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Abstract 
Proteins undergo post-translational modifications, such as ubiquitination and phosphorylation, which 

can alter their activity, localisation and stability, making a cell responsive to its internal and external 

environment. Ubiquitin ligases and kinases comprise large enzyme families which catalyse such 

reactions. The SCF-type E3 ubiquitin ligase sub-family utilise F-box proteins as the substrate targeting 

component. However, alongside promoting ubiquitination, the F-box protein Fbxo7 can also function 

as a scaffold and stabilise a subset of proteins, including Cdk6. Cdk6 is activated through binding the 

D-type cyclins, and historically, a key role has been as a cell cycle regulatory kinase that inactivates G1 

checkpoint proteins. More recently, wider roles for Cdk6 have been identified, including as an inhibitor 

of glycolysis. Notably, Cdk6 has pro-survival activity in T acute lymphoblastic leukaemia (T-ALL) cells 

due to the phosphorylation and inhibition of glycolytic enzymes, including the rate-limiting 

gatekeeper, phosphofructokinase (PFKP). Our screens for Fbxo7-interacting partners identified a set 

of candidates that overlapped as cyclin D/Cdk6 substrates and included PFKP. Further study revealed 

that Fbxo7 promotes two post-translational modifications on PFKP, ubiquitination and 

phosphorylation, and specifically promotes Cdk6 activity. Analysis in T-ALL cells suggest that Fbxo7 

inhibits the assembly of active PFKP complexes to ultimately inhibit glycolysis. This is confirmed in a 

murine model of reduced Fbxo7 expression, whose CD4+ T cells show higher levels of glycolytic flux, 

alongside various other metabolic defects including altered nucleotide biosynthesis and arginine 

metabolism. This places Fbxo7 as a negative regulator of glycolysis and unveils other diverse roles in 

metabolism, which may contribute to viability and activation defects observed in these Fbxo7-

deficient murine T cells. Given that Fbxo7 negatively regulates glycolysis via PFKP, I also investigated 

how glucose regulates Fbxo7, as feedback loops in glucose signalling are commonplace in metabolic 

networks. I discovered Fbxo7 is a dose-dependent, glucose responsive protein in numerous cell types, 

which is both transcriptionally downregulated and targeted for autophagy in response to glucose 

starvation. Moreover, data suggest that Fbxo7 is responsive to other stresses, including oxidative 

stress, placing Fbxo7 as a nexus to link various cellular stress responses to metabolic reprogramming. 

In addition to PFKP, Fbxo7 has also been shown to recognise a protein called cereblon (CRBN), which 

is another E3 ubiquitin ligase. CRBN is of clinical relevance because its expression is required for the 

efficacy of immunomodulatory drugs (IMiDs) in multiple myeloma (MM), which primarily enable the 

recognition of neo-substrates by CRBN to elicit their anti-cancer effects. We sought to investigate a 

role for Fbxo7 in MM cells. We show that Fbxo7 promotes CRBN ubiquitination and propose that this 

targets CRBN for proteasomal degradation, which may have relevance for IMiD sensitivity. Together, 

these data identify two novel substrates for Fbxo7 ubiquitination and reveal a role for Fbxo7 in 

lymphocytes. We demonstrate that Fbxo7 expression is responsive to cellular stress and propose that 

Fbxo7 levels may fine-tune metabolism under different physiological and pathological conditions. 



4 
 

Table of Contents 
Declaration .................................................................................................................................. 1 

Acknowledgements...................................................................................................................... 2 

Abstract ....................................................................................................................................... 3 

List of Figures ............................................................................................................................... 7 

List of Tables .............................................................................................................................. 11 

Abbreviations ............................................................................................................................ 12 

CHAPTER 1: Introduction ............................................................................................................ 14 

Ubiquitin Proteasome System .......................................................................................................... 15 

1..1 E3 ubiquitin ligases ........................................................................................................... 17 

1..2 F-box proteins (FBPs) ........................................................................................................ 19 

1..2.1 Fbxo7 ...................................................................................................................... 20 

1..2.2 Cdk6 ........................................................................................................................ 25 

1..3 DDB1-CUL4 associated factors (DCAFs) ............................................................................ 27 

1..3.1 CRBN ....................................................................................................................... 27 

1..3.2 Immunomodulatory drugs (IMiDs) in multiple myeloma ...................................... 29 

Metabolism ....................................................................................................................................... 32 

1..4 Cellular metabolic pathways ............................................................................................. 32 

1..5 T cell metabolism .............................................................................................................. 35 

1..5.1 Metabolism in T cell development ......................................................................... 35 

1..5.2 Metabolic reprogramming upon T cell activation .................................................. 36 

1..5.3 Metabolic control of T cell differentiation ............................................................. 38 

1..6 Cancer metabolism ........................................................................................................... 42 

1..6.1 Features of cancer metabolism .............................................................................. 42 

1..6.2 Cell-intrinsic drivers for cancer metabolism .......................................................... 45 

1..6.3 The tumour microenvironment in metabolic reprogramming .............................. 46 

1..6.4 Metabolism as a therapeutic target ....................................................................... 47 

1..7 PFKP................................................................................................................................... 49 

1..8 F-box proteins in metabolism ........................................................................................... 54 

Thesis aims ........................................................................................................................................ 57 

1..9 Characterising a role for Fbxo7 in metabolism ................................................................. 57 

1..10 Investigating CRBN as a substrate for Fbxo7 .................................................................... 57 

2 CHAPTER 2: Materials and Methods .................................................................................... 58 

Cell culture and analysis.................................................................................................................... 59 

2..1 Standard cell culture ......................................................................................................... 59 

2..2 Drug treatment ................................................................................................................. 59 



5 
 

2..3 Transient transfection of adherent cells ........................................................................... 60 

2..4 siRNA transfection with Lipofectamine RNAiMAX ............................................................ 60 

2..5 Electroporation of suspension cells ................................................................................... 60 

2..6 Retroviral transduction of suspension cells for shRNA knockdown of Fbxo7 .................... 61 

2..7 Plasmids ............................................................................................................................ 62 

2..8 Cell cycle analysis .............................................................................................................. 62 

2..9 Use of experimental mice .................................................................................................. 63 

2..10 Preparation of mouse tissue ............................................................................................. 63 

2..11 Murine CD4+ T cell isolation and activation ...................................................................... 63 

2..12 Flow cytometry analysis of murine T cells ......................................................................... 64 

2..13 Intracellular ROS detection ............................................................................................... 64 

2..14 Seahorse extracellular flux analysis .................................................................................. 64 

2..15 Metabolite extraction ....................................................................................................... 64 

2..16 Metabolite measurement by LC-MC ................................................................................. 65 

2..17 Metabolomics data analysis ............................................................................................. 65 

Biochemistry ..................................................................................................................................... 67 

2..18 Cell lysis ............................................................................................................................. 67 

2..19 Immunoblotting ................................................................................................................ 67 

2..20 Immunoprecipitation ........................................................................................................ 67 

2..21 Antibodies ......................................................................................................................... 68 

2..22 Purification and quantification of SCF complexes ............................................................. 69 

2..23 In vitro ubiquitination assays ............................................................................................ 69 

2..24 In cellulo ubiquitination assays ......................................................................................... 69 

2..25 Cdk6 biosensor assay ........................................................................................................ 70 

2..26 200 kDa cut-off ultrafiltration ........................................................................................... 70 

Molecular biology ............................................................................................................................. 71 

2..27 Genotyping PCR ................................................................................................................. 71 

2..28 RNA extraction and cDNA synthesis .................................................................................. 71 

2..29 qRT-PCR ............................................................................................................................. 72 

2..30 Primers .............................................................................................................................. 72 

Buffers and solutions ........................................................................................................................ 73 

Data analysis and statistics ............................................................................................................... 74 

2..31 Cancer gene dependency scores ....................................................................................... 74 

2..32 Quantification and statistical analysis .............................................................................. 74 

3 CHAPTER 3: Fbxo7 as a regulator of glycolysis and wider T cell metabolism .......................... 75 

Introduction ...................................................................................................................................... 76 



6 
 

Results ............................................................................................................................................... 78 

3..1 PFKP is a substrate for ubiquitination by Fbxo7 ............................................................... 78 

3..2 Fbxo7 ubiquitinates PFKP and promotes Cdk6-dependent phosphorylation................... 82 

3..3 The post-translational modification of PFKP does not signal protein degradation .......... 88 

3..4 Fbxo7 knockdown reduces the proportion of inactive monomer/dimer forms of PFKP . 93 

3..5 T cells lacking Fbxo7 show increased glycolysis and reduced viability and activation ..... 94 

3..6 T cells lacking Fbxo7 show broad metabolic alterations ................................................ 103 

3..7 Hematopoietic and lymphoid cells show dependency on Fbxo7 ................................... 112 

Discussion........................................................................................................................................ 115 

4 CHAPTER 4: Fbxo7 regulation under cellular stress ............................................................ 120 

Introduction .................................................................................................................................... 121 

Results ............................................................................................................................................. 122 

4..1 Fbxo7 protein levels are sensitive to glucose availability ............................................... 122 

4..2 Glucose starvation induces Fbxo7 degradation by autophagy ....................................... 125 

4..3 FBXO7 is transcriptionally regulated in response to cellular stress ................................ 127 

4..4 Fbxo7 protein correlates with glucose availability and oxidative stress in various primary 

tissues 129 

4..5 Fbxo7-deficient T cells are more sensitive to oxidative stress-induced cell death......... 131 

Discussion........................................................................................................................................ 132 

5 CHAPTER 5: A role for Fbxo7 in regulating the immunomodulatory drug target, CRBN ........ 136 

Introduction .................................................................................................................................... 137 

Results ............................................................................................................................................. 138 

5..1 CRBN is a substrate for ubiquitination by Fbxo7 ............................................................ 138 

5..2 Fbxo7 ubiquitination promotes CRBN degradation ........................................................ 139 

5..3 Fbxo7 and CRBN protein interaction predictions ........................................................... 142 

5..4 Lenalidomide induces cell line-specific changes to Fbxo7 and CRBN proteins .............. 144 

5..5 Attempts to generate Fbxo7-knockdown MM cells ....................................................... 146 

5..6 Fbxo7 knockdown does not sensitise Nalm6 cells to lenalidomide-induced cytotoxicity

 148 

Discussion........................................................................................................................................ 149 

6 CHAPTER 6: General discussion ......................................................................................... 153 

References ............................................................................................................................... 158 

Appendix A .............................................................................................................................. 186 

 

  



7 
 

List of Figures 
 

CHAPTER 1: Introduction 

Figure 1.1: The ubiquitination enzymatic cascade. .............................................................................. 15 

Figure 1.2: Schematic of example Cullin-RING ligases (CRL)................................................................. 18 

Figure 1.3: Domains and functions of Fbxo7. ....................................................................................... 24 

Figure 1.4: Domains of CRBN. ............................................................................................................... 27 

Figure 1.5: Immunomodulatory drugs promote neo-substrate recognition by CRL4CRBN. ................... 30 

Figure 1.6: An overview of central cellular metabolic pathways. ......................................................... 34 

Figure 1.7: Metabolic reprogramming through the lifecycle of a T cell. .............................................. 41 

Figure 1.8: Common features of metabolic reprogramming in cancer and T cell activation. .............. 43 

Figure 1.9: Domain and oligomeric structure of PFKP. ......................................................................... 50 

 

CHAPTER 3: Fbxo7 as a regulator of glycolysis and wider T cell metabolism 

Figure 3.0: Regulation of glycolysis by Cdk6-cyclin D3………………………………………………………………………75 

Figure 3.1: PFKP co-immunoprecipitates with endogenous Fbxo7 in CEM-CCRF cells. ....................... 78 

Figure 3.2: Purification of mutant SCFFbxo7 complexes. ......................................................................... 79 

Figure 3.3: HA-PFKP is ubiquitinated by SCFFbxo7 in vitro. ..................................................................... 80 

Figure 3.4: Fbxo7 ubiquitinates PFKP in vivo. ....................................................................................... 81 

Figure 3.5: Inhibition of Cdk4/6 by palbociclib. .................................................................................... 82 

Figure 3.6: Cdk6 PROTACs induce degradation of Cdk6 in a dose-dependent manner. ...................... 83 

Figure 3.7: PFKP co-immunoprecipitates with Fbxo7 in the absence of Cdk6. .................................... 84 

Figure 3.8: SCFFbxo7 ubiquitinates PFKP in the absence of Cdk6 kinase activity. ................................... 85 

Figure 3.9: PFKP co-immunoprecipitation with Cdk6 is dependent on Fbxo7. .................................... 86 

Figure 3.10: A Cdk6 biosensor shows that Fbxo7 promotes Cdk6 kinase activity towards PFKP. ........ 87 

Figure 3.11: Schematic of Fbxo7-dependent post-translational modifications on PFKP. .................... 87 

Figure 3.12: PFKP protein levels inversely correlate with Fbxo7 expression, when measured using a 

monoclonal α-PFKP antibody. ............................................................................................................... 88 

Figure 3.13: PFKP half-life is unchanged in the absence of Fbxo7, and PFKP does not accumulate with 

MG132 treatment (monoclonal α-PFKP). ............................................................................................. 89 

Figure 3.14: Fbxo7 knockdown reduces expression of a higher MW PFKP species (polyclonal α-PFKP).

 .............................................................................................................................................................. 90 

Figure 3.15: α-PFKP monoclonal and polyclonal antibodies detect different subpopulations of PFKP.

 .............................................................................................................................................................. 91 

https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861691
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861692
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861693
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861694
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861695
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861696
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861697
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861698
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861699
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861700
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861701
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861702
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861703
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861704
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861705
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861706
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861707
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861708
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861709
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861710
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861711
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861711
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861712
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861712
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861713
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861713
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861714
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861714


8 
 

Figure 3.16: Restoration of Fbxo7 expression reduces levels of low molecular weight PFKP. ............. 92 

Figure 3.17: PFKP half-life is unchanged in the absence of Fbxo7, and the distribution between higher 

and lower MW populations is unaffected by MG132 treatment. ........................................................ 92 

Figure 3.18: Fbxo7 knockdown decreases the proportion of PFKP in inactive monomer/dimer forms.

 .............................................................................................................................................................. 93 

Figure 3.19: Agilent Seahorse XF Glycolytic rate assay profile. ............................................................ 94 

Figure 3.20:  T-ALL cells and splenic CD4+ T cells with reduced Fbxo7 expression have higher levels of 

glycolysis. .............................................................................................................................................. 95 

Figure 3.21: CD4+ T cells lacking Fbxo7 have elevated cellular ROS compared to WT. ........................ 97 

Figure 3.22: CD4+ T cells lacking Fbxo7 have reduced viability compared to WT. ............................... 98 

Figure 3.23: CD4+ T cells lacking Fbxo7 activate less efficiently in vitro. .............................................. 99 

Figure 3.24: Metabolomic analysis of Fbxo7-deficient T cells highlights broad metabolic alterations.

 ............................................................................................................................................................ 100 

Figure 3.25: Metabolomic analysis of Fbxo7-deficient T cells shows changes to glycolytic metabolites.

