. PD169316 activates the proteasome rea-
ching in a dose dependent manner.
In gel fluorescent measurements of proteasome activity 
of MelJuSo cells after 1-hour incubation with increasing 
concentrations of PD169316, followed by a 2-hour in-
cubation with Me4BodipyFL-Ahx3L3VS (upper panel). 
Results represent quantification of in gel fluorescence 
measurements (lower panel). All signal intensities were 
normalized to DMSO-treated controls. 
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These proteasome activators all have different targets than p38 MAPK, suggesting 
that the increase in purine metabolites is a general feature of proteasome activation 
and not specific for p38 MAPK inhibitors. 

Figure 2. Proteasome activation increases levels of purine nucleotides.
a Total proteasome activity after a 2-hour incubation with PD169316 or Losmapimod, followed by a 1-hour incuba-
tion with Me4BodipyFL-Ahx3L3VS (upper panel). Results represent quantification of in gel fluorescence measure-
ments (lower panel). All signal intensities were normalized to DMSO-treated controls. b Heatmap of metabolites 
involved in purine nucleotide metabolism after 8 hour treatment with PD169316 or Losmapimod at the indicated 
concentrations. Results are presented as log2 of the ratio of peak area’s between treated and DMSO-treated con-
trols (n=3). d Total proteasome activity after 18-hour incubation with different proteasome activators, followed by 
a 1-hour incubation with Me4BodipyFL-Ahx3L3VS (upper panel). Results represent quantification of in gel fluores-
cence measurements (lower panel). All signal intensities were normalized to DMSO-treated controls. e Heatmap of 
metabolites involved in purine nucleotide metabolism after 18 hour treatment with different proteasome inhibitors 
at a concentrations of 3 μM.  Results are presented as log2 of the ratio of peak area’s between treated and DM-
SO-treated controls (n=3).
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High adenosine and AMP levels after PD169316 treatment is sustained by 
increased de novo synthesis
Increased levels of purines can be a result of 1) decreased activity of nucleotide 
catabolic pathways, 2) increased breakdown of DNA and RNA or 3) increased 
activity of de novo synthesis. During purine synthesis, ribose phosphate and glycine 
are combined to eventually form IMP, which can be further converted to AMP or 
GMP (Fig. 3a). To investigate the activity of de novo purine synthesis, we performed 
a 13C-glucose tracer experiment. The heavy carbons of 13C-glucose are incorporated 
in purines through multiple pathways, including glycolysis, the pentose phosphate 
pathway (PPP), serine synthesis pathway (SSP) and one-carbon metabolism (Fig. 
3a). To this end, cells were grown in medium containing 25 mM [U-13C]-glucose in 
the presence and absence of 3 μM PD169316 and the incorporation of 13C-carbon 
from glucose in the purines was analysed over time with mass spectrometry. 

As expected, almost all the ribose-5-phosphate present was 13C-labeled (M+5), 
which is synthesized from 13C-glucose via the PPP. At the same time, glycine levels 
contained predominantly 12C-glycine, indicative of low SSP activity. This is expected, 
since the SSP activity is controlled by the demand for serine, which is present in the 
cell culture medium [18, 23, 24]. 13C2-glycine (M+2) levels are increasing over time 
and lower levels of M+0 and M+2 glycine are present after 24 hours of PD169316 
treatment. This could be either a result of lower synthesis, but also a higher usage 
of glycine. 

PD169316 treatment resulted in increased levels of AMP and adenosine as 
compared to non-treated control, in line with our earlier results. Moreover, higher 
levels of 13C-labeled AMP and adenosine were present, especially after 8 and 24 
hours, indicative of higher de novo synthesis of AMP and adenosine (Fig. 3b). 
Most of the 13C-labeled AMP and adenosine levels were 13C5 (M+5), resulting 
from incorporation of 13C5   -ribose-5-phosphate  . Glycine incorporation (M+2) and 
one-carbon metabolism (M+6, M+7) contributed less to the labelling of AMP and 
adenosine, corresponding to the lower amount of glucose incorporation in these 
precursors in general (Fig. 3b). Interestingly, no higher levels of total and 13C-labeled 
adenine, GMP and inosine were present after PD169316 treatment, suggesting that 
IMP is preferably converted to AMP and adenosine. Since a decreased nucleotide 
breakdown will likely result in more unlabeled AMP and adenosine, the high fractions 
of 13C-labeled AMP and adenosine suggest that the elevated levels are predominantly 
a result of de novo synthesis. However, whether an increased breakdown of DNA 
and RNA contributes the enhanced levels is not excluded. Together, these results 
indicate that proteasome activation with PD169316 is accompanied with increased 
levels of AMP and adenosine, which is at least partly a result of increased de novo 
synthesis of these purines. 
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Induced levels of AMP after PD169316 treatment provides a negative feedback 
mechanism by AMPK activation
Having found that higher levels of AMP and adenosine were consistent after 
treatment with PD169316 and other proteasome activating compounds, we further 
investigated whether these metabolites are involved in modulating proteasome 
activity. We used specific inhibitors of different enzymes involved in purine synthesis, 
thereby differentially modulating intracellular purine levels (Fig. 4a). To study the 
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Figure 3. Proteasome activation by PD169316 is associated with increased purine synthesis.
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glycine (in green) and one-carbon-metabolism (in blue). b Intracellular analysis of metabolites involved in purine 
synthesis after PD169316 treatment. Cells were seeded in DMEM containing 25 Mm [U-13C] D-glucose and harve-
sted after 3, 8 and 24 hours. Results show relative metabolite levels of normalized peak areas as compared to 3h 
DMSO-treated controls (n=3). 

