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(3)Abstract  


Multiple myeloma (MM) is characterized by the expansion of malignant plasma cells in the 
bone  marrow.  These  transformed  plasma  cells  are  highly  biosynthetic  thereby  producing 
massive amounts of abnormal immunoglobulins or subunits thereof. This high secretory burden 
makes multiple myeloma cells addicted to mechanisms that maintain proteome homeostasis 
(proteostasis). Proteostasis can be divided into a degrative and a biosynthetic branch. So far, 
therapeutical approaches have been developed to target the degrative part of proteostasis. Still, 
little attempts have been made to target other parts of proteostasis. The aim of this project thesis 
is to provide an overview of the various parts of the proteostasis network to learn how we could 
potentially develop new therapeutical strategies against multiple myeloma.  



(4)1. Introduction 


Multiple  myeloma  (MM)  is  a  hematological  cancer  characterized  by  the  expansion  of 
 monoclonal malignant plasma cells in the bone marrow. In the vast majority of cases (> 95%), 
 MM cells secrete large amounts of defective immunoglobulins (Ig), Ig heavy chains or lg light 
 chains. Only a small subset of MM do not exhibit any signs of hyper-secretion[1]. The clinical 
 diagnosis  of  myeloma  requires  at  least  one  myeloma  defining  event  (MDE)  presented  as 
 hypercalcemia,  renal  failure,  anemia  or  lytic  bone  lesions,  in  addition  to  a  biopsy-proven 
 plasmacytoma or an increase of plasma cells in bone marrow (above 10 %)[2].  


Today,  proteasomal  inhibitors,  e.g.  Bortezomib  are  considered  an  effective  treatment  for 
 myeloma, resulting in an increase of more than 5 years life expectancy. Due to an increased 
 production  and  accumulation  of  proteins  in  the  cells,  myeloma  cells  are  dependent  on  the 
 proteasome to survive. Therefore, dysfunction of the proteasome leads to cell death in myeloma 
 [3]. Zooming out of the picture, the proteasome is an important arm of proteostasis, maintaining 
 optimal  amount  of  proteins  in  the  cell.  Apart  from  proteasomal  degradation,  cells  establish 
 proteostasis  by  regulating  protein  synthesis,  folding  and  trafficking  [4].  The  exquisite 
 sensitivity  of  MM  cells  to  proteasomal  inhibition  highlights  the  potential  of  utilizing  other 
 therapeutic strategies that target other branches of the proteostasis network and in this review, 
 I  will  outline  and  discuss  the  pipeline  of  available  and  potential  therapeutics  for  multiple 
 myeloma.  


2. Epidemiology and clinical manifestation of MM 


Multiple myeloma is the 2nd  most common hematological malignancy, that accounts for 1 % 
of all cancers and 10% of all hematological malignancies [5]. MM affects rather elderly people 
with  a  median  age  of  patients  at  the  time  of  diagnosis  of  about  65  years  [2].  The  hallmark 
clinical features of MM are hyperCalcemia, Renal insufficiency, Anemia and Bone lesions, and 
these  features  are  often  remembered  by  the  acronym  CRAB[6].  Most  MM  patients  are 
symptomatic  upon  diagnosis;  20  %  of  cases  present  with  renal  impairment,  30  %  have 
hypercalcemia  and  almost  80  %  have  bone  lesions,  that  can  be  detected  on  X-ray  [6].  The 
development  of  bone  lesions  is  due  to  the  increased  activity  of  osteoclasts,  and  suppressed 
osteoblast differentiation and activity. This further leads to an impaired bone formation and 
development of osteolytic lesions, that are often associated with pathological fractures, severe 
pain,  spinal  cord  compression,  vertebral  collapse  and  hypercalcemia  [7,  8].  Further, 



(5)hypercalcemia  and  other  nephrotoxic  processes  such  as  dehydration,  nephrotoxic  drugs  and 
 infection  can  lead  to  renal  impairment.  Renal  failure  can  also  develop  because  of  damage 
 caused to renal tubules by free light chains [6].  


Yet, the recognition and diagnosis of MM is challenging since patients present to their general 
 practitioner or family physician with countless non-specific symptoms such as bone pain or 
 aches, appearing at multiple sites, and fatigue [9]. Since the median age of the disease is 65 
 years, these symptoms can go unnoticed and misinterpreted as general aging [9]. 


Monoclonal  gammopathy  of  unknown  significance  (MGUS)  is  a  pre-malignant  stage  of 
 myeloma, with an 1 % rate of progression to myeloma annually [10]. Almost all MM cases 
 derive originally from MGUS [11]. The fact that MM is a common cancer is due to the fact that 
 roughly 3% of the population above 50 has an asymptomatic form of MGUS [12]. MGUS that 
 progress  to  MM,  derive  from  an  intermediate  asymptomatic  disease  stage  referred  to  as 
 smoldering  MM.  Different  studies  show  that  14  %  of  MM  at  the  time  of  diagnosis  are 
 smoldering MM [10] and that approximately 10 % of smoldering MM progresses to MM at a 
 rate of 10 % per year over the first 5 years following diagnosis, 3 % per year over the next 5 
 years [2]. The incidence of myeloma differs, globally, and the highest incidence can be found 
 in  more  developed  countries  such  as  United  States,  Western  Europe  and  Australia  [10]. 


However, it is also hypothesized that geographical impact in myeloma incidence might be due 
 the availability of diagnostic techniques and a higher clinical awareness of the disease as well 
 as higher life expectancy [10].  


Ethnicity and genetic background might have impact on myeloma progression as the incidence 
 of MM and MGUS are twice as high in African Americans compared to European Americans 
 [5], while, Asian and Hispanic are considered comparatively at low risk [13]. Age adjusted 
 incidence rates of MM per 100, 000 varies from 3.3 to 4.7 as shown in foregoing studies from 
 the UK and Europe before 2015, though data from 2015 shows higher incidence rates of 7.0 
 and 9.3 in the US and UK [10].  


As mentioned above, MM patients are diagnosed at median age 65 years, while 37 % of patients 
are younger than 65 years old. MM is particularly rare among individuals 30 years of age or 
less, with a reported recurrence of 0.02 % to 0.3 % [5]. There is slightly higher incidence of 
men with a male-to-female ratio 13-15: 10 [10]. Traditionally, MM was defined by the presence 



(6)of CRAB features[14]. However, in 2014, the International Myeloma Working Group (IMWG) 
 revised the diagnostic criteria for MM and added three specific biomarkers; clonal bone marrow 
 plasma cells greater than or equal to 60 %, serum free light chain (FLC) ratio greater than or 
 equal  to  100,  or  more  than  one  focal  lesion  on  MRI[14].  These  biomarkers  can  be  used  to 
 diagnose the disease in patients who do not have CRAB features. In addition, the definition was 
 updated to allow CT or PET-CT to diagnose MM bone disease.  