 ............................................................................................................................................................ 101 

Figure 3.26: Carbon tracing analysis confirms an increase in glucose-derived lactate in Fbxo7-

deficient T cells. .................................................................................................................................. 102 

Figure 3.27: Metabolomic analysis of Fbxo7-deficient T cells shows changes to pyrimidine 

metabolism. ........................................................................................................................................ 104 

Figure 3.28: Metabolomic analysis of Fbxo7-deficient T cells shows changes to purine metabolism.

 ............................................................................................................................................................ 105 

Figure 3.29: Metabolomic analysis of Fbxo7-deficient T cells shows changes to the urea cycle and 

arginine metabolism. .......................................................................................................................... 107 

Figure 3.30: Metabolomic analysis of Fbxo7-deficient T cells shows changes to tryptophan 

metabolism. ........................................................................................................................................ 108 

Figure 3.31: A map of key metabolic pathways disrupted in Fbxo7-deficient T cells, annotated with 

putative Fbxo7 binding partners. ........................................................................................................ 110 

Figure 3.32: Loss of Fbxo7 knockdown with serial passage of CCRF-CEM cells. ................................. 112 

Figure 3.33: Despite efficient electroporation, T-ALL cells do not overexpress exogenous Fbxo7. ... 113 

Figure 3.34: Blood, lymphocyte and plasma cell cancer lines are significantly enriched for 

dependency on FBXO7. ....................................................................................................................... 114 

 

 

 

https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861715
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861716
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861716
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861717
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861717
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861718
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861719
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861719
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861720
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861721
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861722
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861723
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861723
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861724
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861724
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861725
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861725
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861726
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861726
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861727
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861727
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861728
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861728
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861729
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861729
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861730
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861730
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861731
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861732
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861733
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861733


9 
 

CHAPTER 4: Fbxo7 regulation under cellular stress 

Figure 4.1: Glucose starvation reduces Fbxo7 protein levels. ............................................................ 122 

Figure 4.2: Fbxo7 protein levels positively correlate with glucose concentration in a dose-dependent 

manner. ............................................................................................................................................... 123 

Figure 4.3: Glucose starvation reduces Fbxo7 protein levels in primary T cells, but this is overcome by 

IL-2....................................................................................................................................................... 123 

Figure 4.4: Changes to Fbxo7 protein levels occur within 6 hours of glucose modulation. ............... 124 

Figure 4.5: Glucose starvation reduces Fbxo7 protein half-life. ......................................................... 125 

Figure 4.6: Inhibition of autophagy rescues the decrease in Fbxo7 protein induced by glucose 

starvation. ........................................................................................................................................... 126 

Figure 4.7: Fbxo7 mRNA is reduced by glucose starvation. ................................................................ 127 

Figure 4.8: Fbxo7 mRNA is upregulated by oxidative stress in activating CD4+ T cells. ...................... 128 

Figure 4.9: Fbxo7 mRNA is downregulated upon T cell activation. .................................................... 128 

Figure 4.10: Fbxo7 protein levels are responsive to glucose availability and oxidative stress in various 

primary mouse tissues. ....................................................................................................................... 130 

Figure 4.11: Loss of Fbxo7 reduces CD4+ T cell viability in response to exogenous H2O2, but not 

glucose starvation. .............................................................................................................................. 131 

Figure 4.12: Model depicting how exposure to cellular stress may alter glycolytic regulation by 

Fbxo7. .................................................................................................................................................. 133 

 

CHAPTER 5: A role for Fbxo7 in regulating the immunomodulatory drug target, CRBN 

Figure 5.1: Fbxo7 ubiquitinates CRBN in HEK293T cells. .................................................................... 138 

Figure 5.2: CRBN protein levels inversely correlate with Fbxo7 expression....................................... 139 

Figure 5.3: CRBN protein levels increase with MG132 treatment. ..................................................... 140 

Figure 5.4: CRBN half-life is unchanged in the absence of Fbxo7. ...................................................... 141 

Figure 5.5: 3D structure predictions for the interaction between Fbxo7 (red) and CRBN (blue) using 

AlphaFold Protein Structure Database. .............................................................................................. 143 

Figure 5.6: Fbxo7 protein levels are reduced by lenalidomide treatment in HEK293T cells. ............. 144 

Figure 5.7: Fbxo7 and CRBN protein levels are unchanged by lenalidomide treatment in OPM2 and 

MM1S cells. ......................................................................................................................................... 145 

Figure 5.8: Lenalidomide treatment promotes CRBN ubiquitination in U266 cells. .......................... 145 

Figure 5.9: Attempts to generate MM cells with an Fbxo7 knockdown. ............................................ 147 

Figure 5.10: Nalm6 cell viability following lenalidomide treatment is not affected by the loss of 

Fbxo7. .................................................................................................................................................. 148 

https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861734
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861735
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861735
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861736
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861736
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861737
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861738
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861739
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861739
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861740
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861741
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861742
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861743
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861743
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861744
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861744
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861745
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861745
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861746
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861747
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861748
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861749
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861750
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861750
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861751
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861752
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861752
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861753
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861754
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861755
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861755


10 
 

Figure 5.11: Proposed model through which Fbxo7 may reduce IMiD sensitivity. ............................ 149 

Figure 5.12: Fbxo7 may contribute to IMiD resistance by reducing CRBN protein levels and increasing 

cellular oxidative capacity. .................................................................................................................. 151 

 

  

https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861756
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861757
https://universityofcambridgecloud-my.sharepoint.com/personal/rh695_cam_ac_uk/Documents/Reports%20&%20presentations/Thesis/Thesis.docx#_Toc90861757


11 
 

List of Tables 
 

CHAPTER 2: Materials and Methods 

Table 2.1: Cell lines and standard culture media used. ........................................................................ 59 

Table 2.2: Settings for electroporation of suspension cells using the Neon Transfection System. ...... 61 

Table 2.3: Plasmids used in this thesis. ................................................................................................. 62 

Table 2.4: Immunoblot and immunoprecipitation antibodies used in this thesis. ............................... 68 

Table 2.5: Genotyping PCR cycling conditions. ..................................................................................... 71 

Table 2.6: qRT-PCR cycling conditions. ................................................................................................. 72 

Table 2.7: Primer sequences used in this thesis (5’ to 3’)..................................................................... 72 

Table 2.8: Formulations of buffers and solutions used in this thesis. .................................................. 73 

  



12 
 

Abbreviations 
 

1C 1 carbon metabolism  DMSO Dimethyl sulfoxide 

2-DG 2-deoxy-D-glucose   DN Double negative 

AD Alzheimer's disease  DP Double positive 

ADCC 
Antibody-dependent cellular 
cytotoxicity 

 EMT 
Epithelial-to-mesenchymal 
transition 

ALCL 
Anaplastic large cell 
lymphoma 

 FAO Fatty acid oxidation 

AML Acute myeloid leukaemia  FAS Fatty acid synthesis 

APC Antigen presenting cell  FBP F-box protein 

BafA Bafilomycin A1  FBS Fetal bovine serum 

BMSC Bone marrow stromal cells  FP Fbxo7-PI31 

CAF Cancer-associated fibroblast  H2DCFDA 
2′,7′-Dichlorofluorescin 
diacetate 

CAR Chimeric antigen receptor  H2O2 Hydrogen peroxide 

Cdk Cyclin-dependent kinase  HBD Helical bundle domain 

CELMoDs 
Cereblon E3 ligase-
modulating drugs 

 HECT 
Homologous to E6-associated 
protein C-terminus 

CHX Cycloheximide  HRMS 
Hybrid quadrupole-orbitrap 
mass spectrometer 

Co-NTA 
Cobalt NTA agarose affinity 
resin  

 HSPCs 
Haematopoietic stem and 
progenitor cells 

CRL Cullin RING ligase  ID Intellectual disability 

CTL Cytotoxic T lymphocyte  IMiD Immunomodulatory drug 

CULT 
Cereblon domain of unknown 
activity, binding cellular 
ligands and thalidomide 

 IP Immunoprecipitation 

DC Dendritic cell  LC-MS 
Liquid chromatography-mass 
spectrometry 

DCAF 
DDB1-CUL4 associated 
factors  

 LLD LON-like domain 

DLBCL Diffuse large B cell lymphoma  mAb Monoclonal antibody 

 



13 
 

MHC 
Major histocompatability 
complex 

 qRT-PCR 
Quantitative reverse 
transcription polymerase 
chain reaction 

MM Multiple myeloma  RBR RING-in-between-RING 

MS Mass spectrometry  RING Really interesting new gene 

MW Molecular weight  ROS Reactive oxygen species 

NEM N-Ethylmaleimide  Rot/AA Rotenone / Antimycin A 

NK Natural killer  RT Room temperature 

NTD N-terminal domain  SCF Skp1-Cullin 1-Fbox 

OXPHOS Oxidative phosphorylation  shRNA Short hairpin ribonucleic acid 

P/S Penicillin and streptomycin   siRNA 
Short interfering ribonucleic 
acid 

PAABD 
Phospho-amino acid binding 
domain 

 SP Single positive 

pAb Polyclonal antibody  T-ALL 
T acute lymphoblastic 
leukaemia 

PBS Phosphate buffered saline  TCR T cell receptor 

PCA Principle component analysis  
Th1, Th2, 
Th17 

Helper T cell subsets 

PCR Polymerase chain reaction  Tm Memory T cell 

PEI Polyethylenimine   TME Tumour microenvironment 

PFA Paraformaldehyde   Tn Naïve T cell 

PI Propidium iodide  Treg Regulatory T cell 

PMSF 
Phenylmethylsulfonyl 
fluoride 

 Ub Ubiquitin 

PPP Pentose phosphate pathway  Ubl Ubiquitin-like 

PROTAC Proteolysis-targeting chimera  UPS Ubiquitin proteasome system 

PRR Proline rich region  WT Wild type 

PTM 
Post-translational 
modification 

 Y2H Yeast two-hybrid 

  



14 
 

CHAPTER 1  
Introduction 
 

CHAPTER 1: Introduction 
 

  



15 
 

Ubiquitin Proteasome System 
Protein turnover is critical for many cellular processes including the cell cycle, DNA repair and 

differentiation, and it is essential that proteins can be specifically targeted for degradation in a spatial 

and temporal manner. The ubiquitin proteasome system (UPS) is this bridge between cellular 

signalling pathways and highly regulated protein degradation. 

Ubiquitin is a 76 amino acid protein which is highly conserved in eukaryotes and can be conjugated to 

the lysine residues of target proteins as a post-translational modification. Proteins are ubiquitinated 

in a three-step enzymatic cascade which involves an E1 ubiquitin-activating enzyme, E2 ubiquitin-

conjugating enzyme, and E3 ubiquitin-protein ligase1–3 (Fig.1.1). The process begins with an ATP-

dependent reaction in which a thioester bond is formed between the C-terminal carboxyl group of 

ubiquitin and a catalytic cysteine residue in the E1. Charging the E1 with ubiquitin induces a 

conformational change that reveals a negatively charged groove, and this enables its recognition by 

two conserved lysine residues in an E2 enzyme. In the second step, a catalytic cysteine residue in the 

E2 active site attacks the E1-ubiquitin complex to form another thioester bond and transfer the 

ubiquitin molecule to the E2 enzyme. Finally, it is the role of the E3 ligase to bring the E2 and substrate 

in close proximity and catalyse the formation of an isopeptide bond between the lysine ε-amino group 

of the substrate and the C-terminal carboxyl of ubiquitin, thereby ubiquitinating the substrate. 

  

Figure 1.1: The ubiquitination enzymatic cascade. 

Small ubiquitin molecules are added sequentially to protein lysine residues through the action of an 

E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme, and E3 ubiquitin-protein ligase. 
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The widespread roles for ubiquitination in cellular signalling place requirements for multiplicity, 

complexity, and responsiveness in the system. Firstly, a vast array of substrates must be targeted, and 

this diversity is obtained by permutations of E1, E2 and E3 enzymes, with one E2 able to interact with 

many different E3s and vice versa. In humans there are two E1 ubiquitin-activating enzymes (UBE1 & 

UBA6)1, ~40 E2 ubiquitin-conjugating enzymes34, and over 600 E3 ubiquitin-protein ligases5,6, which 

results in enormous variation. It is also necessary for the system to be dynamic in order to rapidly 

respond to signalling cascades within the cell. This occurs in part by maintaining a pool of cellular 

ubiquitin that may be free, or bound to an E1/E2/E3 enzyme or a substrate, at any given time7. Like 

any protein, the size of the ubiquitin pool can be altered by protein transcription and degradation but, 

importantly for this dynamic system, the reaction can also be reversed by deubiquitinating enzymes 

(DUBs) to release substrate-bound ubiquitin back into the free ubiquitin pool8. A further level of 

complexity is added by the post-translational modification of ubiquitin by both phosphorylation and 

acetylation9,10. Under normal growth conditions the concentration of phosphorylated ubiquitin is low, 

but this can be increased by signalling cascades11,12 and ultimately impact its interactions with other 

proteins such as DUBs12 to change the outcome or duration of the ubiquitin signal. 

Ubiquitin can be conjugated to proteins in different ways, and this affects the fate of the target 

protein. The addition of a single ubiquitin molecule to a target protein is termed monoubiquitination, 

whilst multi-monoubiquitination refers to the addition of multiple single ubiquitin molecules across 

the length of the target protein. However, ubiquitin itself also contains seven internal lysine residues 

(K6, K11, K27, K29, K33, K48 and K63) and an N-terminal methionine residue (M1), which can 

themselves be ubiquitinated to form polyubiquitin chains9,13,14. The chain linkage topology and length 

are determined by the E2 enzymes, and multiple E2s may work synchronously to add subsequent 

ubiquitin molecules to a polyubiquitin chain4. For example, K48-linked polyubiquitin chains are the 

most abundant topology and typically target the substrate for proteasomal degradation, although 

studies have also shown non-proteolytic functions15. Meanwhile, K63-linked chains have been shown 

to induce lysosomal targeting, DNA repair, NFκB activation and innate immune responses16. The 

remaining linkage types are less well characterised, but data does indicate a role for K6 chains in the 

removal of damaged mitochondria11, K33 chains in Golgi trafficking17, and K27 chains in DNA repair 

and autoimmunity18,19. Ubiquitin can also form heterotypic chains where different linkage types are 

present in the same polyubiquitin chain, and these may be linear or branched. Although these chains 

are less well studied, functions are increasingly being discovered, such as the anaphase-promoting 

complex (APC/C) which assembles branched chains that are efficient proteasome degradation signals 

and enhance the turnover of cell-cycle regulators20. Whilst it was once believed that each chain linkage 

conferred a distinct outcome, these rules are increasingly being broken, and the field is moving 
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towards a model whereby each ubiquitination event falls onto a complex spectrum of signalling or 

degradation outcomes21. 

Whilst the E1-E2-E3 cascade is sufficient for most ubiquitin events, the efficient ubiquitination of some 

targets requires the additional action of an E4 ubiquitin ligase. To date, only a small handful of E4 

enzymes have been identified22–26, and their role is primarily to complement the action of E3s by either 

stimulating E3 function or extending existing polyubiquitin chains. In this regard, they may be 

considered as ubiquitin chain elongation factors. Many E4 enzyme are structurally related to E3s and 

may even possess E3 ligase activity27. The first E4 to be described, yeast UFD2, is one such enzyme27–

29 and its two human homologues, UBE4A and UBE4B, also show E3/E4 activity30–33. Notably, UBE4B 

promotes the polyubiquitination of p53 by E3 ligase Hdm2 to ultimately yield p53 degradation, and is 

involved in p53 regulation in both brain tumours32 and breast cancer33, illustrating the regulatory 

significance of this novel subset of enzymes.  