201821 binnnenwerk_ Esther Zaal_aangepast fontgrootte/interlinie.indd   180 03-05-18   21:26



181

Metabolic regulation of proteasome activity 

effects of AMP on proteasome activity, we used the AMP deaminase (AMPD) inhibitor 
metformin, which inhibits the conversion of AMP to IMP, and thereby increases AMP 
levels. In addition, metformin also activates AMP-activated protein kinase (AMPK), a 
direct downstream target of AMP, and thus mimics high intracellular AMP levels [25, 
26]. In addition, we used EHNA and tubercidin to elevate intracellular adenosine. 
EHNA inhibits adenosine deaminase (ADA) and prevents the conversion of adenosine 
to inosine. Tubercidin inhibits adenosine kinase (ADK), preventing the conversion 
of adenosine to AMP. By combining EHNA and tubercidin, we expect to increase 
adenosine, because two important breakdown routes are inhibited (Fig. 4a).

To verify that these inhibitors indeed affect intracellular levels of AMP and 
adenosine, we analyzed levels of AMP and adenosine by mass spectrometry after 
24 hours of treatment, as well as extracellular levels of adenosine (Supplemental Fig. 
S2a). In addition, we used these combinations in combination with PD169316 and 
looked at the effect on proteasome activity (Fig 4b). 

In line with our earlier results, PD169316 treatment resulted in a 2-fold increase 
in proteasome activity together higher levels of intracellular AMP and adenosine as 
compared to non-treated cells (Fig. 4b, Supplemental Fig. S2a). Metformin alone 
increased levels of AMP, as well as downstream adenosine levels (Supplemental 
Fig. S2a). Interestingly, metformin treatment resulted in lower proteasome activity 
(Fig. 4b). The combination of metformin and PD169316 resulted in highly elevated 
levels of AMP and adenosine and suppressed the effect of PD169316 on the 
proteasome (Fig. 4b, Supplemental Fig. S2a). Together, these results not only 
suggest that metformin inhibits proteasome activity, but also that high AMP, likely via 
AMPK activation, has a negative effect on proteasome activity. 

EHNA had only a marginally effect on adenosine levels, alone or in combination 
with PD169316 (supplemental Fig. S2a). At the same time, EHNA lowered 
proteasome activity and lowered the effect of PD169316 on the proteasome. We 
used a combination of tubercidin and EHNA to artificially enhance adenosine levels. 
The combination of ADK- and ADA inhibition resulted in an extreme rise of both 
intra- and extracellular levels of adenosine (Supplemental Fig. S2a). The addition of 
tubercidin, and the rise in adenosine levels, cancelled the inhibition of EHNA on the 
proteasome alone. Moreover, the combination of EHNA and tubercidin enhances 
the effect of PD169316 on proteasome activity. These results suggest that high 
adenosine levels stimulate proteasome activation. 

To investigate whether adenosine enhances proteasome activity, we treated cells 
with adenosine for 24 hours. Indeed, adenosine increased proteasome activity with 
50%, suggesting it is involved in proteasome activation (Fig. 4c). However, adenosine 
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had no effect on the effect of PD169316 on the proteasome, suggesting that high 
adenosine levels do not mediate proteasome activity followed by PD169316.

Our results indicate that AMP has a negative effect on proteasome activity. 
High levels of AMP activate AMPK and metformin, which directly activates AMPK, 
also inhibited proteasome activity [27]. We therefore hypothesized that AMP 
negatively influences proteasome activity via AMPK activation. Indeed, the AMPK 
inhibitor dorsomorphin increased proteasome activity in a dose dependent manner, 
confirming that AMPK inhibits proteasome activity (Supplemental Fig. S2b). 

Next, we tested whether AMPK activity affects proteasome activation by 
PD169316, by using dorsomorphin in combination with PD169316. Interestingly, 
low concentrations of dorsomorphin greatly enhanced the effect of PD169316 on 
proteasome activity, while these drugs alone only marginally activated proteasome 
activity (Fig 4d). Overall, these data suggest that high AMP levels decrease 
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proteasome activity by activating AMPK, thereby providing a negative feedback 
loop after PD169316 treatment. Hence, AMPK inhibition acts synergistically with 
PD169316 in enhancing proteasome activity. 

DISCUSSION

Proteasome activation is a promising strategy in the treatment for neurodegenerative 
diseases that are characterized by the accumulation of protein aggregates. Several 
small molecule proteasome activators have been described [9, 28, 29] and recently, we 
identified more than 10 novel proteasome activators using activity-based proteasome 
probes [10]. One of the compounds, PD169316, inhibits p38 MAPK and interfering 
with the p38 MAPK signaling pathway increases proteasome activity. Although it is 
known that p38 MAPK inhibits the proteasome by a direct phosphorylation on the 
proteasome [11], extensive proteomic experiments showed that p38 MAPK inhibitors 
did not affect phosphorylation status of the proteasome [10]. 

