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ABSTRACT 
 
Multiple myeloma is an incurable haematologic malignancy. Therapeutic 

advances continue to improve overall survival, but there remains a need for the 

ongoing development of novel treatment approaches. Activating mutations in the 

RAS mitogen activated protein kinase pathway (RAS-MAPK) are present in 

approximately 50% of cases. These mutations function as secondary oncogenic 

drivers and are thought to play a significant role in disease progression, as these 

mutations are virtually never seen in the precursor condition monoclonal 

gammopathy of uncertain significance (MGUS) and have a higher prevalence at 

relapse. Additionally, the t(4;14) translocation is present in approximately 15% of 

cases, which signals via inputs into the RAS-MAPK. Together, this provides the 

rationale for therapeutically targeting the RAS-MAPK. Trametinib is a small 

molecule inhibitor directed against MEK, a kinase belonging to the RAS-MAPK. 

Herein we investigate a potential role of MEK inhibition with trametinib in MM. 

 

We show trametinib inhibits proliferation in human myeloma cell lines (HMCLs) 

that harbour RAS mutations (RASM). This effect is mediated by abrogation of 

signalling through the RAS-MAPK with loss of phosphorylated ERK, cell cycle 

arrest at G0/1 in p53 wild type cells, and loss of nuclear accumulation of both ERK 

and cyclin B. Despite the loss of phosphorylated ERK in all HMCLs, virtually no 

effect is observed in either t(4;14) or WT (neither RASM or t(4;14)) HMCLs with 

trametinib monotherapy. In a RASM murine xenograft model, trametinib 

monotherapy delayed tumour progression, but did not improve survival. Further, 

treatment with trametinib in combination with dexamethasone results in 

synergistic cytotoxicity in RASM HMCLs and a single t(4;14) HMCL. As such we 

find RASM to be a predictive of MEK inhibitor sensitivity and that MM exhibits 

oncogenic addition RASM.  

 

We interrogated global kinase changes in response to trametinib treatment, 

identifying both CK2 and BCL-2 activity as causes of early resistance to 

trametinib. Trametinib treatment in combination with silmitasertib (an inhibitor of 

CK2) causes synergistic cytotoxicity in RASM HMCLs, and induced a cytostatic 

response in t(4;14) HMCLs. Trametinib in combination with venetoclax (an 
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inhibitor of BCL-2) results in synergistic cytotoxicity in RASM and t(4;14) HMCLs 

that express phosphorylated BCL-2 at baseline, identifying this as a potential 

biomarker of sensitivity to the combination. 

 

Using RNA-sequencing we recapitulated the findings of MEK-inhibitor sensitivity 

gene signatures identified in other solid tumours.  

 

Finally, we show that azacitidine pre-treatment of t(4;14) HMCLs resulted in 

profound sensitisation to subsequent treatment with trametinib. We demonstrate 

DNMT3b, a known target of azacitidine, is overexpressed in t(4;14) HMCLs and 

predicts sensitivity the combination. In a t(4;14) murine xenograft model 

treatment with azacitidine followed by trametinib significantly delayed tumour 

growth. Despite this, the combination failed to prolong survival compared to 

azacitidine alone. 

 

Collectively, our results confirm inhibiting the RAS-MAPK with the MEK inhibitor 

trametinib as a feasible, targeted therapeutic strategy in MM. Combination 

therapy can optimise the response to MEK inhibition, from cytostatic to cytotoxic. 

Our findings represent a novel approach in the treatment of MM, and support 

further clinical evaluation of MEK inhibition in MM.   
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1. INTRODUCTION         
 

1.1 MULTIPLE MYELOMA 

Multiple myeloma (MM) is a B-cell malignancy characterised by a clonal 

proliferation of malignant plasma cells in the bone marrow, a monoclonal protein 

of either intact immunoglobulin (Ig), light chains or both in the blood and often 

detected in the urine (described as Bence-Jones protein) with associated end-

organ dysfunction1. It is the second most common haematologic malignancy and 

accounts for approximately 1% of all cancers. The median age of onset is 70 

years. Despite many novel treatment options over the past two decades, MM 

remains incurable with a median survival of between 42 and over 100 months 

depending on disease risk2.  

 

Plasma cells are terminally differentiated, antibody-secreting B-lymphocytes. The 

generation of plasma cells occurs initially in response to T-cell antigen 

presentation, where B-cells receive an antigen-receptor dependent signal which 

leads to the rapid development of B-lymphoblasts. These lymphoblasts divide 

and may undergo class switch recombination (CSR), resulting in a change of 

antibody isotype. This results in short lived plasmablasts which secrete large 

amounts of antibody3. This antibody is typically low affinity due to limited somatic 

hyper-mutation (SMH). Subsequently, some of these activated B-cells re-enter 

the follicle, undergo SMH, and develop into long-lived plasma cells generating 

high affinity antibody, also capable of re-activation at times of repeat immune 

challenge4,5. This provides the long-term memory component to the human 

immune system. The processes of CSR and SMH both require double stand 

breaks in DNA at the immunoglobulin locus6,7. This very process which gives rise 

to an effective, high affinity immune response with memory, is thought to be the 

point at which MM arises, resulting in the clonal expansion of long-lived malignant 

plasma cells. Hence it is not surprising that the incidence of clonal expansion of 

plasma cells increases with age8.   

 

The pre-malignant condition, monoclonal gammopathy of undetermined 

significance (MGUS), is thought to precede almost all cases of MM9-11. MGUS is 
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defined as the presence of fewer than 10% clonal plasma cells in the bone 

marrow, <30g/L of monoclonal protein and the absence of end organ damage 

which defines MM. Where parameters exceed those of MGUS, but there is still 

absence of end organ damage, the condition is termed asymptomatic MM. The 

risk of progression to overt symptomatic MM increases with each of these 

parameters12. A subset of asymptomatic MM patients has been defined with a 

particularly high risk (>80% at two years) of progression to symptomatic MM13-15. 

Current recommendations from the International Myeloma Working Group 

(IMWG) suggest consideration for treatment of asymptomatic patients that fit the 

high-risk category12. 

 

Karyotypic abnormalities are thought to be present in the founder MGUS clones. 

Approximately 40% of the cytogenetic abnormalities involve the immunoglobulin 

heavy chain locus (IgH) on chromosome 14, and one of five partner 

chromosomes 4, 6, 11, 16 or 20. These are thought to arise during the process 

of CSR. Approximately 50% of cases are hyperdiploid, harbouring trisomies 

typically of the odd number chromosomes. An hyperdiploid karyotype portends a 

better prognosis16. Whereas, the genetic lesions, t(4;14), t(14;16) and deletion of 

the short arm of chromosome 17 (del(17p)), adversely impact on prognosis17. 

The presence of these has been incorporated into the revised international 

staging system (R-ISS) to better characterise relative risk and survival2.   

 

On the background of these cytogenetic abnormalities secondary oncogenic 

mutations occur leading to progression from MGUS, to asymptomatic MM and 

finally to the clinically apparent MM. The most common of these involve members 

of the RAS family genes, KRAS and NRAS. Confirming these as molecular 

markers of progression, mutations in RAS genes are almost never seen in 

MGUS. Further rates of mutation increase beyond 50% in later stages of 

disease18. Finally, dysregulation of MYC and mutations in p53 are considered 

late stage processes and harbingers of accelerated disease19-22. 

 

1.2 THE RAS-MITOGEN ACTIVATED PROTEIN KINASE PATHWAY  
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The RAS-MAPK is a kinase pathway comprising the four kinases: RAS, RAF, 

MEK and its final effector ERK (Figure 1.1)23,24. It is not strictly a cascade, as the 

signal is not amplified at each step. The RAS-MAPK transduces extracellular 

signals from membrane bound receptors, most typically the receptor tyrosine 

kinases (RTKs) and is involved in proliferation, growth, migration, survival and 

anti-apoptosis25.  

 

Following stimulation of a receptor by its cognate ligand (mitogens, growth 

factors, cytokines), receptor dimerization occurs leading to activation and auto-

phosphorylation of the intracellular domain. Once phosphorylated the adaptor 

protein “growth factor receptor bound protein 2” (GRB2) is recruited via its Src 

homology domain (SH2) along with “Son of Sevenless” (SOS). SOS is a “guanine 

nucleotide exchange factor” (GEF) that activates RAS by replacing GDP with 

GTP and thus propagates the signal to the pathway26.  

 

The RAS proteins are a family of small GTP-binding proteins, encoded by the 

RAS proto-oncogenes27. Three isoforms exist: KRAS (A and B), NRAS and 

HRAS, which share 85% sequence homology. Functional differences between 

the encoded proteins are not fully elucidated. However, highlighting differences, 

KRAS knockout mice die mid-gestation whilst N and HRAS knockout survive28. 

Post-transcription modifications of RAS take place affecting cellular localisation. 

The first step in trafficking to the cell membrane requires isoprenylation, the 

addition of a 15-carbon isoprenoid chain from farnesyl pyrophosphate (FPP) by 

farnesyltransferase (FTase). Alternatively, both K and NRAS can be 

isoprenylated by the 20-carbon chain geranylgeranyl pyrophosphate (GGPP) by 

geranylgeranyltransferase (GGTase). The mevalonic acid pathway generates 

both FPP and GGPP. Following isoprenylation, an endopeptidase removes three 

terminal amino acid residues, this is followed by methylation and the addition of 

two palmitoyl long chain fatty acids by palmitoyltransferase allows stabilisation at 

the plasma membrane. This final step is not required for KRAS as it has lysine 

residues at it carboxy terminus, which interacts with the negatively charged lipid 

bi-layer29. 
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After RAS-GDP binds to SOS, GEF activity generating RAS-GTP is initially low, 

however once RAS-GTP is generated this allosterically enhances the activity of 

SOS 10-fold, rapidly generating RAS-GTP. This process is reversed by the 

GTPases (GAPs), which hydrolyse GTP to GDP, inactivating RAS once again. 

The activity of the GAPs are several fold higher than that of the GEFs leading to 

rapid inactivation of RAS providing fine control of pathway activity30.  

 

Targets of RAS include RAF leading to signalling via the MAPK pathway, PI3K 

resulting in activation of the PI3K/AKT pathway and phospholipase C. Why 

activity directed to any one pathway is preferred over another is not entirely 

clear27. 

The RAF family of serine/threonine protein kinases consist of ARAF, BRAF and 

CRAF (RAF-1)31. Each RAF kinase consists of CR1, 2 and 3 domains. The CR1 

domain contains the RAS-binding domain (RBD), CR2 is a regulatory 

phosphorylation site and CR3 the active kinase domain. RAF is maintained 

inactive in the cytosol via the regulatory 14-3-3 protein binding to the CR2 

domain32. Once RAF is recruited to RAS by the RBD, phosphorylation occurs 

resulting in the “dislocation” of the CR2 domain, RAF monomers form homo- and 

heterodimers now paradoxically enhanced through crosslinking by 14-3-3, 

resulting in activation of the CR3 kinase domain33. In contrast to RAS, RAF has 

few target substrates with MEK the only target of all three isoforms.   

 

MEK1/2 are serine/threonine protein kinases34. They are dual specificity kinases 

which phosphorylate both serine and threonine residues on ERK1/2. Activation 

of MEK occurs once RAF has phosphorylated its two serine residues. The only 

known targets of MEK1/2 are ERK1/234, thus making MEK a “convergence” point 

of the MAPK pathway. 

 

ERK1/2 are serine/threonine kinases35. ERK1 and ERK2 appear to have 

overlapping/redundant functions, with over 80% sequence homology. There is 

likely some distinction in their activity though, as only ERK2 knockout in mice is 

embryonic lethal36,37. Functional differences remain to be dissected. ERK is 

activated via phosphorylation of a serine and threonine residue by MEK1/2. ERK 

is the final effector in the pathway with over 160 nuclear, cytoplasmic and 



 5 

cytoskeletal substrates25. This results in the MAPK pathways involvement in such 

an extensive range of cellular processes including cell-cycle, proliferation, anti-

apoptosis, migration, adhesion.  

 

In addition to the kinase pathway itself, several influencers exist including scaffold 

proteins, positive and negative modulators, negative feedback loops and 

phosphatases. These proteins and enzymes serve to potentiate, dampen or turn 

off pathway activity.  

 

Scaffold proteins provide “docking” points for the enzymes of the MAPK and in 

doing so co-localise the individual elements38. “Kinase suppressor of Ras1” 

(KSR1) is a misnamed multi-domain scaffold protein, which localises to the cell 

membrane, providing docking sites for RAF, MEK and ERK, co-localising and 

enhancing sequential activation. When not activated by RAS, KSR is maintained 

inactive in the cytoplasm by 14-3-3. IQGAP, originally thought to be a RAS-GAP, 

is another scaffold protein for RAF, MEK and ERK. IQGAP modulates the nature 

and duration of MAPK signalling particularly between MEK and ERK239,40. MP1, 

SEF and PAXILLIN are also scaffold proteins that traffic ERK to specific locations 

in the cytosol. In redirecting ERK they prevent nuclear translocation limiting its 

effects to cytosolic and membrane proteins41,42.  

 

Positive modulators of the pathway “suppressor of ras-8” (SUR-8)43 and 

“connector enhancer of KSR” (CNK)44 both potentiate the interaction of RAS and 

RAF and the latter’s activation. Negative modulators of the pathway Erbin, 

Sprouty and “Raf-1 kinase inhibitor protein” (RKIP)45 predominantly interfere with 

interactions of CRAF. Sprouty also binds to and sequesters Grb2/SOS inhibiting 

RAS activation46,47. 

 

Once activated ERK has negative feedback loops with SOS48, CRAF49 and 

MEK150 (Figure 1.2). 
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Figure 1.1: The RAS-MAPK in the active state 

1.3 THE RAS-MAPK IN NON-MALIGNANT CONDITIONS 

Mutational activation of the RAS-MAPK is not limited to malignant conditions.  

Investigations of non-malignant conditions, using highly sensitive techniques are 

identifying MAPK mutations. 

 

Utilising droplet digital PCR (ddPCR), a study of sporadic arteriovenous 

malformations (AVM) in the brain identified activating KRASM in the endothelium 

in 45 of 72 cases51. Downstream analysis found preferential activation of ERK 

over either AKT or p38 and increased expression of genes associated with 

angiogenesis. MEK inhibition abrogated the angiogenesis gene signature. 

 

In a similar study of endometrial tissue, using whole exome sequencing (WES) 

and ddPCR, three of 27 samples were identified to have KRAS mutation52. 

Endometriosis is considered a benign disease without malignant potential. 

 

Both these studies are consistent with the known roles of the RAS-MAPK in 

growth and proliferation. Inhibition of the pathway appears to impact on AVM 

gene expression and might possibly offer a treatment option in recalcitrant 

endometriosis.     
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1.4 THE RAS-MAPK AND MALIGNANCY 

Mutations within the MAPK pathway are among the most frequently observed in 

all malignancy53. First described in 198254-56, investigation continues, repeatedly 

identifying cancers with previously unknown pathway mutations.  

 

RASM are observed in pancreatic adenocarcinoma (90%)57,58, colorectal 

carcinoma (CRC) (45%)59, papillary thyroid tumours (60%)60,61 and non-small cell 

lung cancers (NSCLC) (35%)62,63. In solid tumours RASM do not appear to 

influence prognosis. Despite the frequency of these mutations, targeting these 

lesions has remained elusive and does not form part of standard clinical practice.   

 

RAFM are found in metastatic melanoma (60%)64, papillary thyroid cancer (up to 

70%)65,66 and right sided colon cancer (10-15%)67 conferring a poor prognosis in 

the latter. RASM or RAFM in CRC result in resistance to the EGFR inhibitor 

cetuximab. 

 

In haematologic malignancy RASM is present in chronic myelomonocytic 

leukaemia (CMML)(40%)68, acute myeloid leukaemia (AML) (25%)69 and 

relapsed childhood acute lymphoblastic leukaemia (ALL)(30%)70. It is likely the 

RASM in childhood ALL are present at diagnosis and may be enriched at relapse. 

The BRAFMV600E (also seen in melanoma) is the diagnostic hallmark of hairy 

cell leukaemia (HCL)71,72. BRAFM is present in Langerhans cell histiocytosis 

(LCH) (50%)72. In BRAF wild type, a MEK mutation is often present (25%)73,74.   

 

Currently the only disease in which targeted therapy is utilised is in BRAFM 

melanoma, with the BRAFV600E specific inhibitor vemurafenib75. Monotherapy 

with vemurafenib has improved both progression free survival (PFS) and overall 

survival (OS), however resistance typically develops. Dual pathway inhibition with 

both vemurafenib and the MEKi trametinib76,77 can forestall this resistance.  

 

 

 

 



 8 

1.5 THE RAS-MAPK AND MULTIPLE MYELOMA 

1.5.1 RAS: Mutations, Associations and Clinical Implications 

Activating RASM, along with p53, MYC dysregulation, Rb disruption and 

mutations in DNA mismatch repair (ATM, ATR) are amongst the most common 

molecular mutations in MM20,78. As described in other malignancies, recurring 

sites of mutation involve both NRAS and KRAS at codons 12, 13 and 61. 

Interestingly HRASM are exceedingly rare79. Several studies have investigated 

the prevalence of RASM (Table 1.1) with rates quoted from “not observed”80-82 to 

100%83. Reasons for these apparent discrepancies include small study cohorts, 

the use of total bone marrow samples rather than enriching for tumour/plasma 

cells and the sensitivity of the platform used affecting detection of low variant 

allele frequency. Additionally, whilst some mutations are rare, not all studies 

included all known mutations. Further, racial differences have been suggested to 

affect mutation frequency84,85. Although mutations in RAS genes are thought to 

be mutually exclusive86,87, sub-clonal populations harbouring multiple mutations 

have been described78,88. 

 

RASM operate as secondary oncogenic drivers, rather than initiating 

mutations11,20. Consistent with this, most studies support the absence of RAS 

mutations in MGUS (Table 1). However, two studies have reported RAS mutation 

in single MGUS patients89,90. In the first, a patient with MGUS for 14 years is 

described, prior to identification of an NRASM. At three years follow up the patient 

had not developed MM, eventually dying from unrelated illness. The second 

report had no clinical follow up details.   

 

Supporting the theory that RASM operate as secondary oncogenic drivers, 

memory B-cells have been identified harbouring the same IgH translocations 

seen in plasma cells from patients with MGUS and MM, however the KRAS 

mutation detected in the same patients’ plasma cells was not seen in the memory 

B-cell compartment91. This would suggest the acquisition of RASM leading to the 

clinical disease. 
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Endeavouring to recreate the malignant phenotype with RASM, KRAS92 and 

NRAS93 mutation have been introduced into murine germinal centre B-cells and 

plasma cells. However, in the case of KRASM, off-target Cre effects resulted in 

lung adenocarcinoma, T-cell lymphoma and sarcoma without evidence of MM. 

The NRASM model resulted in an accumulation of plasma cells in the peripheral 

blood and increased immunoglobulins but again not MM. 

 

RAS mutations occur at a higher frequency depending upon the underlying 

cytogenetic abnormality. It is generally considered that RASM and t(4;14) MM are 

mutually exclusive given redundancy in pathway activation. Whereas t(11;14) 

disease is enriched for RASM with rates reported at 37 to 65%78,87,89,90.  

 

Taken together, these findings support RASM as a secondary oncogenic 

transforming event, enriched in t(11;14) disease and a potential molecular 

distinction between MGUS and MM. 

 

The effect and correlation of RASM status on clinical parameters and outcomes 

has been investigated. The largest study by the Eastern Cooperative Oncology 

Group (ECOG) evaluated 439 patients with a new diagnosis of MM89. RASM 

correlated with more aggressive disease, specifically a higher bone marrow 

plasma cell load, higher β2-microglobulin levels, a greater rate of international 

staging system (ISS) stage II and III and lower haemoglobin levels. Overall, RASM 

was found to be an independent prognostic variable for OS. Patients with wild-

type (WT) RAS had an OS of 44.3 months vs 35.5 months for those with RASM. 

The negative influence of RASM was only borne out by those with KRASM, where 

survival was worse at 19.9 months compared with 40 months for those with 

NRASM. In a second study it was similarly found that KRASM was associated with 

a higher disease burden and poorer OS of 24 months compared with 44 months 

for WT KRAS94. No other group replicated the significant differences in disease 

or survival findings due to RASM. 

 

NRASM has been implicated in inferior response and resistance to bortezomib95. 

Those with NRASM were found to have significantly lower response rates 

compared with WT (7% vs 53%; p=0.0016). This also resulted in shortened time 
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to progression (TTP) but did not impact on OS. The lack of effect on OS was 

attributed to NRASM cases being enriched for cyclinD1 overexpression/hyper-

diploid cytogenetic subgroups, which typically have a better overall prognosis. 

Additionally, NRASM disease still responded to high dose dexamethasone 

salvage and as such OS may have been preserved due to response to 

subsequent therapies. Patients with KRASM disease have been reported to have 

significantly lower response rate to melphalan compared with KRAS WT (26.9% 

vs 58.3%; p=0.015)96.  

 

To better delineate the effects of RASM, both N and KRASM have been introduced 

into IL-6 dependent HMCLs97-102. NRASM achieves IL-6 independence, whilst 

KRASM achieves partial independence. Interestingly, in one case following 

introduction of RASM the HMCL acquired resistance to doxorubicin, 

dexamethasone and melphalan. 
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STUDY    n    NRAS (%) KRAS (%) Total RAS (%) Comment                                                        . 
 