 

1..1 E3 ubiquitin ligases 

There are three classes of E3 ligase: the HECT (Homologous to E6-associated protein C-terminus) 

domain, RBR (RING-in-between-RING) domain and RING (Really Interesting New Gene)-finger type 

E3s6,34. The HECT-domain and RBR-domain families require a two-step reaction whereby ubiquitin is 

first transferred to a catalytic cysteine on the E3 before being added to the substrate. Conversely, the 

most abundant RING-finger type E3s facilitate the transfer of ubiquitin from the E2 directly to the 

substrate in a single step (as illustrated in Fig. 1.1). These RING-finger type ligases can function as 

monomers, or form homo- and hetero-dimers and multi-subunit complexes that may augment their 

enzymatic efficiency35. 

The Cullin-RING ligases (CRL) are an example of multi-subunit RING E3s36,37 (Fig. 1.2). This family of E3s 

have the common feature of being built upon one of seven cullin scaffold proteins that bind a RING-

box protein (Rbx1 or Rbx2) at their C-terminal globular domain, and this RING-box protein in turn 

recruits the E2 ligase. The N-terminal stalk of the cullin scaffold binds an adaptor protein that tethers 

the substrate-recruiting component via an adaptor-binding motif. Whilst the cullin structures are 

largely similar, there is a variable sequence in this N-terminal stalk that determines which adaptor 

protein, and therefore substrate-recognition component, may join the complex. 

One example is CRL1, or SCF (Skp1-Cullin 1-Fbox), E3 ligases36,37 (Fig. 1.2). These are built upon a cullin1 

backbone and comprise an Rbx1 protein for E2 recruitment, and a Skp1 adaptor protein which in turn 

binds a variable F-box protein (FBP). Upon substrate binding to the FBP, the ubiquitin charged E2 and 
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substrate are brought in close proximity to enable the transfer of the ubiquitin to the target protein. 

A second example is the CRL4 complex (Fig. 1.2) which is built upon a cullin4A backbone and employs 

a Damaged DNA Binding protein 1 (DDB1) adaptor protein instead of Skp138,39. This DDB1 adaptor 

binds a DDB1-CUL4 associated factors (DCAF) which serves as the substrate-recruiting component. 

 

 

 

 

 

 

 

Substrate recruitment to CRL complexes is a tightly regulated response to cellular stimuli and typically 

occurs via recognition of a short peptide motif known as a degron5,37. Whilst some CRLs will recognise 

unmodified sequences40–43,  many integrate cellular signalling pathways and rely upon post-

translational modifications (PTMs) for substrate recognition. Often, degrons contain one or more 

phosphorylated residues and these phospho-degrons can enable the rapid translation of a protein 

kinase signalling cascade into a ubiquitination response. Other PTMs reported to enable substrate 

binding include the recognition of glycosylated substrates by SCFFbxo2 and SCFFbxo6 44,45, and acetyl-

degrons by SCFFbxl17 46.  Sometimes these peptide degrons cannot be recognised by CRL subunits 

directly and co-factors are required. This is exemplified by CRL4Cdt2 which recognises substrates with 

PIP-motif degrons, such as Ctd1 and p21, that are docked onto an essential PCNA co-factor47–49. 

Furthermore SCFSkp2 (Fbxl1) requires a Cks1 accessory protein to recognise and recruit phosphorylated 

p27 and p130 to the SCFSkp2 complex50–52. Interestingly, recent studies indicate that substrate binding 

can also be regulated by metabolic co-factors, such as the positive regulation of SCFFbxl5 ubiquitination 

Figure 1.2: Schematic of example Cullin-RING ligases (CRL). 

Cullin-RING ligases are a subfamily of RING-type E3 ligases and are commonly built upon a cullin 

scaffold, which binds an Rbx1 protein at its C-terminus. The N-terminal stalk of different cullin 

proteins bind alternative adaptor proteins. Shown here is CRL1 (left) which uses a Skp1 adaptor to 

bind an F-box protein, and CRL4 (right) which uses a DDB1 adaptor to bind a DCAF protein. Both F-

box and DCAF proteins recruit substrates to the CRL complex to enable the transfer of ubiquitin 

molecules from an E2 enzyme to the lysine residues of target proteins. 
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of IRP2 by iron53. Although recognition is frequently via a linear peptide motif, evidence suggests that 

non-canonical degrons may also take the form of protein domains54. This domain-based recognition 

gives the potential for protein modifications or functions that influence its 3D structure to directly 

impact ubiquitination. To increase stringency of the UPS, these various modes of recognition may be 

combined to enable precise recognition of specific substrates by CRL complexes. 

CRL assembly and substrate engagement forms a regulatory circuit where the availability of substrate 

and cognate CRL maintain a dynamic system. It is widely believed that the availability and localisation 

of substrate-receptors (SRs, e.g., F-box protein or DCAF) may determine the CRL complexes formed, 

with turnover of SRs often regulated by autoubiquitination in the absence of their substrates36,55–57. 

Neddylation is another critical PTM in the regulation of the CRL system and it has long been 

understood that the attachment of NEDD8 onto cullin backbones stimulates CRL activity58,59. 

Subsequently, several studies culminated to define a cycle whereby NEDD8 conjugation drives SR 

exchange, and hence directs ubiquitination43,60–64. Briefly, upon substrate ubiquitination and release, 

the COP9 signalosome (CSN) mediates deneddylation of the substrate-free CRL. This enables the 

binding of the Cand1 exchange factor which removes the empty SR and resets the cycle for another 

SR. To this end, substrate binding protects the cognate SR from displacement by Cand1, hence the 

substrate availability itself is a driver for CRL assembly. Importantly, these mechanisms ultimately 

regulate the levels of CRL in the cell and maintain dynamic ubiquitination activity that enables a cell 

to rapidly adapt to intrinsic and extrinsic signals. 

 

1..2 F-box proteins (FBPs) 

FBPs are the substrate-recruiting components of CRL1 / SCF E3 ubiquitin ligases. To date there have 

been 69 identified in humans65, and they are characterised by the presence of a 40 amino acid F-box 

domain which binds to the Skp1 adaptor. F-box proteins are further sub-divided into three categories 

based on the motifs present in their substrate binding domain; namely a series of leucine rich repeats 

(Fbxl family), WD40 repeats (Fbxw family) or other or non-recognisable motifs (Fbxo family)55,66.  

Although FBPs are essential for the formation of SCF complexes, a study found that over half of all 

human FBPs showed <10% assembly into SCF complexes62. It is conceivable that this pool of free FBPs 

is involved in the growing number of SCF-independent functions that have been identified through 

the ongoing characterisation of these proteins. In fact, over 12% of human FBPs are recognised to 

have non-canonical functions that may involve alternative protein binding partners or intrinsic 

enzymatic activity55. 
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1..2.1 Fbxo7 

Fbxo7 is a predominantly cytoplasmic protein67 which, alongside its characteristic F-box domain, 

contains an N-terminal ubiquitin-like (Ubl) domain and largely unstructured C-terminal proline-rich 

region (PRR), both of which are involved in mediating protein-protein interactions. The central portion 

of the protein also contains domains involved in specific protein interactions, namely PI31 via a 

globular Fbxo7-PI31 (FP) domain, and a Cdk6 binding domain that forms a bi-partite recognition site 

in conjunction with the PRR55,68 (Fig. 1.3). FBXO7 comprises 9 exons which can form three protein 

coding transcripts, termed isoforms 1-3. Isoform 1 is the most abundantly expressed and, at 522 amino 

acids, is the longest and contains all the aforementioned domains. However, isoforms 2 and 3 have 

alternative 5’ exons and both lack the Ubl domain55. 

Fbxo7 is the fifth most abundant SCF in cultured cells69 so it is unsurprising that the number of 

validated SCFFbxo7 substrates is growing. The first to be identified was HURP, a mitotic spindle protein 

that is expressed during G2/M and regulates chromosome congression and alignment. Following 

HURP phosphorylation by cyclin B/Cdk1, SCFFbxo7 ubiquitinates HURP via K48-linked chains to mark its 

proteasomal degradation70. As HURP is reported to be overexpressed in colon, breast and 

hepatocellular carcinomas, and is a negative regulator for p5370,71, Fbxo7 may therefore function as a 

tumour suppressor in this context.  

Several SCFFbxo7 substrates are implicated in NFκB signalling and, in this context, Fbxo7 may have both 

tumour suppressive and oncogenic roles. cIAP and TRAF2 can both function as E3 ubiquitin ligases 

and, in response to TNF signalling, they interact to ubiquitinate RIP1 and promote the activation of 

the IKK signalosome to ultimately promote NFκB signalling and cell survival72,73. K63-linked 

ubiquitination by SCFFbxo7 inhibits both cIAP and TRAF2 activity, thereby reducing NFκB signalling74,75 

and conferring a tumour suppressive role for Fbxo7. Similarly, SCFFbxo7 ubiquitination of the NFκB 

transcriptional enhanceosome cofactor, UXT-V2, targets it for proteasomal degradation and also 

negatively regulates NFκB signalling76. In contrast, K63-linked ubiquitination of NRAGE by SCFFbxo7 

increases the formation of active NRAGE-TAK1-TAB1 complexes to instead promote NFκB signalling77. 

NRAGE has context-dependent roles in cancer and can promote progression of hepatocellular 

carcinoma78 but suppresses proliferation, migration and invasion in human breast cancer cells79. 

Lastly, p105, a precursor to NFκB, is an apparent pseudo-substrate for SCFFbxo7. Whilst ubiquitination 

by SCFFbxo7 stabilises p105 and enhances proliferation, an enzymatically inactive Fbxo7 mutant also 

stabilises p105, suggesting that the ubiquitination is spurious and the simple binding of Fbxo7 is 

sufficient to protect p105 from the proteolytic ubiquitination by other ligases80. Together, these 

studies characterise numerous cancer-relevant substrates for SCFFbxo7. 
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Other SCFFbxo7 substrates have disease relevance beyond cancer. A high-throughput proteomic screen 

identified 338 potential substrates of SCFFbxo7 and two additional substrates were validated from this 

list: Tomm20 and GSK3β81. Tomm20 is a mitochondrial translocase that induces mitophagy and is 

associated with Parkinson’s disease82–84. SCFFbxo7 promotes the mono- and di-ubiquitination of 

Tomm20 but, similarly to p105, Fbxo7 can also stabilise this substrate independently of SCF complex 

formation81. On the other hand, GSK3β is negatively regulated by SCFFbxo7 K63-linked ubiquitination 

which, given the involvement of GSK3β in the Wnt signalling pathway and widespread roles in the cell 

cycle, proliferation, differentiation and apoptosis, could implicate Fbxo7 in diseases such as cancer, 

diabetes and Parkinson’s disease81,85. Another substrate with disease relevance is the ribosomal 

protein RPL23 which acts as a sensor of cellular stress. SCFFbxo7 ubiquitination of RPL23 results in its 

degradation and disrupts the RPL23-MDM2-p53 axis to prevent neuronal cell death, providing a link 

to neurodegenerative conditions86. Proteasome mis-regulation has been linked to human disease87, 

and Fbxo7 has two known substrates that regulate proteasome activity. PSMA2 engages essential 

interactions between proteasomal subunits, and its ubiquitination by SCFFbxo7 has been proposed to 

account for reduced proteasome assembly and activity in Fbxo7 KD cells88. Similarly, Fbxo7 interacts 

with the BAG6 complex which regulates proteasome activity, and ubiquitinates one of the subunits, 

GET3. This K27/29-linked polyubiquitination promotes the cytoplasmic localisation of BAG6 subunits 

and efficient assembly of the complex, to ultimately promote proteasome activity89. Indeed, reduced 

UPS activity and an accumulation of polyubiquitinated proteins were observed in the fibroblasts of a 

Parkinsonism-pyramidal syndrome patient with an Fbxo7S123X mutation90, further highlighting the 

importance of Fbxo7 in this pathway and disease. In summary, the canonical substrates of SCFFbxo7 are 

clearly involved in a plethora of biological pathways and diseases, yet the important functions of Fbxo7 

also go beyond its ligase activity. 

As F-box proteins are increasingly characterised a growing number of SCF-independent functions have 

been identified, and Fbxo7 is a prime example. The FP domain of Fbxo7 mediates both Fbxo7 

homodimerisation and heterodimerisation with the proteasome regulator PI31, further implicating 

Fbxo7 in proteasome regulation. PI31 was first discovered as a proteasome inhibitor in vitro91,92 but 

conflicting evidence published since suggests varied and context-specific roles in cells68,93. Fbxo7 

shares homology with an orthologue in drosophila called nutcracker, and dimerization of nutcracker 

with DmPI31 was shown to stabilise DmPI31 and promote proteasome activity94,95, suggesting a role 

for Fbxo7 in proteasome activation. Consistent with this, evidence suggests that Fbxo7 may also 

stabilise PI31 in mammalian cells but this was not associated with a change in proteasome activity93. 

PI31 is however reported to inhibit the production and maturation of the immunoproteasome, a 

variant of the constitutive proteasome, in mammals96.  Interestingly, it has been shown that Fbxo7 



22 
 

can dimerise with PI31 in the presence of Skp197, suggesting that PI31 may have a role in modulating 

the activity of SCFFbxo7. Whilst the presence of this heterodimerization is clear and the crystal structure 

has been solved97, the molecular outcome and impacts on the proteasome are still interesting areas 

for investigation. 

Mutations in Fbxo7 have been associated with both sporadic Parkinson’s disease and autosomal 

recessive early-onset Parkinsonism68. The precise mechanisms for this pathogenicity are unknown and 

likely multifaceted but partly reply upon a second non-canonical role for Fbxo7, in the removal of 

damaged mitochondria by mitophagy. In this context, the reduced membrane potential of damaged 

mitochondria is sensed by the mitochondrial kinase PINK1, stimulating its auto-phosphorylation and 

activation. In collaboration with PINK1, Fbxo7 facilitates the recruitment of the E3 ligase Parkin to 

form a complex at the mitochondrial membrane. Phosphorylation by PINK1 then activates Parkin E3 

ligase activity and triggers the ubiquitination of mitochondrial proteins to initiate mitophagy (Fig. 

1.3)68,98. There is strong evidence that this recruiting function of Fbxo7 is required for mitophagy and 

that some Parkinson’s disease associated FBXO7 mutations impair this pathway98. In addition, PINK1 

has recently been identified as a substrate for ubiquitination by SCFFbxo7, which targets it for 

proteasomal degradation99. This is particularly interesting as it implies a role for Fbxo7, not just 

downstream of PINK1, but in regulating PINK1 itself, and hence may serve as a feedback mechanism 

to terminate the mitophagy response.  