In this study, we aimed to elucidate the metabolic contributors to proteasome 
modulation. By using mass spectrometry-based metabolomics, we show that 
proteasome activation by PD169316 mediates changes in cellular metabolism. In 
particular, PD169316 treatment increased the activity of purine nucleotide synthesis, 
resulting in higher levels of adenosine and AMP. We also show that increased levels 
of AMP and adenosine are not exclusively linked to p38 MAPK inhibition, but are also 

γ
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Adenosine AMP

Proteasome

PD169316

Dorsomorphin

p38 MAPK AMPK

+

Metformin

+
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Figure 5. Proposed model of p38 MAPK mediated proteasome activation.
PD169316, which is an inhibitor of p38 MAPK, activates proteasome activity. In addition, PD169316 treatment 
results in increased levels of adenosine and AMP. Adenosine activates proteasome activity via an unknown me-
chanism, while AMP inhibits proteasome activity via activation of AMPK. Inhibition of AMPK with dorsomorphin 
activates the proteasome and acts synergistically with PD169316 
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present after treatment with other proteasome activating compounds with different 
targets, indicating that this are general features of proteasome activation.  

We demonstrate that proteasome activation by PD169316 results in enhanced 
purine nucleotide synthesis. In addition, our results suggest that high AMP levels are 
associated with proteasome inhibition. AMP activates AMPK, which has been shown 
to be a physiological suppressor of the proteasome [30–32]. We here show that 
metformin, which activates AMPK [26], lowered proteasome activity, while AMPK 
inhibition with dorsomorphin enhanced proteasome activity. These findings validate 
that AMPK is a negative regulator of proteasome activity, but also identify AMP as an 
important regulator of proteasome activity. 

We further show that adenosine enhances proteasome activity, suggesting that 
high adenosine levels after PD169316 treatment are at least in part responsible for its 
effect on the proteasome. Interestingly, several studies describe that adenosine can 
activate p38 MAPK [33, 34], contradicting PD169316 action. However, other studies 
show that adenosine also is able to mediate inhibition of p38 MAPK and AMPK, 
which might can explain the proteasome activating action [35]. 

We propose here that high AMP levels following PD169316 treatment inhibit 
proteasome activity via activation of AMPK as a feedback mechanism (Fig. 5). In 
addition, increased adenosine levels seem to enhance proteasome activity, but 
the exact mechanism how adenosine mediates proteasome activity remains to be 
identified. Moreover, we here identify dorsomorphin as a novel proteasome activator 
that acts synergistically with PD169316. As the use of lower doses of synergistically 
acting drugs result both in lower risk of side effects and higher chances of reaching 
effective concentrations in vivo, the combined use of AMPK and p38 inhibitors could 
decrease the burden of treatment while increasing its efficacy. 

In conclusion, our results show that proteasome activation results in increased 
purine synthesis, resulting in higher intracellular levels of adenosine and AMP. 
Whereas adenosine seems to promote proteasome activation, we show that AMP 
is involved in proteasome inhibition. Moreover, we propose that a combination 
of AMPK inhibitors and p38 MAPK inhibitors can be a therapeutic strategy for 
neurodegenerative diseases. In addition, this study underscores that metabolism 
can influence drug response, highlighting the importance of the metabolomics 
studies in drug development. 
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METHODS

Reagents
The proteasome activity probe Me4BodipyFL-Ahx3L3VS was a gift from Huib Ovaa 
(Leiden University Medical Center, The Netherlands). All solvents were obtained 
from Biosolve. All other chemicals were obtained from Sigma-Aldrich, unless stated 
otherwise. 

Cell culture
The human melanoma cell line MelJuSo was used for the experiments.  Cells were 
maintained in suspension culture in DMEM (Lonza) medium supplemented with 2 mM 
L-glutamine (Lonza), 10% fetal bovine serum (FBS) (Gibco) and 100μg/ml penicillin/
streptomycin (Lonza) and were kept at 37°C in humidified 5% CO2 atmosphere. 

Proteasome activity profiling
Proteasome activity was measured using Me4BodipyFL-Ahx3L3VS as described 
previously [21]. Cells were seeded in triplicate wells of 6-wells plate at a density 
of 3-4 x 105 cells/well. After 24 hours, media was replaced and incubated with the 
indicated conditions, followed by a 1-hour incubation with 500 vnM Me4BodipyFL-
Ahx3L3VS. Cells were washed with PBS, collected by scraping and lysed for 30  min 
in NP40 lysis buffer (50mM Tris, pH 7.4, 150mM NaCl, 1% NP40) at 4°C, followed 
by centrifugation at 14.000g to remove membrane fractions, nuclei and cell debris. 
Protein concentrations were determined using the Bradford assay (Bio-rad) and 
equal amounts of protein were denatured by boiling in XT Sample buffer (Bio-rad) 
with 9% β-mercaptoethanol. Proteins were separated on a 4-12% SDS-PAGE gel 
(Bio-rad) and fluorescence was measured with a Typhoon scanner (GE Healthcare) 
(λex/λem = 488/526nm). Protein loading was confirmed with a coomassie blue stain.