Mikulasova103 2017   33 MGUS   1 (3)  2 (6)  2 (6)  2 RASM in 1 pt 
 
Mithraprabhu18 2017  15 NDMM   6 (40)  8 (53)  11(73)  3 BRAFM  
    33 RRMM   15 (45)  19 (58)  22 (67)  RR pts more likely to have multiple mutations 
              1 RR pt had 17 RASM detected 
 
Xu104 2017   103 NDMM   14 (14)  24 (23)  43 (42)  4 BRAFM, 4 both RASM & BRAFM   
    77 RRMM   22 (28)  17 (22)  43 (56)  6 BRAFM, 4 both RASM & BRAFM 
 
Kortum105 2016   50 RRMM   13 (26)  16 (32)  29 (58)  9 BRAFM, 68% pts resistant to both PI and IMiD 
 
Walker106 2015   463 NDMM   90 (19.4)  98 (21)  188 (41)  2% had both K & NRASM, 31 (6.7%) BRAFM 
              RASM had no impact on prognosis 
 
Lionetti107 2015   132 MM    35 (27)  48 (33)  73 (55.3)  Total BRAFM 20 (12%) 
    24 pPCL    1 (4)  4 (17)  5 (21) 
    11 sPCL    4 (36)  2 (18)  6 (55) 
 
Bolli108 2014   67 (51 NDMM)       32 (48)        
 
 
Mulligan95 2014   133 MM    26 (20)  32 (24)  58 (44)  3 BRAFM, no diff. in OS for N or KRASM   
 
Mosca109 2013   23 pPCL    0  0  0  1 BRAFM V600E  
 
Hucthagowder110 2012   42 MM    0  4 (9.5)  4 (9.5)  Discovered new 9bp deletion 
 
Walker87 2012   22 MM    4 (18)  7 (32)  11 (50) 
 
Chapman111 2011   38 MM    9 (24)  10 (26)  19 (50)  1 BRAFM G469A 
 
Chng89 2008   439 MM (ECOG)   74 (17)  28 (6)  102 (23)  KRASM assoc. aggressive disease, shorter OS 
    60 new MM (MAYO)      15 (25) 
    22 relapsed MM (MAYO)      10 (45)  Suggestive of RASM assoc. with late disease 
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Tiedemann112 2008  39 sPCL        6 (15) 
    41 pPCL        11 (27) 
 
Intini113 2007   81 MM    12 (15)  4 (5)  16 (20)  No significant lab/clinical correlation 
    13 sPCL    2 (15)  0  2 (15) 
 
Ortega84 2006   252 MM    7 (2.8)  46 (18.3)  53 (21)  Suggests lower incidence in Brazilian pts 
 
Martin82 2005   13 MGUS   0  0  0  Only screened for KRAS 12 and 61 codons. 
    30 MM    0  0  0 
    1 sPCL    0  0  0  
 
Rasmussen90 2005   20 MGUS   1 (5)  0  1 (5)  0/14 t(4;14) pts showed RASM 
    58 MM    7 (12)  11 (19)  18 (31) 
 
Ng85 2003   31 MM    1 (3)  3 (9)  4 (13)  Suggests lower incidence in Chinese pts 
    1 sPCL 
 
Bezieau114 2001   8 MGUS/SMM   1 (12.5)  0  1 (12.5)  No data on whether mut pt MGUS or SMM  
    33 MM    7/30 (23) 18 (54.5)  (54.5)  Incomplete data due to insufficient samples  
    11 relapsed MM   4/10 (40) 6 (54.5)  (81)   
    10 pPCL    3 (30)  3 (30)  6 (60) 
 
Kalakonda83 2001   34 MM    34 (100) 1 (3)   34 (100)  All pts had varying clonal freq. of NRASM 
 
Liu94 1996   139 MM    40/129 (31) 23/139 (16.5)   Different denominators due to test protocol  
              KRASM significantly affects OS 
Millar80 1995   18 MM    0  0  0 
 
Yasuga81 1995   45 MM    2 (4.4)  0  2 (4.4)  Only screened for NRAS 12 and 61 codons. 
 
Corradini115 1993   30 MGUS   0  0  0   
    77 MM    2 (2.5)  5 (6.5)  7 (9)  
    8 Plasmacytoma   0  0  0 
    13 sPCL    4 (31)  0  4 (31) 
 
Portier116 1992   30 MM        14 (47) 
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Tanaka117 1992   10 MM    5 (50)    5 (50) 
 
Matozaki118 1991   12 MM    3 (25)    3 (25) 
    3 Plasmacytoma   1 (33)    1 (33) 
 
Paquette119 1990   17 MM    2 (12)  0  2 (12) 
 
Neri88 1989   43 MM    11 (26)  2 (5)  13 (30)  2 pts had 2 muts. 1 pt had 3 muts. 
                    
Table 1: Summary of publications describing RAS mutations in MM MGUS-monoclonal gammopathy of undetermined 
significance, SMM-smouldering myeloma, MM-multiple myeloma, sPCL-secondary plasma cell leukaemia, pPCL-primary plasma 
cell leukaemia, OS-overall survival, pts-patient, muts-mutations 
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Whilst the in-vitro effects of introduced RASM echo some of the reported clinical 

pharmacologic resistance, given the frequency of RASM and the general good 

responses to initial therapy, it is difficult to believe that RASM alone confers this 

resistance.  

 

1.5.2 Targeting RAS 

To date the most frequently used approach to inhibition of RAS signalling in MM 

and in other malignancies29, has been to target post-transcription modifications, 

specifically prenylation120. Three main approaches have been adopted: the first 

with farnesyltransferase inhibitors (FTi)121, the second and third methods lead to 

substrate “starvation” through inhibition of the mevalonate pathway as a source 

of FPP with HMG-CoA-Reductase inhibitors122 with either “statins” or 

bisphosphonates123.  

 

As mono-therapy the FTis R115777 (tipifarnib), manumycin and FTI-277 have all 

been shown to inhibition proliferation and induce apoptosis in both HMCLs and 

primary patient samples124-128. The studies conflict on the role of RASM affecting 

response. In primary patient samples the effect in both studies was independent 

of RASM 124,125. Given several other cellular proteins are prenylated the effects of 

FTis are unlikely to be due solely to RAS processing129. 

 

In combination with icandronate (a bisphosphonate)130, PD184352 (MEKi) and  

UCN-01 (CHK-1 inhibitor)131, GGTase inhibitors and lovastatin (HMG-CoA-

reductase inhibitor)132 and bortezomib (proteasome inhibitor)133, FTis have 

shown synergistic cytotoxicity. RASM status exerted no influence on the 

synergism. The addition of IL-6 or FGF-1 did not reduce either the inhibition of 

proliferation or apoptosis, suggesting the bone marrow micro-environment 

(BMME) might not afford protection against these effects. 

 

Unfortunately, the in vitro promise of these agents has failed to translate 

successfully into the clinic. Two clinical trials have evaluated the use of tipifarnib 

in MM. The first, a phase II trial of 43 patients with relapsed/refractory (R/R) MM, 

with a median of four prior lines of therapy134. After two cycles of treatment, a 
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third of patients had progressed, whilst the remainder had stable disease (SD) as 

the best response. No patient achieved a partial response (PR). Correlative 

protein studies showed that whilst tipifarnib did indeed inhibit protein prenylation 

this was seen in several other proteins as well, not simply RAS. Further, 

decreased levels of phosphorylated AKT and STAT3, downstream of RAS were 

seen, however no change in phosphorylated ERK suggesting its effect was not 

mediated through inhibition of the MAPK. RASM status did not correlate with 

response to therapy. The second study investigated tipifarnib in a range of 

haematologic malignancies (CML, MDS and MM)135. Considering only those with 

MM, no patient achieved better than SD. These studies do not support the use of 

tipifarnib as monotherapy in MM and leave the role of RASM conferring sensitivity 

to prenylation inhibitors doubtful. 

 

HMG-CoA-reductase inhibitors (“statins”) have been investigated as single 

agents and in combination in HMCLs and primary patient samples. As mono-

therapy and in combination with melphalan, dexamethasone, UCN-01, 

thalidomide, lenalidomide or bisphosphonates, statins can inhibit proliferation 

and induce apoptosis122,136-141. Their effect on prenylation of RAS has been 

confirmed through demonstration of loss of RAS at the cell membrane, loss of 

RAS phosphorylation and loss of ERK1/2 phosphorylation122. Following 

treatment, cells can be partly rescued by supplementation with FPP and 

completely rescued with either mevalonate or GGPP. The addition of simvastatin 

to either melphalan or dexamethasone lead to synergistic apoptosis142. 

 

 A small number of clinical studies using statins have been undertaken, with 

conflicting results. The largest of these compared thalidomide and 

dexamethasone with or without lovastatin in patients with R/R MM143. Dosing of 

lovastatin was high at 2mg/kg days 1 to 5 and 8 to 12, followed by 0.5mg/kg days 

15 through 28, well in excess of doses used for treatment of elevated cholesterol. 

Overall response rates (ORR) of PR or better were higher in the lovastatin group 

(44% vs 32%). Complete response (CR) and near complete response (nCR) 

rates were also higher (11% vs 5%). Both PFS and OS were longer (28.5 months 

vs 6 months; p=0.048, and 47.5 months vs 36.5 months; p=0.07). No data on 

RASM status were available.  
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The role of simvastatin to overcome apparent drug resistance was investigated 

in six patients with R/R MM all of whom had previously undergone autologous 

stem cell transplant (ASCT)138. Patients were treated with either bortezomib or 

bendamustine monotherapy. If after two cycles of therapy a PR was not achieved 

this was considered drug resistance and simvastatin 80mg daily was added for a 

planned two further cycles. The study was ceased after a total of four cycles. Four 

of the six patients had progressive disease after the first two cycles of therapy, 

whilst two had minor responses (MR). Following the addition of simvastatin five 

of the six patients had a reduction in paraprotein levels, none of which were 

clinically significant.  Unfortunately, only historic controls were used, raising the 

possibility that on-going treatment was actually sufficient to achieve a response 

as opposed to the addition of simvastatin. Again, no comment was made on 

RASM status. 

 

The role of simvastatin at 15mg/kg days 1-7 (a previously validated dosing 

schedule144) added to the combined chemotherapy regimen VAD (vincristine, 

doxorubicin, dexamethasone) has been investigated in 12 patients145. All patients 

had received two prior lines of therapy. A single patient achieved a PR, six had 

SD, the remaining five all progressed. The study was terminated early due to non-

efficacy. 

 

The effect of simvastatin on bone turnover markers in heavily pre-treated MM has 

been investigated146. In six patients, simvastatin was dosed at 15mg/kg in divided 

doses for seven days followed by a 21-day break. All patients had previously 

been treated with bisphosphonates, including two who were concurrently treated. 

Unsurprisingly, gastrointestinal (GI) side effects occurred in all six patients. 

Paradoxically, bone turnover markers increased during the period of simvastatin 

administration. No improvement in disease assessment was observed.  

 

The pre-clinical potential of statins has failed to translate to clinical benefit. Whilst 

these patients were all pre-treated and no stratification with respect to RASM 

status was made, it is unlikely statins will find a place in the treatment of MM. 
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1.5.3 RAF: Expression, Mutations, Modifications and Clinical Implications 

Overexpression of all RAF isoforms has been demonstrated in both HMCLs and 

primary patients’ samples of MM, but not in MGUS147. The activity of RAF 

overexpression was confirmed, with the majority of HMCLs and patient samples 

showing both MEK and ERK phosphorylation. This could be inhibited either 

pharmacologically or with pan-RAF RNA-interference. Interestingly, RAF 

inhibition also resulted in abrogation of PI3K pathway activity, showing functional 

pathway cross-talk downstream of RAS.  

 

Activating mutations in RAF, in contrast to RAS, are relatively uncommon at 

approximately 4-6%87,111,148-150. The only isoform found to be mutated in MM is 

BRAF. As in other malignancy, the most common mutation observed is the 

activating V600E111,150. Although much rarer, other activating mutations have 

been described111,148. Curiously, a rare mutation, G594N148, has impaired kinase 

activity. What its true effects are on tumour genesis and progression are doubtful, 

but it is thought to act in concert with RASM.  

 

Activating mutations in BRAF are thought to be mutually exclusive with 

RAS78,87,111. Similar to RASM, BRAFM are more frequently observed in t(11;14) 

MM87. Similar to RAS, RAFM have not been observed in MGUS.  

 

A unique mechanism of enhanced RAF kinase activity without mutation is through 

inactivation of the negative modulator “Raf-1 kinase inhibitor protein (RKIP)151. 

Whilst RKIP has been shown to be overexpressed in MM (in 20 patients samples 

and three HMCLs), it is maintained predominantly in its inactive phosphorylated 

state, leaving CRAF activity unopposed and as such effectively “up-regulated”.  

 

Similarly, a rare novel mechanism of RAF kinase activation by gene 

rearrangement/gene-fusion has been described (in 4 of 958 cases analysed)152. 

Again, this form of activation was mutually exclusive to clonal RASM RAFM. 

 

Clinically, RAF mutations occur late, signify a shift towards aggressive, frequently 

extra-medullary disease and portend a poor prognosis. In a case series of 379 
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MM patients, seven (2.8%) had a BRAFMV600E mutation150. Four of those seven 

(57%) developed extra-medullary disease, as compared with only 17% of those 

with WT BRAF. OS was shorter for those with BRAFM compared to those without 

(45 months vs 105; p=0.04). In that series a single patient was treated with the 

specific BRAFMV600E inhibitor, vemurafenib. 

 

Counter to those findings, a series of 209 MM patients, identified 11 (5.3%) with 

de novo BRAFMV600E149. Timing of detection (whether new diagnosis or at 

relapse) was not reported. Not only did they report good response to broad agent 

therapy, but no adverse impact with respect to either PFS or OS was seen. 

 
1.5.4 Targeting RAF 

The use of RAF inhibitors in MM is limited to small phase I/II studies and a limited 

number of case reports. 

 

Sorafenib (BAY43-9006) is a multi-targeted small molecule inhibitor of both 

receptor and non-receptor tyrosine kinases including vascular endothelial growth 

factor receptor (VEGFR), platelet derived growth factor receptor (PDGFR) and 

both B and CRAF irrespective of mutation status153. 

 

Given sorafenib’s wide spectrum of targets it is unsurprising that it’s effects are a 

modulated through a variety of cellular mechanisms. Two groups have shown 

sorafenib attenuated phosphorylation of AKT, STAT3 and MCL-1 in response to 

IL-6 and VEGF stimulation154,155. Similarly, consistent with RAF inhibition, there 

was a reduction in phosphorylated ERK. In both HMCLs and primary patient 

samples sorafenib induced apoptosis in both a caspase-dependent and 

independent manner. Sorafenib is effective against bortezomib resistant HMCLs 

and shows synergy with both bortezomib and dexamethasone. Treatment in 

combination with rapamycin results in synergistic cytotoxicity. In a xenograft 

mouse model of MM, sorafenib has been shown to reduce marrow homing156.  

 

There are three reported phase I/II clinical trials with sorafenib. The largest, a 

phase II trial of 11 patients with R/R MM, used single agent sorafenib157. A single 
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patient completed the intended 13 cycles, achieving a PR sustained for 24 

months. One patient maintained SD, whilst the remainder all progressed. Median 

PFS was short at only 2.6 months. As seen in solid malignancy, rash correlated 

with sorafenib efficacy, the patient who achieved a PR experienced a grade 2 

rash. No data were available regarding either RASM or RAFM status. Another pilot 

study of three MM patients treated with single agent sorafenib resulted in SD in 

all three for durations of 2, 8 and 36 months. 

 

A phase I study of sorafenib in combination with bortezomib has been used in a 

range of advanced malignancies including one patient with MM158. Following one 

cycle of therapy, SD was maintained. A phase I/II study of sorafenib and 

everolimus (NCT00474929) in patients with RR lymphoma or MM is on-going. 

Preliminary results are not yet available. 

 

Similar to sorafenib, a novel multi-kinase inhibitor regorafenib has been tested in 

HMCLs and murine xenografts159. Regorafenib has a broad range of targets 

including VEGFR1-3, PDGFRb, cKIT, RET, FGFR and RAF160. It is already FDA 

approved for use in metastatic CRC and inoperable gastrointestinal stromal 

tumours (GIST). In HMCLs regorafenib exhibited myriad actions including 

inhibition of proliferation, osteoclastogenesis, VEGF-induced microtubule 

formation, migration and in combination with dexamethasone and carfilzomib 

showed synergistic cytotoxicity. In a murine xenograft, tumour growth was 

delayed but did not significantly prolong survival. These effects are unsurprising 

given the broad range of targets of regorafenib. 

 

There are burgeoning numbers of case reports describing the BRAFMV600E in 

patients with multiply relapsed MM150,161-163. Typically, these are reported in 

patients with late stage disease, extra-medullary presentations and an 

aggressive phenotype. Most report vemurafenib achieving rapid but short-

duration disease control. In two cases, there was sustained disease control 

beyond six months. One of these employed a discontinuous dosing strategy to 

forestall resistance164. However, a de novo NRASM arose resulting in loss of 

disease control at 10 months. Vemurafenib was ceased, disease control regained 
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through bortezomib with subsequent vemurafenib retreatment in combination 

employed. 

 

A single case reports the use of combination BRAFMV600E inhibition and MEK 

inhibition with cobimetinib (as is the practice in metastatic melanoma) in a heavily 

pre-treated patient with R/R MM162. A rapid disease response to a very good 

partial response (VGPR) was reported but follow up was limited to only three 

months.  

 

These limited studies suggest there may be a small percentage of patients who 

may have an additional treatment option. Despite the success of vemurafenib in 

the first case report, it would appear unlikely that monotherapy will maintain 

extended disease control and that combinations may prove more effective. 

 

1.5.5 MEK: Modulator & Clinical Implications 

MEK mutations have not been described in MM. However, “cross-talk” from other 

signalling pathways, including HSP90165, NFkB via TPL2166, CKS1b167 and 

AKT168, as well as activating mutations of up-stream kinases all result in 

increased signalling via MEK and consequent ERK activation. As such MEK 

serves as convergence point and potentially an ideal target for inhibition. 

 

As MEK is the only known activator of ERK, inhibition of MEK has provided insight 

into specific targets of ERK in MM. MAF is a transcription factor downstream of 

ERK, whose main target in MM has been identified as cyclin D2169. MAF plays a 

role in adherence to the marrow microenvironment and increased marrow 

expression of VEGF.  MAF’s overexpression occurs in both t(14;16) and t(4;14) 

MMs. In t(14;16) the IgH enhancer directly drives MAF transcription through 

regulatory elements. However, in t(4;14) the mechanism of MAF overexpression 

is not fully elucidated170. MAF overexpression portends a poor prognosis.  

 

Inhibition of MEK with UO126, results in down regulation of the AP1 complex as 

well as MAF. In a study of 16 HMCLs treated with UO126, 10 responded, nine of 

which overexpressed MAF, suggesting MAF may be a biomarker for sensitivity 
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to MEK inhibition170. Demonstrating a further interaction between MEK and MAF, 

two groups have shown that MEK, through phosphorylation of GSK, results in 

MAF phosphorylation and stabilisation171,172. 

 

MM cells stimulate osteoclast maturation and activation through MAPK driven 

expression of MIP1α173. Again, MEK inhibition with UO126 resulted in loss of 

MIP1α and a reduced osteoclast formation174. Similarly, MEK inhibition with 

selumetinib inhibited osteoclast formation, and release of the survival factors B-

cell activating factor (BAFF), a proliferation inducing ligand (APRIL), and MIP1α 

from osteoclasts themselves. This is further evidence of the role of the MAPK and 

the pathologic presentations of MM175. 

 

1.5.6 Targeting MEK 

Several pre-clinical studies evaluating MEK inhibition in combination with 

traditional and novel agents have been undertaken. The early “laboratory” MEK 

inhibitors UO126 and PD098059 were unsuitable for clinical use due to their side 

effect profiles. Several clinically suitable compounds have since been developed. 

 

UO126 has been investigated in combination with inhibitors of AKT168,176 and 

STAT3177. In each instance the combination was synergistic and either inhibited 

proliferation or induced apoptosis.  

 

PD098059 has been used in combination with the Checkpoint 1 (CHK1) inhibitor 

UCN-01178,179. UCN-01 on its own resulted in up-regulation of phosphorylated 

ERK, whilst in combination with either MEKi PD098059 or PD184352 there was 

enhanced apoptosis. Neither IL-6 nor FGF-1 limited apoptosis. Similarly, 

highlighting the role of combination therapy, PD098059 in combination with 

siRNA against STAT3 generated apoptosis not seen with either therapy alone180. 

This combination also overcame the protective effects of marrow stromal cells.  

 

In combination with arsenic trioxide (ATO), MEK inhibition resulted in synergistic 

apoptosis in HMCLs and primary patient samples181. MEK inhibition alone 

resulted in up-regulation of BIM (a BH3 only pro-apoptotic protein) whilst ATO 
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down-regulated MCL-1 (a critical anti-apoptotic protein in MM), together 

enhancing PARP and caspase cleavage resulting in marked apoptosis. This 

combination appeared successful in both p53 WT and mutant HMCLs, 

suggesting potential efficacy at later stages of disease.   

 

The novel MEK1/2 inhibitor selumetinib (AZD6244) has demonstrated efficacy in 

HMCLs, primary patient samples and a murine model of MM182. In combination 

with dexamethasone, bortezomib, lenalidomide and perifosine it is synergistic. 

Similar to other MEKi, selumetinib also inhibits osteoclastogenesis.  

 

The MEK inhibitor trametinib (GSK1120212) in combination with the AKT inhibitor 

afuresertib (GSK2110183) has been evaluated in both solid tumours and MM 

(ClinicalTrials.gov NCT01476137)183. Unfortunately, the combination was poorly 

tolerated, and SD was reported as the best response. 

 

A phase II study of selumetinib monotherapy has been reported in 36 heavily pre-

treated (median prior lines 5, range 2-11) patients with MM (ClinicalTrials.gov 

NCT01085214)184. Whilst the single agent was well tolerated, efficacy was poor 

with ORR of 5% and median response duration of <5 months. 

 

A retrospective case series of 58 patients has shown the potential of trametinib 

in patients with R/R MM185. Fifty-one patients had activating mutations in either 

RAS or RAF, the remaining seven had gene expression profiles (GEP) consistent 

with MAPK pathway activation. In patients with biochemically measureable 

disease 16 of 40 (40%) achieved a PR or better. Twelve of these were in 

combination with other agents, most frequently pomalidomide or combination 

chemotherapy. On the back of these results, the authors have launched a 

prospective trial of trametinib in R/R MM. 

These clinical data, along with the in-vitro studies, suggest that combination 

therapy will be required to maximise response to MEK inhibition. Careful selection 

of the partner agent is clearly required. 
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1.5.7 ERK 

ERK mutations have not been described in MM. However, given the frequency of 

mutation of up-stream kinases and as the terminal kinase in MAPK pathway ERK 

is an attractive molecular target. 

 

Analysis of relative levels of phosphorylated ERK by IHC (high, low or absent), in 

multivariate models with existing prognostic data, has identified phosphorylated 

ERK as an independent negative prognostic marker186. Whilst this is not 

equivalent to mutation, it is representative of MAPK pathway activation, and 

implies this activity as an adverse prognostic maker. 