As highlighted by some of its ubiquitination substrates, Fbxo7 is also implicated in cancer, and displays 

oncogenic potential in a variety of cell types. Fbxo7 overexpression is observed in human tumour 

biopsies from colorectal adenocarcinoma and lung cancer67, as well as human T cell lymphoma and 

anaplastic large cell lymphoma (ALCL) (unpublished). Moreover, its overexpression in fibroblasts 

triggered invasiveness and tumour formation in nude mice in a Cdk6-dependent manner67. This 

oncogenic capacity for Fbxo7 is restricted by p53, as an increase in Fbxo7 expression reduced 

proliferation of WT haematopoietic stem and progenitor cells (HSPCs) but increased proliferation in 

p53 null equivalents. In addition, when adoptively transferred into irradiated mice, these Fbxo7-

expressing p53-null HSPCs significantly induced the formation of T cell lymphoma when compared to 

their WT-p53 counterparts100. 

This oncogenic potential may be attributed in part to the role of Fbxo7 as a cell cycle regulator. Fbxo7 

directly interacts with and stabilises Cdk6, acting as a scaffold for the assembly of cyclin D3-Cdk6 

complexes and thereby promoting S phase entry67,101. Interestingly, Fbxo7 can also bind and stabilise 

p27, a protein with opposing roles in cell cycle regulation67. Like Fbxo7, p27 can serve as an assembly 

factor for cyclin D-Cdk4/6 complexes and the two proteins can work in concert or independently in 
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this setting67. In contrast, p27 also acts to inhibit Cdk2 activity, thereby inhibiting cell cycle 

progression67,102. Thus, Fbxo7 can promote cell cycle progression, primarily through promoting Cdk6 

activity, or inhibit it by stabilising p27. 

Fbxo7 is particularly important in haematopoietic cells of both the myeloid and lymphoid lineage, and 

this may partly be attributed to the juxtaposing roles in cell cycle regulation. Both B cells and 

erythrocytes lacking Fbxo7 cycle faster in vitro due to reduced levels of p27102,103. They also show 

increased proliferation and impaired cellular differentiation in a hypomorphic Fbxo7-deficient mouse, 

in which the Fbxo7 locus is disrupted by a LacZ insertion (Fbxo7LacZ/LacZ), and there are elevated pro-B 

and pro-erythroblast populations in this model102. This defective erythropoiesis causes anaemia, 

extramedullary haematopoiesis, and splenomegaly103,104. Interestingly, study of the transcription 

factors that regulate the human FBXO7 promotor found enrichment of multiple transcription factor 

binding sites, many of which had roles in haematopoietic development105. In the context of T cells, 

there are opposing roles for Fbxo7 cell cycle regulation at different stages of T cell development106. 

The Fbxo7LacZ/LacZ mouse displayed thymic hypoplasia caused by reduced proliferation and increased 

apoptosis at the double negative (DN) stages of T cell development, and this was attributed to an 

observed lack of Cdk6 activity. The defective thymocytes resulted in fewer CD4+ and CD8+ T cells in the 

periphery but, paradoxically, these mutant T cells expanded more rapidly upon activation due to 

reduced levels of p27. There was a proportional increase in CD4+ and CD8+ effector T cells in both the 

blood and spleen, with an increase in IL-2, IFNγ (Th1 cytokines) and IL-10 (Th2/Treg cytokine), and 

CD44High CD62LLow markers, suggesting a skewed differentiation profile towards regulatory T cells and 

effector memory T cells respectively104,106. Interestingly, these mice are also more sensitive to 

morbidity following systemic infection with Salmonella typhimurium104. Surprisingly, the generation 

of a mouse with T-cell specific ablation of Fbxo7, reversed several of these phenotypes, including 

thymic atrophy, changes to T cell phenotypes, and sensitivity to Salmonella infection104, suggesting 

that some phenotypes may be driven by T cell extrinsic factors. Despite this, there is substantial 

evidence for a pivotal role for Fbxo7 in cells of haematopoietic lineage, in particular through 

differentially regulating the cell cycle across different cell types and developmental stages. 
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Figure 1.3: Domains and functions of Fbxo7. 

Fbxo7 has a canonical function as an SCF E3 ligase, ubiquitinating numerous target proteins to alter 

their stability and activity, and this largely relies on the F-box domain for SCF complex formation, and 

the PRR for substrate binding. Other domains mediate SCF-independent functions for Fbxo7. Fbxo7 

can promote mitophagy by acting in concert with PINK1 to recruit Parkin to damaged mitochondria, 

via the Fbxo7 Ubl domain. Activated Parkin ubiquitinates mitochondrial proteins to initiate mitophagy. 

Fbxo7 can stabilise Cdk6 via a bipartite binding site that involves the Cdk6-binding domain and PRR. 

Fbxo7 may paradoxically activate the cell cycle by promoting the assembly of cyclin D3-Cdk6 

complexes or inhibit it by stabilising p27. The central FP domain mediates Fbxo7 homodimerisation, 

and heterodimerisation with PI31, conferring mixed roles for Fbxo7 in proteasome and 

immunoproteasome regulation.  

 

Ubl: ubiquitin-like domain. Cdk6: Cdk6-binding domain. FP: Fbxo7-PI31 dimerisation domain. PRR: 

proline rich region. 
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1..2.2 Cdk6 

Progression through the cell cycle is driven by the heterodimerisation of regulatory cyclins and 

catalytic cyclin dependent kinases (Cdks). For example, Cdk4 and Cdk6 form complexes with D-type 

cyclins (cyclin D1, D2, and D3) in G1 to enable progression into S phase. This is largely governed by the 

availability of cyclin D which increases in response to external mitogenic stimuli, enabling the 

integration of signals and coupling of tissue homeostasis to proliferation107,108. However, complex 

formation can also be restricted by the Cip/Kip family of pan-Cdk inhibitors (e.g. p27) and INK4 (e.g. 

p16INK4A) proteins which are specific Cdk4/6 inhibitors that compete with cyclin D binding109,110. 

Nonetheless, once cyclin D-Cdk4/6 complexes are formed, they translocate into the nucleus where 

they are activated by phosphorylation by the Cdk-activating kinase complex (CAK). The Rb family of 

tumour suppressor proteins (Rb, p107 and p130) ordinarily sequester the E2F transcription factor but 

their phosphorylation by active cyclin D-Cdk4/6 complexes trigger the release of E2F and the 

subsequent expression of late G1/S phase genes such as cyclin E. This signals progression past the G1-

S restriction point, allowing cyclin E-Cdk2 to hyper-phosphorylate Rb, further relieving E2F inhibition 

and promoting S phase entry110. In this manner, Cdk4/6 can play an important role in tumorigenesis 

and promote aberrant cell cycling through the inhibition of Rb tumour suppressor proteins. 

Some Cdks have alternative functions beyond the cell cycle, such as Cdk6 which operates distinctly 

from its close homologue Cdk4, as a transcriptional regulator largely independently of kinase activity 

(reviewed in 110). Through this action, cyclin D-Cdk6 can interact with STAT3 to promote the 

transcription of the p16INK4A inhibitor in an autoregulatory feedback mechanism111,112. However, many 

of these transcriptional activities confer an oncogenic role for Cdk6, particularly in haematopoietic 

lineages. Cdk6 can bind, alongside c-Jun, to induce VEGF-A expression and promote angiogenesis111,112, 

and act as a transcriptional inhibitor of EGR1 to enable HSPCs to exit quiescence and promote 

proliferation of leukemic stem cells113,114. Cdk6 can also promote tumour formation in haematopoietic 

cells by promoting the expression of p53 antagonists PRMT5, PPMID and MDM4 to induce a 

transcriptional programme that counteracts the p53 response to oncogenic stimuli115. Cells lacking 

Cdk6 activity therefore have a selective pressure to mutate p53 during transformation, leading to an 

emergence of p53 mutations in cancers with low Cdk6115. Lastly, Cdk6 is also a positive regulator of 

inflammatory cytokines via NFκB signalling116,117 and has been shown to act downstream of Notch 

signalling to facilitate thymocyte development and tumorigenesis in T cells118–120. In short, there is 

growing appreciation for Cdk6 as a transcriptional regulator that can function in either a tumour 

promoting or suppressive manner depending on the cellular context. 

There have been numerous studies using Cdk6 mouse models and these have unveiled interesting 

requirements for Cdk6 in different settings, particularly in the haematopoietic system. Cdk6 is 
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expressed throughout mammalian tissues but most abundantly so in lymphoid organs121. Two 

different strains of Cdk6-/- mice displayed normal proliferation in most cell types but showed thymic 

hypoplasia and reduced cellularity in the spleen119,122, characteristics reminiscent of the Fbxo7 

hypomorphic mouse. This was attributed to a block in T cell development119,122 as Cdk6 kinase activity 

is required downstream of Notch signalling as mentioned above118,119. Alongside the lymphoid 

phenotypes, these mice also exhibited erythroid defects including anaemia, though evidence of 

deficiencies in common haematopoietic precursors is contradictory between the two models118,119,122.  

Interestingly, it was only when Cdk4 was also deleted that severe anaemia resulted in embryonic 

lethality but, even then, organogenesis and proliferation was still normal in most cell types119. 

Together these studies show that, whilst Cdk6 is required for differentiation and proliferation in 

haematopoietic cells, there may be a compensatory mechanism for Cdk4/6 in the cell cycle in most 

other tissues. 

Dysregulation or overexpression of Cdk6 is frequently observed in cancer and it is therefore an 

attractive therapeutic target. The first generation of Cdk inhibitors showed pan-Cdk activity and were 

abandoned due to poor efficacy and high toxicity, but specific Cdk4/6 inhibitors (palbociclib, ribociclib, 

and abemaciclib) have showed greater promise123. Palbociclib is approved by the FDA for the 

treatment of advanced hormone receptor-positive breast cancer and shows promise in clinical trials 

for other indications including haematopoietic cancers, lung cancer and colorectal cancer124. The small 

molecule kinase inhibitor primarily works by preventing the phosphorylation of Rb, resulting in G1 

arrest and reduced proliferation. However, additional activities have been observed after prolonged 

exposure, including increased tumour neoantigen presentation and induction of autophagy107. 

Interestingly, Cdk4/6 inhibitors also demonstrate direct effects on specific lymphocyte populations 

that may be present in the tumour microenvironment. Specifically, Cdk4/6 inhibition enhances CD4+ 

T cell activity in vitro125 and preferentially suppresses proliferation of Treg cells126, possibly 

potentiating an anti-tumour immune response. The roles for Cdk6 in both cell cycle and transcriptional 

regulation justify its title as a central node in oncogenesis and tumour maintenance and make it an 

attractive and viable target for therapeutic intervention. 
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1..3 DDB1-CUL4 associated factors (DCAFs) 

Like FBPs in CRL1 complexes, DCAFs (also termed DDB1-binding/WD40 domain (DWD) or CUL4–DDB1-

associated WDR (CDW) proteins) are the substrate-recruiting subunits for CRL4 E3 ubiquitin ligases 

(Fig. 1.2). Whilst less extensively studied than their FBP counterparts, there are estimated to be 60-90 

DCAFs encoded in the human genome38,39,127, implying a large and significant protein family. Both 

DCAFs and their DDB1 adaptor are WD40-containing proteins, with DDB1 comprising three β-

propellers each of seven WD40 repeats. DCAFs contain one to three copies of a common WDxR motif 

within their WD40 repeats that is believed to mediate binding to DDB138,128, however, some DCAF 

proteins lack this conserved motif so other modes of binding must exist127. 

 

1..3.1 CRBN 

Study of one DCAF, cereblon (CRBN), has exploded since first reported in 2004129 due to its crucial role 

in the efficacy of immunomodulatory drugs (IMiDs). CRBN is an evolutionary conserved protein of 442 

amino acids in humans and is comprised of three domains (Fig. 1.4): an N-terminal seven-stranded β-

sheet (NTD), a central α-helical bundle domain (HBD), and a C-terminal domain of eight β-sheets (also 

known as Cereblon domain of Unknown activity, binding cellular Ligands and Thalidomide (CULT)). 

Part of the NTD and HBD together resemble the structure of ATP-dependent Lon proteases (LON-like 

domain, LLD), with a helical insertion. Surprisingly, CRBN binding to DDB1 is not via a WDxR motif, but 

instead this helical insertion at residues 188 - 248, representing a novel mode of DDB1 binding130,131. 

 

 

Figure 1.4: Domains of CRBN. 

The CRBN protein can be divided into distinct domains. The NTD and HBD domains of CRBN together 

form a LLD that contains an insertion of α-helices through which the DDB1 adaptor protein binds. 

The C-terminal CULT domain mediates binding to several CRBN ligands and immunomodulatory 

drugs. 

 

NTD: N-terminal domain. HBD: helical bundle domain. CULT: Cereblon domain of Unknown 

activity, binding cellular Ligands and Thalidomide. LLD: Lon-like domain. DDB1: DDB1-binding 

domain. 
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Several substrates for CRL4CRBN have been identified that are involved in neuronal and brain function, 

particularly intellectual disability (ID). Founding work in CRBN function discovered the interaction of 

the large conductance Ca2+- and voltage-activated K+ (BK) channels and voltage-gated Cl− (CLC-2) 

channels with CRBN132,133. Both have since been validated as CRL4CRBN substrates, with CLC-1 and CLC-

2 undergoing typical polyubiquitination and degradation134,135. Meanwhile, polyubiquitination of the 

BK channel retains it in the endoplasmic reticulum, a step found to be important in preventing 

epileptogenesis136. Interestingly, a subsequent study revealed that ID-associated CRBN mutations 

disrupt the CRBN-BK interaction and instead both CRBN and BK are directed to SCFFbxo7 for 

polyubiquitination and proteasomal degradation137. Another CRL4CRBN substrate associated with ID is 

MEIS2130, a transcription factor required for many aspects of human development138,139, including 

proper limb formation. MEIS2 interacts with CRBN via the CULT domain, and ubiquitination promotes 

degradation130. 

Regulation of these substrates is proposed to contribute to the role of CRBN in brain function. CRBN 

is widely expressed in the brain133,140 where it has an evolutionary conserved role in insects, mammals, 

and zebrafish141,142. Although germline and forebrain-specific CRBN deficient mice show no gross 

abnormality, they do display lower fear conditioning143, implicating CRBN in learning. This was 

corroborated by a mouse model with a neuron-specific deletion of CRBN which exhibits cognitive 

defects including impaired learning and memory137. Interestingly, this was specifically linked to 

misregulation of the BK channel, as the phenotype was partially rescued by BK activation137,141. In 

humans, two CRBN mutations (an R419X truncation129 and C391R missense mutation144) have been 

identified in families presenting with autosomal-recessive non-syndromic intellectual disability, 

further implicating CRBN in brain function and human neurological disorders. 