Significant progress has been made in myeloma treatment in the last two decades due to the 
 better understanding of myelomagenesis. Experimental disease models in laboratory animals 
 have advanced the understanding of myeloma and provided possibilities for developing new 
 treatments and thereby improved patient outcome [15]. Autologous stem cell transplant and 
 novel drugs availability has doubled the average survival of myeloma patients after year 2000 
 [5]. The introduction of immunomodulatory drugs (IMiD)s) and proteosome inhibitors (PIs) 
 has further extended myeloma patients survival for 5-10 years [5]. The average 5 years survival 
 of myeloma patients was 25 % in 1975-1977 and 27 % in 1987-1989, that is starched to 49 % 
 in 2005-2011. This improvement in survival coincides with the time when IMiD and PI got 
 approved (bortezomib: 2003; thalidomide/lenalidomide: 2006) [5]. 


3. The Proteostasis Network (PN) 


Proteins are major building blocks of our cells and they are involved in virtually all biological 
process in a cell. Proteins are made of amino acids and it is originally thought that amino acid 
sequence is the major determinant of the structure and function of the protein. However, this 
misconception  was  later  corrected  and  it  was  shown  that  dedicated  set  of  proteins  called 
chaperones assist protein folding [16]. The folding state of a protein can dynamically change in 
response  to  many  environmental  modifications,  resulting  in  changes  in  protein  biological 
activity. The importance of proteins is further highlighted by the fact that a cell spends roughly 
50  %  of  its  energy  in  handling  its  proteome.  All  organisms  from  Bacteria  to  Eukarya  have 
developed a molecular network that safeguards the proteome to maintain proteostasis. I will 
refer to this as the Proteostasis Network (PN) [17]. As stated by the definition, the PN consists 
of  the  translational  machinery,  molecular  chaperones  and  co-chaperones,  the  machinery  for 
membrane trafficking and finally the degradative pathways such as the ubiquitin-proteasome 
system  (UPS)  and  autophagy  [4].  The  endoplasmic  reticulum  (ER)  handles  a  third  of  the 



(7)eukaryotic proteome and is therefore considered to be a major player in cellular proteostasis. 


Therefore I will next focus on introducing this organelle.  


3.1 The role of the ER in Proteostasis 


The  life  of  any  protein  in  the  cell  begins  with  synthesis,  which  is  followed  by  co-  or  post- 
 translational folding and modification [18]. Proteins with a signal sequence are bound to the 
 signal recognition particle and thereby targeted to the ER membrane or the lumen [19, 20]. In 
 the lumen of the ER, an intricate machinery of chaperones and co-chaperones facilitates folding 
 of nascent proteins into their 3D structures. Small-, single domain proteins may obtain their 
 native structure immediately upon translation [21], however this is rather the exception and the 
 folding of most proteins is a slow process that requires the action of chaperones, co-chaperones 
 and enzymes involved in post-translational modifications to aid proteins during their folding 
 process and to ensure that unfolded proteins are retained in the ER until folding is achieved. 


The  chaperones  do  not  themselves  increase  the  rate  of  protein  folding,  but  their  aim  is  to 
 promote correct folding and decrease the probability of aggregation [22]. This “proof-reading” 


system  is  known  as  ER  quality  control  [23].  Once  this  is  achieved,  secretory  proteins  are 
 released from retention by chaperones and are exported from ER towards distal compartments 
 of the secretory pathway, which I will introduce later (see chapter 4).  


3.2 Molecular chaperones and co-chaperones 


At first, chaperones were defined as a family that assist the folding of proteins [24]. Mainly 
 they  bind  protein  folding  intermediates  as  well  as  not  correctly  folded  proteins.  This  is 
 evolutionary conserved to make sure that only native structures traffic from the ER, while the 
 non- native either undergo further cycles or re-folding or are alternatively degraded in case they 
 are  terminally  misfolded.  The  chaperones  bind  to  hydrophobic  domains.  Exposure  of  such 
 hydrophobic domains is an indication that the protein is not correctly folded [25]. There are 
 three major families of the heat shock proteins (Hsp) Hsp70, Hsp40 and Hsp90. One member 
 of the Hsp70 family is immunoglobulin binding protein (BiP) [23] and is one of the most studied 
 chaperons in the context of ER-Proteostasis. It plays an important role in protein folding[26] 


and is able to bind unfolded proteins and aggregates [27, 28]. BiP consists of two domains: the 
N-terminal ATPase domain, also named nucleotide binding domain (NBD) and the C-terminal 
substrate binding domain (SBD) [29]. BiP exhibits low affinity for substrates when the NBD is 
bound to ATP, while in the ADP-bound state, BiP acquires a higher affinity for its substrates 



(8)[30]. The chaperon interacts with many co-factors, or co-chaperones that are able to regulate 
 BiP´s binding to substrates. 


Other important chaperones are from the family of protein disulfide isomerase (PDI), which 
 contains at least 20 members [31]. PDIs play a crucial role in disulfide bond formation between 
 cysteine residues in within proteins and thereby facilitate folding and acquisition of tertiary 
 structure [32]. PDIs display isomerase and oxidoreductase activity. In order to function, PDI 
 require an oxidative environment in the ER lumen to oxidize the reduced cysteine residues of 
 nascent  proteins.  Afterwards,  PDIs  is  re-oxidized,  a  function  mainly  executed  by  a  protein 
 called ER oxidoreductin 1 (ERo1). Some members of the PDI family such as ERp57 associates 
 with  the  other  chaperones  (e.g. calnexin  and  calreticulin)  [33]  and  ensures  proper  protein 
 folding [34].  


Most secretory proteins undergo N-linked glycosylation within the lumen of the ER [35], [36]. 


Besides the above-mentioned chaperones, glycoprotein folding is assisted through chaperones 
 that recognize these glycans through lectin-domains and release their clients from retention only 
 after they have acquired the proper glycan code. Absence or aberrant glycosylation results in 
 protein misfolding[37]. The lectin chaperones calreticulin (CRT) and calnexin (CNX) represent 
 the main players in the N-glycosylation dependent quality control systems [38] and oversee the 
 correct folding of glycosylated proteins in ER. Calnexin binds only to glycoproteins containing 
 9 mannose and one glucose residues (GlcNAc2Man9Glc1). Removal of the glucose residue by 
 glucosidase-II  releases  the  protein  from  retention  by  calnexin.  If  a  de-glucosylated  protein 
 remains misfolded, the UDP-glucose: glycoprotein glucosyltransferase will transfer a glucose 
 back, thus restoring the interaction with calnexin [39].  On the other hand, if a de-glycosylated 
 protein is correctly folded, it will be hydrolyzed by ER-mannosidase, which removes one of the 
 9 mannose residues, thereby creating a protein with GlcNAc2Man8, which can then bind to the 
 export machinery that will ferry the protein out of the ER.  


3.3 Unfolded Protein Response (UPR) 


Cells have layers of regulators to ensure proteostasis balance, and the unfolded protein response 
(UPR) is one of them. The UPR is triggered by the accumulation of unfolded proteins in the 
ER and restores proteostasis by expanding the secretory apparatus, decreasing the amount of 
newly synthesized proteins, clearing the unfolded/misfolded protein, and increasing the folding 
capacity  of  ER.  Being  a  homeostasis-maintaining  system,  failure  of  the  UPR  reduces  cell 



(9)fitness. Likewise, excessive activation of the UPR also reduces cell fitness and leads to cell 
 death[40]. A current aim in cancer therapy is to identify how much UPR does a cancer need to 
 survive and how this can be exploited for cancer therapy.  