Mass Spectrometry based metabolomics
For all experiments, cells seeded in 6-well plates at 3-4 x 106 cells/well in DMEM. After 
24 hours, media was replaced with fresh DMEM. For 13C-tracer experiments, media 
consisted of DMEM containing 25mM [U-13C]D-glucose (Cambridge Isotopes). 
Metabolites were extracted by adding 100 – 200μl ice-cold MS lysis buffer (methanol/
acetonitrile/uLCMS H2O (2:2:1)) to the cell pellets. Samples were shaken for 10 
minutes at 4°C, centrifuged at 14.000g for 15 minutes at 4°C and supernatants were 
collected for LC-MS analysis. LC-MS analysis was performed on an Exactive mass 
spectrometer (Thermo Scientific) coupled to a Dionex Ultimate 3000 autosampler 
and pump (Thermo Scientific). The MS operated in polarity-switching mode with 
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spray voltages of 4.5kV and -3.5kV. Metabolites were separated on a Sequant 
ZIC-pHILIC column (2.1 x 150mm, 5μm, Merck) with guard column (2.1 x 20mm, 
5μm, Merck) using a linear gradient of acetonitrile and a buffer containing 20mM 
(NH4)2CO3, 0.1% NH4OH in ULC/MS grade water. Flow rate was set at 150 μL/min. 
Metabolites were identified based on exact mass within 5 ppm and further validated 
by concordance with retention times of standards. Metabolites were quantified using 
LCquan software (Thermo Scientific). Peak intensities were normalized based on 
median peak intensity. Peak areas of identified metabolites were in their respective 
linear range of detection. 
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presented as log2 of the ratio of peak area’s between treated and control samples (n=3).
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INTRODUCTION

Over the last decades the combination of expanding interest in the role of metabolism 
in cancer and advances in analytical tools has resulted in increased understanding 
of metabolic reprogramming of cancer cells. The unique metabolism of cancer 
holds promise to find novel targets for cancer therapy, as proven by the successful 
application of existing chemotherapeutic agents that target metabolism, such as 
methotrexate and 5-fluorouracil. Lately, the identification of metabolic vulnerabilities 
in cancer cells has also led to the development of several new drugs that target 
cancer metabolism. In addition, metabolic alterations have been shown to play a role 
in the sensitivity of cancer cells to anticancer therapies, as reviewed in chapter 1 and 
further demonstrated in this thesis. Hence, agents that target metabolism are also 
appealing for combinational therapy with current drugs to improve cancer therapy. 

IDENTIFICATION OF METABOLIC VULNERABILITIES IN 
PROTEASOME INHIBITOR RESISTANCE 

In the first part of this thesis, I studied the metabolic differences between bortezomib-
resistant and bortezomib-sensitive cell lines and showed that bortezomib-resistance 
is accompanied by several metabolic alterations. In chapter 2, I showed that 
bortezomib-resistant cells have increased glucose flux towards the serine synthesis 
pathway and pentose phosphate pathway, which contributes to an enhanced anti-
oxidant capacity. In addition, 3-phoshoglycerate dehydrogenase (PHGDH) was 
identified as one of the most upregulated enzymes in bortezomib-resistant cells as 
compared to sensitive cells. In chapter 3, I further analyzed the metabolic alterations 
in these cells and showed that bortezomib-resistant cells also have higher activity 
of the tricarboxylic acid (TCA) cycle and the electron transport chain (ETC). I 
demonstrated that bortezomib-resistant cells are more sensitive to ETC inhibition, 
suggesting that ETC inhibitors could be of interest to overcome bortezomib 
resistance. 

While other studies have linked bortezomib resistance to metabolic alterations 
[1–3], the combination of targeted metabolomics, metabolic flux analysis and 
proteomics described in this thesis provides novel mechanistic insights into the role 
of metabolism in mediating bortezomib resistance. This multimodal investigation has 
resulted in several promising new strategies to improve bortezomib therapy. 

Firstly, the overexpression of PHGDH – the rate limiting step in the serine 
synthesis pathway – indicates that interfering with serine metabolism could be of 
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interest in bortezomib-resistant cells. PHGDH is often upregulated in cancers and 
increased expression of PHGDH is also associated with poor prognosis [4–6]. 
Therefore, PHGDH is seen as an important drug target in cancer metabolism, and 
PHGDH inhibiters have great potential and it is certainly of interest to test these in 
bortezomib-resistant cancers [7–9]. 

Secondly, the results from chapter 2 indicate that PHGDH expression deserves 
further evaluation as a prognostic biomarker for bortezomib resistance. I showed 
that PHGDH overexpression is associated with bortezomib resistance, not only in 
multiple cell lines, but also in a small cohort of patient samples. Easily obtainable 
prognostic biomarkers that predict patients’ response to bortezomib treatment 
are currently scarce for multiple myeloma, resulting in ineffective treatments, 
unnecessary side effects and higher costs [10, 11]. Identifying such biomarkers can 
greatly increase therapeutic efficacy and efficiency at the individual patient level. 
Large-scale analyses between PHGDH expression levels and bortezomib response 
are required to determine its usefulness as a predictor of bortezomib response in a 
clinical setting. 