Beyond brain function, CRBN is also implicated in metabolism. Glutamine synthetase functions in 

glutamine synthesis, and glutamate and ammonia detoxification, and is subject to negative regulation 

by CRL4CRBN. Specifically, glutamine induces the acetylation of glutamine synthetase and this signals 

the ubiquitination and degradation by CRL4CRBN, providing an example of acetyl-degron recognition by 

the CULT domain of CRBN145. In addition, CRBN modulates AMP-activated protein kinase (AMPK), a 

master regulator of energy metabolism that is critically involved in energy sensing. The mode of CRBN-

dependent regulation is still debated, with reports that CRBN competitively binds the AMPKα subunit 

to inhibit complex formation146, or that CRL4CRBN promotes AMPKα and AMPKγ polyubiquitination and 

degradation147,148. Nonetheless, CRBN-deficient mice have elevated active AMPK in the liver and show 

reduced weight gain compared to wildtype mice when fed a high-fat diet149, so the physiological 

impact of this metabolic regulation is evident.  
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Like many CRL substrate receptors, CRBN also has ubiquitin-independent functions. CRBN is reported 

to act as a chaperone to mediate proper folding and maturation of two transmembrane proteins, 

CD147 and MCT1150. CD147 is a glycoprotein involved in a plethora of biological processes including 

proliferation and survival, and it acts as an essential chaperone for the lactate transporter MCT1. This 

chaperone-like function for CRBN promotes protein localisation to the membrane and the assembly 

of active CD147-MCT1 complexes, essential for cell homeostasis and metabolic regulation. In addition, 

CRBN can negatively regulate TLR4 signalling independently of the CRLCRBN complex. TLR signalling 

activates TRAF6 to function as an E3 ubiquitin ligase which ubiquitinates both itself and downstream 

regulatory subunits to ultimately promote NFκB activation. CRBN interacts with TRAF6 to inhibit the 

ubiquitination cascade, prevent NFκB activation and ultimately reduce the pro-inflammatory 

response151. Indeed CRBN-/- mice show elevated pro-inflammatory cytokines and decreased survival 

in response to LPS challenge151, implicating CRBN in innate immune modulation via TLR signalling. 

 

1..3.2 Immunomodulatory drugs (IMiDs) in multiple myeloma 

IMiDs are a class of drugs that are analogues of thalidomide, a synthetic glutamic acid derivative. 

Thalidomide was developed in the 1950s when it was prescribed as an antiemetic during pregnancy, 

with the devastating outcome of causing severe birth defects due to its teratogenic side effects. 

Despite its clinical withdrawal, IMiD research continued, and thalidomide was later discovered to be 

an effective treatment for multiple myeloma (MM)152. MM is a B cell malignancy typified by the 

aberrant expansion of plasma cells in the bone marrow. It is the second most common haematological 

cancer, accounting for 10%153, with an estimated 176,000 cases worldwide in 2020154. Historically, 

there were limited treatment options for MM and the repurposing of thalidomide, amongst other 

advances, have improved the estimated 5-year survival in the UK to 52.3%155. IMiDs are now the 

mainstay for standard MM treatment regimens, with thalidomide analogue lenalidomide widely 

prescribed, and pomalidomide used for relapsed/refractory disease156. The next generation of this 

drug class (now renamed as Cereblon E3 ligase-modulating drugs (CELMoDs)) show efficacy in 

lenalidomide and pomalidomide-resistant patients, and in other haematological malignancies such as 

acute myeloid leukaemia (AML) and diffuse large B cell lymphoma (DLBCL)157. Crucially, IMiDs have 

revolutionised treatment options for MM patients and continue to be the basis for successive 

generations of therapeutics. 

Soon after the approval of IMiDs for MM, CRBN was identified as their primary target, responsible for 

both the teratogenicity of thalidomide158 and the anti-MM properties159 (Fig. 1.5). Two groups 

independently discovered that CRL4CRBN ubiquitinates two Ikaros family transcription factors for 
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degradation in the presence of IMiDs160,161. Ikaros (IKZF1) and Aiolos (IKZF3) play a vital role in B cell 

maturation and MM cell survival through the modulation of downstream targets IRF4 and MYC162,163. 

Since this discovery of IKZF1 and IKZF3 in 2014, a host of other IMiD-dependent CRBN neo-substrates 

have been identified. CK1α is known to promote MM pathogenesis through the sustained activation 

of p53 and signalling pathways such as PI3K/AKT and NFκB164,165, and is a lenalidomide-specific neo-

substrate for CRL4CRBN 165. Importantly, this also promotes lenalidomide efficacy in a subset of 

myelodysplastic syndrome166 and exemplifies how the subtle differences in IMiD structure can 

produce significant biological effects. Another such example is the pomalidomide-specific 

ubiquitination of ARID2 by CRL4CRBN 167. ARID2 is a subunit of the chromatin remodelling complex PBAF 

and is involved in the transcriptional regulation of MYC167. This may be a contributing factor to the 

increased potency of pomalidomide over lenalidomide. Meanwhile, other CRL4CRBN neo-substrates are 

responsible for the undesirable side-effects of IMiDs. SALL4 is a transcription factor critical in limb 

development and is ubiquitinated for degradation by CRL4CRBN in the presence of thalidomide168, 

hence likely contributing to the teratogenic effects. Moreover, IMiD binding can disrupt the 

recognition of physiological CRBN substrates such as MEIS2130,145,150, another key protein in human 

development. 

 

 

 

 

 

 

 

 

As the name suggests, IMiDs also carry immunomodulatory effects and augment both the innate and 

adaptive anti-tumour immune responses to MM cells. MM induces immune paresis through the 

secretion of immunosuppressive TGF-β, IL-10, IL-6, and VEGF. Together these inhibit the function of T 

cells and natural killer (NK) cells and impair antigen presentation by dendritic cells (DCs)169,170. 

Ultimately, this compromised immune signalling enables MM cell survival and immune evasion. As 

IMiDs are frequently used in combination therapies, including with the anti-inflammatory drug 

dexamethasone, it has been difficult to dissect their immunomodulatory effects in patients. 

Figure 1.5: Immunomodulatory drugs promote neo-substrate recognition by CRL4CRBN. 

The binding of IMiDs such as thalidomide (shown) to the CULT domain of CRBN modifies 

substrate recognition to promote the ubiquitination of neo-substrates such as IKZF1 and 

IKZF3 by CRL4CRBN. 
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Nonetheless, IMiDs have been shown to promote T cell activation by both enhancing antigen 

presentation by DCs171, and independently triggering the CD28 co-stimulatory marker on T cells to 

abrogate the requirement for a co-stimulatory signal entirely172. In addition, IMiDs enhance the 

activity of the transcription factor AP-1173, a key driver for IL-2 production in T cells. IL-2 induces T cell 

proliferation and activation, and both IL-2 and T cell proliferation are elevated upon IMiD 

treatment170,174. Interestingly, T cells demonstrate a skewed ratio of T effector subsets Th1 and Th2 in 

response to IMiD treatment175, with increased secretion of Th1 cytokines IL-2 and IFN-y and a decrease 

in Th2/Treg cytokines IL-4 and IL-10169. The elevated IL-2 also promotes the activation of NK cells of 

the innate immune system, which have a cytotoxic function176,177. Lenalidomide increases NK cell 

proliferation, cytotoxicity and antibody-dependent cellular cytotoxicity (ADCC) in vitro174,176,177. 

Alongside immune evasion, MM cells also require an interaction with bone marrow stromal cells 

(BMSCs) to promote their survival and IMiDs disrupt this by downregulating the expression of cell 

surface adhesion molecules, partially through inhibiting TNFα production170. The secretion of VEGF 

and β-FGF from MM cells and BMSCs is also downregulated in response to IMiD treatment, to exert 

anti-angiogenic effects169. Overall, the impact of IMiDs on tumour immune surveillance and the 

microenvironment are multifaceted and ongoing research is vital to understand drug combinations to 

give optimal anti-tumour effects. 

Whilst IMiDs have vastly improved MM patient survival, IMiD resistance prevails in a subset of 

patients. Early in IMiD research, it was discovered that CRBN expression is required for IMiD efficacy, 

and CRBN depletion led to MM cell resistance to both lenalidomide and pomalidomide159. Importantly, 

high CRBN expression is associated with improved clinical outcomes to IMiDs159, whilst mutations in 

CRBN can contribute to IMiD resistance178. Recently, the RUNX transcription factors were discovered 

to bind IKZF1 and IKZF3 and protect them from CRBN-mediated degradation, thus IMiD resistance may 

be overcome by combination with RUNX inhibitors in vitro179. Finally, it has been proposed that 

antioxidative capacity may be used as a biomarker for IMiD sensitivity as lower antioxidative capacity 

correlates with IMiD sensitivity in MM patients180. Plasma cells generate intracellular reactive oxygen 

species (ROS) through disulphide bond formation in immunoglobulin production and are sensitive to 

drugs that elevate this ROS or target antioxidative pathways. A study found that IMiDs inhibit 

thioredoxin reductase, an enzyme involved in hydrogen peroxide decomposition, in a CRBN-

dependent manner, and this increases intracellular ROS181. MM cells with a lower oxidative capacity 

are more vulnerable to the oxidative stress-induced cytotoxic effect of IMiDs, whilst those with 

increased capacity may emerge as IMiD resistant180,181. The IMiD resistance pathways are not yet 

completely understood, though it is clear that CRBN status is a critical factor in IMiD sensitivity. 
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Metabolism 

1..4 Cellular metabolic pathways 

Metabolic pathways are complex and interlinked, and the flow of metabolites between pathways can 

have a profound impact on cellular functions, affecting processes such as proliferation, differentiation, 

and survival. Metabolism can be subdivided into catabolic reactions that breakdown molecules for 

energy production and anabolic reactions that generate molecules for biosynthesis, and the balance 

between these two states is precisely orchestrated to provide energy homeostasis for the cell (Fig. 

1.6). 

Glucose is one of the most favourably catabolised molecules in most cells182 and proper regulation of 

central carbon metabolism is vital to meet both the bioenergetic and biosynthetic demands of a cell. 

Glucose import can occur via two sodium glucose transporters (SGLTs) and 14 GLUT proteins, which 

vary in their affinity to glucose and expression in different cell types or developmental stages183. 

Following glucose uptake, it is rapidly phosphorylated to glucose-6-phosphate (G6P), ensuring 

retention within the cell184. There are several fates for G6P, one of which being conversion to glycogen 

to provide a storage reserve for times of energy deficit, such as starvation and exercise, and this 

primarily occurs within the liver and skeletal muscle185. G6P can also be catabolised to pyruvate via 

glycolysis. Pyruvate has two potential fates and is typically converted into lactate under anaerobic 

conditions or, in the presence of oxygen, is transported into the mitochondria where it forms acetyl 

CoA and feeds the tricarboxylic acid (TCA) cycle. The TCA cycle is essential for the production of NADH 

and FADH2, which act as reducing agents for oxidative phosphorylation (OXPHOS) within the 

mitochondria. During OXPHOS, the electron transport chain utilises NADH and FADH2 oxidation to 

generate an electrochemical proton gradient across the inner mitochondrial membrane, and ATP 

synthase uses this to ultimately generate ATP from ADP and phosphate. This process also generates 

ROS due to inefficient electron transfer. This central carbon metabolism is the major source of cellular 

energy via ATP.182,186–189 

However, glucose does not always yield pyruvate, and glycolytic intermediates can feed into several 

anabolic pathways. Another fate for G6P is redirection into the pentose phosphate pathway (PPP) 186–

188,190, where it is decarboxylated through a series of redox reactions to produce ribose-5-phosphate 

(R5P) and generate NADPH. This branch is termed the oxidative PPP and is a major source of NADPH, 

thus pivotal in maintaining cellular redox state. In the non-oxidative PPP, enzymes TKT and TALDO 

transfer carbon units from pentoses (5-carbon sugars) to generate fructose-6-phosphate (F6P) and 

glyceraldehyde-3-phosphate (G3P) that can feed back into glycolysis. Similarly, the reverse reactions 

can redirect F6P and G3P into the non-oxidative PPP to recruit additional glycolytic intermediates. The 

PPP enzymes are subject to allosteric regulation to enable cells to adapt to changing metabolic 
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demands. For example, the first enzyme in the oxidative PPP, G6P dehydrogenase (G6PD), is negatively 

regulated by NADPH to adjust oxidative PPP flux according to cellular redox state191. Alongside 

ensuring redox homeostasis, the PPP is pivotal for nucleotide biosynthesis, as R5P is converted to 

phosphoribosyl pyrophosphate (PRPP) which forms the backbone for both purine and pyrimidine 

rings187,190,192. Nucleotide biosynthesis, amongst other physiological processes including amino acid 

homeostasis and glutathione generation, also requires 1-carbon (1C) units derived from the folate and 

methionine cycles which are collectively termed 1C metabolism. These cycles redistribute carbon 

groups from glycine, methionine or serine (imported or synthesised de novo from 3-phosphoglutarate 

(3PG) in the serine synthesis pathway) to various acceptor molecules for biosynthesis192,193. Through 

pathways such as the PPP and serine synthesis, glycolytic intermediates can be redirected to generate 

essential biosynthetic molecules such as nucleotides and amino acids and play a role in maintaining 

the redox state of a cell. 

In addition to glucose, cells rely on other fuel sources to feed metabolic pathways. Glutamine is widely 

catabolised by glutaminolysis and provides α-ketoglutarate (αKG) to enter the TCA cycle182,187. 

Glutamine uptake has been demonstrated as essential for lipid synthesis, as citrate from the TCA cycle 

is converted back to acetyl-CoA in the cytosol where it utilised for fatty acid synthesis (FAS)194. 

Conversely, fatty acids may be catabolised via fatty acid oxidation (FAO) as an alternative source of 

acetyl-CoA. Another amino acid central to cellular metabolism is arginine195. Arginine is a non-essential 

amino acid which can be imported or synthesised from citrulline and aspartate in the urea cycle. It is 

one of the most versatile amino acids and can be catabolised to serve as a precursor to several 

metabolites including polyamines and nitric oxide195. There are therefore several other crucial 

metabolic pathways that can be used to complement central glucose metabolism. 

The metabolic pathways employed by a cell are driven by its energetic and biosynthetic requirements. 

ATP is produced by both glycolysis and OXPHOS, but at a ratio of 2 molecules in glycolysis and up to 

36 molecules in OXPHOS182. This makes OXPHOS far more efficient in terms of ATP production. 

Nonetheless, aerobic glycolysis may be favoured in actively proliferating cells, as its intermediates 

supply pathways for macromolecular synthesis, including nucleotides and amino acids as described 

above. 
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Figure 1.6: An overview of central cellular metabolic pathways. 

The metabolic pathways employed by a cell are driven by its energetic and biosynthetic requirements. 

Glucose is a primary energy source and its catabolism via glycolysis (red), the tricarboxylic acid cycle 

(green) and oxidative phosphorylation (purple) generates essential ATP for the cell. However, the 

intermediates generated in glycolysis can also feed into biosynthetic pathways such as the pentose 

phosphate pathway (blue) and serine synthesis pathway (orange) which, alongside 1-carbon 

metabolism (grey), ultimately yield nucleotides, amino acids and reducing agents. Similarly, the TCA 

cycle intermediate citrate can be used for fatty acid synthesis (yellow). Other important fuel sources 

can feed into the TCA cycle, including fatty acids via fatty acid oxidation (brown), and glutamine via 

glutaminolysis (pink). Metabolites are in black, metabolic enzymes are in red. 