The UPR consists of three branches: inositol requiring enzyme 1-alpha (IRE1a), protein kinase 
 RNA-activated  (PKR)-like  ER  kinase  (PERK)  and  activating  transcription  factor  6  (ATF6) 
 (Figure  1).  Signaling  through  these  branches  regulate  protein  synthesis,  promote  protein 
 degradation, and produces molecules necessary for the ER to restore proteostasis.  


There are different models on how UPR sensors are activated by misfolded proteins in the ER, 
 and this is best studied in the case of IRE1a, but is similar for other UPR branches. The luminal 
 domain  of  IRE1a  is  bound  to  ER  resident  chaperones  (BiP),  which  keeps  it  inactive  by 
 preventing  oligomer  formation.  Accumulation  of  misfolded/unfolded  proteins  requires 
 increasing  amounts  of  BiP,  resulting  in  dissociation  of  this  chaperone  from  IRE1a,  which 
 subsequently oligomerizes and is thereby activated and consequently activates UPR signaling 
 [41]. In an alternative model, BiP is thought to not leave the UPR sensor. Rather, BiP that is 
 bound to IRE1a acts as a stress sensor and not as a chaperone, i.e. BiP senses the presence of 
 misfolded proteins and transmits the signal via an unknown mechanism to IRE1a [42]. It is 
 currently not clear whether only one of the models is true, or whether they coexist, but the 
 model where BiP dissociates from UPR sensors is currently the favored one.  


Figure 1: Schematic illustration of the three branches of the UPR and downstream regulation 



(10)of UPR target genes. The image is adapted from Hetz et al. (2015).  


3.4 IRE1a-signaling 


IRE1a  is  a  transmembrane  protein,  with  a  luminal  domain  that  binds  BiP  and  a  cytosolic 
 domain that has two types of catalytic activities: kinase and endoribonuclease. Dissociation of 
 BiP from IRE1a will initiate the oligomerization and autophosphorylation of IRE1a, to activate 
 its  cytosolic  kinase  domain  as  well  as  the  endoribonuclease  activity.  The  IRE1a, 
 endoribonuclease promote a selective cleavage and splicing of X-box binding protein 1 (XBP1) 
 mRNA [40]. Spliced XPB1 (XBP1s) is a transcription factor and amongst its functions is to 
 induce  the  expression  of  genes  involved  in  protein  folding,  trafficking  and  degradation. 


Therefore, IRE1a-XBP1s pathway mediates in principle a pro-survival role of the UPR.  


Moreover,  prolonged  high-level  autophosphorylation  causes  a  higher  order  IRE1a 
 oligomerization which leads to the relaxation of the specificity of the RNAse activity of IRE1a 
 and  therefore  the  degradation  of  many  mRNAs  at  the  ER  membrane  that  encode  secretory 
 proteins. This process is called regulated IRE1a-dependent decay (RIDD) [43]. The protein 
 folding  burden  on  ER  reduces  because  of  depletion  of  cargo-encoding  transcripts  through 
 RIDD. However the degradation of mRNAs at the ER eventually depletes transcripts encoding 
 structural  and  enzymatic  components  of  the  ER-protein  folding  machinery  [43].  The 
 consequence of RIDD is that the translation activity of the ER declines as the cell is moving 
 towards apoptosis.  


3.5 PERK signaling 


PERK,  the  second  arm  of  UPR  is  a  serine/threonine  kinase  and  one  of  its  most  prominent 
substrates  is  the  translation  factor  elF2a.  The  expression  of  PERK  can  be  detected  in  cells 
across the body. As other UPR sensors, PERK also has an ER luminal domain occupied by BiP 
and  a  cytoplasmic  kinase  domain.  PERK  oligomerizes,  trans-autophosporylates  as  BiP 
disassociate from its luminal domain and thus follows a similar mechanism to IRE1. Activated 
PERK  phosphorylates  the  translation  factor  elF2a,  in  order  to  shut  down  further  protein 
synthesis and therefore decrease the folding burden on chaperons in the ER lumen [40]. PERK 
activation does not shut down all translation, but only cap-dependent translation. Transcripts 
that  are  cap-independent  continue  to  be  translated  such  as  Activating  transcription  factor  4 
(ATF4).  ATF4 initially induces the expression of proteins that help cells survive under stressful 



(11)conditions such as amino acid transporters to allow for synthesis of glutathione[44]. If the stress 
 persists,  ATF4  will  bind  to  CHOP,  and  together  they  will  induce  genes  involved  in  protein 
 synthesis leading to oxidative stress, ATP depletion and cell death[45].  


Another protein which is positively regulated by elF2a phosphorylation is growth arrest and 
 DNA-damage-inducible  34  (GADD34).  It  is  also  transcriptionally  induced  by  ATF4  and 
 CHOP. Fascinatingly, GADD34 de-phosphorylate elF2a and creates a negative feedback loop 
 and restores protein synthesis. So, p-elF2a dependent translation inhibition attenuates protein 
 synthesis, whilst ATF4 driven expression of genes involved in protection from oxidative stress, 
 amino  acid  transport  and  metabolism,  proteostasis  and  autophagy  helps  the  cell  handle  ER 
 stress. Nonetheless, prolonged ER stress changes the response to a pro-apoptotic response, yet 
 p-elF2a seems to regulate the balance between pro-survival and pro-apoptotic signaling.  


3.6 ATF6 signaling 


ATF6 is a transmembrane protein that normally localizes to the ER membrane. Upon activation 
 by ER stress, ATF6 is exported to Golgi in a COPII-dependent manner [46]. ATF6 is cleaved 
 by two Golgi-resident proteases, first by site 1 protease (S1P), then by site 2 protease (S2P), 
 releasing  ATF6  cytosolic  N-terminal  portion  (ATF6f).  The  cytosolic  domain  of  ATF6 
 translocates to nucleus, thereby serving as transcriptional factor that induces the expression of 
 trafficking coats, tethers, SNAREs, XBP1 and CHOP. However, under certain circumstances, 
 ATF6  inhibits  the  secretion  of  harmful  proteins.  Secretion  of  the  amyloidogenic  protein 
 transthyretin  (TTR)  leads  to  the  formation  of  extracellular  toxic  aggregates.  It  has  been 
 identified that activation of ATF6 inhibits secretion of disease associated TTR variants [47]. 


Further, it has also been reported that XBP1s prevent the secretion of amyloidogenic variant of 
 immunoglobulin  light  chain  (ALLC)  [48].  Such  suppressive  effect  of  UPR  on  secretion  is 
 referred as “secretory proteostasis” by Wiseman [49].   


4. The Secretory Pathway 


The secretory pathway is responsible for the trafficking of properly folded proteins from ER to 
 their natural destination in the cell. The secretory pathway begins with proteins entering the ER 
 and  undergoing  folding  and  quality  control.  After  their  release  from  the  quality  control 
 machinery, secretory proteins leave the ER at specialized domains called ER exit sites (ERES). 