Thirdly, the results from chapter 2 raise the possibility that bortezomib efficacy 
in patients can be increased by removing serine from the diet. Serine starvation has 
been shown to decrease tumor growth in mouse models without an effect on other 
amino acids and glucose [12, 13]. Amino acid restriction is already successfully 
used in the treatment of several inborn errors of metabolism [14], but has not yet 
been implemented in cancer therapy. At the same time, there is a high interest in the 
influence of our diet on the development of cancer. Adjuvant treatment of cancer with 
dietary alterations is thus an interesting option for future therapy. Our results indicate 
that the combination of nutritional serine restriction with bortezomib is promising 
because it specifically targets bortezomib-sensitive cells, making the initial drug 
treatment more effective and thereby preventing the development of resistance. 
Preventing cells to become resistant may prove a more advantageous strategy than 
targeting bortezomib resistance, given the fact that almost all patients ultimately 
develop drug resistance and the lack of clinical options for its treatment. Our results 
on multiple myeloma’s ‘serine addiction’ therefore warrant further preclinical and 
clinical evaluation. Studying and possibly implementing a dietary restriction could 
be more cost-effective than the development of new drugs. 

Finally, I showed that bortezomib-resistant cells can be specifically targeted with 
ETC inhibitors, such as the biguanide phenformin and simvastatin. In chapter 3, our 
extensive analysis of the proteome and metabolome suggests that phenformin and 
simvastatin act via inhibition of oxidative phosphorylation, which is also upregulated 
in bortezomib-resistant cells. Although further experiments are needed to confirm 
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the mechanism of action of these compounds in overcoming bortezomib resistance, 
a genome-wide gene expression analysis showed that relapsed and bortezomib-
resistant patients had higher expression of genes associated with oxidative 
phosphorylation, supporting that our findings can be expanded to patients. These 
results are significant from a mechanistic perspective, but, importantly, also from a 
clinical perspective, as biguanides and simvastatin are widely used for the treatment 
of type 2 diabetes and hypercholesterolemia, respectively. Our findings are 
particularly interesting because they are corroborated by the hitherto unexplained 
clinical observation that biguanide use is associated with a better prognosis in 
multiple myeloma patients (although these results have not been linked to responses 
to proteasome inhibitor therapy) [15–17]. Biguanides and simvastatin have been 
shown to have anti-cancer effects and are currently tested in clinical trials to treat 
cancer [18]. This makes the approval of these drugs for use in combination therapy 
with bortezomib easier than for newly developed compounds. 

Several challenges lie ahead before therapies targeting metabolism in drug resistant 
cancers find their way to the patient. 

The results from chapters 2 and 3 indicate that the rewired metabolism in 
bortezomib-resistant cells forms a complex network of many upregulated anaplerotic 
pathways resulting in a redundancy of sources for energy- and redox metabolism. 
This redundancy becomes evident, for example, during starvation assays where 
bortezomib-resistant, but not bortezomib–sensitive cells, maintain sufficient levels of 
glutathione after being starved for serine and glycine (the latter being an essential 
building block for de novo glutathione synthesis). Another example can be found 
in chapter 3, where bortezomib-resistant cells survive glutamine starvation, even 
though glutamine is the main source for TCA cycle metabolites and amino acids 
that are synthesized from TCA cycle intermediates. Unperturbed by this starvation, 
resistant cells switch to other sources that fuel the TCA cycle, most likely fatty 
acids and branched-chain amino acids. The resulting metabolic flexibility makes 
bortezomib-resistant cells highly adaptable to chancing environmental conditions, 
including limited nutrient availability and (metabolic) drug treatment, as also seen in 
other cancer cells [19]. 

Together, the findings in the first part of this thesis underscore the importance 
of understanding the metabolic network as an interdependent system with many 
redundancies and specific vulnerabilities. This highlights the value of metabolomics 
as an important tool for finding metabolic targets. However, a more complete 
understanding of the metabolic network may be achieved by a combination 
of -omics methods from other domains. High throughput genetic expression 
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data (transcriptomics or proteomics) can be combined with metabolite levels 
(metabolomics) to model and map changes in metabolic pathways in relation to 
their underlying genetic, epigenetic and regulatory domains [20]. These genome-
scale metabolic models are very promising to increase our knowledge about the 
mechanisms of metabolic alterations in drug resistance. 

METABOLOMICS IN MULTI-OMICS APPROACHES TO STUDY 
RESPONSES TO ANTICANCER THERAPY 

The development of advanced analytical techniques allows for the simultaneous 
quantification of a large variety of molecules to study the genome, transcriptome, 
proteome and metabolome in an approach called systems biology. These different 
–omics techniques provide data at different levels of the cell, leading to a better 
understanding of the pathophysiology of cancer. In the second part of this thesis, I 
described studies in which metabolomics is combined with other –omics techniques, 
such as proteomics and transcriptomics, to study the response of cancer cells to 
different therapies. 

The studies described in chapters 4 and 5 were initially focussed on alterations 
of protein (chapter 4) or RNA levels (chapter 5). However, the results eventually 
pointed to altered metabolic states, reiterating the importance of the metabolome. 
Although many mutations and alterations in protein levels influencing cellular 
metabolism have been described, recent studies show that genetic factors alone 
do not determine the metabolisic state. Environmental factors appear to influence 
metabolism to a greater extent than previously thought [21–23]. Many studies also 
show that specific metabolites themselves can affect proteins and transcription 
factors and thereby promote tumor growth (so-called oncometabolites) [24–26]. This 
means that inferences about the metabolic state of the cell based on genetic factors 
alone are not complete. Therefore, the addition of metabolomics to other -omics data 
results in a more complete understanding of the metabolic state in these systems 
and may eventually lead to novel targets. 