 

G6P: Glucose 6-phosphate. F6P: Fructose 6-phosphate. F1,6BP: Fructose 1,6-bisphosphate. G3P: 

Glyceraldehyde 3-phosphate. 3PG: 3-phosphoglycerate. PEP: Phosphoenolpyruvate. 6PG: 6-

phosphogluconic acid. 6PGDL: 6-phoshogluconolactone. R5P: Ribose 5-phosphate. αKG: α-

Ketoglutarate. HK: Hexokinase. PGI: Phosphoglucose isomerase. PFK-1: Phosphofructokinase-1. PK: 

Pyruvate kinase. LDH: Lactate dehydrogenase. G6PD: Glucose-6-phosphate dehydrogenase. 6-PGL: 

Phosphogluconolactonase. 6PGD: 6-phosphogluconate dehydrogenase. TKT: Transketolase. TALDO: 

Transaldolase. TCA cycle: Tricarboxylic acid cycle. OXPHOS: Oxidative phosphorylation. FAO: Fatty 

acid oxidation. FAS: Fatty acid synthesis. 
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1..5 T cell metabolism 

The immune system functions to neutralise disease-causing pathogens or aberrant cells such as 

cancer, whilst maintaining the integrity of healthy host cells. It can be broadly divided into two arms: 

the innate and adaptive immune systems. The innate response is the rapid first line of defence and is 

characterised by broad specificity towards common pathogen features. In contrast, the adaptive 

immune system comprises a cellular response to specific antigens and retains immunological memory 

to mount a rapid response to secondary infections. The major cell types of the adaptive immune 

system are T cells and B cells, which are effector cells in cell-mediated and humoral immunity 

respectively. 

The life cycle of a T cell progresses from thymic progenitors to mature, activated T cells that 

differentiate to several distinct effector T cell subsets, or quiescent memory T cells that elicit an 

efficient recall response. The energy requirements of the cell changes dramatically during these stages 

and thus a dynamic metabolic reprogramming occurs (Fig. 1.7). In fact, immunometabolism is tightly 

linked to T cell function, and disrupting certain pathways can block T cell development or skew 

differentiation profiles. 

 

1..5.1 Metabolism in T cell development 

T cell development is a process whereby common lymphoid progenitors from the bone marrow 

undergo sequential maturation and selection steps in distinct regions of the thymus196 to produce 

mature naïve T cells. The early thymic progenitors that colonise the thymus lack a T cell receptor (TCR) 

and mature T cell markers such as CD4 or CD8, thus are called double negative (DN) thymocytes. These 

DN thymocytes may be further subdivided into four stages based on expression of the adhesion 

molecule CD44, and the IL-2 receptor α-chain CD25: DN1 (CD44+CD25-), DN2 (CD44+CD25+), DN3 

(CD44-CD25+) and DN4 (CD44-CD25-)197. Rearrangement of the TCR β-chain locus occurs as cells 

transition through DN2 to DN3, and the functionality of this TCRβ chain is tested via the β-selection 

checkpoint in DN3198,199. This β-chain pairs with the surrogate pre-Tα chain to produce a pre-TCR200 

which, alongside Notch signalling, enables progression into DN4 where the cells undergo rapid 

proliferation201,202. Notch signalling drives progression through the DN stages and is important for β-

selection. Importantly, Notch promotes GLUT1 upregulation and glycolysis in pre-T cells via activation 

of the PI3K/AKT pathway, and this metabolic regulation is essential for the survival of pre-T cells 

through the β-selection checkpoint203. AKT knock-out causes a DN3 block in thymocyte development, 

with pre-T cells showing reduced glucose uptake and increased apoptosis, due in part to the impaired 
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glycolytic metabolism204. This illustrates the importance of the PI3K/AKT pathway for the metabolic 

reprogramming required for T cell development. 

Following β-selection, cells upregulate CD4 and CD8 expression to become double positive (DP) cells 

which rearrange their TCR α-chain and maintain dependence on glycolysis. PTEN is a major negative 

regulator of PI3K, and it impairs glycolysis to cause developmental defects in thymocytes, as mice with 

elevated PTEN expression present with fewer DP cells that have reduced proliferative capacity205, 

further demonstrating the reliance on PI3K/AKT signalling. These DP cells next undergo vital rounds of 

positive and negative selection of the mature αβTCR to ensure correct affinity for antigen/MHC 

complexes and remove strongly self-reactive T cells206. Many cells will undergo apoptosis at this stage, 

but those that survive downregulate either co-receptor to yield naïve CD4 or CD8 single positive T 

cells. 

Whilst most T cells express an αβTCR, up to 5% of T cells have a distinct γδ chain207. γ- and δ-chain 

rearrangement occurs alongside β-chain rearrangement in DN2 and the differentiation between T 

cells expressing an αβ or γδ TCR occurs in DN3, driven partly by metabolism. mTOR signalling drives 

many metabolic pathways and is transmitted via mTORC1 and mTORC2 complexes208. Loss of mTORC1 

signalling in thymocytes impairs glycolysis and instead promotes OXPHOS, resulting in elevated ROS 

in DN3 cells. This profile drives a preference for γδ T cell generation, thus coupling cellular metabolic 

status to the αβ / γδ ratio and determination of cell fate209. 

 

1..5.2 Metabolic reprogramming upon T cell activation 

Naïve CD4+ or CD8+ T cells circulate in the periphery, screening for their cognate antigen displayed on 

a major histocompatibility complex (MHC) by an antigen presenting cell (APC). During this process, T 

cell survival and homeostasis is maintained by transient interactions between TCR and MHC, and 

cytokines such as IL-7210,211. Metabolites play a vital role in this homeostasis, with adenosine import 

shown to maintain IL-7R expression to promote the naïve T cell state212. Throughout immune 

surveillance, T cells maintain a low basal metabolism whereby they uptake minimal glucose to fuel a 

reliance on the TCA cycle and OXPHOS213,214. Metabolism is restrained to this level in newly circulating 

naïve T cells through reduced mTORC1 activity and c-Myc expression, two positive regulators of 

glycolysis215–217. 

T cell activation occurs when a TCR engages with its cognate peptide antigen presented on MHC. 

Sufficient TCR signalling results in a clustering of TCRs at the T cell/APC interface, and generation of 

an immunological synapse218. A second co-stimulatory signal is required to elicit a full T cell response 
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as opposed to anergy, and this is provided by B7 on the APC surface binding to CD28 on the T cell219. 

Whilst these two signals are sufficient to mount a T cell response, a third cytokine priming signal may 

polarise T cell differentiation and promote specific effector functions219. Together these signals initiate 

a proliferative burst called clonal expansion that amplifies the T cell response and requires extensive 

metabolic reprogramming.  

T cell activation is characterised by a predominantly glycolytic programme that is upregulated within 

6 hours of T cell activation, independently of CD28 co-stimulation214. This early TCR signalling activates 

pyruvate dehydrogenase kinase (PDK1) which subsequently inhibits pyruvate dehydrogenase (PDH) to 

prevent pyruvate conversion to acetyl-CoA and instead drive lactate production214,220. Maintenance of 

this aerobic glycolytic state through late-stage T cell activation requires transcriptional and 

translational remodelling. The upregulation of glycolysis is largely directed through the PI3K/AKT 

signalling pathway which is activated upon TCR engagement and co-stimulation221–223. mTOR is 

activated downstream of this pathway and PDK1, and promotes glycolysis via activation of the 

transcription factors c-Myc and HIF1α216,224,225. The importance of mTOR in T cell activation has been 

demonstrated by its inhibition by rapamycin, which is strongly immunosuppressive to T cells226. 

Importantly, both c-Myc and HIF1α induce the upregulation of the glucose transporter GLUT1, 

glycolytic enzymes such as HK2, and lactate dehydrogenase (LDH), to increase glucose uptake and 

glycolysis that supports proliferation of activated T cells216,223,224,227–229. Several biosynthetic pathways 

stemming from glycolysis are also upregulated upon T cell activation, such as the PPP and serine 

synthesis216,230, and extracellular serine is also critically required for the generation of 1C units, 

nucleotide synthesis and proliferation of activated T cells230. The metabolism of other amino acids also 

increases with T cell activation, with leucine231, arginine232 and cysteine233 all required for T cell 

metabolic fitness. Moreover, glutamine is of particular importance as it is required to replenish TCA 

cycle intermediates in a process called anaplerosis234,235 and provide nitrogen for amino acid and 

nucleotide biosynthesis, and glutamine depletion impairs T cell proliferation in vitro236,237. Both c-Myc 

and ERK play a vital role in stimulating glutaminolysis through the upregulation of enzymes such as 

glutaminase237,238. Together, PI3K/AKT and ERK/MAPK are two major signalling cascades induced by T 

cell activation and these are integrated to confer a distinct metabolic programme in activated T cells. 

Despite the shift to glycolysis, there remains an important role for mitochondrial metabolism in 

activated T cells, as OXPHOS is elevated following TCR engagement to sustain activation and 

proliferation239–241. Critically, the generation of mitochondrial ROS provides an additional activation 

signal to T cells by activating NFAT and promoting IL-2 production239, and treatment with antioxidants 

to dampen this blocks T cell proliferation in response to infection242. Nonetheless, a deleterious 

threshold of ROS still exists in T cells, and glutathione is required to buffer the elevated ROS from 
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OXPHOS. Quantitative proteomics revealed that T cell activation induced proteome remodelling and 

mitochondrial biogenesis to produce specialised mitochondria with elevated 1C metabolism that were 

essential for glutathione synthesis243. Inhibition by SHMT2 depletion caused increased DNA damage 

and reduced T cell survival243, highlighting the importance of mitochondrial 1C metabolism and 

antioxidant capacity in T cell activation and survival. 

 

1..5.3 Metabolic control of T cell differentiation 

Nutrient availability and the predominant metabolic pathways govern T cell differentiation and 

function, and T cell subsets display distinct metabolic profiles (Fig. 1.7). Mature, activated and 

differentiated T cells may fall into several categories including cytotoxic T cells, T helper cells, 

regulatory T cells, and memory T cells. 

The largest subsets of CD4+ T helper cells are pro-inflammatory Th1, Th2 and Th17 cells, and these are 

amongst the best studied in terms of metabolic influence. T helper cells all show a predominance of 

glycolysis that is largely driven by mTOR signalling225,244–246. Th1 cells function to activate cell-mediated 

immunity and are induced by the presence of IL-22 and IFNy, which promote expression of the T-bet 

transcription factor to drive Th1 differentiation225,247. Activated mTORC1 in Th1 cells phosphorylates 

T-bet to enhance IFNy production and is required for Th1 differentiation248. Importantly, the 

production of IFNy also relies on specific metabolic regulation as its expression can be controlled by 

two metabolic enzymes. GAPDH and LDH can both bind the 3’ UTR of IFNy mRNA to sequester it from 

translation, and thus mediate cytokine production214,241. It is only upon upregulation of aerobic 

glycolysis that these enzymes release the mRNA to enable efficient IFNy production214,241. Moreover, 

LDH exerts epigenetic control over IFNy and is required for histone acetylation of the IFNy locus to 

promote its production in T cells249. In addition to glycolysis, Th1 cells rely on glutaminolysis to produce 

αKG, a metabolite shown to enhance T-bet expression250 and in the absence of glutamine, cells will 

instead differentiate to regulatory subtypes250,251. Th2 cells drive humoral immunity through the 

stimulation of B cells and are the most glycolytic T helper subset252. Driven by IL-4 and IL-2 cytokines, 

the STAT6 and GATA3 transcription factors directs Th2 differentiation253,254, whilst mTORC2 is 

specifically required for the associated metabolic reprogramming255. In addition to elevated glycolysis, 

airway Th2 cells also show increased lipid metabolism in an allergy model, and this is required for Th2 

differentiation and effector functions256. Finally, the metabolic drivers of Th17 differentiation are of 

particular interest, as Th17 cells are involved in mucosal immunity and inflammation and are pertinent 

in autoimmune diseases such as multiple sclerosis and rheumatoid arthritis257. IL-6, IL-21 and TGF-β 

trigger activation of the RORγt transcription factor responsible for Th17 differentiation257,258. Th17 
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cells have elevated HIF1α compared to other T helper subsets and this is proposed to maintain 

glycolysis245, whilst they also rely heavily on FAS259. In fact, HIF1α knockout and FAS inhibition both 

impair Th17 differentiation and instead promote regulatory T cell subsets245,259, thus posing interesting 

therapeutic targets for treating diseases with Th17 immune pathology. Th17 cells may also present 

with heterogenous metabolic states due to elevated plasticity260. Th17 cells have been described with 

both stemness-associated features and lower anabolic metabolism, or higher metabolic activity to 

drive Th1-like responses, and this is centrally regulated by mTORC1 signalling260. Ultimately, our 

current understanding of the metabolic component to T helper differentiation illustrates how 

environmental cues may skew T cell profiles and highlights avenues to target this in disease 

therapeutics. 

Regulatory T cells (Treg) play an essential role in maintaining peripheral tolerance and are 

characterised by a catabolic profile and secretion of IL-10, TGF-β and IL-35 immunosuppressive 

cytokines. Natural Treg (nTreg) may arise from CD4+ cells directly in the thymus, whereas induced 

Tregs (iTreg) can develop in the periphery following CD4+ T cell activation and TGF-β signalling261,262. 

Both are reliant on expression of the transcription factor Foxp3 that counteracts the PI3K/AKT-induced 

glycolytic programme and suppresses Myc expression to diminish anabolic metabolism, whilst also 

upregulating OXPHOS246,263. In addition, Treg cells utilise FAO which is directly activated in response to 

TGF-β and AMPK signalling252,264. The metabolic features of Treg cells enhance their suppressive 

capacity and give a survival advantage in nutrient depleted conditions246,263, such as the tumour 

microenvironment, and hence they may prevail and stifle the host immune response in such 

environments. 

CD8+ cytotoxic T lymphocytes (CTLs) play a vital role in the elimination of intracellular infections and 

the immune response to malignant cells. They are characterised by the release of perforin and 

granzyme B at the immunological synapse to directly kill target cells. Analogous to CD4+ T helper cells, 

CTLs import high levels of glucose for catabolism by aerobic glycolysis, and this abolishes the GAPDH 

and LDH RNA-binding functions that mediate cytokine mRNA stability and expression214,241,249. Notably, 

LDH may exert this moonlighting function on three critical CTL cytokines: IFNγ, TNFα and IL-2214. CTLs 

also rely on FAS, and deletion of a critical FAS enzyme, acetyl-CoA carboxylase, impairs CD8+ T cell 

proliferation, persistence and survival which can be rescued by supplementation with exogenous fatty 

acids265.  

Most effector T cells undergo apoptosis after antigen clearance but some return to a more quiescent 

state and become memory T cells (Tm), enabling a rapid response following antigen rechallenge. The 

metabolic distinction between these two fates may begin as early as the first cell division following 
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TCR engagement, when asymmetric cell division can occur to distribute a greater portion of amino 

acid transporters, mTORC1 and c-Myc into the cell proximal to the APC266,267. This results in elevated 

glycolysis in this cell, supporting terminal T effector differentiation, whereas the distal cell has a less 

glycolytic composition that favours Tm differentiation266,267. Mitochondrial dynamics may similarly 

control cell fate, as evidence suggests that effector T cells induce mitochondrial fission to encourage 

glycolysis, whereas Tm cells maintain fused networks268. CD8+ Tm cells are the best characterised Tm 

cells and require the inhibition of glycolysis269 and upregulation of FAO and OXPHOS270,271, to 

ultimately yield a more quiescent metabolic profile that preserves long-lived memory cells. The 

activation of FAO is in a TRAF6 and AMPK-dependent manner, and mice with a T cell-specific deletion 

of TRAF6 fail to sustain an efficient Tm population270. Despite this dependence on FAO, Tm cells do 

not import high levels of fatty acids, and glucose is primarily used to support both FAO and OXPHOS 

in these cells272. Similarly, IL-7 drives the import of glycerol in Tm cells and subsequent triglyceride 

synthesis can fuel FAO and promote Tm survival273. Interestingly, CD8+ Tm cells also have elevated 

mitochondrial mass and spare respiratory capacity compared to CD8+ effector T cells271, further 

illustrating their reliance on mitochondrial metabolism. 
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Figure 1.7: Metabolic reprogramming through the lifecycle of a T cell. 