ERES are ribosome-free regions of the rough ER that exhibit vesicular and tubular budding 



(12)profiles. Biogenesis and maintenance of ERES is dependent on a handful of proteins such as 
 the large scaffold protein Sec16A as well as proteins like TANGO1, Sec12 and cTAGE5[50]. 


ERES respond to a variety of intracellular and extracellular stimuli such as mitogenic signaling 
 or the load of secretory proteins [51, 52]. ERES are the sites where COPII components assemble 
 to make vesicular or tubular carriers that ferry secretory proteins to the ER-Golgi intermediate 
 compartment (ERGIC) and later, to the Golgi apparatus. In the Golgi apparatus the proteins are 
 sorted into carriers to reach their final destination. Two different models have tried to illustrate 
 how secretory and membrane proteins are transported from ER to the Golgi. According to the 
 bulk-flow model [53], cargo moves by default and doesn’t need any export signal. Contrary to 
 ER-resident  proteins,  which  have  retention  or  retrieval  signals.  Whereas  the  second  model, 
 known as the receptor-mediated export model, postulates that cargo is selectively incorporated 
 into budding COPII-coated vesicles by a signal mediated process [54, 55].  


Figure  2:  Properly  folded  proteins  are  packed  into  COPII-coated  vesicles  and  exported  at 
ERES. COPII-coated vesicles can fuse with pre-formed ERGIC[56]. Eventually, proteins reach 
Golgi,  where  they  are  further  modified,  sorted  and  dispatched  to  their  final  destinations  or 
returned to ER through COPI-coated vesicles[57]. Image adapted from Farhan et al. (2011).  



(13)4.1 ER export via cargo receptors 


At ERES, transmembrane proteins are capable of binding directly to the COPII coat, while GPI-
 anchored proteins and soluble proteins needs to be bound by transmembrane cargo receptor 
 [58]. One such example of a cargo receptor is ERGIC-53, which is probably the best studied 
 cargo receptor in our cells. It is a type 1 membrane protein of ERGIC, operating as a cargo 
 receptor for the transport of glycoproteins from ER to ERGIC [58, 59]. ERGIC-53 is required 
 for efficient transport of a limited set of glycoproteins, but it also plays a role in polymerization 
 and secretion of immunoglobulin M (IgM) [60]. ERGIC-53 interacts with ER-resident protein 
 44 (ERp44), a soluble protein involved in thiol-mediated retention, to increase the efficiency of 
 IgM  secretion[61].  A  study  conducted  in  non-lymphoid  cells  presented  that  silencing  of 
 ERGIC-53 and ERp44 decreases the secretion of IgM polymers[61].  


ERGL, VIPL and VIP36 are related lectins that also interact with glycoproteins in a calcium 
 and sugar-dependent manner [62]. Their biology is far less understood compared to ERGIC-
 53. Still, it is noted that the absence of functional ERGIC-53 only slows down but does not 
 entirely block certain glycoproteins secretion [58]. This might be result of an underlying bulk-
 flow  mechanism.  Another  explanation  can  be  a  functional  redundancy  with  other  lectins 
 operating  as  cargo  receptors  that  are  not  necessarily  related  to  ERGIC-53  and  needs  to  be 
 discovered [58].  


4.2 The COPII-machinery  


The COPII coat is composed of a set of cytosolic proteins, which form a two-layered structure. 


The assembly of COPII-vesicle is initiated by the small GTPase Sar1, which is activated by the 
 transmembrane guanine nucleotide exchange factor (Sec12) [63]. There are two Sar1 isoforms 
 in  mammals:  Sar1A  and  Sar1B.  Mutation  of  threonine  39  to  asparagine  forms  a  dominant 
 negative  isoform,  leading  to  Sar1  being  fundamentally  bound  to  GDP  and  thereby  blocks 
 COPII-vesicle  formation  [64].  Once  GDP  is  exchanged  with  GTP,  Sar1  goes  through  a 
 conformational  change  that  exposes  the  N-terminal  amphipathic a-helix,  allowing  it  to  be 
 inserted to the outer leaflet of ER membrane [65]. Both in vivo and in vitro studies have shown 
 that  the  amino-terminal  region  of  Sar1  plays  an  important  role  in  membrane  deformation 
 leading to the initiation of COPII -coated transport carriers[65, 66],[67].  


Active  Sar1,  which  is  bound  to  the  membrane,  recruits  the  Sec23-24  heterodimer,  thereby 
forming the inner layer of COPII-coat. Sec23 is a guanine nucleotide activating protein (GAP) 
and thereby promotes GTP hydrolysis in Sar1 [68]. On the other hand, Sec24 functions as a 



(14)cargo adaptor, which is in charge for capturing cargo and incorporating them in the COPII-
 vesicles.  


The next step in the COPII assembly is the recruitment of Sec13-Sec31 heterotetramer, which 
 forms the outer layer of the vesicle. Interestingly, the recruitment of Sec13-31 heterotetramer 
 resulted in the 10fold increase in GTPase activity of Sar1, an incident which triggers vesicle 
 fission  [69].  Whilst,  Sec31  binding  partner  ALG-2  has  been  proposed  to  modulate  COPII 
 assembly, by promoting an interaction between inner layer and outer layer of COPII vesicle, 
 ALG-2 binds to Sec31 and changes its´s conformation to increase its affinity to Sec23 [70]. 


ALG-2´s interaction with Sec31 is calcium dependent suggesting that cytosolic calcium levels 
 can  regulate  COPII  carrier  formation  [71].  Further,  Sec13  was  shown  to  be  a  dual  protein. 


Despite being a core component of COPII vesicle´s outer layer, Sec13 has shown to be a part 
 of nuclear pore complex (NPC), which mediate nucleo-cytoplasmic trafficking [72]. 


The  secretory  pathway  is  highly  dynamic  and  responds  to  a  variety  of  cellular  stresses  and 
 stimuli.  It  also  handles  a  major  fraction  of  proteome  and  therefore  plays  vital  role  in 
 proteostasis.  Despite  the  secretory  nature  of  myeloma,  secretion  has  never  been  tested  as 
 therapeutic target in myeloma. A major reason for this is the lack of druggable targets among 
 the  regulators  of  ER-export.  However,  the  discovery  of  LTK,  an  ER  resident  kinase  that 
 regulates the secretory pathway, may open the door to develop a new therapeutic strategy for 
 multiple myeloma [73].  


5. Protein degradation 


Cells opt to degrade excessive and abnormal proteins in order to maintain proteostatic balance. 


ER  localized  misfolded  proteins  are  degraded  via  ER-  associated  degradation  (ERAD), 
 however the cytosolic proteins are degraded by ubiquitination or proteasome or by autophagy.   