 

1.5.8 Targeting ERK 

Inhibiting ERK and its interactions is limited to laboratory studies, with no clinical 

data. 

 

The antimalarial artesunate has been shown to reduce VEGF expression in MM, 

as well as reduce levels of phosphorylated ERK in a RASM HMCL (RPMI-

8226)187. In doing so artesunate reduced angiogenesis, migration and inhibited 

proliferation in a dose dependent manner.  

 

A novel approach to ERK inhibition is targeting of the scaffold protein IQGAP. 

IQGAP overexpression has been demonstrated in both HMCLs and primary  

patient samples. Knockdown of IQGAP with shRNA resulted in reduced 

phosphorylated ERK and reduced proliferation188. The flavonoid, quercetin, 

recapitulated these findings, reducing IQGAP mRNA, phosphorylated ERK and 

proliferation189. This effect was observed in both HMCLs and primary patient 

samples. The effect of quercetin appears specific to the MAPK with no evidence 

of inhibition of AKT, STAT3, p38 or JNK pathways. A protein mimetic that 

interferes with the ERK/IQGAP interaction produces similar results190. 
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1.6 RESISTANCE  

Targeted kinase inhibitors are not a standard part of care in MM. As such there 

are no data regarding resistance mechanisms specific to MM. However, they are 

used in solid malignancies most notably BRAFMV600E mutant melanoma. 

Molecularly MM has extensive clonal, spatial and temporal heterogeneity akin to 

that of solid malignancies and as such mechanisms of resistance to targeted 

therapies may well prove similar78.  

 

There are many and varied mechanisms by which tumours circumvent targeted 

therapy. Whilst prolonged exposure to therapy in vitro can generate resistant cell 

lines it is difficult to characterise a specific mechanism(s) belying this. Further, 

the influences and interactions of the micro-environment (cytokines, growth 

factors and immune effectors) are difficult to account for in vitro.  

 

1.6.1 Resistance to RAF Inhibition 

Despite the initial clinical success of targeted inhibition of the BRAFMV600E in 

metastatic melanoma191, resistance almost invariably develops, resulting in 

disease relapse and progression. Combination therapy with additional kinase 

inhibitors became standard and whilst this lead to further modest improvements 

in survival, again resistance emerges76. In addition to acquired resistance, not all 

patients are initially sensitive to targeted inhibition despite the presence of the 

BRAFMV600E. The nature and causes of both initial and acquired resistance 

have been extensively investigated. 

 

Upfront resistance to vemurafenib has been investigated by parallel whole exome 

sequencing (WES) of patients with primary refractory disease. This has identified 

gain of function in the oncogene RAC1 and loss of function in the transcription 

factor HOXD8 as causes of both upfront and acquired resistance to 

vemurafenib192.  

 

RAF signalling requires homo- or hetero-dimerization for signal propagation. 

However, BRAFMV600E functions as a monomer, without requisite activation by 

RAS. As ERK is fully activated by this mechanism normal feedback inhibition is 
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present (Figure 1.2). This feedback inhibition is lost within 24 hours of 

vemurafenib mono-therapy resulting in restoration of ligand-receptor mediated 

RAS signalling193. This results in vemurafenib insensitive CRAF homodimers 

forming, recovery of normal MAPK signal propagation and reactivation of ERK. 

The addition of MEK inhibition to vemurafenib is able to maintain MAPK pathway 

inactivity76,77. 

 

 

Figure 1.2: Negative feedback loops of the RAS-MAPK 
 

An unusual mechanism of loss of efficacy of vemurafenib occurs when WT RAF 

is bound by drug. This leads to RAF activation via “conformational priming”194 and 

trans-activation of RAF dimer partners195 restoring MAPK signalling. These two 

mechanisms of resistance demonstrate that even in the absence of further 

mutations, normal cellular processes can lead to drug failure. 

 

Acquired resistance to RAFM inhibition can occur either upstream or downstream 

of RAF and intrinsically within RAF itself. Upstream of RAF, up-regulation of RTK 
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signalling (e.g. PDGFRβ)196 and mutational activation of N and KRAS 

signalling192 via WT RAF overcome inhibition. 

 

Intrinsic changes to BRAFMV600E have been implicated in acquired resistance. 

WES has identified mutant amplification of between 2- and 14-fold as sufficient 

to overcome targeted inhibition197. Splice variants of the BRAFMV600E have been 

identified, whereby the RBD is lost allowing BRAFM dimers to form even in the 

presence of inhibitor198. 

 

Downstream of RAF, activating mutations of MEK1199 and MEK2192 have been 

described. These mutations confer resistance to both RAF and MEK inhibition. 

Signalling from other kinase pathways via COT/TPL2200 to MEK also leads to 

resistance downstream of RAF. 

 

Addressing the development of resistance remains a challenge clinically. There 

are no rapid investigations available to guide changes in therapy. Increasing the 

dose of vemurafenib may be beneficial where mutant gene amplification is 

present, however this is likely to provide only short-term benefit. The addition of 

MEK inhibition can overcome modest BRAFM amplification (of less than 15-fold 

amplification201), mutant splice variants, reactivation of MAPK signalling via loss 

of feedback inhibition and up-regulation of upstream receptors/kinases. Whilst 

the addition of MEK inhibition is employed clinically, the PFS and OS benefit is 

marginal at approximately three months.  

 

An interesting approach to forestalling resistance is the use of a discontinuous 

dosing strategy. In a melanoma murine xenograft model, mice were treated with 

either continuous vemurafenib or a “4 weeks on, 2 weeks off” schedule202. After 

100 days of treatment, mice on the continuous dosing regimen had all developed 

resistance, whilst no mouse on the discontinuous dosing schedule had developed 

resistance out to day 200. The dynamics of targeted therapy are clearly complex 

as some of the tumours that had become resistant demonstrated regression once 

vemurafenib was ceased suggesting tumour dependence upon vemurafenib. 

Currently vemurafenib is dosed continuously.  

 



 27 

1.6.2 Resistance to MEK inhibition 

There are fewer data investigating mechanisms of MEKi resistance than RAF 

inhibition.  

 

Upstream of MEK, KRAS gene amplification results in MEKi resistance203. A 

threshold of 30 copies is sufficient to overcome inhibition.  

 

Similar to targeted RAF inhibition, MEK inhibition leads to loss of negative 

feedback loops, resulting in pathway reactivation. In the presence of inhibitor, this 

reactivation causes the accumulation of phosphorylated MEK204,205. MEK 

inhibitor affinity for phosphorylated MEK is approximately one twentieth that for 

the un-phosphorylated form206,207. This results in drug dissociation and 

reactivation of ERK. As ERK negative feedback only inhibits MEK1, MEK2 

effectively escapes inhibition. 

 

Sequencing of MEK after acquired resistance to MEK inhibition in breast cancer 

cell lines, CRC cell lines and primary melanoma patient samples has revealed 

point mutations in the allosteric drug-binding pocket208. These mutations confer 

resistance to MEK inhibition and RAF inhibition, but in some instances lead to 

constitutive MEK activation203,209. 

 

Activation of alternative signalling pathways including overexpression and 

mutation in the PI3K/AKT pathway in NSCLC lines210,211, and active WNT 

signalling even in the presence of KRASM in CRC cell lines confers resistance to 

MEK inhibition upfront212.  

 

Genes signatures have been developed determining both sensitivity and 

resistance to MEK inhibition in melanoma cell lines213. The resistant gene 

signature is enriched for RAS effectors, which may effectively bypass inhibition.  

 

1.7 CONCLUSION 

Aberrant signalling through the RAS-MAPK pathway is frequently encountered in 

up to 70% of MM cases. Mutations in KRAS may impact on prognosis and 



 28 

survival, whilst mutations in RAF heralds a more aggressive disease course. The 

pathway provides several potential drug targets using both novel inhibitors and 

several already clinically available. It is increasingly apparent, despite the initial 

promise in pre-clinical and cell lines studies, that targeted inhibition with 

monotherapy is destined to fail due to myriad mechanisms of both upfront and 

acquired resistance. Careful dosing strategies and combination therapy will likely 

be required to take maximal advantage of targeted therapy to counter resistance 

and improve patient outcomes.  

 

The work described in this thesis investigates the use of MEK inhibition in MM. 

Targeted inhibitors or both RAS and RAF are also investigated. However, the 

specificity of the RAS inhibitor could not be confirmed, and the efficacy of the 

RAF inhibitors employed (chapter 3) is poor. Further, pragmatically the MEK 

inhibitor employed is already in use clinically, and as such is the focus of this 

body of work.  
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2. MATERIALS & METHODS       

 
2.1 CELL LINES AND NORMAL CD138+ CELLS 

2.1.1 Human Myeloma Cell Lines 

MM1s, RPMI 8226, NCI H929, and U266 were obtained from the American Type 

Culture Collection (ATCC) (Manassas, Virginia, USA). Cell line validation was 

performed by the ATCC using short tandem repeat analysis. LP1, OPM2 and 

JJN3 were obtained from Deutsche SammLung von Mikroorganisemen and 

Zellkulturen (Branschweig, Germany). These cell lines were authenticated by the 

supplier using cytogenetics, DNA typing, immuno-phenotyping and cell line 

speciation. XG1 and ANBL6 were kind gifts from the Winthrop P Rockefeller 

Cancer Institute (Little Rock Arkansas, USA).  KMS11, KMS12BM, KMS26, 

KMS34 and KMS28BM were kind gifts from Dr Takemi Otsuki of Kawasaki 

Medical School (Okayama, Japan). JIM1 was a kind gift from the Walter and Eliza 

Hall Institute (WEHI) (Melbourne, Australia). Cell lines were screened every three 

to six months for mycoplasma contamination using the VenorGeM Mycoplasma 

Detection Kit.  

 

2.1.2 Normal CD138+ Cells 

CD138+ plasma cells were obtained from healthy bone marrow donors with 

written and informed consent approval from the Alfred Hospital Research and 

Ethics committee. Bone marrow mononuclear cells (BMMC) were isolated with 

Ficoll-Paque Plus (Amersham Biosciences, Rydalmere, NSW, Australia), and 

washed with PBS. Red blood cells were lysed with NH4Cl solution (8.29g/L 

ammonium chloride, 0.037g/L EDTA, 1g/L potassium bicarbonate) and washed 

with PBS again. Plasma cell percentage was quantified by CD45 and CD38 

staining by flow cytometry.  

 
2.2 CULTURE CONDITIONS 

HMCLs were cultured in complete RPMI-1640 consisting of RPMI-1640 media 

(Gibco Invitrogen) supplemented with 10% heat inactivated foetal bovine serum 



 30 

(FBS, Lonza Biowhittaker, Mt Waverly, Victoria, Australia), and 2mM L-glutamine 

(Gibco Invitrogen), in a humidified incubator at 37oC with 5% CO2.  

 

Unless otherwise specified all experiments were performed using the same 

culture media and conditions. 

 

IL-6 dependent HMCLs (ANBL6 and XG1) were cultured with 2-5ng/mL IL-6 as 

required. 

 

All HMCLs were passaged 24 hours prior to experimental setup to ensure high 

viability (>85%) and consistent cycling.  

 

2.3 CELL-BASED ASSAYS 

2.3.1 Cell Viability Assays 

Initial screening of MAPK inhibitor compounds was performed using the Promega 

CellTiter-Glo ® Luminescent Cell Viability Assay (Promega, Madison, Wisconsin, 

USA). Cells were plated in black 96-well plates at a density of 2x105 

cells/100μL/well with and without drug exposure for 24 and 72 hours. Plates were 

brought to room temperature prior to the addition of 100μL CellTiter-Glo® reagent 

(reconstituted as per manufacturer’s instructions). Plates were incubated at room 

temperature for 10 minutes. Luminescence was measured using a FLUOstar 

OPTIMA (BMG Labtech, Mornington, Victoria, Australia). Each reaction was 

performed in triplicate. Results were expressed as a percentage ratio compared 

to untreated samples.   

 
2.3.2 Cell Proliferation Assays 

Proliferation of HMCLs with and without drug exposure was measured using 

trypan blue staining and haemocytometer count. Cells were seeded at 

2x105cells/mL in 10% FBS RPMI-1640, and counted at 24, 48 and 72-hour time 

points. 
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2.4 FLOW CYTOMETRY 

2.4.1 Flow Cytometry Reagents 

Antibody Conjugate Specificity Cat. No. Supplier 

CXCR-3 FITC C-X-C motif 

chemokine 

receptor 3 

FAB160F-100 
 

R&D Systems 

IgG1k FITC Mouse IgG1k 

isotype 

control 

555748 BD Pharmingen 

Table 2.1: Flow cytometry antibodies. R&D Systems (Minneapolis, USA), BD 

Pharmingen (San Diego, California, USA) 
 

2.4.2 Analysis of Cell Death in HMCLs 

HMCLs were plated at 2x105 cells/mL with specified treatments and harvested at 

specific time points. Cells were washed in annexin buffer and centrifuged at 

1400RPM for 5 minutes at 4oC, and the supernatant discarded. The wash was 

repeated. Cells were then re-suspended in 62.5ng/mL propidium iodide (PI) in 

annexin buffer. Samples were immediately acquired by FACS. Analysed data 

represents the proportion of dead cells minus the untreated (UT) background 

proportion of cell death specific to that experiment. For drug combination studies 

interrogating synergy, Calcusyn (Ver 1) was used. 

 
2.4.3 Analysis of Cell Cycling 

HMCLs were plated at 2x105 cells/mL with specified treatments and harvested at 

24 hours. Cells were washed in PBS at 4oC, centrifuged at 1400RPM for 5 

minutes at 4oC, and the supernatant discarded. The wash was repeated. Cells 

were re-suspended in 100μL of PBS at 4oC, then fixed in 1mL of 70% ethanol at 

-20oC and stored for a minimum of 30 minutes. Cells were washed again in 9mL 

of PBS at 4oC, centrifuged at 1600RPM for 10 minutes at 4oC with a slow brake, 

and the supernatant discarded. Cells were re-suspended in 300μL of neat 

RNase/PI solution (20mg/mL propidium iodide and 0.5μg RNase) (BD 

Biosciences, Franklin Lakes, New Jersey, USA) and incubated for 15 minutes in 



 32 

the dark at room temperature. 10,000 events were collected for each sample with 

an event rate maintained at less than 150/second.   

 

2.4.4 Surface Staining 

Harvested cells were washed with PBS at 4oC, then re-suspended in FACS buffer 

(PBS, 1%FBS). Antibodies were then added to the cell suspension in pre-

determined concentration (1:50 to 1:200) and incubated for 30 minutes in the dark 

at 4oC. Cells were washed again with PBS at 4oC, re-suspended in FACS buffer 

and immediately acquired on a flow cytometer. Isotype controls were used for all 

experiments.  

 
2.4.5 Intracellular Staining 

Cells were collected and washed in cold PBS, centrifuged at 1200RPM 4oC for 5 

minutes and the supernatant discarded. Cells were re-suspended in cold PBS to 

2x106 cells/mL, which was then diluted 1:1 with 4% PFA in PBS to a final 

concentration of 1x106 cells/mL in 2% PFA in PBS. This was incubated on ice for 

15 minutes before cells were again washed in PBS, centrifuged at 1200RPM at 

4oC for 5 minutes and the supernatant discarded.  

 
2.4.6 Acquisition & Analysis 

All flow cytometry samples were acquired on a FACSCalibur (BD) with Cell Quest 

software (BD) immediately after sample preparation. All analysis of flow 

cytometric data was performed using FlowJo v10.1 (Treestar, Ashland, Oregon, 

USA).  

 
2.5 PROTEIN ANALYSIS BY WESTERN BLOTTING 

2.5.1 Protein Lysates 

Protein lysates were made using the Mammalian Protein Extraction Reagent lysis 

buffer (M-PER, ThermoFisher Scientific, Scoresby, Victoria, Australia) and 

protease inhibitor cocktails (Roche, Castle Hill, New South Wales, Australia). 

Samples were incubated on ice for 10-20 minutes then centrifuged at 10,000RPM 

for 10 minutes. The supernatant was collected and mixed with 4x-Laemmli buffer 
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(4% SDS, 20% glycerol, 10% β-mercaptoethanol, 1mM EDTA and bromophenol 

blue). 

 

For detection of phosphorylated proteins, phosphatase inhibitor cocktail (Roche) 

was added to lysis buffer.  

 

2.5.2 Cell Cytoplasmic & Nuclear Fractionation 

For cell fractionation the NE-PER Nuclear and Cytoplasmic Extraction Reagents 

kit (ThermoFisher Scientific) was used as per manufacturer’s instructions.  

 

2.5.3 Protein Quantitation 

Protein quantitation was performed using the Bio-Rad DC protein assay (Bio-

Rad, Gladesville, New South Wales, Australia) as per the manufacturer’s 

instructions using BSA in M-PER lysis buffer to generate a standard curve. 

 
2.5.4 Protein Gel Electrophoresis & Blotting 

For whole cell lysates 25-100μg of protein lysate was separated by SDS-PAGE 

(polyacrylamide gel electrophoresis). The gel percentage density was determined 

according to the MW of the protein being studied, between 7.5% and 15%. This 

was then blotted onto polyvinylidene fluoride (PVDF) (Immobilon-P) membranes 

using the Bio-Rad TransBlot Semi-Dry Transfer Cell. 

 

For cytoplasmic/nuclear lysates 20-50μg of protein lysate was separated by SDS-

PAGE. Gel percentage density was determined according to the MW of the 

protein being studied, between 7.5% and 15%. This was then blotted onto PVDF 

(Immobilon-P) membranes using the Bio-Rad TransBlot Semi-Dry Transfer Cell. 

 

Membranes were blocked with either 5% BSA or skim milk powder in 0.1% 

Tween-20/Tris buffered saline (TBS) for 60 minutes at room temperature. 

Membranes were then incubated with primary antibodies (in 5% BSA, Tween-

20/TBS) overnight at 4oC. Blots were then washed three times for 15 minutes in 

0.1% Tween-20/TBS at room temperature prior to being incubated with a 

secondary horseradish peroxidase (HRP) tagged antibody (in 5% skim milk 
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powder in 0.1% Tween-20/TBS) for 1-2 hours at room temperature. Membranes 

were washed again as above.  
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2.5.5 Western Blot Primary & Secondary Antibodies 

Antibody Specificity Cat. No. Supplier 

BCL-2 B-cell Lymphoma 2 2872S CST 

P-BCL-2 Phospho-B-cell Lymphoma 2 

(S70) 

2827S CST 

CK2a Casein Kinase 2a 2656S CST 

Cyclin B Cyclin B 4135S CST 

DNMT3b DNA Methyl Transferase 3b 67259S CST 

ERK 1/2 ERK 1/2 9102S CST 

P-ERK Phospho-ERK 1/2  

(T202/Y204) 

9101S CST 

FGFR3 Fibroblast Growth Factor 

Receptor 3 

4574S CST 

H3K36Me2 Di-Methyl Histone 3 Lysine 

36 

2901S CST 

H3K27Me3 Tri-Methyl Histone 3 Lysine 

27 

9733S CST 

LXN Latexin 154744 Abcam 

p27 Cyclin Dependent Kinase 

Inhibitor 1B 

3686S CST 

SLC47A Solute Carrier Family 47 

Member 1 

14550S CST 

a-Tubulin a-Tubulin T9026 Sigma Aldrich 

b-Actin-HRP b-Actin 12262S CST 

HDAC1 Histone Deacetylase 1 53091 Abcam 

TBP TATA Binding Protein 51841 Abcam 

Swine anti-rabbit Ig 
HRP 

Rabbit Ig P0217 Dako 

Rabbit anti-mouse 
Ig HRP 

Mouse Ig P0260 Dako 

Table 2.2: Primary and secondary antibodies used for western blotting. 
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Abcam (Melbourne, Victoria, Australia), CST – Cell Signalling Technologies 

(Massachusetts, USA), Dako (Campbellfield, Victoria, Australia), Sigma-Aldrich 

(Darmstadt, Germany) 

 
2.5.6 Western Blot Detection 

The HRP secondary antibodies were detected using Pierce ECL (ThermoFisher 

Scientific). Membranes were incubated for five minutes in the dark. 

Chemiluminescent membranes were then exposed to medical X-ray film (AGFA, 

Scoresby, Victoria, Australia) and developed using a 100-Plus film developer (All-

Pro Imaging, New York, USA). ImageJ® software was used for image density 

analysis.  

 

2.6 RT-PCR 

2.6.1 RNA Isolation, Reverse Transcription & PCR 

Total RNA was isolated from HMCLs using the QIAGEN RNeasy mini kit 

(QIAGEN, Germantown, MD, USA). Any residual genomic DNA was removed 

using the Turbo-DNase I kit (AMBION, Austin TX, USA). The quality and quantity 

of RNA was assessed using the Nanodrop 2000 Spectrophotomer (Life 

Technologies) evaluating the 260/280 and 260/230 ratios; samples with a score 

below 1.9 were considered impure and discarded. Fewer than 1% of samples 

were discarded.  

 

Synthesis of cDNA was performed using 500-1000ng of total RNA with 100U of 

Superscript III Reverse Transcriptase First Strand Synthesis System (Life 

Technologies) and random hexamers (Applied Biosystems, Foster City, 

California, USA) according to the manufacturer’s instructions. 

 

Quantitative RT-PCR was performed using 5μL Power-SYBR Green (Applied 

Biosystems), 2μL diluted 1:5 cDNA template and 500nM of each forward (F) and 

reverse (R) primers for target genes. Reactions were carried out on the 

LightCycler 480 instrument (Roche Diagnostics) at 95oC for 10 minutes pre-

warming, with 45 cycles of amplification at 95oC for 15 seconds, 62oC for 30 

seconds, 72oC for 30 seconds. Each reaction was performed in technical and 
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biological triplicate. Sample loading was normalised using the β-actin 

housekeeping gene: this has been found to have stable levels of mRNA across 

different HMCLs. To ensure specificity a water negative control was included for 

each primer pair. Amplified products were verified by melting curve analysis. 