Through development, double negative thymocytes upregulate glycolysis to progress through the β-

selection checkpoint and promote proliferation in DN4. This glycolytic profile is maintained in double 

positive thymocytes. Mature naïve T cells switch to a quiescent metabolic state in which minimal 

glucose is utilised to sustain OXPHOS. Upon activation, T cells undergo significant metabolic 

reprogramming to upregulate glycolysis and glutaminolysis, whilst maintaining a critical level of 

OXPHOS. There is also an upregulation of anabolic pathways including FAS and 1C metabolism to 

support proliferation. Nutrient availability and the metabolic profile of a T cell can skew differentiation 

to distinct T cell subsets. Pro-inflammatory Th1, Th2 and Th17 cells, and CD8+ CTLs maintain high levels 

of aerobic glycolysis, whereas promoting catabolic metabolism with a dominance of OXPHOX and FAO 

polarises to regulatory and memory T cell differentiation. All T cell developmental stages and mature 

subsets employ a variety of metabolic pathways and those listed here are purely the dominant 

pathways. 

 

DN: Double negative thymocytes. DP: Double positive thymocytes. Tn: Naïve T cell. Th1, Th2, Th17: 

T helper subsets. Treg: Regulatory T cell. CTL: Cytotoxic T lymphocyte. Tm: Memory T cell. OXPHOS: 

Oxidative phosphorylation. FAS: Fatty acid synthesis. FAO: Fatty acid oxidation. 
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1..6 Cancer metabolism 

Cancer is a complex and diverse disease that is defined as the uncontrolled proliferation of abnormal 

cells. This cellular transformation occurs through the multi-step acquisition of mutations that give rise 

to malignant characteristics. Six hallmarks of cancer were outlined by Hanahan and Weinberg in 2000 

to describe the biological capabilities required for neoplastic disease, namely sustained proliferative 

signalling, insensitivity to growth suppressors, resistance to cell death, replicative immortality, 

sustained angiogenesis, and tissue invasion and metastasis274. These features have since been 

expanded to include the reprogramming of energy metabolism and evasion of immune destruction275. 

Moreover, Hanahan and Weinberg also highlighted genomic instability and tumour-promoting 

inflammation as two enabling characteristics that underpin tumorigenesis275. 

Cancer metabolism has its roots in the observation made by Otto Warburg that cancer cells utilise 

excessive glucose to generate lactate through the process of aerobic glycolysis, a phenomenon coined 

the Warburg effect276. Early study of cancer metabolism sought to understand the purpose of this 

aerobic glycolysis which is an inefficient source of ATP, and the recognition that it supports 

biosynthesis to sustain proliferation was a turning point182. Research has extensively characterised the 

metabolic pathways in cancer and common features have emerged across cancer types277–280. More 

recently, appreciation has grown for metabolic influence beyond energy and biomass generation, as 

a driver of redox homeostasis, metastasis, and tumorigenesis itself. Moreover, there is growing 

interest in the tumour microenvironment and its role in influencing the heterogeneity of cancer 

metabolism. Ultimately, the metabolism of cancer cells and the tumour microenvironment both pose 

an exciting avenue for therapeutic targeting. 

 

1..6.1 Features of cancer metabolism 

Whilst the metabolic features of cancer may be influenced by a plethora of factors such as genotype 

and tissue origin, several common themes have emerged and are highlighted by recent pan-cancer 

transcriptomic analyses277–280. These cancer metabolic profiles share parallels with the reprogramming 

upon T cell activation, as common pathways prevail in rapidly proliferating cells from both 

physiological and pathological settings (Fig. 1.8). Elevated glucose uptake and aerobic glycolysis are 

characteristic of cancer277–280 and may be upregulated by mutations in signalling molecules such as 

Myc, ATK, mTOR and HIF. In fact, meta-analysis of GLUT1 overexpression in solid tumours found that 

studies report up to 85% of tumours have elevated GLUT1281, and this augmented glucose uptake is 

routinely employed for cancer diagnosis using 18F-fluorodeoxyglucose PET imaging282. Whilst lactate 

production is elevated in cancer cells, many glycolytic intermediates are also redirected into various 
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anabolic pathways, particularly for nucleotide biosynthesis277. Cancer cells may increase flux into the 

PPP through overexpression of the non-oxidative PPP enzymes, TKT and TALDO283,284, and the loss of 

p53-mediated repression of G6PD by mutations that abolish binding285. Similarly, cancer cells may 

utilise glucose-derived carbon for glycine and serine synthesis to fuel 1C metabolism, as has been 

shown in melanoma by the amplification of serine biosynthesis enzyme phosphoglycerate 

dehydrogenase (PHDGH)286. Notably, meta-analysis of mRNA profiles from almost 2000 tumours 

identified 1C metabolism as the highest scoring pathway and the 1C enzyme mitochondrial folate-

coupled dehydrogenase (MTHFD2) was the most consistently overexpressed287, further implicating 1C 

upregulation as a common feature in cancer. As aerobic glycolysis does not yield pyruvate, cancer cells 

replenish TCA cycle metabolites through anaplerosis, and over 50% of this comes from amino acids288. 

Glutamine is particularly important and the upregulation of glutamine transporters through 

mechanisms such as c-Myc activation is reported in many cancers, promoting glutaminolysis to fuel 

the TCA cycle238,289–291. 

Figure 1.8: Common features of metabolic reprogramming in cancer and T cell activation. 

Similar metabolic reprogramming occurs during tumorigenesis and upon T cell activation, as both cell 

types upregulate biomass production to sustain rapid proliferation. Cancer cells and activated T cells 

display high levels of aerobic glycolysis to produce lactate, and an increase in flux into the emanating 

PPP and serine synthesis biosynthetic pathways, which subsequently fuels 1C metabolism and 

generation of nucleotides and amino acids. These cells also upregulate the catabolism of amino acids 

such as glutamine to replenish intermediates of the TCA cycle. 

PPP: Pentose phosphate pathway. TCA: Tricarboxylic acid cycle. OXPHOS: Oxidative phosphorylation. 
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Unlike the pathways described above, others display greater inter-tumour heterogeneity. For 

example, expression of TCA cycle and OXPHOS genes vary between cancer types277–280, suggesting 

divergent roles. The importance of mitochondrial function in cancer has been heavily debated and, 

whilst the Warburg effect was once considered a response to mitochondrial dysfunction276,292, growing 

evidence demonstrates that OXPHOS does occur in cancer and may be upregulated in certain 

populations including cancer stem cells and therapy resistant clones293–295. The electron transport 

chain is one source of ROS in cancer cells, taking the form of superoxide O2
- that is reduced to H2O2 

296. 

ROS may have juxtaposing roles in cancer, as moderate localised ROS can support tumorigenesis and 

maintain proliferation whereas detrimentally high ROS can induce cell death. For example, H2O2 can 

oxidise cysteine residues in proteins such as PTEN to promote proliferation, survival and invasion297,298, 

and reducing ROS levels by specifically enhancing mitochondrial antioxidative capacity can impair 

cancer progression299,300. In contrast, cancer cells may upregulate proteins involved in antioxidant 

defences, such as TP53 Induced Glycolysis Regulatory Phosphatase (TIGAR) which promotes the 

oxidative PPP301–303, and reducing the antioxidative capacity of these cells may render them more 

susceptible to ROS-induced apoptosis304. These differential signalling outcomes may predominate at 

different stages of cancer progression, illustrating the dynamic nature of cancer metabolism. 

One feature of cancer progression that is increasingly understood to arise from metabolic signalling is 

metastasis. The epithelial-mesenchymal transition (EMT) is the process through which epithelial cells 

lose their cell-cell interactions and demonstrate migratory and invasive properties. This occurs 

physiologically such as in development and tissue repair305, but is also a common feature of metastatic 

disease. Several metabolites may promote EMT, including lactate, ROS and acetyl-CoA which are all 

commonly elevated in cancer cells306–309. Subsequent metabolic reprogramming is also required during 

cell migration and adoption into a new metastatic niche. Detachment from the extracellular matrix 

may induce significant oxidative stress, thus cancer cells upregulate antioxidative pathways such as 

NADPH generation via the folate pathway310. Moreover, a switch to catabolic metabolism occurs to 

promote cell survival in circulation311. Upon colonisation, metastatic cells must adapt to their new 

tumour microenvironment as tissues may have disparate nutrient availabilities, such as limited serine 

and glycine in the brain312. Thus, different metabolic signatures are required for different tissue 

metastases. Given the implication of metastases on patient survival, identifying metastasis-promoting 

metabolic pathways is of great interest and may present novel therapeutic strategies. 

Intra-tumour genomic heterogeneity is widely recognised313, and cancer metabolism is now 

considered to be similarly heterogeneous. The metabolic profile changes throughout cancer 

progression and within different tumour subpopulations and is ultimately the result of cooperation 

between intrinsic and extrinsic factors. 
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1..6.2 Cell-intrinsic drivers for cancer metabolism 

Cancer metabolic reprogramming is largely driven by mutations in the signalling pathways that drive 

metabolism. One example mentioned above is the mutation of p53 which can produce a protein 

incapable of binding and inhibiting G6PD, thus upregulating PPP in cancer cells285. Other examples 

include mutations in the PI3K/AKT pathway which promote GLUT1 expression and increase glycolytic 

enzyme activity314,315; and mutations that activate c-Myc or deactivate Rb to increase the expression 

of glutamine transporters238,291. Splice variations are also shown to drive metabolic reprogramming in 

cancer, such as via the re-expression of the pyruvate kinase M2 isoform which critically drives aerobic 

glycolysis compared to the M1 counterpart316. Further study showed that c-Myc overexpression 

controls this deregulated splicing, by upregulating hnRNP RNA-binding proteins that favour PKM2317. 

Ultimately, these tumorigenic mutations and protein dysregulation abolish a cells reliance on growth 

factors and external signals to promote nutrient uptake and metabolism. In this manner the change 

in metabolic programme may support tumorigenesis. 

In some cases, metabolic imbalance may precede genetic alterations in oncogenes or tumour 

suppressors, and metabolites themselves may initiate transformation by disrupting metabolism, 

epigenetics, and genetic integrity. Such metabolites are known as oncometabolites318. 

Oncometabolites can aberrantly accumulate from disrupted metabolic pathways caused by mutations 

in metabolic enzymes and are traditionally TCA cycle metabolites318. The first oncometabolite 

identified was D‐2‐hydroxyglutarate (D2HG) which arises from mutations in the TCA cycle enzyme 

isocitrate dehydrogenase 1 / 2 (IDH1/2) that give neomorphic enzyme activity319,320. These mutations 

commonly occur in >80% of grade 2/3 gliomas318, suggesting they are a driver mutation in glioma 

transformation. D2HG is also suggested to promote leukemic transformation since it can induce DNA 

hypermethylation, impair haematopoietic differentiation and increase expression of stem/progenitor 

cell markers321. D2HG and other TCA cycle oncometabolites such as succinate and fumarate typically 

promote tumorigenesis through the inhibition of αKG-dependent dioxygenases such as the epigenetic 

TET enzymes320,321 and DNA repair ALKBH enzymes322, ultimately promoting genetic instability and 

genome-wide epigenetic alterations318,320–323. More recently it has been proposed that lactate may be 

an oncometabolite, as an increase in both endogenous and exogenous lactate in breast cancer cells 

affects the transcription of oncogenes such as MYC and RAS, the BRCA1/2 tumour suppressors, 

transcription factors such as HIF1a, and genes involved in cell cycle progression and proliferation324. 

Oncometabolites are particularly valuable for use as cancer biomarkers and, as they are a vulnerability 

specific to cancer cells, may also be targeted with anti-cancer therapies325,326. 
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1..6.3 The tumour microenvironment in metabolic reprogramming 

Cancer metabolism is also subject to environmental cues that drive dynamic metabolic adaptation, 

leading to metabolic heterogeneity in different tumour niches. The tumour microenvironment (TME) 

comprises stromal and endothelial cells that support cancer progression and infiltrating immune cells. 

As highlighted for metastases, the tissue context of a cancer cell may require different metabolic 

adaptations. For example, cancers such as leukaemia, lymphoma, breast, and lung commonly 

upregulate OXPHOS genes, whereas they are reduced in brain and colon neoplasms277. Moreover, the 

dysregulation of signalling molecules such as Myc may induce different metabolic effects in different 

tissues327,328, further suggesting crosstalk with environmental factors. 

Several environmental gradients occur within a tumour, including those of nutrients, oxygen, and 

stromal interactions. Hypoxia, particularly at the core of a solid tumour, stabilises HIF1α which can 

upregulate glucose transporters, glycolytic enzymes, LDH and PDK1, as previously explained in the 

context of T cells224,228. There is also evidence that HIF1α can upregulate both glutamine import329 and 

catabolism330 in response to hypoxia. Given the augmented uptake of nutrients to sustain cancer cell 

proliferation, and the competing requirements of other tumour-infiltrating cells, nutrient deprivation 

occurs in the TME. To overcome this, cancer cells may use opportunistic modes of nutrient acquisition 

and upregulate nutrient scavenging pathways to satisfy their metabolic demands331. For instance, 

AMPK activation by low cellular energy induces lysosomal gene expression, thus promoting functional 

lysosomes and autophagy in response to metabolic stress332. The significance of this pathway is 

highlighted by autophagy inhibitors which cause tumour regression in mouse models of non-small cell 

lung cancer and pancreatic ductal adenocarcinoma332–334. Similarly, the use of micropinocytosis to 

obtain an extracellular source of amino acids, nucleotides, fats, and sugars can promote cancer 

survival, and confer resistance to standard chemotherapies that target biosynthetic pathways335,336. 

Cancer cells may also overcome nutrient deprivation via a symbiotic relationship with stromal cells 

such as cancer associated fibroblasts (CAFs). Lactate and glutamine released by CAFs may be 

consumed and metabolised by cancer cells to fuel the TCA cycle337,338, and they may also provide 

cysteine to leukaemic cells to promote glutathione synthesis and resistance to oxidative stress339.  

The metabolism of cancer cells and infiltrating immune cells is similarly intertwined and can have 

profound effects on the anti-tumour immune response. The balance between cells with anti-tumour 

activity such as NK cells, inflammatory macrophages and Th1, CTL and Tm cells, and those with 

immunosuppressive functions such as anti-inflammatory macrophages and Treg cells, is influenced by 

nutrient availability and signals in the TME. Glucose depletion in the TME correlates with reduced CD8+ 

T cell infiltration and can lead to impaired cytokine production, T cell hypo-responsiveness and 

exhaustion340–343. The high extracellular lactate is also immunosuppressive and inhibits NFAT-driven T 
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cell activation and IFNγ production344, elevates NADH and reductive stress which inhibits glycolysis, 

serine synthesis and T cell proliferation345, and blocks CTL cytokine release and lytic granule 

exocytosis346. Moreover, lactate acidosis impairs the innate immune response through mechanisms 

such as polarisation to immunosuppressive M2 macrophages347. Some cancers overexpress the 

IDO1/TDO2 enzymes that metabolise tryptophan to kynurenine348 and the impact of this on T cell 

function is two-fold. Tryptophan depletion from the TME can induce cell cycle arrest and anergy in T 

cells, whilst the accumulated kynurenine suppresses effector T cell function, stimulates apoptosis and 

polarises to Treg349. Finally, cancer frequently sustains chronic antigen stimulation and engagement 

of T cell inhibitory receptors such as PD-1, and this can drive T cells into a dysfunctional metabolic and 

exhausted state350. These signals maintain FAO, downregulate GLUT1 and HK2 and impair 

glycolysis351,352, and T cell function may be partially restored by GLUT1 overexpression in a B cell 

leukaemia model352. There is a plethora of mechanisms through which cancer cells can induce an 

immunosuppressive TME, and understanding the metabolic interdependence between cancer and 

infiltrating immune cells can help to direct immunotherapies. 