The UPR can further activate degradation pathways to remove waste. There are two protein 
degradation  pathways  activated  by  UPR  signaling  following  increased  ER  stress,  namely 
autophagy and ERAD [40]. ERAD genes are upregulated by ATF6 and XBP1s and it´s role is 
to remove misfolded protein from the ER. ERAD is based on retro-translocation of misfolded 
proteins from the ER to the cytosol, where they are ubiquitylated and eventually degraded by 
the  proteasome.  First,  the  misfolded  protein  is  partially  unfolded  and  transported  from  ER 



(15)lumen  through  an  aqueous  ER  membrane  channel  known  as  Sec61  (translocon)  [74].  This 
 makes the ERAD substrate available to the cytosolic ubiquitination machinery that attaches 
 poly-ubiquitin  (Ub)  chains  to  the  protein  to  mark  it  for  degradation.  E1  activates  Ub  and 
 transport it to an Ub-conjugating enzyme E2. E3 Ub ligase binds the substrate and conjugate it 
 to Ub chain. There are numerous E2 and E3, and the E2-E3 combination regulate the length 
 and nature of the Ub chain on the marked protein, thereby determining the fate of the protein 
 [74]. The poly-ubiquitin chain then leads the ERAD substrate to the proteasome. Markedly, a 
 number  of  deubiquitinating  enzyme  (DUB)  are  associated  with  proteasome,  and  a  set  of 
 ubiquitination  and  deubiquitination  steps  appear  between  translocation  from  ER  lumen  to 
 proteasomal degradation.  


The 26S proteasome is an ATP-dependent protease, that consists of a 20S core particle (CP) 
and 19S regulatory particle (RP). After the caps have identified the poly-Ub on the protein and 
removed it, the protein will be unfolded and threaded into 20S core. The core is composed of 
two outer rings, consisting of seven a subunits which serve as a docking point for the regulatory 
cap, and two inner rings, which consist of seven b subunits. Three b subunits, chymotrypsin-
like (b5), trypsin-like (b2) and caspase-like (b1) make up CP and consists of proteolytic sites 
[74].  These  cleave  the  ERAD  substrate  into  small  peptides,  thereafter  it  is  broken  down  by 
cytosolic peptidases to yield amino acids that are re-used for protein synthesis.  



(16)Figure  3:  Schematic  illustration  of  protein  degradation.  Image  adapted  from  Auner  et  al. 


(2014). 


Even though the proteasome can degrade a wide range of proteins and thereby represents a 
 primary destination for unfolded or misfolded proteins, it is not suitable to degrade large protein 
 aggregates.  Proteins  need  to  be  in  their  unfolded  state  in  order  to  access  the  proteasome´s 
 catalytic core. Therefore, protein aggregates that resist protein unfolding need to be degraded 
 elsewhere. For instance, a study showed that disease associated forms of huntingtin with long 
 polyglutamine  sections  are  degraded  in  the  lysosome[75].  Lysosomes  are  membrane-bound 
 organelles  consisting  a  wide  range  of  proteases,  such  as  cathepsins[76].  A  major  pathway 
 responsible for targeting proteins and organelles to the lysosomes is autophagy. Autophagy is 
 an evolutionary conserved mechanism, which generates autophagosomes that engulf damaged 
 organelles,  misfolded/unfolded  proteins  and  protein  aggregates.  The  double-membraned 
 autophagosome delivers its content to the lysosome, for degradation by lysosomal hydrolases. 


Autophagy  can  be  divided  into  three  branches:  macroautophagy,  chaperone  mediated 
autophagy and microautophagy [76].  



(17)Macrophagy is the best studied autophagic pathway and it can be divided into two subtypes: 


non-selective  and  selective  autophagy.  Through  nonselective  autophagy,  the  cells  engulf  a 
 portion of their cytoplasmic content following response to deprivation of nutrients. Degradation 
 of proteins allows for the recycling of building blocks and macromolecules (e.g. aminoacids) 
 and  thereby  compensate  for  the  lack  of  nutrients.  Autophagy  was  first  thought  to  be  non-
 selective  towards  its  substrates.  Yet,  the  selectivity  aspect  of  autophagy  started  recently  to 
 emerge. Autophagy can selectively aim at cellular components for degradation and depending 
 on  the  type  of  cargo,  it  can  mediate  the  degradation  of  protein  aggregates  (aggrephagy), 
 damaged organelles such as peroxisomes (pexophagy), the ER (ER-phagy), or mitochondria 
 (mitophagy)[77].  


The link between ER stress and autophagy is addressed in several studies. ER stress activates 
 several  well  orchestrated  processes,  aiming  to  restore  cellular  homeostasis  or  commit  cell 
 death[78]. Some of the processes are UPR and autophagy, and they are a part of the ER stress 
 response (ERS)[78]. The activation of UPR, as a result of ER stress, can trigger changes in 
 autophagy[78], and it has been shown that PERK-, IRE1a and ATF6 pathway are essential for 
 the regulation of autophagy-related genes (ATG) and autophagy induction after ERS[78, 79]. 


Feng et al. established a mouse model of the transient middle cerebral artery occlusion (MCAO) 
 and  observed  that  the  expression  of  ER  stress  markers  (ATF6,  p-PERK/PERK  and  p-
 IRE1/IRE1)  were  increased,  along  with  increased  autophagy  markers,  which  described 
 activation of ER stress and autophagy[80, 81]. Since autophagy is a self-degradation process 
 responsible for the removal of organelles and proteins, this study illustrates that autophagy can 
 be activated in conjunction with ER stress to maintain proteostasis [81].  


PERK  and  IRE1  arms  of  UPR  have  been  involved  in  ER-stress  induced  autophagy  in 
 mammalian cells, to prevent build-up of lethal disease-linked protein variants. Accumulation 
 of unfolded proteins in the ER activates IREIa, which forms a complex with tumor necrosis 
 factor receptor associated factor-2 (TRAF2) and apoptosis signal-regulating kinase-1 (ASK1), 
 which results in the downstream activation of stress kinases Jun-N-terminal kinase (JNK) that 
 stimulate autophagy [80]. Meanwhile activated PERK, through ATF4 activates ATG proteins 
 needed for the formation of the autophagolysosome.  


A link between UPR and autophagy has long been postulated. By activating autophagy, the 
UPR could further reduce the burden of misfolded proteins in the cell. However, autophagy 



(18)mainly deals with protein aggregates in the cytosol and the UPR cannot be activated by such a 
 trigger, because the stress-sensing domain of the UPR protein is in the ER lumen. Thus, more 
 work is needed to finally clarify the link between autophagy and the UPR.  


6. Treatment in Multiple Myeloma 


In an earlier chapter we got to know the criteria for diagnosis of MM. In addition to alkylators 
 and  corticosteroids,  there  are  many  active  drugs  to  treat  MM  when  the  patient  has  been 
 diagnosed.  Thalidomide,  lenidomide  and  pomalidomide  are  immunomodulatory  agents 
 (IMiDs) [82], while bortezomib, carfilzomib and ixazomib are proteasome inhibitors used in 
 the treatment of MM. Since myeloma cells predominantly express CD38 and SLAMF7 on their 
 surface, monoclonal antibodies that target these receptors have shown to be effective in MM 
 treatment [82]. There have been developed several regimens with these new drugs, as well as 
 new regimens are still under development.  