For example, phosphoproteomic analyses of lapatinib-resistant breast cancer 
cells in chapter 4 showed a re-activation of PI3K/AKT/MTOR pathway, which 
stimulates glycolysis, together with alterations in phosphosites in enzymes involved 
in glycolysis. The metabolomics analysis showed that lapatinib-resistant cells have 
higher uptake of extracellular glucose, together with higher secretion of lactate and 
higher levels of glycolytic intermediates, confirming high glycolytic activity. Many 
metabolites involved in other pathways were also altered in lapatinib resistance, 
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illustrating the complexity of metabolic alterations in drug resistance. Moreover, 
analyses of extracellular metabolites revealed that lapatinib-resistant cells have a 
higher secretion of acidic metabolites, including glutamate. This might influence drug 
action by lowering extracellular pH [27], but glutamate secretion can also promote 
cell growth and invasion in cancer [28, 29], illustrating the possibility to interfere with 
glutamate secretion in lapatinib resistance. 

In chapter 5, the transcriptomic data showed an upregulation of HIF-1, a 
known regulator of metabolism, after photodynamic therapy (PDT). The higher 
levels of glucose and lactate after PDT treatment suggest higher glycolytic activity, 
supporting the transcriptomic upregulation of HIF-1. In addition, the alterations in 
redox state, as shown by differences in reduced and oxidized glutathione and the 
pentose phosphate pathway, can sustain upregulation of HIF-1. More importantly, 
the metabolomics analysis showed increased levels of succinate, which can activate 
HIF-1 and thereby promote cell survival. This suggests that limiting succinate 
production could be a novel strategy to increase PDT efficacy. Overall, these 
examples not only illustrate that metabolomics is able to validate alterations on RNA/
protein levels, but also demonstrate that novel targets can be discovered when data 
are analysed from a metabolic viewpoint. 

As can be appreciated from both chapter 4 and 5, multi-omics experiments result 
in enormous datasets, with more than 20.000 measurements per experiment. While 
these experiments show many alterations on different cellular levels, interpreting 
the biology behind these complex networks remains difficult. First, different sample 
preparations are needed for the different techniques and experiments are often 
performed with different sample sets, contributing to poor resemblance of the 
different -omics data. Therefore, the development of methods to prepare samples 
from the same starting material is essential for correctly integrating different –omics 
experiments. Second, alterations on the different -omics domains might occur at 
different stages after drug treatment. For example, alterations in RNA levels need 
time to translate to different protein levels, resulting in little similarity between RNA 
and protein levels when measurements are not performed in steady states. More 
importantly, the integration of information obtained at different cellular levels is 
very challenging, since the different domains influence each other and constitute 
a complex and dynamic network. It is likely that many alterations are present in the 
different cellular levels, making it difficult to determine the important factors. 

In all, I believe that the true strength of using multi-omics lies not in the capability 
to analyse as much as possible (even though it is impressive that we can), but in 
the ability to perform in-depth analysis of pathways of interest through all cellular 
domains in a targeted approach. As illustrated in the first part of my thesis, 
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combining metabolomics with targeted proteomics aimed at metabolic enzymes not 
only confirmed the metabolomics data, but allowed me to generate hypotheses that 
are difficult to derive from either technology alone. 

LIMITATIONS AND OPPORTUNITIES FOR CELL CULTURE-BASED 
CANCER RESEARCH

An essential limitation of the work presented in this thesis – and of most studies 
in cancer metabolism – is that the results are mainly based on in vitro cell culture 
experiments. Cell culture-based experiments are fast, relatively cheap, and suitable 
for highly controlled experiments in terms of nutrient and oxygen availability, as well 
as the use of isotopic labeling for metabolic flux studies. However, recent work from 
several groups indicate that the translation of these results to tumors in vivo may 
prove difficult for several reasons [21, 22, 30, 31]. Commonly used cell culture media 
do not reflect physiological conditions and the use of these media results in altered 
metabolism and differences in sensitivity towards drugs [30]. This is particularly 
evident for glutamine metabolism: while glutamine is a main source for cancer cells 
in culture, recent studies show that it is less important in cancer cells in vivo [21, 22]. 
In vitro cultures also lack environmental factors that influence metabolism. These 
factors include the (limited) availability of oxygen and nutrients and the proximity 
of other cells such as stromal cells and immune cells [31]. Finally, a tumor shows 
metabolic heterogeneity due to its three-dimensional structure, resulting in variable 
oxygen and nutrient availability within the tumour [21, 22]. 

Moving towards more physiological conditions in cell culture-based assays is 
therefore important to promote the translation of in vitro experiments to treatment 
improvement in patients. For example, 3D cultures that simulate the metabolic 
heterogeneity of tumours will likely generate more clinically relevant results and 
are of great potential in cancer research [32]. In addition, co-culturing tumor cells 
with other tissues allows for the study of interactions between cancer cells and their 
microenvironment. For example, co-culture of tumor cells with stromal cells affect 
the sensitivity to anticancer drugs [33]. In the context of multiple myeloma, the 
presence of bone marrow stromal cells is also likely to influence metabolism. Hence, 
it would be interesting to find out whether the presence of stromal cells influences the 
sensitivity of multiple myeloma cells to bortezomib. 