 
2.6.2 Data Analysis 

CT (Cycle threshold) values were exported from the LightCycler 480 software to 

Microsoft Excel (Microsoft, Redmond, Washington, USA) for analysis. Primer 

efficiency for each gene was determined using 10-fold dilutions of template cDNA 

from collated samples. CT values were plotted and to determine “slope” and the 

following formula used to calculate efficiency: 

E = 10–1/slope  

Relative gene expression was determined using the comparative threshold cycle 

method (ΔΔCT) using the Pfaffl Method and β-actin as the reference gene: 
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2.6.3 Primer Sequences 

Gene HGNC 

ID 

Forward Primer Reverse Primer 

AKR1C3 386 AGCCAGGTGAGGAACTTTCA CCGGTTGAAATACGGATGAC 

CXCL9 7098 GCAAGGAACCCCAGTAGTGA TTTGGCTGACCTGTTTCTCC 

CXCL10 10637 AGGAACCTCCAGTCTCAGCA CAACACGTGGACAAAATTGG 

CXCL12 10672 CCGTCAGCCTGAGCTACAGAT CTTGTTTAAAGCTTTCTCCAGGT 

CXCR3 4540 GCCCTCTACAGCCTCCTCTT GTTCAGGTAGCGGTCAAAGC 

FCRLA 18504 GCCACTGAGGACAACCAAGT AGGCCCATCTGGTGATACAG 

FGFR3 3690 See comment  

LEF1 6551 ACAGATCACCCCACCTCTTG TGAGGCTTCACGTGCATTAG 

LXN 13347 AAGGAACCGCTAGAAGCACA TGCCAGAGAACTTGCATTTG 

NLRP7 22947 AGCTGGGAGATGCAGAAGAA CTGAGGTTGCAGTCTGTCCA 

SLC47A 25588 AGCCTTCAGTGTCCTGCTGT TGATGATCCCTGACCACAGA 

SULF2 20392 GGGATGTCCTCAACCAGCTA CTTCCCACAGTTGTCCCAGT 

b-Actin 132 GACAGGATGCAAGAAGGAGATTACT TGATCCACACATCTGCTGGAAGGT 

Table 2.3: Oligonucleotide primer sequences used for RT-PCR. FGFR3 

primers are Applied Biosystems TaqMan® Proprietary sequences Cat. 4331182 

Hs00179829_m1 

 
2.7 siRNA 

For transient knockdown of Latexin, Ambion Silencer®Select siRNA was used 

(pooled siRNA, Ambion, cat. No. 4427037). For transient knockdown of DNMT3b, 

Ambion Silencer®Select siRNA (validated single siRNA, Ambion, cat. No. 

4390824, s4221). For transient knockdown of CK2α Invitrogen Stealth RNAiTM 

was used (pooled siRNA, Invitrogen, cat. No. 6475007). In each instance a 

control scramble siRNA was also used. Cells were plated in 6 well plates at a 

density of 5x105 cells/well. For transfection Lipofectamine® RNA iMAX 

(Invitrogen, cat No. 13778150) was used as per the manufacturer’s instructions 

for up to 72 hours. Cells were then harvested for downstream analysis with 

western blotting, proliferation and cell death analysis. 
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2.8 MURINE XENOGRAFT MODELS OF MM 

Approval for murine studies was obtained from the Animal Ethics Committee of 

the Alfred Hospital, Melbourne Australia (E/1376/2013/M & E/1764/2017/A). The 

HMCLs U266, MM1s, LP1 and KMS12BM underwent lentiviral spinfection to 

introduce the FUL2-TGvector (a kind gift from Dr Marco Herold, WEHI, 

Melbourne, Australia) with luciferase2 and GFP under the constitutively active 

ubiquitin and IRES promoter respectively. Adult age-matched Cg-Prkdscid 

Il2rgtm1Wjl/SzJ mice (Jackson Laboratories, USA) were injected intravenously 

(IV) with 1-4x106 HMCLs. Tumour burden was measured weekly with in vivo 

imaging from the 2nd week onwards in respective experiments. Mice were injected 

intraperitoneally (IP) with 125mg/kg of luciferin, anaesthetised with inhalational 

isofluorane and imaged with Lumina III XR system (Perkin Elmer, Waltham, 

Massachusetts, USA). Acquisition and analysis were performed with the Living 

Image system. Upon reaching scientific end-points (i.e. hind limb paralysis, >20% 

weight loss) mice were humanely euthanized and relevant organs and tissues 

collected.  
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2.9 DRUGS/CHEMICALS 

Drug/Chemical Vehicle Drug Type Supplier 

Azacitidine DMSO 

5% DMSO/PBS 

Hypomethylating 

agent 

Celgene 

BGB-283 DMSO RAF Dimer 

Inhibitor 

BeiGene 

BGB-3245 DMSO RAF Dimer 

Inhibitor 

BeiGene 

Dexamethasone DMSO 

5% DMSO/PBS 

Corticosteroid SelleckChem 

Nanaomycin A 

(NSC267461) 

DMSO DNMT3b inhibitor NCI 

Rigosertib 

(ON-01910) 

DMSO 

PBS 

RAS Inhibitor 

PLK1 Inhibitor 

Onconova 

Selumetinib 

(AZD6244) 

DMSO MEK Inhibitor Array BioPharma 

Silmitasertib 

(CX4945) 

DMSO Casein Kinase 2 

Inhibitor 

Senhwa 

Biosciences 

Takeda-733 DMSO MEK Inhibitor Takeda 

Trametinib 

(GSK1120212) 

DMSO 

5% 

DMSO/HPMC 

MEK Inhibitor GlaxoSmithKline  

Venetoclax 

(ABT-199) 

DMSO BCL-2 Inhibitor Abbvie 

Table 2.4: List of drugs & chemicals. The first vehicle listed is that used for in 

vitro studies, where relevant the second vehicle is that used for murine studies. 

DMSO – Dimethyl sulfoxide, HPMC – Hydroxypropylmethyl cellulose, PBS – 

Phosphate buffered saline. 
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2.10 GENE ARRAYS 

2.10.1 Illumina HT12 Microarray 

Total RNA from HMCLs was prepared using RNeasy kit (QIAGEN, Doncaster, 

VIC, Australia) and any residual genomic DNA was removed utilizing the Turbo-

DNase I kit (AMBION, Austin, TX, USA). The quality and quantity of the RNA 

obtained was assessed using Nanodrop 2000 Spectrophotometer and Quant-IT 

(Life Technologies), respectively. Samples were assessed on the Illumina HT-12 

V2 platform. Raw signal intensity data from Illumina HT-12 slides was subjected 

to variance stabilization transformation including background correction. Each 

expression value below 50 was adjusted to 50, which was approximately 50% of 

the background noise level. Hereafter, signal intensities were log2 transformed 

and quantile normalized. Probes with variance smaller 0.5 were excluded from 

the subsequent analysis. Unsupervised clustering analysis was performed to 

identify differential expression between the categories (resistant and sensitive). 

Analysis of variance (ANOVA) analysis of normalized probe intensities values 

were performed in Partek Genomic SuiteTM software, version 6.5 (Partek Inc., 

St. Louis, MO, USA). ANOVA was used to calculate significance of variation in 

normalized expression values between sample groups; the fold change of gene 

expression was calculated as a mean ratio. Probes with an unadjusted p-value 

of 0.05 or less (no False Discovery Rate correction was applied) and an absolute 

fold change of 1.5 or more were defined as differentially expressed214. 

Bioinformatics were provided by Australian Genome Research Facility (AGRF, 

Victorian Comprehensive Cancer Centre, Melbourne, Victoria, Australia).  

 

2.10.2 QIAGEN RT2 Profiler PCR Array Human MAP Kinase 

Total RNA from HMCLs pre- and post- specified drug treatments, was prepared 

and quantified as previously described. Synthesis of cDNA was performed using 

RT2 First Strand Kit (QIAGEN) according to the manufacturer’s instructions. 

Samples were prepared using 0.8µg RNA with the RT2 SYBR Green Mastermix 

and plated onto the 384-well RT2 Human MAP Kinase array plate, preloaded with 

validated proprietary primers, five housekeeping genes, a genomic DNA control, 

three reverse transcriptase controls and three positive PCR controls.  
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Real time PCR reactions were carried out on the LightCycler 480 instrument 

(Roche Diagnostics) at 95oC for 10 minutes pre-warming, with 40 cycles of 

amplification at 95oC for 15 seconds, 60oC for 1 minute.  

 

Data was exported to Excel and analysed using the QIAGEN analysis platform at 

www.SABiosciences.com/pcrarraydataanalysis.php. The ΔΔCT is the method 

employed. 

 

2.10.3 RNA Sequencing Analysis 

Total RNA was extracted from HMCLs using the RNeasy Mini Kit (QIAGEN) 

according to the manufacturer's protocol as previously described. The quantity of 

the RNA was measured using the Nanodrop 2000 Spectrophotomer. RNA (5-

10µg) was then aliquoted into GenTegra tubes (Custom Science, Australia) which 

stabilizes RNA samples at ambient temperature. This was shipped to Novogene 

Technology Co. Ltd in Beijing to be sequenced. Each sample was eukaryotic 

RNA-seq (mRNA enrichment method) and sequenced 20M reads. Read lengths 

were paired-end 150bp. 

Raw data generated by the sequencer were evaluated and quality controlled by 

FASTQC (v0.11.5, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 

Low quality reads and contaminant reads (with adaptors or with “N” > 10% of the 

sequence) were removed by SOAPnuke (https://github.com/BGI-

flexlab/SOAPnuke). Hisat2, a fast and sensitive alignment program, was used to 

align paired clean reads to the human genome and gene sequences. StringTie 

was used to profile the gene expression for each sample. FPKM (Fragments Per 

Kilobase of transcript per Million mapped reads) method was applied for 

normalization. Next, correlation heat map and PCA analyses were performed to 

evaluate the relationship between samples. Differential gene expression 

analysis, was undertaken to identify differentially expressed genes (DEGs) 

between groups (i.e. sensitive and resistant, treated and untreated). Numbers of 

up-regulated and down-regulated genes and the volcano plot of DEG were 

obtained. Functional analyses such as Gene Ontology annotation and KEGG 

pathway analysis were performed by the DAVID Bioinformatics Resources 

(http://david.abcc.ncifcrf.gov/) and the list of DEGs was used as the input.  
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3. EFFECTS OF MEK INHIBITION ON MULTIPLE MYELOMA  

 

3.1 INTRODUCTION 

The advent of Imatinib in the 90s, the first rationally designed tyrosine kinase 

inhibitor which targets the fusion product of the Philadelphia chromosome 

(t(9;22)) BCR-ABL, pathognomonic of chronic myeloid leukaemia (CML). 

heralded the era of rationally targeted therapy in cancer therapeutics215. This 

gave rise to the concept of “oncogene addiction”, whereby mutation or 

overexpression of just a single gene can be critical for survival and growth of a 

tumour216,217. This concept has been refined in time, recognising that tumours are 

heterogeneous8,78,218, often with several mutations/lesions present and evolving 

at different points in time219. Efforts to investigate various malignancies 

dependence upon targetable lesions using numerous gene arrays and 

sequencing platforms to interrogate mutations, amplification or overexpression of 

kinases, enzymes and receptors have become a major focus in improving 

treatment of malignancy220,221. Altogether, this gave rise to the premise of 

personalised medicine with the promise of both greater efficacy and less 

toxicity222. Dozens of kinase inhibitors continue to be approved for clinical use in 

all of the most common malignancies223. Additionally, hormonal therapy and 

immunotherapy (including monoclonal antibodies) add to the arsenal of targeted 

therapy. 

 

Only recently has MM had a rationally designed targeted therapy approved for 

use, with the CD38 monoclonal antibody Daratumumab224. Whilst the 

proteasome inhibitors (bortezomib, carfilzomib) and IMiDs (thalidomide, 

lenalidomide, pomalidomide) can be considered targeted therapies, and have 

significantly improved the therapeutic landscape of MM, they cannot be 

considered truly rationally designed treatments based on addiction225. In the case 

of thalidomide, the lead IMiD compound, it was initially intended as a 

sedative/hypnotic and later (with disastrous consequences226) for the 

management of nausea and morning sickness in pregnancy227. There was no 

evidence that MM overexpressed or was reliant upon the IMiD target Cereblon, 

only hindsight has shown the relevance of this to response228. Similarly, for 
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proteasome inhibition, whilst it is oft quoted that MM cells have higher protein 

burdens in the context of immunoglobulin production, overexpression or mutation 

in the PSMB5 subunit is not recognised as a cause of sensitivity, rather it’s 

mutation or overexpression has been identified as a marker of resistasnce229,230.  

 

Activation of the RAS-MAPK, through RASM 18,78,106, RAFM and over-expression 

of RTKs in specific genetic subtypes (e.g. over-expression of FGFR3 in 

t(4;14)20,21,87), is a frequent event in MM, potentially affecting up to 70% of cases. 

The role of the RAS-MAPK in growth/proliferation, angiogenesis, survival and 

anti-apoptosis makes this an ideal target for clinical intervention and targeted 

therapy25. 

 

Efforts to target RAS have historically been unsuccessful53. As such, targeting 

downstream effectors of the MAPK (RAF, MEK and possibly even ERK) has been 

considered a better approach in malignancy, most notably in BRAFM melanoma, 

where BRAFMV600E inhibition with vemurafenib with or without the MEKi 

trametinib improves OS76.  

 

Trametinib is a type 3 allosteric inhibitor of MEK, it is ATP non-competitive, 

binding to a pocket adjacent to the ATP binding site231. Type 3 inhibitors are 

considered the most specific kinase inhibitors with little off-target inhibition232. 

However, a specific issue to some type 3 inhibitors (including MEKi) is priming. 

Priming is a process where in the presence of inhibitor, phosphorylated MEK 

accumulates resulting in reactivation of downstream ERK206.  

 
Here we investigate the effects and potential role of MEK inhibition in MM using 

trametinib. 

 

3.2 STUDY RATIONALE & AIMS 

The work described in this chapter aimed to: 

• Assess proliferation, death and cell cycle changes in HMCLs treated with 

MEK inhibition 

• Analyse the response in ERK activation and downstream signalling 
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• Analyse the use of MEK inhibition in combination with dexamethasone 

• Evaluate the use of MEK inhibition in murine xenograft models of MM 

 
3.3 RESULTS 

3.3.1 Screening of MAPK inhibitors against a panel of HMCLs 

We initially screened a panel of HMCLs using the Cell Titer-Glo® cell viability 

assay to assess cell viability when treated with several targeted inhibitors of the 

RAS-MAPK (Figure 3.1). HMCLs were selected to represent the cytogenetic and 

molecular heterogeneity present in MM (Table 3.1). As we expected that 

activation of the RAS-MAPK through RASM and t(4;14)  would sensitise cells to 

targeted inhibition, the panel was enriched for these subtypes.  

 

HMCL Cytogenetics RAS status p53 Other 
MM1s t(14;16), t(8;14) KRAS G12A WT  

RPMI-8226 t(16;22), t(8;22) KRAS G12A   

XG1 t(11;14) NRAS G12R  IL-6-depend 

NCI-H929 t(4;14) NRAS G13D WT  

U266 t(11;14) *BRAF K601N   

KMS11 t(4;14), t(8;14), t(14;16) WT  FGFR3 mut 

KMS26 t(4;14) WT   

OPM2 t(4;14) WT  PTEN mut 

LP1 t(4;14) WT   

ANBL6 t(14;16) WT  IL-6 depend 

JJN3 t(14;16), t(8;14) WT   

KMS12BM t(11;14) WT   

Table 3.1: HMCL characteristics. Cytogenetics and p53 status have been 

obtained from keatslab.org and from available published data. RASM status has 

been confirmed in our laboratory using ddPCR.  

 

The overexpression of FGFR3 in t(4;14) HMCLs was confirmed by both RT-PCR 

and WB (Figure 3.2A & B).  
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Figure 3.1: Heat map of ATP assays of HMCLs treated with MAPK pathway 
inhibitors. HMCLs were treated with three 10-fold concentrations of different 

MAPK pathway inhibitors for 72 hours. Results are expressed as the average 

percentage ratio of viable cells compared with an untreated sample (n=3).  

 

Selumetinib (AZD6244), trametinib (GSK1120212) and takeda-733 are MEK 

inhibitors. BGB-283 and BGB-3245 are 1st and 2nd generation RAF-dimer 

inhibitors, reported to inhibit wildtype (WT) RAF rather than RAFM. Given the 

superior results obtained with trametinib, and that it is already in clinical use, this 

inhibitor was used for all further studies.  

 

In addition, a RAS inhibitor, rigosertib (ON-01910), was also evaluated 

(Supplementary Figure 9.1).  

 

Both OPM2 and ANBL6 were used as part of the initial screen. OPM2 was 

removed due to its PTEN mutation, as this is an uncommon mutation in MM. 

ANBL6 was removed due poor sustained growth over time. 
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Figure 3.2: FGFR3 expression in t(4;14) HMCLs. (A) RT-PCR of relative gene 

expression of FGFR3 as a ratio against RPMI. (n=3, mean ± SEM). (B) Western 

blot of FGFR3 protein. β-Actin is the loading control. 

 

3.3.2 Trametinib exerts an anti-proliferative effect with limited cytotoxicity  

The anti-proliferative effect of trametinib observed in the Cell Titer-Glo® cell 

viability assay was confirmed by quantitation of viable cells using trypan blue 

staining, following treatment with trametinib at three 10-fold concentrations over 

72 hours (Figure 3.3). The most pronounced effect of trametinib was observed in 

HMCLs which harbour a RASM then RAFM. Minor activity was seen at the highest 

concentration in a single t(4;14) HMCL, KMS11, which expresses the highest 

amount of FGFR3 and also harbours a FGFR3 mutation233. Finally, no effect was 

observed in WT HMCLs (harbouring neither a RASM nor t(4;14)). 

 

Cell death, investigated using flow cytometry with propidium iodide (PI) staining, 

was limited to essentially a single HMCL, NCI which has both a RASM and a 

t(4;14). Otherwise no overt cytotoxicity was observed at any dose (Figure 3.4).  
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Figure 3.3: Cell proliferation. Absolute cell numbers as determined by 

haemocytometer, cultured untreated or with trametinib 10nM, 100nM and 1µM 

for 72 hours (n=3, mean ± SEM).  
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Figure 3.4: Cell death analysed by PI flow cytometry. Cell death was limited 

to <5% in HMCLs except for NCI. Results are expressed as the percentage cell 

death of the PI+ subtract the untreated sample (n=3, mean ± SEM). 

 

On the basis of these data, for future studies, HMCLs were defined as sensitive 

with an IC50<10nM (MM1s, RPMI-8226, NCI), intermediate with an IC50<100nM 

(U266), or resistant.  

 

3.3.3 MEK inhibition results in loss of phosphorylated ERK 

ERK has several phosphorylation sites which modulate and modify its activity. 

MEK driven phosphorylation is the only known activator of ERK, phosphorylating 

threonine-202 and tyrosine-204. To confirm the activity of trametinib, we 

evaluated phosphorylated ERK in HMCLs pre- and post-treatment with trametinib 

(Figure 3.5 A-C). 

 

All HMCLs, irrespective of their growth response to trametinib, showed complete 

loss of phosphorylated ERK at 24 hours. KMS12BM was the only HMCL not to 

express phosphorylated ERK at baseline (in culture), which would account for 

lack of response to treatment with trametinib.  
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Figure 3.5: Phosphorylated & total ERK with & without trametinib 1µM at 24 
hours. (A) RASM HMCLs. (B) t(4;14) HMCLs. (C) WT HMCLs. Irrespective of 

HMCL sensitivity to MEKi, all HMCLs lose phosphorylated ERK with no effect on 

total ERK when treated with trametinib for 24 hours. pERK – phosphorylated 

ERK. β-Actin is the loading control. 
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3.3.4 MEK inhibition results in G0/1 arrest in HMCLs with WT p53 

As trametinib inhibits cell proliferation we investigated its effects on cell cycling. 

In two HMCLs, MM1s and NCI, G0/1 arrest occurs (Figure 3.6). Both MM1s and 

NCI have WT p53. This was not observed in any other HMCL irrespective of 

sensitivity.   

 

Consistent with the induction of G0/1 arrest, treatment with trametinib results in 

induction of p27 (Figure 3.7). 

 

 

 

 

 

 

A 
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Figure 3.6: Cell cycle G0/1 arrest in MM1s & NCI. (A) Representative cell cycle 

plots of MM1s and NCI treated with trametinib 1µM at 24 hours. (B) Relative 

percentages of cell cycle stages. (n=3, mean ±SEM). 
 

 
 

 

 
 
Figure 3.7: Induction of p27 in MM1s. p27 expression in MM1s treated with 
trametinib 1µM at baseline, 24 and 48 hours. β-Actin is the loading control. 
 
3.3.5 MEK inhibition reduces cytosolic to nuclear translocation of ERK and 
Cyclin B 

ERK plays a critical role in proliferation (including G1/S transition) and nuclear 

transcription with over 100 nuclear targets. Localisation to the nucleus is 

necessary for these processes to occur and occurs rapidly upon ERK activation. 

The processes which control this transition are incompletely understood. 

However, activation by MEK is a necessary step in non-malignantly transformed 

cells.  

We evaluated the ability of trametinib to inhibit nuclear localisation of ERK. Four 

HMCLs (MM1s, NCI, KMS26 and KMS12BM) were treated with trametinib 1µM 

B 
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for 24 hours. In the two sensitive HMLCs (MM1s and NCI) treatment with 

trametinib resulted in a significant reduction in the presence of nuclear ERK, 

correlating with the reduction in proliferation previously observed. Whereas, in 

the two resistant HMCLs (KMS26 and KMS12BM) no difference in nuclear ERK 

was observed (Figure 3.8 A-D).  

 

Cyclin B is the main cyclin required for transition at the G2/M checkpoint and 

progression into mitosis. In quiescent cells, cyclin B is retained within the 

cytoplasm via its cytoplasmic retention sequence (CRS). The CRS consists of 

four sites, all of which require phosphorylation for nuclear localisation and 

progression to mitosis. Two of these sites are phosphorylated by ERK.  

 

Similar to the analysis of nuclear localisation of ERK, we evaluated the effect of 

trametinib 1µM at 24 hours on the nuclear localisation of cyclin B. Again, in 

sensitive HMCLs a reduction in nuclear cyclin B was found. Whilst in resistant 

HMCLs, no reduction was observed. Unexpectedly, in KMS26 there was an 

increase in nuclear cyclin B following treatment (Figure 3.9 A-D). 