Initially, patients are treated approximately 3 to 4 rounds of induction therapy with bortezomib, 
 lenalidomide and dexamethasone (VRd) in advance to stem cell harvest [82]. In case of acute 
 renal failure, lenalidomide is not available for use as initial therapy. Instead other bortezomib 
 containing  regimens  can  be  used,  such  as  bortezomib-thalidomide-dexamethasone  (VTd)  or 
 bortezomib-cyclophosphamide-dexametasone  (VCd)  [82].  After  harvest,  patients  can  either 
 undergo autologous stem cell transplantation (ASCT) or continue with induction therapy and 
 thereby delay ASCT until first relapse [82]. Normally, low-dose dexamethasone is preferred to 
 minimize  toxicity,  and  study  has  also  shown  that  it  is  associated  with  better  survival  [82]. 


Likewise, the neurotoxicity of bortezomib can be reduced by administering bortezomib once a 
 week instead of twice a week.  


Patients newly diagnosed with MM, who are not eligible for ASCT because of age or other 
comorbidities, can be treated with VRd for approximately 8-12 rounds prior to maintenance 
therapy with lenalidomide [82]. The standard for maintenance therapy is lenalidomide for most 
patients after initial therapy. However, for high risk patients, bortezomib-based maintenance 
should be considered [82].  



(19)Most  patients  with  MM  will  eventually  relapse.  The  treatment  regiment  at  relapse  is 
 complicated and depends on many factors including timing of relapse, response to prior therapy 
 and aggressiveness of relapse [82].   


6.1 Proteasome inhibition 


Proteasome  inhibitors  were  originally  developed  to  investigate  proteasome-dependent 
 intracellular proteolysis. The interest to develop them into therapeutic agents were stirred by 
 the findings of unusually high expression of proteasomes in hematopoietic tumor cells and of 
 proteasome inhibitor-induced leukemia and lymphoma cell death in vitro and in vivo [74].  


One  of  the  most  important  class  of  antimyeloma  therapeutics  today  are  the  proteasome 
 inhibitors (PI) [83]. The first-in-class proteasome inhibitor, bortezomib, was approved by the 
 US  Food  and  Drug  Administration  in  2003  [74].  Bortezomib  is  a  potent,  highly  selective 
 reversible inhibitor of the 26S proteasome. The 26S proteasome plays a fundamental role in the 
 pathogenesis and proliferation of the disease [84]. MM cells are dependent on the proteasome 
 to  manage  a  high  turnover  of  immunoglobulin  production  that  benefit  cell  survival  and 
 proliferation,  and/or  inhibit  cell  death  [84].  The  proteasome  is  the  proteolytic  machine  that 
 degrade the ubiquinated proteins. Since the PIs block this pathway, this leads to stand still in 
 protein degradation, further promoting cell death and apoptosis.  


A study presented an inhibitor similar to bortezomib, known as Eeyarestatin I (EerI), that blocks 
 ERAD and has antitumor activity that can synergize with bortezomib [85]. The study showed 
 that  both  of  these  inhibitors  induce  cell  death  through  BH3-only  protein  NOXA  following 
 induced  ER  stress  in  myeloma  cells.  The  activation  of  NOXA  might  be  mediated  by  two 
 transcription  factors,  ATF3  and  ATF4  [85].    A  study  conducted  by  Hideshima  demonstrate 
 bortezomib´s anti MM-role by activating JNK. Furthermore, the study presented that inhibition 
 of  JNK  reduced  bortezomib-induced  cell  death,  mediated  by  the  inhibition  of  caspase  3-
 activation [86].  These findings suggest that bortezomib activates IRE1a, as a result of induced 
 ER stress, leading to the downstream activation of cell death.  


The key mechanism of bortezomib in MM is the inhibition of the chymotrypsin like site of the 
20S proteolytic core. IkB, inhibitor of NF-kB, is a substrate of 26S proteasome. PI leads to the 
build-up of IkB, which blocks the translocation of NF-kB complex to the nucleus, promoting 
cell cycle arrest and apoptosis [87]. Other mechanisms of action for PIs have been reported. 



(20)These  agents  can  induce  apoptosis  of  MM  through  p53  mutant,  boost  the  anti-MM  role  of 
 dexamethasone, inhibit MM cell proliferation, and death via MAPK-signaling and also inhibit 
 the secretion of vascular endothelial growth factor to delay the angiogenesis of MM in BM 
 microenvironment [84].  


Another PI, Carfilzomib (PR-171), is distinct from bortezomib and inhibits the b5 subunit of 
 the proteasome. In 2012, the FDA approved Carfilzomib as a single agent for RRMM patients 
 with  disease  progression  after  two  prior  therapies  including  bortezomib  and 
 immunomodulatory  drugs  (IMiDs)  [84].  Ixazomib  (MLN9708)  is  the  first  oral  drug  that 
 exhibits a longer proteasome inhibition in MM cells than bortezomib. It binds and inhibits b5 
 subunit, and even b1- and b2 subunits at a higher concentration. The drug induces caspase-
 dependent apoptosis in MM-cells, which is connected to the activation of several pathways and 
 increased  ER  stress  [84].  Overall,  PIs  induce  cell  death  via  different  mechanism.  However, 
 carfilzomib  and  ixazomib  irreversibly  block  the  proteasome,  unlike  bortezomib  [88].  


Therefore, these newer drugs are thought to be superior to bortezomib in terms of action.  


6.2 LTK inhibition 


The ER-resident receptor tyrosine kinase, LTK, represents the first druggable target of the ER-
 export machinery. LTK is an under-studied protein, but its high sequence homology to ALK 
 (the kinase domains are almost 90 % similar) opens the possibility to use available and clinically 
 approved ALK inhibitors for the therapy of MM. However, this has formally not been shown 
 and represents a potential and promising future perspective in MM therapy.  


6.3 HSP inhibition 


Heat shock proteins (HSPs) are important for the proper folding, maturation and degradation 
of proteins [89]. They are first in line to fight incorrectly folded proteins and nonfunctional 
proteins, and it is up to them to maintain a critical balance between folding and degradation of 
misfolded proteins for cell survival[89]. Thereby, HSPs have a cytoprotective role. When cells 
are treated with HSP inhibitors, protein processing gets disrupted. As a result, ER stress will be 
induced. Preclinical studies have demonstrated that HSP inhibitors show anti-MM activity and 
induce UPR activity in MM cells [90, 91]. HSP has been presented as a new promising target 
in  MM  therapy  [89].  Hsp90  inhibition  induces  splicing  of  XBP1,  indicating  that  Hsp90 
inhibition initiates UPR and generates ER stress response. Further, Hsp90 inhibition induces 



(21)CHOP expression, which indicates the activation of PERK. It also induces the activity of ATF6. 