However, despite its fundamental limitations, cell-culture based experiments 
remain an essential instrument in the understanding of cancer and drug resistance. 
The results presented in this thesis are the product of an iterative process made 
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possible by the speed with which cell-culture based experiments can be done. 
Chapters 2 and 3 of this thesis are based on no less than 250 experiments, mostly 
yielding negative or unexpected answers. But the sum of these experiments eventually 
led us to results that were significant, internally consistent and reproducible. We then 
used clinical material to validate whether our experimental results were in principle 
consistent with actual patient tumor samples. This final step is essential to prevent 
the wasting of resources on results that are significant in cell-culture but clinically 
irrelevant.

METABOLOMICS BEYOND CANCER

Finally, in chapter 6, I demonstrated that metabolism also influences the effect of 
drugs that are not related to cancer. Here, I showed that the effect of the proteasome 
activator PD169316 is influenced by the presence of adenosine and adenosine 
mononucleotide phosphate (AMP), highlighting the importance of the metabolome 
in drug response. By applying a metabolomics approach, I also showed that 
proteasome activation by PD169316 activates AMPK, providing a negative feedback 
loop for proteasome activation. Therefore, inhibition of AMPK with dorsomophin not 
only activates the proteasome, but also acts synergistically with PD169316. The 
upregulation of adenosine was also present after treatment with other proteasome 
activating compounds such as verapamil, Win 62.577 and pimozide [34]. While the 
primary targets of these drugs are known, it remains elusive how they activate the 
proteasome and whether they act via a shared mechanism. Our findings suggest 
that purine metabolism might be a common feature of proteasome activation. In 
addition, it has been described that some of these proteasome activators activate 
cyclic-AMP (cAMP). cAMP, related to adenosine metabolism, has been linked 
to proteasome activation [35, 36], suggesting that the influence of adenosine 
nucleotides is not limited to PD169316 but also plays a role in proteasome activation 
by other compounds. Further studying the role of adenosine signaling could provide 
novel insights in the regulation of proteasome activation and aid in the development 
of proteasome activators for clinical use. Overall, this chapter not only shows the 
potential of metabolomics in screening for new drug targets, but also underscores 
that it is imperative to be aware of the influence of metabolism on the effect of the 
drug. 
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CONCLUSION 

In conclusion, the work described in this thesis illustrates that metabolism plays an 
important role in the effectiveness of anticancer drugs. I have shown that a combination 
of metabolomics with other -omics techniques results in a multidimensional picture 
of cellular responses to drugs. In addition, I have argued that testing the agreement 
between cell-culture based results and actual patient tumor samples strengthens the 
validity of preclinical work and helps to prevent false-positive lab-bench results. The 
metabolic vulnerabilities described in this thesis may be exploited to improve the 
efficacy of specific anticancer drugs, which warrants further preclinical and clinical 
investigation. In a broader perspective, I have shown that metabolism also influences 
the efficacy of non-cancer related drugs. In all, I have demonstrated that altered 
metabolism is at the center of the cellular drug response and that, consequently, 
metabolomics needs to be a core instrument in the understanding of drug resistance 
in cancer. 
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Kankercellen hebben altijd honger. Voor hun snelle en ongecontroleerde groei 
hebben zij niet alleen veel energie nodig, maar ook de juiste bouwstenen om zich 
te vermenigvuldigen. Denk hierbij aan aminozuren (voor de aanmaak van eiwitten), 
vetzuren (voor de membranen) en nucleotides (voor DNA). Deze kleine moleculen 
– metabolieten – worden veelal in ons lichaam uit voedingstoffen gemaakt in een 
complex netwerk van biochemische reacties: het metabolisme. 

Kankercellen hebben niet alleen meer voedsel nodig dan normale cellen, maar 
ook de manier waarop ze hun voedingstoffen gebruiken is anders. Al in de jaren ’20 
werd ontdekt dat kankercellen meer glucose opnemen dan gezonde cellen en dit 
ook anders gebruiken. Glucose wordt in verschillende stappen omgezet in pyruvaat 
(of pyrodruivenzuur), een proces genaamd glycolyse. Normaal wordt pyruvaat 
verder verbrand in de citroenzuurcyclus om energie te verkrijgen, een proces dat 
zuurstof vereist. Wanneer er onvoldoende zuurstof aanwezig is wordt er energie 
verkregen door pyruvaat om te zetten in melkzuur, het welbekende ‘verzuren’ tijdens 
het sporten. Kankercellen worden echter gekenmerkt door het feit dat ze ook in 
de aanwezigheid van zuurstof een voorkeur hebben om melkzuur te produceren – 
een schijnbaar inefficiënte keuze. Maar gelet op de ingenieuze weerbarstigheid van 
kankercellen moet het haast wel zo zijn dat deze inefficiëntie op een andere manier 
voordelen biedt voor de overleving van de cel.

De afgelopen jaren is er steeds meer onderzoek gedaan naar het veranderde 
metabolisme in kankercellen. Niet alleen zijn er meer afwijkende metabole routes 
gevonden in kankercellen, ook is het duidelijk geworden dat dit aangepaste 
metabolisme een belangrijke rol speelt bij de maligne ontaarding van gezonde 
cellen. 