 

3.3.6 MEK inhibition synergises with dexamethasone 

Corticosteroids (dexamethasone and prednisolone) form the backbone of most 

combination therapies for MM. Trametinib in combination with dexamethasone 

resulted in marked synergistic cytotoxicity in five of eight HMCLs tested (Figure 

3.10). HMCLs that had a cytostatic response to single agent trametinib typically 

showed the greatest response to the combination. KMS11 showed no response 

to either agent alone, but significant synergistic cytotoxicity was seen with the 

combination.  
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Figure 3.8: A-D Cytoplasmic to nuclear translocation of ERK, 24 hours 
treatment with trametinib 1µM. (A, B) MM1s and NCI show marked reduction 

of nuclear localisation of ERK (MM1s; p=0.05), (NCI: p=0.02). (C, D) KMS26 and 

KMS12BM show no significant change in nuclear localisation of ERK after 

treatment. (n=3, mean ±SEM, most representative blot is shown). Red bars are 

pre-treatment, blue bars are post-treatment. a-tubulin and TATA BP are the 

cytoplasmic and nuclear loading controls respectively. For contamination in the 

cytoplasmic compartment, ERK density was corrected for TATA BP density.  
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Figure 3.9: A-D Cytoplasmic to nuclear translocation of cyclin B, 24 hours 
treatment with trametinib 1µM. (A) MM1s shows a non-significant reduction of 

nuclear localisation of Cyclin B, (p=0.1). (B) NCI shows a significant reduction in 

nuclear localisation of Cyclin B (p=0.02). (C, D) KMS26 and KMS12BM show no 

change in nuclear localisation of Cyclin B. (n=3, mean ±SEM, most representative 

blot is shown). a-tubulin and TATA BP are the cytoplasmic and nuclear loading 

controls respectively. For contamination in the cytoplasmic compartment, cyclin 

B density was corrected for TATA BP density. 
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Figure 3.10: Combination of trametinib & dexamethasone at 72 hours. 
Determination of cell death by propidium iodide (PI) flow cytometry shows marked 

synergy in several HMCLs, including those that show no sensitivity to either agent 

alone. (n=3, mean ±SEM). 

 

3.3.7 MEK inhibition in murine xenograft models of MM 

We evaluated trametinib in two murine xenograft models of MM. The first 

recapitulates a RASM disease using the HMCL MM1s, the second recapitulates 

a BRAFM disease using the HMCL U266. In both instances, NOD scid gamma 

(NSG) mice were transplanted (via IV tail vein injection) with 4x106 MM1s or 

2x106 U266 cells stably expressing GFP and luciferase. In both models, disease 

established within two weeks. Tumour burden was monitored weekly using in vivo 

bioluminescence imaging using luciferin (IP) induced fluorescence measuring 

median flux as photons/sec of averaged dorsal and ventral views. Scientific end-

points were high-limb paralysis (HLP) and/or >20% weight loss from baseline. 

 

In the MM1s xenograft, mice were treated with vehicle alone, trametinib 1mg/kg 

(OG) or trametinib 3mg/kg daily, planned for 2 cycles of 3 weeks with a week 

break between cycles. The MM1s phenotype initially presents with pelvic disease 

with progression along the spine and to the long bones (Figure 3.11). Whilst both 

doses of trametinib slowed disease progression (Figure 3.12) neither resulted in 
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prolonged survival (Figure 3.13). No mouse reached the planned second cycle of 

therapy. All mice developed signs of HLP with no other toxicities observed.  

 

In the U266 xenograft, mice were treated with vehicle alone, trametinib 3mg/kg 

alone daily, dexamethasone 1mg/kg alone daily or both trametinib 3mg/kg with 

dexamethasone 1mg/kg daily in combination. Treatment was continued for 2 

cycles of 3 weeks with a single week break between cycles. The U266 phenotype 

initially localises to the spine and pelvis before progressing to involve the long 

bones (Figure 3.14). Whilst disease progression appeared to slow in both 

dexamethasone treated cohorts (Figure 3.15), no significant difference in survival 

was observed (Figure 3.16).  

 

 
Figure 3.11: Disease pattern of MM1s murine xenograft. Images at four 

weeks. Disease initially presents in the pelvis, before extending to involve the 

spine, skull, and long bones. Treatment cohort is listed beneath each mouse.  
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Figure 3.12: Disease bioluminescence measure over time in MM1s. 
Trametinib reduces disease burden and rate of progression at both 1mkg/kg and 

3mg/kg doses. (n=5, mean ±SEM).  

 

 

 
Figure 3.13: Survival curves of MM1s xenograft treated with trametinib. 
Despite slowing disease progression over time, there was no significant 

difference in median survival observed between groups. All mice succumbed to 

the scientific end-point of hind-limb paralysis (HLP). (n=5/cohort). 
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Figure 3.14: Disease pattern of U266 murine xenograft. Disease initially 

establishes in the pelvis but rapidly spreads to involve the entire spine and skull. 

Image is at 6 weeks of disease. 

 

 
Figure 3.15: Disease bioluminescence measure over time in U266. No 

difference was observed in disease burden or progression in any treatment 

group. (n=5, mean ±SEM). 
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Figure 3.16: Survival curves of U266 xenograft with combination 
treatments. No significant difference in median survival was observed between 

any of the cohorts. (n=5/cohort). 

 

3.4 DISCUSSION 

Activation of the RAS-MAPK plays a fundamental role in the progression of MM20 

both through mutations in pathway effectors, dominated by RASM, as well as 

overexpression of RTKs in t(4;14) disease. The data presented here 

demonstrates inhibition of signalling through the RAS-MAPK can be achieved 

with the MEKi trametinib. With the exception of a single HMCL, KMS12BM147 all 

HMCLs tested showed activation of the RAS-MAPK as demonstrated by 

phosphorylated-ERK. This phosphorylation was effectively inhibited in all HMCLs 

by trametinib. Treatment of HMCLs that harbour RASM with trametinib resulted in 

inhibition of proliferation, consistent with oncogenic addiction to RASM confirming 

a previous report234. Contrastingly, this effect was blunted in the HMCL 

harbouring a RAFM (U266) which might suggest RAFM signalling to pathways 

outside of the RAS-MAPK. Why this is not the case in RASM disease, given that 

RAS has several other known signalling pathways (PI3K/AKT, PLCg) is not 

entirely clear. However, in the context of the mutations present in MM it RASM 

has a predilection for signalling via the MAPK. Minor activity was observed in a 

single t(4;14) HMCL, KMS11, which also harbours a FGFR3 mutation233, 

whereas no effect was observed in any other t(4;14) HMLC, nor in any WT HMCL. 

With a single exception, MEK inhibition was cytostatic rather than cytotoxic. 
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Cytotoxicity was only observed in NCI, an HMCL which harbours both a RASM 

on a cytogenetic background of t(4;14). This may result in complete dependence 

on the RAS-MAPK to support its growth and survival.  

 

In the presence of WT p53, MEK inhibition results in G0/1 arrest and induction of 

p27. Mutations and loss of p53 are generally regarded as late events in MM, 

whilst RASM is a relatively early oncogenic driver of disease. Thus, in early stage 

disease where most patients have WT p53, we postulate activity may be greater 

and more effective that were a MEKi used in later stage disease. 

 

Once active, ERK has a broad range of functions in the cytoplasm, mitochondria 

and within the nucleus25. One of its most important nuclear roles is promoting 

progression from G1 to S-phase. ERKs nuclear translocation is a complex active 

process, requiring activation by MEK driven phosphorylation, additional 

phosphorylation signals from casein kinase 2 (CK2) and specific nuclear pores 

for passage235-238. It has also been reported that ERK can passively diffuse into 

the nucleus239,240 although this may not represent a significant mechanism. In 

sensitive HMCLs, we have shown MEK inhibition reduces nuclear localisation of 

ERK associated with cell cycle arrest. Despite the same loss of phosphorylated 

ERK in resistant HMCLs, there was either minimal (KMS26) or no reduction 

(KMS12BM) in nuclear localisation of ERK, consistent with no change in cell 

cycles state seen in these HMCLs. In resistant cells lines this might suggest the 

nuclear machinery may operate autonomously in the absence of ERK. KMS12BM 

harbours a t(11;14) translocation, which results in overexpression of cyclin 

D119,20, as such this may result in autonomous progression from G1 in the 

absence of nuclear ERK. Finally, it is possible through the accumulation of 

phosphorylated MEK in the presence of inhibitor (as reported in type 3 allosteric 

kinase inhibitors), ERK activation is restored within the 24-hour window, 

permitting progression to S-phase and maintenance of proliferation. 

 

Similar to the nuclear localisation of ERK, the critical cyclin for progression from 

G2 to M-phase is cyclin B. Cyclin B has four phosphorylation targets termed the 

cytoplasmic retention sequence (CRS)241-244. Two of these sites are kinase 

targets of active ERK. One is a target for polo-like kinase (PLK), whilst the final 
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kinase remains undefined. Once all four sites are phosphorylated, cyclin B 

translocates to the nucleus allowing progression to mitosis. Again, in sensitive 

HMCLs, we demonstrate treatment with trametinib results in a trend towards 

reduced nuclear cyclin B in MM1s and significant loss of nuclear cyclin B in NCI. 

Whilst in the resistant HMCLs no meaningful reduction in nuclear cyclin B was 

observed. This may be due to cyclin B freely passing into the nucleus in the 

absence of ERK phosphorylation.  

 

To optimise response to targeted therapy, treatment in combination with a broad 

acting agent or cytotoxic may optimise response. Here we show that MEK 

inhibition in combination with dexamethasone, which forms the backbone of most 

myeloma therapy, is synergistic in five of eight HMCLs tested. As ERK activity 

promotes survival and anti-apoptosis245, loss of active ERK in cells that are 

dependent upon the RAS-MAPK may leave them open to a second hit to induce 

apoptosis. In effect, inhibition of MAPK signalling may be priming cells for death.  

 

There is now increasing novel inhibitors targeting pro-survival proteins available. 

In MM it has been identified that cells harbouring t(11;14) show sensitivity to BCL-

2 inhibition246. Leveraging this knowledge of disease sensitivity, in combination 

with MEK inhibition priming cells for death, would be a rational approach to 

identifying combination strategies. A murine study utilising a t(11;14) HMCL (ie 

U266) as a platform for the combination of MEK inhibitor and BCL-2 inhibitor 

could answer this question. Further, as other disease subsets sensitivity to target 

inhibition are identified, MEK inhibition could potentially provide a backbone for 

optimising responses.  

 

 

Finally, trametinib was tested in two murine xenografts. In a RASM model of 

disease, trametinib slowed disease progression, but had no effect on OS. The 

lack of effect on survival is thought due to the ongoing accumulation of disease 

in the pelvis still resulting in symptomatic HLP (a scientific end-point) despite 

lower total disease burden. This may reflect effectively starting therapy too late, 

once disease is well established and potentially too aggressive for a cytostatic 

therapy to be effective. In the RAFM model, no effect was observed either alone 
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or in combination with dexamethasone. This was perhaps unsurprising, as for 

this HMCL little in vitro activity had been observed. In neither case was drug 

toxicity observed with respect to haematologic counts or GI toxicity. Further 

optimisation of dosing including using higher doses (i.e. 5mg/kg), not interrupting 

therapy with a week between cycles and combining MEKi with dexamethasone 

in the RASM model might result in improvements in OS.  

 

MEK inhibition has clear potential in inhibiting RASM driven disease. Its effect is 

predominantly cytostatic, but significant cell death can be induced with the 

addition of a second agent. Subsequent investigations in this work investigate 

defining optimal combination therapy.   

  



 68 

  



 69 

4. KINOME REPROGRAMMING & RATIONAL COMBINATION 

THERAPY 
 

4.1 INTRODUCTION 
 
Kinase inhibition aims to target activated oncogenes in critical signalling 

pathways involved in growth and proliferation, migration and metastasis, survival 

and anti-apoptosis, metabolism and differentiation219. However, most of these 

kinase targets are often but one of several dysregulated signalling pathways, and 

rather than absolute dependence upon a single signalling pathway, mutated 

kinases serve as secondary oncogenic drivers, providing survival advantages218. 

The one exception, chronic myeloid leukaemia (CML), is perhaps the only 

monogenic driven disease. Thus, whilst single targeted kinase inhibition can slow 

progression and even reduce tumour burden, this is often only for a limited period 

of time, invariably any one of a number of resistance mechanisms (as previously 

discussed) can overcome single targeted kinase inhibition. Further, single agent 

therapy activity may be limited in its efficacy due to its very specificity in 

addressing only a single pathway and characteristic of a tumour phenotype. As 

such, combination therapy would be favoured over monotherapy to potentially 

broaden activity, deepen and prolong duration of response. A relatively novel 

approach is to interrogate the tumour response(s) to single agent inhibition and 

identify potential combination therapies through “dynamic kinome 

reprogramming”247,248. 

 

Dynamic kinome reprogramming describes the process whereby, in the face of 

targeted kinase inhibition, over the space of hours to days, alternative signalling 

pathways are either activated or up-regulated to address the loss of the inhibited 

oncogenic pathway249. There are over 500 human protein kinases involved in 

modifying up to a third of the human proteome250. Collectively these are referred 

to as the kinome, to which the members of the RAS-MAPK belong. Whilst 

changes in gene expression are extensively studied in malignancy, in response 

to specific stressors and therapy, this largely ignores the numerous influences 

and processes on RNA that results in the final protein product and its activity. 
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These include mRNA stability, translation, protein turnover, and post-translational 

modifications including phosphorylation which truly lead to the phenotype of 

specific gene expression.  

 

Novel techniques in proteomics have permitted interrogation of the wider 

“kinome”, such that extensive changes in protein phosphorylation can be 

measured within hours of cell manipulation or drug exposure247,250-252. This allows 

for comparison of kinase pathways in treated and untreated cells, malignant and 

non-malignant tissues, and investigation of mechanisms of resistance and the 

potential to identify additional targets for intervention. 

 

This approach has been used in MM, to investigate different signalling pathways 

in malignant plasma cells compared to normal plasma cells253. This study 

identified increased signalling in mTOR-p70S6K and ERK1/2 pathways, 

suggesting both of these pathways could be therapeutic targets in MM sparing 

normal plasma cells. 

 

Interrogation of kinome-wide changes in triple negative breast cancer (TNBC) in 

response to treatment with the MEKi selumetinib have been studied254. Whilst 

loss of phosphorylated ERK was initially observed, by 24 hours reactivation of 

MEK2 and partial phosphorylation of ERK was again seen, likely due to loss of 

negative feedback loops and possible inhibitor dissociation. The extended 

“kinome” response showed up-regulation of RTKs including VEGFR2 and 

PDGFRβ. Subsequent combination therapy targeting the adaptive response of 

upregulation of RTKs with sorafenib in addition to selumetinib resulted in 

synergistic cytotoxicity.  

 

Similarly, in MLL rearranged AML, cell lines treated with the laboratory MEKi 

UO126 for five days, resulted in up-regulation of the RTK VEGFR2255. Combining 

UO126 with an anti-VEGFR2 antibody induced synergistic cytotoxicity in the cell 

line. This combination was used against primary AML patient samples resulting 

in synergistic cytotoxicity in three of eight. The limited efficacy in primary patient 

samples may reflect the use of an antibody treatment in the absence of immune 

effector cells, as such outcomes may be different in-vivo.  
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Here we interrogate dynamic kinome changes in HMCLs in response to MEK 

inhibition.   

 

4.2.1 STUDY RATIONALE & AIMS 

As MEK inhibition is predominantly cytostatic rather than cytotoxic and given our 

findings of synergy in combination with dexamethasone, we sought to rationally 

identify additional inhibitors to pair with trametinib through interrogation of 

dynamic kinome reprogramming in HMCLs. 

 

The work described in this chapter aimed to: 

• Evaluate the kinome response in both sensitive and resistant HMCLs 

treated with trametinib 

• Identify and validate potential “drug-able” targets  

• Utilise combination therapy to maximise cytotoxicity 

• Identify predictors of sensitivity for combination therapy 

 

4.2.2 KINOME ARRAY  

The PepScan Kinome Array (PepCHIP) (Lelystad, Netherlands) is a glass slide 

with three replicated 32x32 grids. At each “spot” on the grid an 11-12 amino acid 

peptide is attached to the surface. At each spot the peptide is as densely loaded 

as possibly (>100 peptides per spot). These sequences represent critical 

phosphorylation site of given proteins with flanking amino acids that enhance 

kinase recognition and specificity. To the slide, cell lysates containing active 

kinases, g-33-ATP and an activating reagent are applied and incubated at 37oC 

for two hours. Slides are then washed, air dried and exposed to a phosphor-

storage screen for 24 to 72 hours, before imaging with a phosphor-imager.  

 

The resultant image is output to MattLab® software, spot pixel means, and 

medians are calculated and corrected for background. Kolmogorov Smirnov 

distance and probabilities are calculated, and background “noise spots” are 

eliminated. Positive and negative control spots are included for control and 
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normalisation. From triplicate slide data standard deviation and coefficient of 

variation are calculated and outliers eliminated.   

 

The resultant data provides information on both the phosphorylated peptide 

sequences/protein target and the upstream kinase responsible for the 

phosphorylation, allowing identification of recurrently activated proteins and 

pathways.  

 

As with any array platform there are limitations. Culturing cells in supplemented 

media can result in activation of many more pathways/kinases than might be the 

case in vivo. Thus, activity on the array may be overstated for many kinases. Cell 

lysate preparation stresses cells potentially activating kinases not otherwise 

active in the base state. Further, lysate preparation may result in loss or 

inactivation of kinases. Finally, whilst in vivo there is high specificity of cellular 

kinases, outside of the cell this specificity may be lost. Even in the presence of 

the flanking amino acids sequence, without the extended and complex protein-

protein interactions specificity may be lost leading to false positivity. 

 

4.2.3 STUDY DESIGN 

We evaluated the kinome in four HMCLs, two sensitive RASM (MM1s & NCI) and 

two resistant t(4;14) HMCLs (KMS26 and LP1) at baseline and following 24 hours 

treatment with trametinib 1µM. We did not select WT HMCLs as KMS12BM did 

not express baseline phosphorylated ERK, which suggested there were unlikely 

to be any meaningful cellular responses to MEK inhibition. Further, as we had 

expected a response to MEK inhibition in t(4;14) HMCLs due to aberrant MAPK 

signalling but had not observed a response we anticipated kinome changes may 

play a role in this. 

 

Combined analysis of both the two sensitive and two resistant HMCLs was 

undertaken to improve specificity in identifying differentially activated kinases in 

response to MEK inhibition, that might represent pathways of resistance and 

early dynamic kinome reprogramming. 
 



 73 

4.3 RESULTS 

4.3.1 Kinome array analysis identifies kinase targets & pathways of 
resistance to targeted kinase inhibition 

We treated two sensitive and two resistant HMCLs with trametinib 1µM for 24 

hours. Three consecutive cell passages were treated the same way, snap frozen 

on dry ice, then analysed as a single batch. Figure 4.1 shows typical PepCHIP® 

slide images from our experiments. 

 

  
Figure 4.1: Representative PepCHIP® images. 
 

As commented previously, to better identify general targets of resistance, rather 

than specifics to a single HMCL, the results from both sensitive and both resistant 

HMCLs were collated for comparison. 

 

Differential kinome array analysis identified recurrent pathways and specific 

“drug-able” targets in resistant HMCLs that may confer resistance to MEK 

inhibition. Enriched pathways included PI3K/AKT, JNK/BCL-2 and CK2a (Figures 

4.2 & 4.3). As AKT inhibition in combination with a MEKi has already been tested 

clinically and was poorly tolerated, limiting its utility, we did not investigate the 

combination further183. 
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Figure 4.2: Dot plot comparing PepCHIP® data of sensitive & resistant 

HMCLs. Dotted lines represent ±2-fold difference in phosphorylation, considered 

a significant change in phosphorylation. Spots within the blue circle represent 

phosphorylation targets with increased phosphorylation in resistant HMCLs after 

treatment and are likely to represent changes associated with resistance. Spots 

within the red circle represent increased phosphorylation in sensitive HMCLs 

following treatment and are likely to represent changes associated with 

sensitivity. Dot intensity is the average of n=3 biologic replicates. 

 

Figure 4.3: Peptide spots/pathways enriched in resistant HMCLs. 
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4.3.2 CK2a is overexpressed in HMCLs  

Casein Kinase 2a (CK2a) is a ubiquitously expressed, constitutively active kinase 

which plays a supporting or enhancing role in many normal and malignant cellular 

processes. These include proliferation, growth, survival and resisting apoptosis. 

Specific to the MAPK, CK2a is known to phosphorylate activated ERK facilitating 

cytoplasmic nuclear translocation. 

 

We validated the expression of CK2a as a target in HMCLs. In all cells tested, 

CK2a expression is greater than normal CD138+ (Figure 4.4). 

 

 

 

 
 
 
 
 
Figure 4.4: CK2a is overexpressed in HMCLs compared with normal 

CD138+ cells. All HMCLs overexpress CK2a compared to normal CD138+ cells. 

 
4.3.3 Combined MEK & CK2a inhibition results in synergistic cytotoxicity 
in HMCLs 

CX-4945 (silmitasertib) is an orally bioavailable ATP competitive inhibitor of 

CK2a256. Trametinib in combination with silmitasertib resulted in synergistic 

cytotoxicity in all RASM and t(4;14) HMCLs. No activity was observed in WT 

HMCLs (Figure 4.5). Whilst the combination was synergistic in t(4;14) HMCLs, 

the percentage of cell death was modest, cell proliferation was markedly reduced 

(Figure 4.6).  
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Figure 4.5: Synergistic cell death in HMCLs treated with trametinib & 
silmitasertib. The combination of silmitasertib and trametinib is synergistic in 

both RASM and t(4;14) HMCLs. Synergy was not observed in WT HMCLs. The 

CI of NCI and KMS26 are closer to additive rather than synergistic. Further, in 

KMS26 the cell death in combination fails to reach 20%. The box above each 

HMCL is the combination index, values of <1 are considered synergistic. (n=3, 

mean ±SEM). 

 

 

 
 
Figure 4.6: Cell counts of combination trametinib & silmitasertib t(4;14) 
HMCLs. Combinations of trametinib and silmitasertib result in reduced 

proliferation at 72 hours in t(4;14) HMCLs. Tram = trametinib, Silm=silmitasertib. 

(n=3, mean ±SEM). 
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We knocked down CK2a using siRNA to test loss of CK2a in combination with 

trametinib. Whilst knockdown was successful (Figure 4.7) subsequent treatment 

with trametinib failed to achieve the same cytotoxicity of CX-4945. 