These results suggest that Hsp90 inhibitors are able to induce ER stress and activate all three 
 branches of the UPR [90]. The Hsp90 inhibitors 17-AAG (tanespimycin) and radicicol induce 
 apoptosis in MM cell lines, and the proapoptotic activity of HSP inhibitors are mediated through 
 upregulated UPR [90]. Interestingly, Hsp90 inhibition in combination with bortezomib induces 
 Hsp70, while tunicamycin and thapsigargin, which are ER stressors, do not change the levels 
 of Hsp70 after treatment. Since the induction of Hsp70 might act to prevent cell death, it is 
 suggested that a combination of Hsp90 inhibitors and Hsp70 inhibitors are favorable to increase 
 the therapeutic potential [90]. Another study compared cells sensitive and resistant to melphalan 
 and found that expression of Hsp90 was higher in melphalan-resistant MM cells. Interestingly, 
 treatment with Hsp90-inhbitors KW-2478 and NUV-AUY922 restored drug sensitivity to the 
 level observed in parent cells [92]. As expected for a cytosolic chaperone, the effect of Hsp90 
 inhibition  was  unrelated  to  the  UPR,  but  was  mediated  by  a  reduction  of  the  levels  of  the 
 oncogenic kinase Src.  


A study conducted in human myeloma cell lines found that heat shock protein genes showed 
 significant higher upregulation in Ixazomib-sensitive lines compared with the fold-changes in 
 Ixazomib-resistant myelomas [93]. This suggests that inter-individual variation in response to 
 HSP inhibitors depends on gene expression in PI sensitive MM-cells and PI resistant MM-cells.  


6.4 CK2 inhibition 


Casein Kinase 2 (CK2), a protein kinase, has a multitasking function in the cell. It has been 
described for its prevalent role in the promotion of cell survival and protection against apoptosis 
[94]. Studies have shown mouse models of CK2 over-expression and high CK2 levels in several 
tumors, suggesting that CK2 is among the master regulators of cell survival [95]. So, due to 
CK2 kinase´s role in sustaining cell survival, it is not surprising that multiple myeloma cell 
survival relies on high activity of CK2 [96]. It has been shown that CK2 is partly localized to 
the ER, and the triggering of ER-stress stimulates CK2´s kinase activity [97]. MM cells exposed 
to thapsigargin showed a stronger and earlier apoptotic effect when treated with CK2 inhibitor, 
K27  or  RNA  interference  of  CK2a.  Thereby,  CK2  was  found  to  positively  control  the 
compensatory IRE1a-XBP1 arm and negatively control the proapoptotic PERK-eIF2a arm of 
UPR [94].  



(22)Interestingly, when the interaction between CK2 and Hsp90 was examined, it was found that 
 CK2 controls the assembly of Hsp90. A study conducted in vitro and in mouse xenograft MM 
 found  that  simultaneous  inhibition  of  CK2  and  Hsp90  caused  synergistic  cell  death  and 
 alteration of UPR pathway. An inhibition of CK2 and Hsp90 resulted particularly in an intense 
 reduction of IRE1a kinase levels in MM and a lower extent of XBP1 splicing. This further 
 added  to  earlier  findings  that  CK2  might  act  as  a  protective  kinase  against  ER  stress  by 
 sustaining IREa-XBP1 dependent arm of UPR [94].    


6.5 Aminopeptidase inhibitors 


The aminopeptidase enzyme system catalyzes the hydrolysis of amino acids from the proteins 
 NH2  terminus  [98].  Therefore,  targeting  aminopeptidases  leads  to  a  disruption  in  protein 
 turnover and represents a therapeutic proteostasis-guided approach for cancer therapy. CHR-
 2797, an aminopeptidase inhibitor, was shown to inhibit proliferation and induce growth arrest 
 and apoptosis in MM-cells. The study presented that apoptosis occurs via increased levels of 
 ATF4 and CHOP and stimulated activation of ATF6 in myeloma cell line H929, which further 
 leads to upregulated proapoptotic UPR signaling.  Additive and synergistic effects were seen 
 when  CHR-2797  was  cotreated  with  either  bortezomib,  melphalan  or  dexamethasone.  This 
 suggests  that  aminopeptidase  inhibitor  CHR-2797  represent  a  novel  therapeutic  approach, 
 which inhibit protein turnover and results in MM cell apoptosis [98].  


6.6 Targeting IRE1a in Multiple Myeloma 


It is well established that the IRE1a-XBP1 pathway is required for the differentiation of B-
 lymphocytes into plasma cells and therefore a role of this pathway in particular and UPR in 
 general, in MM has been postulated [43]. It has also been reported that in 50% of patients, 
 myeloma  cells  have  elevated  level  of  XBP1s  [99].  This  endorses  the  possibility  that  the 
 escalated  IRE1a-XBP1  signaling  ensure  the  survival  of  myeloma  cells  under  increased  ER 
 stress  conditions.  Taking  advantage  of  this  increased  IRE1a-XBP1s  signaling,  blocking 
 endoribonuclease domain of IRE1 using small molecule inhibitor MKC-3946 not only induce 
 cell death in myeloma cells but also enhance the cytotoxicity of bortezomib and 17-AAG [100]. 


In an elegant work by the Ashkenazi group[101], used combination of in vivo studies as well 
as 3D cultures of myeloma cells to show that pharmacologic IRE1a kinase inhibition using a 
novel inhibitor (called compound 18), attenuated the growth of MM cells in vivo and in vitro. 



(23)Moreover, IRE1a kinase inhibition augmented the response to bortezomib and lenalidomide. 


The effect of this inhibitor was selective to malignant CD138+ cells, while CD138- cells where 
 not affected. A common concern when using inhibitors of the UPR, is the side effects that are 
 expected in other highly secretory organs such as the liver or insulin-producing cells. A study 
 conducted in mice showed that IRE1a-deficient mice exerted pancreatic exocrine dysfunction, 
 suggesting that treatment targeting IREa should be exercised with caution when translating the 
 experimental results into human clinical trials [102]. However, the novel compound 18 did not 
 show any negative effects on liver or pancreas. Thus, this compound represents a promising 
 option for the development of future therapeutic regimens against MM.  


Leung-Hagesteijn  et  al  picture  the  role  of  IRE1a-XBP1  signaling  more  complicated  in 
 myeloma. They show that the knockdown of IRE1a in myeloma cells make them resistant to 
 bortezomib. These results have been verified in 6 myeloma cell lines. Interestingly, IRE1a and 
 XBP1 depleted myeloma cells are smaller in size and resemble pre-plasmablast when examined 
 under the microscope [103]. These findings propose that reduced IRE1a/XBP1 signaling leads 
 to a block in plasma cell maturation and resistance to proteasome inhibitors, raising the question 
 of  potential  benefits  of  using  IRE1a  inhibitors  in  MM,  especially  in  combination  with 
 proteasome inhibitor [43].  


7. PI resistance 


Due to the tremendous success of PIs in MM therapy, drug resistance is a major dilemma in 
 antimyeloma therapy, and better understanding of the mechanisms causing resistance will aid 
 clinical treatment strategies. There are several mechanisms that underly drug resistance.  


Studies have shown that high proteasome expression can underly bortezomib resistance [74]. 