Kankercellen zijn gewend om te overleven onder variabele en uitdagende 
omstandigheden in het lichaam. Zij kunnen zich snel aanpassen aan stressvolle 
situaties, waaronder ook geneesmiddelen gericht tegen kanker. Dit resulteert dan in 
geneesmiddelresistentie; de kankercellen passen zich aan om de blootstelling aan 
geneesmiddelen te overleven.

Het onderzoek gepresenteerd in dit proefschrift richt zich op de rol van het 
metabolisme in geneesmiddelresistente kankercellen. Door te onderzoeken welke 
metabole routes veranderen wanneer kankercellen resistent raken voor therapie, 
kunnen er nieuwe manieren gevonden worden om resistente tumoren te bestrijden. 
Doordat kankercellen als het ware verslaafd raken aan hun nieuwe metabolisme kan 
hun groei mogelijk geremd worden door in te grijpen op dit unieke metabolisme.
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Door de variërende eigenschappen van metabolieten vereist de studie naar het 
metaboloom – metabolomics – zeer specifieke en gevoelige analytische technieken. 
Massaspectrometrie, waarmee metabolieten gemeten worden op basis van hun 
massa en lading, is een van de centrale instrumenten in de metabolomics. Een 
glucosemolecuul weegt minder dan een duizend-miljoen-miljoen-miljoenste 
gram, maar wordt door dit instrument op precies het juiste gewicht geschat. De 
massaspectrometer weegt op deze manier duizenden verschillende metabolieten 
tegelijkertijd. Hierdoor is het mogelijk om in de cel te bepalen welke metabolieten 
aanwezig zijn èn hoeveel daarvan aanwezig zijn. 

Wanneer we deze kwantitatieve informatie over metabolieten combineren met 
reeds bekende intracellulaire chemische reacties kunnen we tot op zekere hoogte 
afleiden welke routes in de cel worden afgelegd om van grondstof naar eindproduct 
te komen. Hierbij ontstaat een virtuele kaart van verschillende wegen (pathways) die 
de cel benut om in zijn metabole behoeften te voorzien. 

Door de extreme complexiteit van de metabole routekaart is het vaak lastig om 
definitieve conclusies over de richtingen van reacties te trekken alleen op basis 
van de relatieve concentraties van metabolieten. Om dit probleem te ondervangen 
wordt er gebruik gemaakt van nutriënten met stabiel gelabelde atomen. Doordat 
deze ‘zware’ atomen ingebouwd worden in metabolieten en gemeten kunnen 
worden via massaspectrometrie, kan het gebruik van voedingsstoffen gevolgd 
worden in het complexe netwerk van metabole routes. Hierdoor ontstaat een steeds 
gedetailleerdere routekaart van de metabole pathways in de cel. 

Het onderzoeken van de wegen in deze metabole routekaart is een hoeksteen van dit 
proefschrift. Door te meten welke intracellulaire wegen extra actief zijn (of juist extra 
rustig) bij geneesmiddelresistente kankercellen ontstaat een beter begrip van het 
mechanisme van resistentie. Hierdoor kunnen mogelijk nieuwe manieren gevonden 
worden om de huidige kankertherapie te verbeteren en resistentie tegen te gaan. 

In het eerste deel van dit proefschrift beschrijf ik de zoektocht naar metabole 
veranderingen in bortezomib-resistente kankercellen. Bortezomib is een remmer 
van het proteasoom, een belangrijke cellulaire machine verantwoordelijk voor de 
afbraak van eiwitten. Bortezomib wordt ingezet bij de behandeling van multiple 
myeloom (plasmacelkanker), maar resistentie treedt vaak snel op. Mijn onderzoek 
laat zien dat bortezomib-resistente cellen hun glucose niet in eerste instantie 
gebruiken voor energie, maar om hun afweer tegen oxidatieve stress te verhogen 
via verschillende routes. Daarnaast hebben deze cellen een verhoogde activiteit 
van de citroenzuurcyclus voor hun energieproductie. Deze mechanismen zijn zelfs 
zo belangrijk voor deze cellen dat zij meerdere routes hebben geactiveerd om hun 
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energie en anti-oxidante spiegels op peil te houden. Het remmen van deze pathways 
zou dus een succesvolle strategie kunnen zijn om bortezomib-resistente kanker te 
behandelen.

Het tweede deel van dit proefschrift beschrijft verschillende projecten waarin 
metabolomics gecombineerd wordt met andere –omics technologieën in de zoektocht 
naar de cellulaire respons van tumorcellen op verschillende geneesmiddelen. De 
aansturing van een cel gebeurt op meerdere niveaus, zoals DNA, RNA, eiwitten 
en metabolieten. Veranderingen in een van deze niveaus zal altijd samengaan met 
veranderingen op de andere niveaus. Door de veranderingen in het metaboloom 
te vergelijken met veranderingen in deze verschillende lagen, wordt een completer 
beeld gekregen van de metabole status van een cel. 

In het laatste deel van dit proefschrift laat ik zien dat het metabolisme ook invloed 
heeft op het effect van geneesmiddelen buiten de oncologie. Dit illustreert dat 
metabolomics van waarde is in het begrijpen van de werking van geneesmiddelen 
en een belangrijke rol kan spelen in de ontwikkeling van nieuwe geneesmiddelen. 
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