 

 

 
 
 
 
 
 
 

Figure 4.7: siRNA of CK2a. Successful knockdown of CK2a within 2 days  

 
4.3.4 Phosphorylated BCL-2 is expressed in a subset of HMCLs & predicts 
for sensitivity to combined MEK & BCL-2 inhibition   

Next, we investigated the expression of phosphorylated and total BCL-2 in 

HMCLs. BCL-2 is expressed in a limited number of HMLCs (Figure 4.8, A-C). 

KRASM HMCLs expressed phosphorylated BCL-2 at baseline, whilst NRASM did 

not. As previously described, we also found KMS12BM (a t(11;14)) also 

expressed phosphorylated BCL-2. All HMCLs that expressed BCL-2 also 

expressed the phosphorylated form.  

 

ABT-199 (venetoclax) is a specific, orally bioavailable inhibitor of BCL-2257. As 

monotherapy, venetoclax had almost no effect against any HMCL except the WT 

HCMLs JJN3 and KMS12BM. The kinome array reported an increase in 

phosphorylated BCL-2 after treatment with trametinib, which was seen in LP-1 

whilst the reverse was seen in WT HMCLs. Treatment with venetoclax in 

combination with trametinib, in RASM and t(4;14) HMCLS with baseline 

phosphorylated BCL-2 (Figure 4.8), resulted in synergistic cytotoxicity, with 

modest percentages of cell death (Figure 4.9).    
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Figure 4.8: Total BCL-2 & phosphorylated BCL-2 in HMCLs. (A) KRASM 

HMCLs expressed BCL-2, whilst NRASM did not. The higher molecular weight 

band seen in XG1 is thought to be BCLXL non-specific binding of the antibody. 

(B) Only one of three t(4;14) HMCLs expressed BCL-2. Whilst increased 

expression of BCL-2/phosphorylated-BCL-1 was seen in LP1 following treatment 

with trametinib. (C) Both WT HMCLs expressed phosphorylated BCL-2.   
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Figure 4.9: Cell death in HMCLs treated with the combination trametinib & 
venetoclax. Modest levels of cell death were observed following treatment with 

trametinib and venetoclax in RASM and t(4;14) HMCLs that expressed 

phosphorylated BCL-2 at baseline. (n=2, mean ±SEM). 

 

4.3.5 Kinome array analysis identifies kinases & proteins that may confer 
sensitivity to targeted kinase inhibition 

Table 4.1 lists the recurrent phosphorylated peptides whose phosphorylation 

change may confer sensitivity. 

 

Peptide Target Upstream Kinase 

CHK2 ATM 

ATM  

CDA1/TSPYL2 CDK2 

H2AX  

Table 4.1: List of recurrently phosphorylated targets & respective kinases 
in sensitive HMCLs. 
 

Consistent with our findings from chapter 3, many of the recurrent protein targets 

and kinases identified in sensitive HMCLs are involved in cell cycle regulation, at 

both the G0/1 and G2/M checkpoints, on a background of WT p53. Whilst these 

are not “targetable” kinases per se, they are suggestive of mechanism(s) 

potentially responsible for sensitivity to MEK inhibition. Secondly, proteins 
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involved in the DNA damage response/DNA double strand break are recurrently 

identified. This is an effect previously observed in solid tumours.  

  

4.4 DISCUSSION 

Evaluation of the extended kinome responses to targeted MEK inhibition 

rationally identified targetable kinases for combination therapy, that resulted in 

synergistic cytotoxicity. We identified and validated two targets, one protein target 

and one kinase, whose activities limit the efficacy of MEK inhibition. The first of 

these, CK2, is a constitutively active kinase involved in several cellular 

processes. The second, BCL-2, a mitochondrial protein involved in resisting 

apoptosis. Where others groups identified up-regulation of RTKs254,255, whose 

activity would likely overcome that of MAPK inhibition, we have identified a kinase 

intimately involved in enhancing supporting of the MAPK and a mechanism to 

resist apoptosis.  

 

Casein kinase 2 (CK2) is a ubiquitously expressed, constitutively active kinase 

with over 500 protein and kinases targets identified258-260. It is a tetramer, 

composed of two catalytic a (or a’) subunits and two regulatory b subunits261. Its 

many roles include potentiating, enhancing and sustaining signalling pathways, 

resisting apoptosis and inhibiting tumour suppressors. Specific to the MAPK, it 

phosphorylates two additional sites on active ERK marking it for and enhancing 

nuclear translocation236. Activating mutations of CK2 have not been identified, 

but it has been found to be overexpressed in many malignancies, including MM, 

leading to the concept of non-oncogene addiction217,262-264.  

 

Similar to previously published results, we confirmed CK2a overexpression in 

MM compared with normal plasma cells262,264. This makes it an attractive target 

for inhibition, likely sparing normal plasma cells. In combination with trametinib, 

the CK2a inhibitor silmitasertib, induced marked synergistic apoptosis in RASM 

HMCLs. In t(4;14) HMCLs cell death was limited but synergistic, with marked 

inhibition of proliferation. Whereas in WT HMCLs no significant effect of either 

agent alone or in combination was seen. Silmitasertib is an orally active inhibitor, 
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currently undergoing investigation in several haematologic malignancies in 

combination with other inhibitors265.  

 

Targeting CK2a in combination with trametinib, represents a broad targeting 

agent with a wide reach number of pathways affected by its activity. Similar to 

our previous findings of trametinib in combination with dexamethasone, the 

addition of an inhibitor with a broad reach of many targets, may be an ideal 

partner agent to the very specific targeted MEKi to optimise cytotoxic effects and 

potentially delay resistance. 

 

Knockdown of CK2a with siRNA was achievable for up to 72 hours in MM1s. 

Despite this successful knockdown, no appreciable cell death was observed with 

subsequent treatment with trametinib. This incongruent response between 

silmitasertib and siRNA knockdown may be due to the specificity of the siRNA for 

the a-subunit, as it is possible CK2a’ may still be active and functional261. Further, 

siRNA knockdown may not be sufficiently prolonged or complete (despite the WB 

findings, Figure 4.7) to reproduce the effect of the chemical inhibitor. 

Alternatively, silmitasertib as an ATP-competitive inhibitor may have off-target 

effects232.   

 

The second target identified by kinome analysis was BCL-2, a mitochondrial 

protein involved in resisting apoptosis266. Several of the BCL-2 family members 

have been identified to play a role in plasma cell survival267,268. We demonstrated 

BCL-2 expression in KRASM but not NRASM HCMLs, two of three t(4;14) HMCLs 

(KMS11 and LP1), JJN3 and, as previously described, the t(11;14)246 HMCL 

KMS12BM.  

 

ABT-199 (venetoclax) is an orally active small molecule inhibitor of BCL2257 with 

profound efficacy in CLL269. We recapitulated the single agent cytotoxic effects of 

venetoclax against the t(11;14) HMCL KMS12BM246. However, there was very 

limited cytotoxicity otherwise in any HMCL treated with venetoclax alone. In 

RASM and t(4;14) HMCLs with baseline expression of phosphorylated BCL-2,  

treatment with the combination of trametinib and venetoclax resulted in 
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synergistic cytotoxicity, albeit with modest rates of cells death. Unsurprisingly the 

combination did not further enhance the cytotoxic effect observed in KMS12BM. 

Venetoclax is currently under extensive investigation for combination treatment 

in MM270,271. 

 

In both instances, the most profound effects with the addition of a second inhibitor 

were observed in HMCLs already considered sensitive to trametinib 

monotherapy. Similar effects, although to a lesser extent, were observed in the 

t(4;14) HMCLs. Essentially no meaningful responses were observed for 

combination therapy in WT HMCLs. This is despite the kinome array analysis 

being intended to identify mechanisms of resistance. This may be due to several 

reasons: 

 

First, the initial cell selection for the platform. As described in the study design 

we chose two RASM and two t(4;14) HMCLs. As such, we have not interrogated 

the effects of trametinib on the kinome response of WT HMCLs. To better assess 

this, the addition of WT HMCLs to the platform, that are known to express 

phosphorylated ERK would be required.  

 

And second, a more marked response in sensitive HMCLs may be seen due to 

potentially greater reliance on CK2 activity in RASM lines once MEK is inhibited. 

It is likely given the oncogene addiction to RAS-MAPK signalling that support to 

the pathway from CK2 is of significant importance. Whilst CK2a inhibition had a 

modest effect in t(4;14) lines, their dependence up the RAS-MAPK and its partner 

kinases might be somewhat less than RASM lines.  

 

The kinome array also identified cellular responses that might predict for 

sensitivity. Our kinome array findings were consistent with those reported in 

Chapter 3, that MEK inhibition can prevent cell cycle progression, particularly 

arresting p53 WT cells at G0/1. The kinome array recurrently identified kinases 

and their targets responsible for these effects. Whilst these are not “target-able” 

per se, they provide insight to the machinery required and might suggest other 
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mechanisms of resistance should these kinases and/or targets be absent, 

dysfunctional or mutated.    

 

Additionally, the array identified a DNA damage response to MEK inhibition, 

previously observed in solid tumours272,273. This response gives insight to the 

potential priming effects and synergism observed in combination therapy. 

 

Platform kinome interrogation can rationally identify combination targets to 

optimise response to MEK inhibition. Targeting the overexpressed kinase CK2a 

with silmitasertib in addition to trametinib results in either synergistic cytotoxicity 

or growth inhibition, where it was not previously seen. Phosphorylated BCL-2 is 

a biomarker of sensitivity for the combination venetoclax and trametinib, in both 

KRASM and t(4;14) disease.  
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5. IDENTIFYING MARKERS OF SENSITIVITY & RESISTANCE 

 

5.1 INTRODUCTION 

The presence of specific mutations within critical signalling pathways, 

overexpression of surface receptors or specific hormones/enzymes is the 

standard for identifying patients who might benefit from targeted therapy. 

However, experience from BRAVM V600E melanoma has shown that simply 

having activating mutations does not guarantee sensitivity to targeted therapy192. 

Additional mutations within the RAS-MAPK, activation of parallel signalling 

pathways (PI3K/ATK) and their mutations (i.e. PTEN mutations), mutations in 

activators of protein kinases (RAC1) as well genes/proteins with seemingly 

unrelated or distinct actions (HOXD8) all potentially confer upfront or rapid 

acquisition of resistance to targeted therapy. Similarly, in CRC, concomitant 

mutation within the MAPK-pathway results in resistance to EGFR targeted 

therapy274. In both instances either there is no response to initial therapy or 

disease progression occurs rapidly after therapy is commenced. 

 

Defining markers of sensitivity to targeted therapy should better help predict 

which patients will most likely benefit, reduce unnecessary treatment where 

failure is likely and in doing so reduce both unwanted toxicity and costs.  

Alternatively, identifying mechanisms of resistance to targeted therapy might also 

provide insight to better combination therapies.  

 

Our data shows, that whilst activating RASM to confer sensitivity to MEK inhibition 

there are discrepant responses HMCLs harbouring similar RASM. Further, 

HMCLs with RAFM do not exhibit the same degree of sensitivity to MEK inhibition 

as do the RASM lines. Additionally, HMCLs that do not harbour MAPK pathway 

mutations can exhibit some sensitivity to inhibition. This suggests that similar to 

the descriptions in melanoma, other genes and pathways are modifying response 

to targeted MEK inhibition.  

 

A large-scale screening study in both solid and haematologic cancer cells lines 

investigated potential predictive markers of sensitivity and resistance to 
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trametinib275. As expected, RASM and RAFM were the biggest predictors or 

sensitivity to trametinib. Concurrent mutations in PI3K/PTEN reduced the 

response from cytotoxic to cytostatic. In the presence of KRASM, a gene 

expression profile consistent with an “epithelial-to-mesenchymal” (EMT) 

phenotype exhibited less sensitivity. Whilst expression of DUSP6, a dual 

specificity phosphatase which inactivates phosphorylated ERK2, was associated 

with sensitivity.  

 

Investigation of gene transcription signatures, independent of RASM or RAFM, 

that reflect MAPK pathway activation might better predict disease phenotypes 

that respond to MEK inhibition. Studies in gastric cancer276, CRC277 and 

NSCLC278 have recurrently identified genes that confer sensitivity to MAPK-

pathways inhibition. These gene signatures would foreseeably identify more 

cases that would respond to targeted therapy rather than just those selected on 

mutation alone. Additionally, response signatures might better account for 

influences outside of the MAPK that might abrogate response to targeted 

inhibition. Consistent with this, a MEK-signature study in gastric cancer patients 

revealed that PIK3CA mutations were mutually exclusive from the signature 

consistent with previous reports that this mutation can mediate resistance to MEK 

inhibition279.  

 

Here we investigate gene expression to identify mechanisms of sensitivity and 

resistance to trametinib in HMCLs.  

 

5.2 STUDY RATIONALE & AIMS 

Given the different responses observed to targeted MEK inhibition in various 

HMCL subsets, we sought to identify genes and proteins responsible of sensitivity 

or resistance.   

 

The work described in this chapter aimed to: 

• Identify genes and their proteins that might confer sensitivity or resistance  

• Corroborate differential gene expression signatures of sensitivity  

• Validate these genes/expression signatures in a broader set of HMCLs 
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• Identify specific gene changes with the MAPK in response to treatment 

with trametinib 

 

HMCLs that show >50% reduction in proliferation in response to trametinib at 

10nM doses were considered sensitive for these studies.  

 

Sensitive HMCLs Intermediate HMCLs Resistant HMCLs 

MM1s XG1 KMS11 

RPMI U266 KMS26 

NCI  LP1 

ANBL6  JJN3 

  KMS12BM 

Table 5.1: List of sensitive, intermediate and resistant HMCLs. 
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5.3 RESULTS 

5.3.1 Illumina HT-12 gene array identified a small set of differentially 
expressed genes 

Using existing gene expression data from the Illumina-HT12 platform we 

analysed differential gene expression in a panel of sensitive and resistant 

HMCLs.  

 

Sensitive Genes   Resistant Genes 
AKR1C3 ILDR1  LEF1 
CD68 LGMN  SLC47A1 
CD86 LXN  TMEM2 
CRYBB1 NLRP7   
CXCL10 PACSIN1   
DMRT2 PLAC8   
FCRLA SIRPA   
GNG10 SNCAIP   
GSDMC SULF2   

Table 5.2: List of genes with increased expression in either sensitive or 
resistant HMCLs. 
 
5.3.2 PCR validation identifies LXN as a marker of sensitivity 

The gene expression results had a number of limitations, (i) it was across two 

different platforms in time, (ii) the results were approximately five years old and 

(iii) surprisingly few genes were found to be differentially expressed. From this 

we selected a number of genes based on degree of differential expression and 

biologic plausibility for further validation with PCR in a larger validation set of 

HMCLs.  

 

PCR of an initial panel of genes from the gene array in a broader set of HMCLs 

did not correlate with sensitivity to treatment with trametinib (Figure 5.1). 
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Figure 5.1: RT-PCR gene expression of 4 genes: AKR1C3, FCRLA, NLRP7, 
SULF-2. Relative gene expression (to RPMI) of 4 genes identified by gene 

expression profiling, showed no correlation with sensitivity of HMCLs. (n=3, mean 

±SEM). 

 

Next, we investigated the expression of latexin (LXN). Its expression was 

confined to sensitive HMCLs only, with no expression observed in any of the 

resistance HMCLs. Protein expression was confirmed by WB. (Figure 5.2 A, B) 

 

5.3.3 siRNA knockdown of LXN does not affect the sensitivity of MM1s 

To confirm the role of LXN in conferring sensitivity, we performed siRNA 

knockdown in MM1s with subsequent treatment with trametinib. Whilst 

knockdown was successfully achieved out to 48 hours, re-expression occurred 

at 72 hours (Figure 5.3). MM1s retained its sensitivity to trametinib despite 

knockdown of LXN.  
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Figure 5.2: Latexin (LXN) expression by RT-PCR & WB. LXN expression was 

confined to sensitive HMCLs only, with no expression observed in resistant 

HMCLs. a-tubulin is the loading control. (PCR n=3, mean ±SEM). 

 

 

 

 
Figure 5.3: siRNA knockdown of LXN in MM1s. Knockdown of LXN was 

achieved for 48 hours before re-expression. Treatment of MM1s with trametinib 

after siRNA knockdown did not result in loss of sensitivity. a-tubulin is the loading 

control. 
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5.3.4 LXN is hyper-methylated in resistant HMLCs and its expression can 
be induced by azacitidine 

It has previously been described that LXN is hyper-methylated in many 

malignancies. We confirmed these findings in the resistant HMCLs KMS11, 

KMS26, JJN3, and KMS12BM using bisulfite sequencing. This revealed 

methylation of 15 CpG sites proximal to the start codon. Treatment for five 

consecutive days with azacitidine 1µM resulted in gene and protein re-expression 

of LXN (Figure 5.4 A, B). 
 

 

 

 

Figure 5.4: Re-expression of LXN following azacitidine 1µM. (A) LXN gene 

expression by RT-PCR increases progressively with azacitidine 1µM for 120 

hours. (Reported as percentage gene expression vs RPMI). (B) LXN protein 

expression with and without azacitidine 1µM at 120 hours. Re-expression variably 

occurs in KMS11, KMS26 and JJN3, but not KMS12BM. a-tubulin is the loading 

control. RPMI is the positive control. 

A 

B 
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Trametinib treatment after azacitidine 1µM for five days resulted in significant 

cytotoxicity in resistant HMCLs. However, azacitidine doses of 1µM are clinically 

unachievable, and would likely result in several affects rather than just gene re-

expression. As such we tested resistant HMCLs with clinically achievable, sub-

lethal doses of azacitidine followed by treatment with trametinib. These results 

are reported in chapter 6. 

 
5.3.5 SLC47A1 expression does not correlate with resistance 

We investigated whether SLC47A1 correlated with resistance to trametinib. 

SLC47A1 (MATE-1, a multidrug and toxin extrusion protein-1) is a known drug 

and ion transporter280 typically involved in renal excretion. We postulated that 

SLC47A1 may be a mechanism of drug efflux from the cell, and thus a cause of 

resistance. However, SLC47A1 is variably expressed in most HMCLs irrespective 

of sensitivity to trametinib (Figure 5.5.). Further, as we have previously shown, 

treatment with trametinib results in loss of phosphorylated ERK in all HMCLs, 

suggesting that trametinib is not extruded from the cell and is not a mechanism 

of resistance.  

 
Figure 5.5: SLC47A1 expression by RT-PCR and WB. SLC47A1 was variably 

expressed at both the gene and protein level in most HMCLs tested and did not 

correlate with resistance. SLC47A1 is the lower band on the WB, as marked by 

the blue arrow. a-tubulin is the loading control. (PCR n=3, mean ±SEM). 
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5.3.6 MAPK gene expression does not change after treatment with 
trametinib 

We next investigated changes in gene expression specific to the RAS-MAPK and 

downstream effectors. This was performed using the QIAGEN RT2 RAS-MAPK 

array in two sensitive and two resistant HMCLs both pre- and post-treatment. In 

none of the HMCLs were any significant changes in MAPK gene expression 

observed. Thus, we excluded dynamic changes in gene expression as the cause 

of sensitivity or resistance to trametinib. (Data is presented in Supplementary 

Figure 9.3) 

 

5.3.7 RNA-sequencing recapitulates the MEK-sensitivity gene signature 

We expanded the selection of HMCLs and performed RNA-sequencing to identify 

genes and pathways potentially associated with trametinib sensitivity. Averaged 

expression for sensitive and resistant genes identified 5994 differentially 

expressed genes. When considering genes that either were expressed in all 

sensitive or all resistant HMCLs the number of differentially expressed genes was 

485 (Figure 5.6). In neither of these panels did mapping to GO or KEGG 

pathways identify any significantly over represented pathways.  

 

Analysis of RNA-seq data for previously reported MEK-sensitivity gene 

signatures, confirmed four of six genes to be overexpressed in sensitive HMCLs 

(Table 5.2). 

 

5.3.8 CXCR-3 & its ligands, CXCL9 & CXCL10, correlate with sensitivity 

The most significantly differentially expressed gene identified by RNA-seq was 

CXCR3. The ligands of CXCR3, CXCL9 and CXCL10 were also found to be 

significantly overexpressed. These were validated by RT-PCR in a wider set of 

HMCLs (Figure 5.7). Despite the greater gene expression, MM1s was the only 

HMCL that expressed surface CXCR3 as per flow cytometry (Supplementary 

Figure 9.4). CXCR3 has previously been described on HMCLs and MM cells, but 

its functional role remains unclear281-283.  
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Figure 5.6: RNA-seq volcano plot of significantly differentially expressed 
genes. RNA-seq identified 485 differentially expressed genes. Red lines 

represent 2-log2 fold difference.  

 

 

Gene log2 Fold Difference P-vale 

DUSP4 3.2775 5.32x10-6 

DUSP6 3.2412 4.84x10-6 

ETV4 2.285 0.0002 

ETV5 3.8277 2.52x10-8 

PHLDA1 Not detected  

SPRY2 Not detected  

Table 5.3: RNA-sequencing genes consistent with a MEK-sensitive 
signature.  RNA-seq of differentially expressed genes recapitulated four of six 

previously described genes found to confer sensitivity to MEK inhibition. These 

were identified in MM1s, RPMI, NCI and ANBL6. 
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Figure 5.7: CXCR3, CXCL9 & 10 expression in sensitive HMCLs. CXCR3 and 

its ligands are all significantly overexpressed in sensitive HMCLs compared to 

resistant. CXCR3 p=8.8x10-8, CXCL9 p=0.0005, CXCL10 p=3.65x10-5.  

 

5.4 DISCUSSION 

Targeting oncogene addiction relies on identification of the presence of a mutant 

or overexpressed target. However, often just the presence of this target does not 

guarantee efficacy of the targeted therapy.  Predictive biomarkers, beyond single 

gene mutation, may better identify patients with disease that is likely to respond 

to targeted therapy. We have found RASM to predict sensitivity to MEK inhibition. 

However, there is heterogeneity in response between RASM HMCLs. Further, a 

small number of HMCLs that do not harbour a RASM also exhibit sensitivity to 

MEK inhibition. As has been reported in BRAFM V600E melanoma192, EGFR 

expressing CRC274 and HER2 amplified breast cancer284, these simple markers 

do not universally predict for sensitivity to the targeted therapy. This in turn has 

led to the development of targeted therapy sensitivity gene-signatures276-278.  