MM cells can adjust the levels of proteasome subunits and thereby its degradative capacity 
 depending  on  the  demand  in  the  cells.  An  imbalance  between  protein  load  and  proteasome 
 capacity may determine how sensitive MM cells are to proteasome inhibition. The higher the 
 capacity of the proteasome and the lower secretory load, the less are such cells sensitive to PIs. 


Thus,  MM  cells  with  high  Ig  synthesis  are  more  sensitive  to  PIs,  since  a  saturated  Ub-
proteasome system (UPS) is more susceptible for bortezomib inhibition. In agreement with this, 
reduction of protein synthesis by treatment with cycloheximide, results in a reduced sensitivity 
of MM cells to bortezomib [74].  



(24)Further, specific target mutations and related genetic changes have contributed to the innate 
 drug resistance. Studies have shown that PI resistance is induced by a single point mutation to 
 the binding pocket of the b5 subunit (PSMB5) [84]. The mutation results in a spatial change in 
 the binding pocket, causing bortezomib resistance. Later, more mutations in the binding pocket 
 of b5 subunit have been described, which lead to conformational changes in the binding site. 


Further,  these  mutations  can  impair  the  20S  proteasome b5  subunit  function  to  reduce  the 
 affinity for PI. An option, in case of acquired resistance at the level of proteasome is to alternate 
 between proteasome inhibitors, such as carfilzomib, marizomib or ixazomib [88]. However, 
 bortezomib and second line PIs, Ixazomib and Carfilzomib target PSMB5. Thus, in cases in 
 which resistance to the first-line PI is due to PSMB5 mutations, there is significant risk for 
 resistance to other PIs [104].  


Histone  deacetylase  (HDAC)  inhibition  might  be  needed  to  overcome  aggresome-mediated 
 resistance  [83].  Aggresomes  are  inclusion  bodies  formed  by  the  accumulation  of  misfolded 
 proteins when the capacity of chaperones and degradation machinery has been overloaded [83]. 


By  forming  aggresomes,  the  cell  eliminate  aggregated  proteins  and  this  process  is 
 cytoprotective.  This  helps  the  myeloma  cells  to  overcome  an  otherwise  load  of  cytotoxic 
 misfolded protein aggregates. HDAC6 is a component of the aggresome and cells deficient in 
 HDAC6 fail to form aggresomes [105].  A study presented that tubacin, a HDAC6 inhibitor, 
 combined with bortezomib induced cell death through JNK and caspase activation [106]. The 
 Myc oncogene is a key regulator of MM and is frequently deregulated [107]. A study has shown 
 that  Myc  increases  the  HDAC6  expression  and  thereby  aggresome  formation.  These  data 
 suggest  that  MM  patients  with  elevated  Myc  activity  may  especially  be  sensitive  to  a 
 combination of bortezomib and HDAC6 inhibition [108].  


It  was  shown  that  poor  response  to  bortezomib  correlates  with  downregulated  XBP1  and 
immunoglobulin secretion [109]. This may suggest that acquired bortezomib resistance may be 
caused by a decreased immunoglobulin synthesis leading to a reduction in ER protein load, 
basal  ER  stress  and  UPR  activity  [83].  A  study  conducted  by  Jing  et  al.  put  forward  that  a 
moderate  activation  of  unfolded  protein  response  (UPR)  through  tunicamycin  and 
dithiothreitol,  could  induce  myeloma  cell  differentiation  mediated  by  XBP1-s  and  sensitize 
them to PI [110]. Tunicamycin induces ER stress by inhibiting N-linked glycosylation, whereas 



(25)dithiothreitol induces stress by reducing the protein disulfide bonds. Both treatments induce 
 UPR even at low dose and thereby not causing cytotoxicity, which ensures the safety for future 
 clinical use [110]. This suggest that an ER stress inducing agent can be used as a therapeutic 
 approach to enhance the effectiveness of bortezomib and overcome resistance.  


Drug  resistance  arises  from  the  compensatory  mechanisms  to  restore  proteostasis.  The 
 activation of autophagy can lead to bortezomib-resistance [111]. Gene expression profiling in 
 newly  diagnosed  patients  showed  that  hyperexpression  of  glucose-regulated  protein  78 
 (GRP78),  also  known  as  HSPA5  or  BiP,  correlated  with  reduced  clinical  response  to 
 bortezomib [112]. The study detected metformin to be a modulator of autophagy and showed 
 that metformin co-treatment with bortezomib suppressed the induction of UPR effector GRP78 
 to  impair  autophagosome  formation  and  enhance  apoptosis.  This  suggests  that  metformin 
 suppresses GRP78, a key driver of bortezomib-induced autophagy, and thereby enhances the 
 anti-MM effect of bortezomib [112].  


There are no prospective biomarkers available to predict drug resistance yet. Since there are 
 various mechanisms and heterogeneity in MM involved in resistance, it is unlikely that one 
 biomarker fits all MM. Still, screening PSMB5 mutations at diagnosis, during treatment, and 
 subsequent follow-ups can be of help in monitoring drug resistance in PIs [113]. Furthermore, 
 it seems like Hsp90 inhibition may become an important supplement to the available methods 
 of treatment in MM patients, especially to overcome resistance to PIs [89]. 


8. Future perspective 


In spite of the advances in therapy, which has improved the life expectancy of patients, multiple 
myeloma remains incurable and therapy resistance plays an important role in the lethality of 
this disease [83]. Certainly, novel therapies are needed to deal with the onset of resistance to 
available  drugs  and  to  provide  yet  more  effective  treatment.  In  recent  years  it  has  become 
increasingly clear that highly secretory multiple myeloma cells are dependent on mechanisms 
that maintain proteostasis due to their high secretory burden. As a result, these cancer cells are 
quite sensitive to compounds which target to disrupt proteostasis.  Since there is an increased 
demand to deal with secretory proteins in the ER, multiple myeloma cells are dependent on a 
set of signaling pathways to survive, and one such signaling pathway is the UPR. Therefore, 
targeting the UPR in these MM cells unfolds as a propitious treatment for multiple myeloma. 



(26)Another target is the secretory pathway. Cancer cells are addicted to mechanism that maintain 
 proteostasis. A malignancy especially reliant on the secretory pathway is MM, because of its 
 hypersecretion. So far there haven’t been any successful attempts to target the secretory part of 
 the  proteostasis  in  MM  therapy  and  future  research  should  definitively  focus  on  this  area. 


Furthermore,  we  will  also  need  therapeutics  that  selectively  target  myeloma  cells,  without 
 major alterations of other highly secretory organs such as the liver, the pancreas and endocrine 
 cells. Some of the approaches that I highlighted fulfil these criteria. Overall, we are in the lucky 
 situation that the pre-clinical pipeline for MM therapy is very rich in content and future efforts 
 should focus on a higher grade of collaboration between clinicians and basic researchers to 
 translate some of these contents of this pipeline into clinical practice.  


9. Methods  


This review is based on publications up to year 2022 that were retrieved by a selective search 
 on PubMed employing the terms “proteostasis”, “multiple myeloma” AND “epidemiology”, 


“treatment”, “prognosis”, “proteostasis”, “ER stress”, “proteasome inhibitors” OR “resistance”.  
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