 

Our gene array data identified relatively few differentially expressed genes 

between sensitive and resistant cell lines. Validation of these genes in an 

expanded set of HMCLs with both RT-PCR and WB, found only a single gene, 

LXN as a correlate of sensitivity. LXN is a putative tumour suppressor gene, 

whose expression has been found to confer a better prognosis in 

hepatocellular285, gastric286 and pancreatic287 cancers and melanoma288. Further, 

in B-cell lymphomas, its expression is down regulated by hyper-methylation, with 
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re-expression leading to inhibition of lymphoma growth289. We also identified LXN 

to be methylated MM and successfully re-induced its expression in trametinib 

resistant HMCLs using azacitidine 1µM for five days. Pre-treatment with 

azacitidine resulted in profound sensitisation to subsequent treatment with 

trametinib and universal cell death in these resistant lines. At this clinically 

unachievable dose of azacitidine, undoubtedly numerous genes are re-

expressed, and the specificity of this effect is low. Further, the effect of azacitidine 

alone as the cause of loss of viability is highly likely. However, the sensitisation 

of resistant HCMLs to trametinib suggested possible re-expression of silenced 

tumour suppressors. We further investigate the role of azacitidine inducing 

sensitivity in chapter 6. 

 

We investigated whether drug efflux from resistant cell lines via the multidrug and 

toxin extrusion-1 transporter (MATE-1/SLC47A1), caused resistance in HCMLs, 

similar to the role of OCT1 (SLC22A1) affecting sensitivity to imatinib in CML290.  

However, SLC47A1 expression was present on both resistant and sensitive 

HMCLs. Further, loss of phosphorylated ERK in resistant HMCLs would suggest 

that cellular drug efflux does not mediate resistance to inhibitor. As such, 

mechanistically, SLC47A1 does not appear to be implicated in drug resistance in 

MM.  

 

We analysed gene expression specific to the RAS-MAPK and its changes in 

response to MEK inhibition. No significant changes were observed in any of the 

genes of the RAS-MAPK in either sensitive or resistant HMCLs, that would affect 

their sensitivity to MEK inhibition. 

 

We next utilised RNA-sequencing of HMCLs which identified over 5000 

differentially expressed genes between sensitive and resistant HCMLs. However, 

recurrent pathway analysis failed to identify significantly enriched pathways 

associated with sensitivity. The most significantly differentially expressed gene, 

CXCR3, was confirmed to be overexpressed in sensitive lines, along with its 

known ligands CXCL9 and CXCL10. Interestingly the surface expression of 

CXCR3 by flow cytometry, was only confirmed in MM1s, with no other sensitive 
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HMLC demonstrating receptor expression. As such, whilst gene expression may 

identify sensitivity to trametinib, the utility of this marker in immunohistochemistry 

to identify sensitivity would be limited. 

 

Our RNA-sequencing data recapitulated previously published RAS/MEK inhibitor 

sensitivity gene signatures276-278. Four out of six genes from these panels were 

similarly overexpressed in sensitive HMCLs suggesting the same gene 

signatures could be utilised in MM. Potentially the addition of CXCR3 gene 

expression could further refine the panel specific to MM.  

 

MM is a molecularly heterogeneous disease, and despite RASM serving as a 

marker of sensitivity to MEK inhibition, using two different gene interrogation 

approaches we could not identify any specific gene or enriched pathway that 

better identified or predicted HMCLs as sensitive or resistant. Gene array data 

identified LXN as a possible mechanism of sensitivity, and its methylation induced 

repression as a possible mechanism of resistance, raising the possibility that 

other tumour suppressors may be limiting response to MEK inhibition, warranting 

further investigation. 
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6. DEMETHYLATION SENSITISES t(4;14) MM TO MEK 

INHIBITION 
 

6.1 INTRODUCTION 

Epigenetic aberrations, including histone modifications and DNA methylation, 

play a significant role in virtually all malignant diseases291,292. DNA methylation 

results in changes in gene expression, most typically gene silencing due to 

promoter hyper-methylation293,294. In MM, the translocation t(4;14) results in 

juxtaposition of the MMSET/FGFR3 locus on chromosome 4 with the IgH locus 

on chromosome 14. This results in overexpression of MMSET, a histone 

methyltransferase in all cases, a mechanism of epigenetic modification in MM295-

298. The t(4;14) is an adverse prognostic factor, associated with shortened overall 

survival2. Further, DNA methylation induced silencing of tumour suppressor 

genes299 and cell cycle regulators300 also adversely affects prognosis. Increasing 

aberrations in epigenetic modification have been described at relapse and later 

stages of disease301,302.  

 

The histone deacetylase inhibitors (HDACi), vorinostat and panobinostat are 

approved for use in R/R MM303,304(in the US and Europe). Whilst the DNA 

hypomethylating agent, azacitidine, does not have an approved role in treatment. 

Despite this, azacitidine has been shown to be effective against HMCLs305 and 

both gene306 and methylation307 scoring systems have been developed as 

predictive biomarkers for determining response to hypomethylating agents. The 

use of azacitidine has been reported in two clinical trials. The first, investigated 

oral azacitidine in re-sensitising patients to lenalidomide who had previously 

progressed on lenalidomide (Kalff, ASH abstract 2016). The second evaluated 

subcutaneous azacitidine twice weekly with lenalidomide (Reu, ASCO abstract 

2015). Both demonstrated clinical benefit with response rates above 20%. A third 

study has investigated up-regulation of the immunogenic cancer testis antigen 

(CTA) in response to azacitidine therapy post ASCT to generate T-cell 

responses308. This approach has been effective in three of 14 patients reported 

to date. 
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In solid tumours, azacitidine has been shown to sensitise or reverse resistance 

to conventional chemotherapy309-314, sensitise to targeted inhibitors315,316 and 

hormonal therapy317 or function as a radiation sensitiser318. In haematologic 

malignancy, demethylation in combination with conventional chemotherapy in 

lymphoma319, with panobinostat in AML320, and with bortezomib in MM321 

enhanced response in each case.  

 

Here we investigate the potential of pre-treatment with azacitidine followed by 

trametinib. 

 
6.2 STUDY RATIONALE & AIMS 

Based on our findings described in the previous chapter, of tumour suppressor 

genes potential role in MEKi sensitivity, which can be induced with azacitidine, in 

concert we previous descriptions of tumour suppressor silencing through DNA 

methylation, we sought to evaluate the effects of azacitidine pre-treatment on 

HMCLs prior to MEK inhibition. Further, given the role of MMSET as an epigenetic 

modifier, we postulated in t(4;14) HMCLs, azacitidine may address the effects of 

MMSET, whilst MEK inhibition would address FGFR3 signalling through the RAS-

MAPK. 

 

The work described in this chapter aimed to: 

• Evaluate the effect of azacitidine pre-treatment on sensitivity to MEK 

inhibition with trametinib  

• Identify changes in gene expression induced by azacitidine that may be 

associated with or confer sensitivity to MEK inhibition  

• Assess changes in histone methylations marks in response to azacitidine 

• Knockdown a known target of azacitidine to recreate the effects observed 

• Test the combination in murine xenografts of MM 
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6.3 RESULTS 

6.3.1 Pre-treatment with azacitidine sensitises t(4;14) HMCLs to MEK 
inhibition 

We treated two groups of HMCLs, t(4;14) and WT, with azacitidine 200nM for 

seven days followed by trametinib  (10nM, 100nM and 1µM) for three days. 

Proliferation, cell viability and cell cycle were evaluated. This particular dose of 

azacitidine was sub-lethal, with <10% cell death (by PI flow cytometry) after 

seven days of treatment, is a clinically relevant and achievable dose.  

 

Pre-treatment with azacitidine resulted in marked sensitisation of t(4;14) HMCLs 

whilst almost no effect was seen in WT HMCLs (Figure 6.1 A-C). In two of three 

t(4;14) HMCLs (KMS11 and LP1) growth was completely arrested at the highest 

trametinib dose of 1µM, whilst at the lowest dose (10nM) growth was reduced by 

>50%. In KMS26, the highest dose lead to greater than 50% growth reduction. 

Conversely, in WT HMCLs no significant reduction in growth was observed.  

 

Whilst azacitidine alone had no significant impact on cell survival, in t(4;14) 

HMCLs initial cell growth was slowed, however this effect was not a sustained 

(Figure 6.1A).  
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Figure 6.1: A-C. (A, B) t(4;14) & WT HMCL growth curves with azacitidine 
pre-treatment followed by trametinib. Growth arrest is seen in two of three 

t(4;14) HMCLs (KMS11, LP1) with significant growth inhibition in a third (KMS26). 

The pre-azacitidine curve for comparison, is trametinib 1µM alone (without 

azacitidine). (C) Normalised ratios of HMLCs growth curves. t(4;14) show a 

significant reduction in growth in response to trametinib treatment at all doses 

with azacitidine pre-treatment (p<0.002) (n=3, mean ±SEM).  
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To validate this effect three further t(4;14) HMCLs were similarly treated with 

azacitidine and trametinib (Figure 5.2). These three HCMLs recapitulated the 

original findings.   

 

 

Figure 6.2: Validation set of t(4;14) HMCLs pre-treated with azacitidine then 
trametinib. Normalised ratios of growth curves of a validation set of t(4;14) 

HMCLs pre-treated with azacitidine then trametinib against azacitidine alone. In 

JIM1 all doses of Trametinib resulted in complete cell death. (JIM1 p=0.03, 

KMS28BM p<0.0001, KMS34 p=0.012), (n=3, mean ±SEM).  

 

Treatment of RASM p53 WT HMCLs results in G0/1 arrest. This effect is not seen 

in t(4;14) or WT HMCLs. Azacitidine pre-treatment of t(4;14) but not WT HMCL 

resulted in trametinib-induced cell cycle shift to pre-G0. (Figure 6.3 A-C). 

 



 105 

 

 
 

 

A 

B 



 106 

 

 

 

 

 

 

 

 

 

Figure 6.3: Cell cycle plots with & without azacitidine pre-treatment 
followed by trametinib. (A) KMS11. (B) LP1. (C) Relative phases of cell cycle.  

 
6.3.2 DNMT3b, but not DNMT3a is overexpressed in t(4;14) HMCLs and 
correlates with response to azacitidine then trametinib 

To determine the potential mechanisms of azacitidine induced sensitivity, we 

evaluated expression of the known targets of azacitidine, DNA 

methyltransferases 3 alpha (DNMT3a) and beta (DNMT3b). Using RNA-

sequencing data we found in t(4;14) HMCLs DNMT3b was significantly over-

expressed compared with WT HMCLs, whilst no difference was observed in the 

expression of DNMT3a (Figure 6.4). This held true for an expanded set of HMCLs 

(Figure 6.5).  

 

DNMT3b was expressed at the protein level in all t(4;14) HMCLs. A reduction in 

DNMT3b expression was seen following treatment with azacitidine in LP1, that 

was not observed in the other t(4;14) HMCLs (Figure 6.6). 

 

C 
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Figure 6.4: DNMT3a & b RNA-seq expression. DNMT3b is significantly over-

expressed in all t(4;14) HMCLs compared to expression of DNMT3a (p<0.0001). 

Expression of DNMT3b is significantly greater in t(4;14) HMCLs compared to WT 

(p=0.0003). (n=3, mean ±SEM). 

 

 

Figure 6.5: DNMT3b RNA-seq expression in 30 HMCLs by molecular & 
cytogenetic type. DNMT3b is significantly over-expressed in t(4;14) compared 

with both RASM (p=0.031) and WT (p<0.0001). DNMT3b expression in RASM is 

significantly greater that WT (p=0.003). 
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Figure 6.6: DNMT3b expression pre & post-treatment with azacitidine. LP1 

demonstrated a reduction of DNMT3b after treatment with azacitidine, this was 

not observed in the other two t(4;14) HMCLs. HDAC1 is the nuclear loading 

control. 

 

To investigate the role of DNMT3b as the target of azacitidine sensitization in 

t(4;14) HMCLs to trametinib, we undertook both siRNA knockdown (Figure 6.7), 

and treatment with a chemical inhibitor of DNMT3b, nanaomycin A. Whilst siRNA 

achieved partial knockdown this did not confer sensitivity to treatment trametinib.  

 

Figure 6.7: siRNA knockdown of DNMT3b in LP1. A marked reduction in 

DNMT3b protein expression was achieved with siRNA, greater than that seen in 

azacitidine treated LP1. However, this knockdown did not result in sensitivity to 

trametinib. HDAC1 is the nuclear loading control. 

 

Treatment with nanaomycin A at doses greater than 200nM resulted in significant 

cell death. Treatment with sub-lethal doses, 10-100nM, for three days followed 

by trametinib did not recreate the effects seen with azacitidine. 
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6.3.3 Azacitidine does not consistently alter histone methylation marks 
associated with MMSET 

MMSET is universally expressed in t(4;14) MM. We investigated whether its 

known targets are affected by azacitidine treatment. Effects on known MMSET 

histone methylation marks were inconsistent across the three t(4;14) HMCLs 

(Figure 6.8 A). As such azacitidine does not exert its effect through this process. 

 

 

Figure 6.8: H3K36Me2 & H3K27Me3 marks pre & post-azacitidine. Azacitidine 

showed no consistent effects on the methylation states of two known histone 

targets of MMSET. HDAC1 is the nuclear loading control. 

 
6.3.4 Azacitidine results in extensive gene expression changes and gene 
pathway changes irrespective of cytogenetic type 

We evaluated gene expression changes associated with azacitidine treatment in 

both t(4;14) and WT HMCLs, with a view to establishing potential pathways 

associated with trametinib sensitivity. All HMCLs showed numerous gene 

expression changes, with more observed in WT than in t(4;14) HMCLs (Figure 

6.9). No pattern of absolute gene expression changes was seen in relation to 

underlying cytogenetic status or the observed response to azacitidine.  

 

Recurrent pathways analysis (using Gene Ontology (GO) and DAVID 

bioinformatics322) found markedly different gene expression changes in response 

to azacitidine between HMCLs. Few enriched pathways were shared within or 

distinguished the two cytogenetic groups (Table 6.1). As has previously been 
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reported in solid tumour cell lines in response to azacitidine, KMS11 and JJN3 

both showed significant pathway enrichment for “MHC class II activity” “antigen 

presentation” and “immune response”. This response was also seen in 

KMS12BM and LP1 (although with lower p-values and “fold enrichment” scores) 

and did not correlate with response to trametinib. 

 

Azacitidine has been reported to lead to re-expression of tumour suppressor 

genes. As our previous results (chapter 3 and kinome analysis) has suggested a 

role for cell cycle regulation and tumour suppressors for sensitivity to trametinib 

we interrogated gene expression changes in previously reported tumour 

suppressor genes323,324 (Figure 6.10). A very heterogeneous pattern of tumour 

suppressor gene re-expression in response to azacitidine was seen. KMS11 and 

LP1 showed the greatest increase in reported tumour suppressor genes (n=5). 

Whilst KMS26 had no tumour suppressor gene changes.  

 

Finally, we analysed expression changes in genes previously reported in MEK-

sensitivity signatures. Whilst subtle changes in several of these were seen in the 

sensitive HMCLs, none were significant.   

    

 

Figure 6.9: Absolute number of up- & down-regulated genes in response 
to azacitidine. 
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Figure 6.10: Heat map of tumour suppressor gene expression & changes in 
response to azacitidine. Generally more tumour suppressor genes had their 

expression increased in the t(4;14) HMCLs, KMS11 and LP1, although no 

changes were observed in KMS26. The WT HMCL JJN3 showed an increase in 

three tumour suppressor genes, which was fewer than that observed in t(4;14), 

whilst KMS12BM had only a single gene increase its expression. 

Green=expressed at baseline, red=not expressed and not changed with 

azacitidine, yellow=increased expression following azacitidine treatment.  
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HMCL Enriched pathways p-value 

KMS11 i. Antigen processing and presentation 

ii. MHC II complex/activity 

iii. Cytosol  

9.45x10-10 

1.1x10-9 

2.92x10-8 

KMS26 i. Protein homodimerization 

ii. Response to hypoxia 

iii. Basolateral plasma membrane 

0.001 

0.001 

0.002 

LP1 i. Extracellular space 

ii. Type I interferon signalling 

iii. Adaptive immune response 

1.18x10-7 

1.78x10-5 

4.12x10-5 

JJN3 i. MHC II complex/activity 

ii. Antigen processing and presentation 

iii. Immune response 

1.50x10-11 

2.19x10-11 

5.45x10-11 

KMS12BM i. Cholesterol biosynthesis 

ii. Extracellular space 

iii. Lipoprotein metabolic processes 

6.23x10-6 

1.60x10-4 

7.09x10-4 

Table 6.1: Most highly enriched pathways in response to azacitidine. KMS11 

and JJN3 show the most consistently changed gene expression pathways, but 

opposite responses to trametinib. KMS26 shows very few enriched pathways 

consistent with the few gene changes observed.  

(Pathway enrichment data presented in Supplementary Figure 9.5). 

 
6.3.5 Combination azacitidine & MEK inhibition demonstrates anti-myeloma 
activity in murine xenograft models of MM 

We evaluated the combination of azacitidine and trametinib in two murine 

xenograft models. The first recapitulates t(4;14) disease using the HMCL LP1, 

the second WT disease using the HMCL KMS12BM. In both instances, NOD scid 

gamma (NSG) mice were transplanted (IV via tail vein injection) with 4x106 LP1 

or 1x106 KMS12BM cells stably expressing GFP and luciferase.  

The LP1 model is moderately slow to engraft and establish tumour burden, 

occurring at approximately three weeks. The KMS12BM is a very robust disease 

model, establishing measurable disease within one week. Tumour burden was 

measured on a weekly basis, using in vivo bioluminescence imaging using 
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luciferin (IP) measuring median flux as photons/sec of averaged dorsal and 

ventral. Scientific end-points were high-limb paralysis (HLP) and/or >20% weight 

loss from baseline. On the basis of prior pilot studies, additional scientific end-

points were included: LP1 - plasmacytomata causing distress, KMS12BM - 

overall poor condition as evidenced by general slowing, poor recovery post 

anaesthesia and/or a measured disease burden of >1.5x1010 photons/sec on bio-

luminescence imaging. 

 

The treatment schemas were the same for both cohorts. Mice were treated with 

vehicle alone, azacitidine 5mg/kg (IP) daily, planned for 2 cycles of 1 week with 

3 weeks off, trametinib 3mg/kg (OG) daily, planned for 2 cycles of 3 weeks with 

1 week between cycles, or the combination planned for 2 cycles without a break 

between cycles. There were five mice per treatment group. 

 

In the LP1 xenograft, disease establishes in the spine, progressing to the long 

bones and finally forms large tissue/spinal plasmacytomata (Figure 6.10). 

Trametinib monotherapy created no significant change in disease burden or 

kinetics nor a survival advantage. Azacitidine monotherapy resulted in a 

significant slowing of disease kinetics and no plasmacytomata. The addition of 

trametinib to azacitidine further slowed disease kinetics (Figure 6.11), 

significantly less than vehicle (p=0.038). Both groups treated with azacitidine 

succumbed to treatment toxicity following the second planned week of treatment 

with azacitidine. As such no survival advantage was observed in the azacitidine 

treated groups (Figure 6.12). 
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Figure 6.11: Disease pattern of LP1 xenograft. Images show disease 

measurement at five weeks. Disease establishes in the spine and long bones, 

before forming large plasmacytomata over the cervical and thoracic spine. 

Treatment group is listed beneath each mouse image.  

 

 

Figure 6.12: Disease bioluminescence measured over time in LP1. A 

profound reduction in disease burden and delayed growth kinetics was observed 

in both cohorts treated with azacitidine. The addition of trametinib to azacitidine 

significantly slowed disease growth compared with vehicle. (n=5, mean ±SEM). 

(*p=0.038 combination c/w vehicle. No other comparisons were significant). 



 115 

 

Figure 6.13: Survival curves of LP1 murine xenograft. No meaningful 

difference was observed between the cohorts. However, whilst the vehicle and 

trametinib alone met scientific endpoints, the azacitidine alone and in 

combination with trametinib succumbed to drug toxicity, rather than disease. 

(n=5/cohort). 

 

In the KMS12B xenograft, disease establishes within one week in the liver, 

resulting in massive hepatomegaly (mean liver weight at end of study of 10.0g) 

(Figure 6.13, 6.14, A &B). Azacitidine treatment resulted in a significant slowing 

of disease kinetics (Figure 6.15), a reduced burden of disease within the liver 

(mean liver weight 4.26g) (Figure 6.14) and prolonged overall survival (Figure 

6.16). Trametinib alone had no impact on disease kinetics or survival. The 

addition of trametinib to azacitidine provided no further survival benefit.   
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Figure 6.14: Disease pattern of KMS12BM xenograft. Images show disease 

at three weeks. Disease rapidly establishes in the liver leading to hepatomegaly. 

Treatment group is listed beneath each mouse image. 

 

 

 

Figure 6.15: Disease bioluminescence measured over time in KMS12BM. 
Azacitidine profoundly slowed disease progression, whilst the addition of 

trametinib had no further impact. Trametinib alone appeared to slow disease 

progression, however did not translate into a survival advantage over vehicle. 

(n=5, mean ±SEM). 
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Figure 6.16: KMS12BM xenograft liver specimens and histology. (A) Liver 

on the left is from a vehicle mouse, showing massive hepatomegaly (weight 

11.11g, 5cm) with a nodular surface. Liver on the right is from an azacitidine 

treated mouse, showing normal size (weight 4.25g, 2cm), nodules are still evident 

on the surface. (B) H+E staining of mice livers. Top panels are vehicle mice 

showing extensive replacement by tumour cells with little normal liver remaining. 

Areas of necrosis are present in the top right right-hand panel. Lower left-hand 

panel is from an azacitidine treated mouse showing fewer and smaller nodules of 

tumour cells with retention of normal liver architecture. Necrosis was not evident. 

Lower right panel is high power of a tumour nodule, demonstrating sheets of 

tumour cells.  

 

 

 

Figure 6.17: Survival curves of KMS12BM murine xenograft with 
combination treatment. Azacitidine treatment significantly prolonged survival 

over vehicle and trametinib alone (both azacitidine groups compared with vehicle 

or trametinib alone p=0.0002). The addition of trametinib to azacitidine provided 

no further survival benefit. (n=5/cohort). 
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6.4 DISCUSSION 

The t(4;14) translocation occurs in approximately 15% of MM298,325, resulting in 

juxtaposition of the MMSET/FGFR3 (multiple myeloma SET domain/fibroblast 

growth factor 3) locus on chromosome 4 and the IgH locus on chromosome 14. 

It is one of three high risk cytogenetic lesions (the others, t(14;16) and del17p) 

which confers a poor prognosis, an inferior response to therapy and worse OS2. 

A trial investigating the multi-targeted RTK (including FGFR3) inhibitor dovitinib, 

showed no single agent activity and was poorly tolerated326. Novel treatment 

approaches are required for this high-risk disease subtype.  

 

Azacitidine pre-treatment of t(4;14) HMCLs results in sensitisation to MEK 

inhibition with trametinib. In 60% of cases the sensitisation was great enough that 

MEK inhibition resulted in complete arrest of growth and cell death. Cell cycle 

changes recapitulated those seen in RASM HMCLs with a marked shift to pre-G0. 

 

DNMT3a and DNMT3b are both known targets of azacitidine327. We found 

DNMT3b, but not DNMT3a, to be significantly overexpressed in t(4;14) compared 

with WT HMCLs. Its expression correlated with response to pre-treatment with 

azacitidine followed by trametinib. In an expanded panel of HMCLs (n=30) we 

confirmed overexpression of DNMT3b in t(4;14) compared with both RASM and 

WT HMCLs. As such DNMT3b overexpression in t(4;14) is a potential biomarker 

for MM sensitivity to azacitidine. These finding are consistent with previous 

descriptions in solid tumours where azacitidine sensitivity has also been ascribed 

to the overexpression of DNMT3b328-330.  

 

Neither siRNA knockdown of DNMT3b, nor DNMT3b inhibition with the specific 

inhibitor nanaomycin A, followed by trametinib treatment were able to recreate 

the effects of pre-treatment with azacitidine. In both instances, the duration of 

knockdown or inhibition may have been inadequate to induce the gene changes 

and sensitisation observed with azacitidine. Further, azacitidine may have 

pleiotropic effects not accounted for by simple knockdown/inhibition of one of its 

known targets. LP1 showed a change in DNMT3b expression following 

azacitidine treatment, however this was not universally seen in the t(4;14) 
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HMCLs. As such, the sensitising effects observed with azacitidine pre-treatment 

are unlikely to be due solely inhibition of DNMT3b.   

 

The MMSET gene, overexpressed in 100% of t(4;14) cases, also known as the 

nuclear receptor-binding SET domain 2 (NSD2), is a histone methyltransferase 

involved in the methylation of several different histone marks including 

trimethylation of H3 at lysine residues K4 (H3K4me3), K27 (H3K27me3) and K36 

(H3K36me3) and H4 dimethylation at lysine residues K20 (H4K20me2) and K36 

(H4K36me2)331,332. Given its universal expression in t(4;14) MM, it is considered 

largely responsible for the negative prognosis of the subtype295,325. The effect of 

azacitidine on these histone targets was inconsistent between the t(4;14) HMCLs. 

Azacitidine’s effects are not mediated by altering the methylation status of these 

histone marks. 

 

The effect of azacitidine on gene expression continues to be investigated. It has 

been shown in myelodysplastic syndromes that azacitidine treatment results in 

the re-expression of silenced tumour suppressor genes323,324,333,334. Given the 

effects on cell cycle we have observed in RASM HMCLs we investigated the 

expression of these genes using RNA-seq in both t(4;14) and WT HMCLs pre- 

and post-treatment with azacitidine. Re-expression of a number of tumour 

suppressor genes was observed predominantly in the t(4;14) group. However, 

this was not universal as KMS26 showed no re-expression of any of the tumour 

suppressors analysed. Possibly confounding the expression of these genes as a 

cause of sensitivity to trametinib, is that several of the re-expressed genes were 

either already expressed or had their expression increased in JJN3, a WT HMCL, 

also.  

 

It has been described that azacitidine induces gene expression changes related 

to innate and adaptive immunity335. These include expression of cancer 

antigens336, interferon signalling,337 antigen processing and presentation. The 

changes in these gene expression profiles is thought to result in an immune 

response against tumour cells338. Re-expression of these immunologic pathways 

was identified in three of the five HMCLs. It is unlikely the re-expression of these 

genes is responsible for trametinib sensitivity, as neither our in vitro nor in vivo 
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models have immune effectors cells present. However, this does raise the 

possibility of immune activation in clinical circumstances.   

 

In a t(4;14) murine xenograft the combination of azacitidine and trametinib 

resulted in significant reduction of tumour burden and disease progression 

compared with vehicle treated mice. Further, spinal and soft tissue 

plasmacytomata did not develop in any of the azacitidine treated mice, which 

were seen in the vehicle and trametinib monotherapy mice. Unfortunately, drug 

toxicity was significant, with all azacitidine treated mice unable to tolerate a 

second cycle of treatment, succumbing to toxicity rather than disease. As such a 

survival benefit was likely but not demonstrable.  

 

In a WT murine xenograft, azacitidine reduced tumour burden in extra-medullary 

sites of disease (liver) and prolonged overall survival. The addition of trametinib 

to the WT xenograft did not improve outcomes further.  

 

The effectiveness of azacitidine in both these cases makes the argument that 

something intrinsic to the tumour cells is occurring rather than immune mediated 

effects. Alteration to the tumour micro-environment (i.e. the liver in the KMS12BM 

xenograft) may also occur, raising the possibility that azacitidine affects the 

tumour niche and may potentially prevent or slow disease establishing in extra-

medullary sites.  

 

To evaluate the potential role of immune mediated effects in response to 

azacitidine, the 5T33 murine myeloma model339 in the immune competent 

C57BL/KaLwRij mouse, could be used.   

 

The in-vitro combination of azacitidine pre-treatment resulting in trametinib 

sensitivity in t(4;14) MM potentially represents a novel targeted therapeutic 

approach against this high-risk disease and warrants further investigation.  

Further murine studies are required to validate this effect. 
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7. DISCUSSION & FUTURE DIRECTIONS 

 
7.1 THE RAS-MAPK AS A TARGET IN MM 

Multiple myeloma is a cytogenetically and molecularly heterogeneous disease78. 

Despite this heterogeneity, several groups have now demonstrated recurrent, 

aberrant signalling via the RAS-MAPK pathway. This occurs most frequently 

through RASM, but also through RAFM albeit comparatively rarer (Table 1.1). 

Additionally, the high-risk cytogenetic lesion t(4;14) present in 15% of MM,  

results in overexpression of the RTK FGFR3 in 70% of cases, which also signals 

via the RAS-MAPK. Mutations in the RAS-MAPK and the cytogenetic lesion 

t(4;14) are considered mutually exclusive due to pathway redundancy, resulting 

in activity through the RAS-MAPK in up to 70% of MM. It is thought acquisition of 

these molecular mutations serve as secondary oncogenic drivers of disease 

progression from MGUS to clinically symptomatic disease, as these mutations 

are essentially not seen in MGUS20. Also, mutation prevalence is greater at 

relapse18. Taken together, these data support the RAS-MAPK as a pathway of 

dependence in MM and particularly of oncogene addiction to RASM. This provides 

the rationale for exploiting this dependence as a therapeutic target.  

 

We have shown that targeting the RAS-MAPK, with the MEKi trametinib, 

abrogates pathway signalling, as demonstrated by the loss of phosphorylated 

ERK and significantly inhibits growth in RASM HMCLs (Figure 3.3). A similar 

effect, although blunted, was observed in a RAFM HMCL. The most marked 

results (including cell death in a single instance) were observed in lines that 

harbour a WT p53 gene (MM1s and NCI). The inhibition of ERK phosphorylation 

resulted in loss of its nuclear accumulation (Figure 3.8), affecting its role in cell 

cycling, and likely other nuclear activities (transcription factor activation). 

Similarly, we observed the loss of nuclear accumulation of cyclin B (Figure 3.8), 

a known cytoplasmic target of phosphorylated ERK for nuclear trafficking, 

confirming reduced activity of the MAPK.  

 

Mutations in p53 are typically late events in MM, consistent with later stages and 

multiply relapsed disease. A phase II study investigating the MEKi selumetinib as 
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a single agent in R/R MM (median prior lines 5, range 2-11) had disappointingly 

low response rates (ORR <5%)184. The overall poor responses may be accounted 

for by several reasons; (i) study inclusion was not limited to patients with evidence 

of MAPK signalling (RASM status was only present in 5 of 10 evaluated, one of 

whom achieved a VGPR to therapy), our data shows RASM as a predictive 

biomarker of response to MEK inhibition (ii) rates of p53 mutation were not 

reported which were likely to be more prevalent in those with multiply relapsed 

disease, and (iii) our data suggests that MEK inhibition is primarily cytostatic not 

cytotoxic, suggesting it is unlikely that significant response rates to single agent 

therapy will be seen. 

 

We investigated trametinib monotherapy in a murine xenograft of RASM disease 

(p53 WT). Whilst a reduced tumour burden and slowing of disease progression 

was seen, this did not correlate with improved survival compared with vehicle 

mice. This disparity between in vitro and murine studies may in part be due to 

commencing therapy too late (once imaging data is measurable) whereby the 

disease is too aggressive for cytostatic therapy. Further, escalating dosing may 

have resulted in a better response. Finally the addition of dexamethasone 

warrants evaluation in the RASM model.  

 

A cytostatic effect is clearly inadequate in achieving meaningful disease control. 

We have shown the addition of dexamethasone, a backbone of almost every MM 

therapy protocol, to trametinib can result in synergistic cytotoxicity (Figure 3.10). 

ERK signalling has a well-established role in pro-survival and anti-apoptotic 

functions. Inhibitory phosphorylation of the BH3 only pro-apoptotic protein BIM245, 

by ERK leads to its degradation by the proteasome. Further, ERK phosphorylates 

ribosomal 6 family kinases (RSK), resulting in inhibitory phosphorylation of the 

pro-apoptotic protein BAD, further promoting cell survival340,341. Thus, inhibition 

of ERK activity may in fact be “priming” the cell for death, but a second insult is 

still required for apoptosis to occur. Measuring baseline pro-apoptotic proteins 

expression and phosphorylation and the effect of trametinib on these, would be 

a strategy for further identifying rational combination therapy. 

 



 125 

Why this cytostatic effect is limited to RASM HMCLs and not seen in t(4;14) 

HMCLs is not immediately clear. The best response was seen in KMS11, with 

high rates of cell cytotoxicity with the combination of trametinib and 

dexamethasone (but not as a single agent). KMS11 shows high levels of FGFR3 

overexpression and also harbours a FGFR3 mutation233. As such this may also 

be a predictive marker of response in t(4;14) disease. However, it is also known 

that t(4;14) is signalling via more pathways than just the RAS-MAPK342. 

Interrogation of alternative signalling pathways and their downstream effectors 

may better delineate these effects.  

 

Optimising response to trametinib with combination therapy is key. Supporting 

this idea, a retrospective case series of 58 R/R MM patients treated with 

trametinib, reported a response rate of 40%185. Seventy-five percent of those 

responses were seen in those treated with combination therapy. However, as a 

cautionary note, a phase I trial of the combination of the MEKi trametinib with the 

AKT inhibitor afuresertib in a small number of patients, including one with MM, 

found the combination’s toxicity too great, with only a single partial response to 

therapy observed183.  

 

A reason that targeted MEK inhibition might fail, beyond just mechanisms of 

resistance, is due to the clonal heterogeneity of MM itself. Extensive clonal 

architecture in both space and time has repeatedly been demonstrated in MM, 

which only increases with later stages of disease18,78,108. As such, targeting a 

single driver mutation that is present in only a portion of disease clones, would 

allow those not harbouring the mutation to proliferate unchecked. Perhaps 

counter to this is the dominant role assumed by these mutations. This is already 

seen with existing therapies with discordant responses sometimes seen at 

different sites of disease. 

 

Given that RASM is essentially not observed in MGUS, a potentially interesting 

strategy to forestall the development of symptomatic disease would be to identify 

patients at significantly higher risk of developing both symptomatic MM and a 

RASM (i.e. those with underlying t(11;14) and features of high risk asymptomatic 

MM), and treating early with a MEKi. Inhibition of the RAS-MAPK might prevent 
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development of pathway mutations and subsequent progression to symptomatic 

disease. Appreciably this is a difficult but might represent an interesting 

therapeutic approach. Further, only a single trial has shown a trend to delaying 

progression to symptomatic disease when treating earlier (Brighton T. ASH 

abstract 2017 130:3155) 

 

7.2 RATIONAL COMBINATION STRATEGIES 

Chemo-resistance, including resistance to novel therapies, remains a significant 

issue in the treatment of MM. Mechanisms of therapeutic resistance are highly 

variable. Several mechanisms have been recognised that result in resistance to 

targeted kinase inhibition, including loss of feedback inhibition, alternative kinase 

isoform activation, gene amplification, binding site mutations, activating 

mutations in downstream targets, activation of parallel pathways and up-

regulation of RTKs. Many of these mechanisms predictably result in reactivation 

of the same signalling pathway, given underlying pathway addiction. Predicting 

these mechanisms before they arise through in vitro studies is difficult given the 

techniques required to generate resistant cell lines are very artificial and 

remarkably different to that which occurs clinically. Further, exhaustive searches 

are required to identify mechanisms responsible in in vitro studies, which 

eventually may prove to be clinically irrelevant and but one of many. 

 

A novel mechanism of resistance to targeted therapy is dynamic kinome 

reprogramming250. Dynamic kinome reprogramming occurs where in the face of 

targeted kinase inhibition, alternative kinases (including RTKs) results in 

activation of the same or other kinase pathways, circumventing the inhibitor. 

Using array-based platforms of dynamic changes in kinase activity, assessment 

of cell kinase responses to various perturbations, including drug treatments, can 

be made. This approach has been used to evaluate kinome responses in AML255 

and breast cancer254 to MEK inhibition leading to successful combination therapy. 

Similarly, we used this approach to assess early responses at 24 hours in kinase 

activity in response to treatment with trametinib with a view to identifying 

additional therapeutic targets. Amongst several kinases/pathways identified we 

found recurrent changes in activity in CK2 and BCL-2 that when targeted in 
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combination with trametinib resulted in synergistic cytotoxicity in RASM and 

modest synergistic cytotoxicity in t(4;14).  

 

Providing validation of our findings, both of the targets we identified are currently 

under investigation as therapeutic targets in haematologic and solid 

malignancies. CK2 has been found to be as overexpressed in a number of 

haematologic and solid malignancies, and is involved in enhancing oncogenic 

signalling, leading to the concept of “non-oncogene addiction”258,259,262. Targeting 

BCL-2, with the inhibitor ABT-199 (venetoclax), has proven resoundingly 

successful in CLL and broadening its role in haematologic malignancy, including 

MM, is an area of ongoing intense research246,269,271. 

 

Evaluating kinome responses at later time points (48 and 72 hours), may reveal 

additional delayed responses to MEK inhibition, and further therapeutic targets to 

enhance sensitivity to trametinib treatment.  

 

A more extensive analysis of the extended family of pro and anti-apoptotic 

proteins activity in response to MEK inhibition may give greater insight into 

targeting. We observed differential expression of phosphorylated BCL-2 across 

the panel of HMCLs (Figure 4.8), including its expression in KRASM but not 

NRASM, and the t(4;14) KMS11 which has already shown several similarities in 

activity to the RASM HMCLs. The presence of phosphorylated BLC-2 would 

appear to serve as a predictive biomarker to sensitivity to the combination in 

RASM and t(4;14) disease. Similarly, identifying other anti-apoptotic proteins to 

potentially target may optimise the role of MEK inhibition in more subsets of 

disease. MCL1 has a well-recognised role in survival in MM267, however the 

coverage of the array we utilised did not include this protein or several other 

members of the BLC-2 family. 

 

7.3 EPIGENETIC STRATEGIES 

Pre-treatment of t(4;14) HMCLs with azacitidine resulted in sensitisation to 

treatment with trametinib. Cell cycle analysis of t(4;14) HMCLs after combination 

treatment recapitulates that seen in RASM HMCLs treated with trametinib alone. 
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DNMT3b overexpression in t(4;14) HMCLs correlated with response to 

azacitidine, corroborating what has previously been reported in a selection of 

solid malignancies. However, siRNA knockdown or specific inhibition of DNMT3b 

followed by treatment with trametinib was unable to recreate the findings of 

azacitidine pre-treatment.  

 

Interrogation of gene changes and enriched pathways in response to azacitidine 

found remarkable heterogeneity with no single gene set, or enriched pathway that 

accounted for the findings. This suggests a very pleiotropic effect of azacitidine, 

that may be cell specific on a background of hypermethylation. 

 

Treatment of a t(4;14) murine xenograft with azacitidine and trametinib, resulted 

in a significant reduction in disease burden and progression, but mice succumbed 

to toxicity of a second cycle of azacitidine. As such no comment could be made 

on survival. Whilst in a WT xenograft, azacitidine alone not only reduced disease 

burden, but improved overall survival. The addition of trametinib provided no 

additional benefit.  

 

In both cases, establishment of extra-medullary disease, spinal and soft tissue 

plasmacytomata in the t(4;14) xenograft and hepatic plasmacytomata in the WT 

xenograft, were both significantly delayed or reduced by treatment with 

azacitidine. This raises the possibility that azacitidine induces changes within the 

microenvironment as well as the tumour itself. Reclaiming tumour cells from the 

murine xenograft after treatment with azacitidine, may provide more realistic 

insight into the effects of azacitidine. Further, analysis of gene changes occurring 

within hepatocytes in the WT xenograft could account for microenvironment 

changes too.  

 

The exact mechanisms by which azacitidine exerts these effects remains unclear, 

however we identified a small number of re-expressed tumour suppressor genes 

in the t(4;14) HMCLs, consistent with previously published experience with 

azacitidine. Further, in one t(4;14) and one WT HMCL, we found similar pathways 

of immune activation, interferon signalling, antigen processing and MHC class II 

activity that has previously been described in solid tumours in response to 
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azacitidine308,336,337. It is doubtful that these changes mediate the activity of 

azacitidine or sensitivity to trametinib as both our in vitro and in vivo studies are 

performed in the absence of immune effector cells.  

 

To better characterise the effects of azacitidine, interrogating gene changes in in 

a broader panel of t(4;14) HMCLs would provide greater significance to gene 

changes observed. In addition, a longer, or permanent knockdown (e.g. CRISPR-

Cas9 knockout), of the azacitidine targets, DNMT3b and/or DNMT3a, with 

investigation of gene expression changes, may better identify potential 

mechanisms related to sensitivity. 

  

Azacitidine is already in clinical use for high risk myelodysplastic 

syndromes324,333. Using our data, a clinical trial might reasonably be established 

evaluating azacitidine +/- trametinib in patients, either t(4;14) disease, evidence 

of  DNMT3b overexpression, or extramedullary disease.  

 

Finally, given the response to seen to hypo-methylation, investigating other 

epigenetic modifiers (e.g. histone deacetylase inhibitors) in combination with 

trametinib may provide further therapeutic opportunities, and insights into 

sensitivity to MEK inhibition. 

 

7.4 CONCLUSION 

Multiple myeloma is a cytogenetically and molecularly heterogeneous disease 

that remains incurable with current therapy. Aberrant signalling through the RAS-

MAPK is frequent in MM, typically through RASM which is present in up to 50% 

of cases. Additionally, the cytogenetic translocation t(4;14), also signals through 

the RAS-MAPK. This oncogenic addiction can be exploited using targeted MEK 

inhibition with trametinib. In RASM disease trametinib significantly inhibits 

proliferation, and in combination with rationally selected inhibitors results in 

synergistic cytotoxicity. The presence of RASM is a biomarker for response to 

targeted MEK inhibition. 
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Responses in both RASM and t(4;14) disease, can be further optimised by using 

rationally selected combination therapy. Pre-treatment with azacitidine can 

sensitise t(4;14) disease to MEK inhibition. 

 

Targeted therapy with MEK inhibition could provide another previously 

unexploited treatment option in multiple myeloma.  
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9. SUPPLEMENTARY FIGURES 

 
9.1 RIGOSERTIB 
Rigosertib (ON-01910) is purportedly a RAS inhibitor. Western blot analysis did 

not reveal loss of phosphorylated ERK in treated HMCLs (figure 9.1 A, B). 

Rigosertib induced variable levels of cell death at 1µM doses only (figure 9.1 C). 

Growth inhibition was not observed at doses <1µM. 

 

 
 

 
Figure 9.1: Rigosertib treatment does not result in loss of phosphorylated 
ERK. (A) RASM HMCLs. (B) t(4;14) HMCLs. P-ERK=phosphorylated ERK. a-

tubulin is the loading control. (C) Cell death (by PI flow cytometry) was 

observed at 1µM doses. (n=3, mean ± SEM). 

A 

B 

C 



 163 

 
 
 

 
 
Figure 9.2(A, B): U266 murine xenograft treated with rigosertib, 
dexamethasone & combination. (A) Disease measurement by 
bioluminescence over time. No significant delay in disease progression was 
observed in any treatment arm. (B) Survival curve. No significant improvement in 
survival was observed in any treatment arm. Rig=rigosertib, 
Dex=dexamethasone. (n=5/treatment group). 
 
In a U266 xenograft, mice were treated with vehicle alone, rigosertib 250mg/kg 
alone daily, dexamethasone 1mg/kg alone daily or both rigosertib 250mg/kg 
with dexamethasone 1mg/kg daily in combination. Treatment was continued for 
2 cycles of 3 weeks with a single week break between cycles  

A 

B 
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9.3 MAPK GENE EXPRESSION PRE- & POST-TREATMENT RT2 ARRAY 
  
 

 
 
 

 
 
Figure 9.3: Gene expression changes pre- and post-treatment with 
trametinib RT2 MAPK array. The QIAGEN RT2 MAPK array, did not identify 

significant gene expression changes pre- and post-treatment with trametinib 

1µM at 24 hours. (n=3). Top left – MM1s. Top right – NCI. Lower left – KMS26. 

Lower right – LP1. 
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9.4 SURFACE CXCR3 BY FLOW CYTOMETRY 
 

 
Figure 9.4: Surface CXCR3 by flow cytometry. MM1s is the only HMCL to 

show any surface expression of CXCR3. 
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9.5 RNA-SEQ PATHWAY ENRICHMENT DATA IN AZACITIDINE TREATED 
HMCLS 
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Figure 9.5: Gene enrichment pathways post azacitidine treatment. 
 