  

1..6.4 Metabolism as a therapeutic target 

Knowledge of the underlying metabolic composition of both cancer and immune cells can reveal novel 

therapeutic targets. Modulating metabolism for cancer treatment may be broadly divided into two 

avenues: (1) targeting cancer metabolism to inhibit tumour progression and adjust the TME; and (2) 

targeting immunometabolism to improve the anti-cancer immune activity. These approaches show 

great promise when used synchronously, such as to create a less hostile TME that improves the 

survival of metabolically fit T cells from adoptive transfer189,353,354. 

T cell transfer therapy has been an exciting addition to our anti-cancer arsenal in recent decades and 

may be further enhanced by considering the metabolic programmes of cells. T cell transfer therapy 

involves the isolation of tumour-specific patient T cells (adoptive transfer therapy), or the ex vivo 

modification of T cells to express a synthetic chimeric antigen receptor (CAR-T cell therapy), and their 

subsequent expansion in vitro before being reinfused back to the patient with the aim of improving 

the anti-tumour immune response. To ensure the success of these therapies the reintroduced T cells 

must be stable and robust antigen-specific cells with Tm-like longevity, and manipulating their 

metabolism to reduce glycolysis and promote mitochondrial integrity, OXPHOS and FAS may promote 

these features269,355–357. For example, pharmacologically inhibiting glycolysis and glutaminolysis during 

ex vivo conditioning can both improve T cell survival, cytokine production and cytotoxicity upon 

reinfusion269,355,356. Moreover, altering the cell culture nutrient composition may alter T cell longevity, 
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such as elevating L-arginine to promote OXPHOS over glycolysis and induce a Tm phenotype with 

improved persistence and anti-tumour efficacy232. The metabolism of CAR-T cells may also be 

manipulated via genetic editing. The inclusion of different domains in the CAR construct can elicit 

different metabolic responses358–360, for example dual stimulation of the 4-1BB and OX40 domains of 

TNF-receptors enhances both glycolysis and OXPHOS in melanoma360. Interestingly, CAR-T cells may 

also be adapted to the TME via genetic editing and have been engineered with features such as 

overexpressed catalase to metabolise H2O2 and thus reduce oxidative stress and improve cytotoxic 

function361. 

The combination of T cell transfer therapies with other therapies can improve their efficiency. As 

mentioned, targeting cancer metabolism to reduce the tumour burden and create an environment 

that supports the survival and function of transferred T cells. For example, proton pump inhibitors 

reduce acidification of the TME and can improve the efficacy of immunotherapy362, whilst pre-

treatment with drugs that downregulate IDO1 in lymphoma cells improves CAR-T cell activity in vivo363. 

Finally, the combination with checkpoint inhibitors such as anti-PD-1 can reprogramme T cell 

metabolism to revitalise glycolysis and T cell function in anergic cells189,351,354.   
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1..7 PFKP 

Phosphofructokinase (PFK-1) is termed the “gatekeeper” of glycolysis as it catalyses the first 

committed and rate limiting step: the phosphorylation of fructose-6-phosphate (F6P) to fructose-1,2-

bisphosphate (F1,6BP). The regulation of PFK-1 activity therefore mediates the flux of carbon into 

glycolysis or the redirection of glycolytic intermediates into the PPP to promote NADPH and nucleotide 

synthesis. PFK-1 exists in three isoforms that share 67-70% sequence homology364 and are found 

primarily in platelets (PFKP), muscle (PFKM), or liver (PFKL), though all three also localise in other 

tissues365,366. PFKP is of interest as the major isoform implicated in human cancer367–369. PFKP has 8 

transcript variants with isoform 1 being the longest at 784 amino acids (Fig. 1.9A). It is comprised of 

an N-terminal catalytic domain which contains 3 substrate binding regions, and C-terminal regulatory 

domain. PFKP monomers are unstable and readily denature but, upon oligomerisation, dimers may be 

partially active and tetramers are fully active370–374. The crystal structure of the mammalian PFKP 

tetramer in complex with ATP-Mg2+ and ADP have both been solved to 3 Å, and this illustrates how 

the PFKP tetramer is an antiparallel assembly of two dimers, with an active site positioned between 

the two subunits of each dimer (Fig. 1.9B)371. The activity of PFKP requires an ATP-Mg2+ cofactor which 

is bound to each subunit, in the active site, and ATP hydrolysis results in conformational changes that 

may facilitate the release of products371. 
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A 
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Figure 1.9: Domain and oligomeric structure of PFKP. 

(A) PFKP is divided into two domains: an N-terminal catalytic domain that contains three substrate 

binding regions, and a C-terminal regulatory domain. Both domains contain amino acids that are 

subject to post-translational modification to regulate PFKP activity, some of which are annotated. 

(B) Ribbon diagrams of PFKP tetramers which show the relative positions of the two anti-parallel 

dimers. Each PFKP monomer is individually coloured. “c” and “t” indicate the catalytic and tetrameric 

interfaces respectively. Image taken from Webb et al. 2015. 
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PFK-1 is subject to allosteric regulation by several metabolites, and these largely alter the distribution 

between dimer and tetramer states. Fructose-2,6-bisphosphate (F2,6BP) is the most potent PFK-1 

activator373–375 and is converted to/from F6P by the bifunctional enzyme PFKFB (6-phosphofructo-2-

kinase / fructose-2,6-bisphosphatase) to enable reciprocal regulation of glycolysis and 

gluconeogenesis376. Binding of F2,6BP to the PFK-1 regulatory domain promotes tetramers, and hence 

enzymatic activity, in the presence of abundant F6P substrate373–375. A high concentration of ADP, AMP 

and cAMP similarly stabilise PFK-1 tetramers to drive activity364,372. Conversely, lactate and citrate 

provide negative feedback from anaerobic glycolysis and the TCA cycle respectively, and promote the 

dissociation of PFK-1 to dimers364,372. The regulation of PFK-1 by ATP is interesting as it displays a dual 

effect due to the presence of both a catalytic and allosteric ATP binding site372–374. PFK-1 is activated 

by low concentrations of ATP (1 mM), but inhibited by ATP binding at higher concentrations372–374, 

although this inhibitory effect can be overcome by F2,6BP373,374. PFK-1 is also regulated by binding to 

microtubules, f-actin and calmodulin (CaM), though this is largely demonstrated experimentally using 

purified PFKM370,377–380. The association of PFKM with microtubules stabilises the dimeric form and 

hence inhibits enzymatic activity364. In contrast, hormones such as serotonin, insulin, and epinephrine 

can all promote phosphorylation of tetrameric PFKM which increases its affinity for f-actin and 

stabilises the active state364,377–379. Interestingly, PFKM binding to CaM promotes dissociation to 

dimers but these dimers maintain full enzymatic activity370,380. In this manner, high Ca2+ concentrations 

may promote fully active CaM-bound PFKM dimers which have independence from other allosteric 

regulators380. Ultimately, PFK-1 can integrate multiple signals to dynamically alter its activity and 

hence the cellular metabolic state. 

Mutations in PFK-1 are associated with glycogen storage disease type VII (Tarui disease)381, and PFK-1 

expression is suggested to play a critical role in metabolic reprogramming in cancer364. As previously 

noted, PFKP is the most prominent PFK-1 isoform in cancer, and its aberrant expression has been 

observed in breast cancer, B and T cell leukaemia, glioblastoma, and clear cell renal carcinoma, 

amongst others368,369,390,382–389. These alterations in PFKP activity may arise from genetic amplification, 

disrupted transcriptional or post-translational control, or somatic mutations, of which 44 have been 

identified in cancer and many are predicted to affect ligand interactions and enzymatic activity371. 

Ultimately PFKP upregulation in cancer typically promotes glycolysis, increases proliferation, and 

stimulates invasion and metastasis due to elevated lactate production. In particular, elevated PFKP is 

associated with poor prognosis in lung382,383 and breast cancer368,384,385 and diminishing PFKP activity 

can decrease migration and invasion385. As such, PFKP is a proposed prognostic biomarker for several 

cancer types including lung382, triple negative breast cancer386 and medulloblastoma387. Nonetheless, 

it has recently been shown that PFKP overexpression is associated with improved prognosis in clear 
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cell renal carcinoma and correlates with an augmented anti-tumour response including elevated CD4+ 

and CD8+ infiltrating T cells391, thus illustrating some complexity of PFKP’s role in cancer metabolism. 

Disrupted transcriptional control of PFKP is common in cancer, and several transcriptional regulators 

have been identified that drive metabolic reprogramming via PFKP. Most recently, the transcription 

factor YY1, which is overexpressed in prostate cancer, was identified to bind alongside BRD4 to 

upregulate PFKP and promote glycolysis and cancer progression392. Conversely, BRCA1 and its binding 

partner ZBRK1 can form a transcriptional repression complex at the PFKP promotor to inhibit PFKP 

expression, thus BRCA1 deficiency in breast cancer drives metabolic reprogramming, glycolysis, and 

cancer progression393. Transcriptional control of PFKP has also been implicated in metastatic disease. 

In triple negative breast cancer, hypoxia in the TME activates HIF1α which upregulates PFKP384. This 

elevated PFKP, in concert with the stabilisation of citrate synthase, results in the accumulation of 

citrate which promotes metastasis in response to hypoxic conditions384. Similarly, PFKP upregulation 

by the transcription factor KLF4 is also shown to promote glycolysis and metastasis in breast cancer368. 

In contrast, the EMT transcriptional repressor SNAI1 has been shown to transcriptionally inhibit PFKP 

to suppress glycolysis and promote metabolite diversion into the PPP to facilitate breast cancer cell 

survival under metabolic and oxidative stress367. This exemplifies how both glycolysis and the PPP can 

be advantageous to cancer cells, and the regulation of PFKP to drive either pathway may be context 

dependent.  

PFKP is also regulated post-translationally to enable a rapid physiological response to cellular 

signalling, and this may too be disrupted in cancer. O-GlcNAcylation is a form of glycosylation in which 

N-acetylglucosamine modifications such as UDP-GlcNAc are added to proteins. UDP-GlcNAc is 

synthesised from key metabolites including glucose and acetyl-CoA, and thus serves as a nutrient 

sensor to reflect the metabolic status of a cell394. PFK-1 may be modified by O-GlcNAcylation at S529 

in response to hypoxia and glucose starvation, which blocks F2,6BP binding and hence favours low 

oligomeric states of PFK-1395. In cancer cells, this inhibition of PFK-1 activity and redirection to the PPP 

provides a proliferative advantage395. Similarly, the phosphorylation of PFKP by cyclin D/Cdk6 at S679 

dissociates PFKP tetramers and drives the PPP to promote survival of T-ALL cells experiencing oxidative 

stress304. Moreover, this phosphorylated dimeric PFKP can be translocated to the nucleus where, in 

concert with c-Myc, it induces expression of the CXCR4 receptor involved in chemotaxis and stimulates 

invasion in mice and in vitro primary human samples396,397. This outlines a mechanism whereby PFKP 

phosphorylation by Cdk6 can promote cancer cell survival via upregulation of the PPP, and invasion 

via transcriptional activity of nuclear PFKP. In other instances, PFKP phosphorylation may activate the 

enzyme and potentiate signalling cascades. The activation of EGFR promotes PFKP acetylation at K395, 

and subsequent phosphorylation at Y64, and this phosphorylated PFKP may in turn enhance PI3K/AKT 
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activation398. Activated AKT can phosphorylate PFKP at S386 to inhibit ubiquitination and degradation 

by TRIM21, providing a positive feedback mechanism for PFKP regulation388. This axis promotes 

glycolysis and tumour proliferation in response to PI3K/AKT signalling in glioblastoma388. 

Phosphorylation at S386 can also reduce PFKP ubiquitination by HDR1, an E3 ubiquitin ligase that 

targets PFKP for degradation and inhibits glycolysis in breast cancer cells in a tumour-suppressive 

manner399. The assortment of PTMs on PFKP (Fig. 1.8) enable the rapid reprogramming of glycolysis in 

response to environmental cues and signalling cascades, and this is frequently commandeered by 

cancer cells to promote cancer progression. 

As a central player in cancer cell metabolic reprogramming, PFK-1 is an attractive therapeutic target 

and two possible strategies for PFK-1 targeting have been proposed. Firstly, the small molecule 

acetylsalicylic acid (aspirin) has been found to disrupt the PFK-1 quaternary structure and inhibit 

glycolysis in breast cancer cells, suggesting that this may contribute to its anti-tumour properties400. 

Secondly, drugs may be employed to disrupt PFK-1 interaction with the cytoskeleton, such as the 

antifungal derivative clotrimazole that promotes dissociation of PFK-1 from the cytoskeleton and 

correlates with reduced viability in lung carcinoma and colon adenocarcinoma cells401. PFK-1 activity 

may also be disrupted indirectly using PFKFB3 inhibitors to reduce production of the F2,6BP allosteric 

activator. PFK-158 is a novel PFKFB3 inhibitor that has shown promise in reducing glycolysis and 

endometrial cancer cell survival in vitro when used in combination with standard chemotherapy 

drugs402. Nonetheless, there are challenges associated with targeting PFK-1, particularly since glucose 

is a major energy source throughout the body so toxicities need to be carefully assessed.  
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1..8 F-box proteins in metabolism 

Given the scale of the ubiquinome and broad influence of FBPs, it is unsurprising that numerous FBPs 

play pivotal roles in both homeostatic metabolic regulation and its reprogramming in disease. This 

may be through their ligase activity or via one of their growing SCF-independent functions. 

Skp2 (Fbxl1) is one of the best characterised FBPs and is a known oncogene reported to be 

overexpressed in a variety of cancers403–405. Skp2 has over 40 identified substrates406, many of which 

are tumour suppressor proteins such as the Cdk inhibitor p27. Alongside its crucial role in cell cycle 

progression, Skp2 has also been implicated in the metabolic reprogramming of cancer cells to aerobic 

glycolysis, in part through its role as a transcriptional co-activator for Myc407. Upon EGF signalling or 

in times of metabolic stress (such as in the TME), AMPK phosphorylates Skp2 to stabilise its ligase 

activity408. This increases the ubiquitination of the Skp2 substrate Akt, which translocates to the cell 

membrane where it is activated409. Activated Akt promotes glucose uptake by increasing the 

expression and translocation of GLUT receptors, and glycolytic flux via the upregulation of HK2 and 

activation of PFKFB3409–411. In breast cancer, this metabolic reprogramming has been linked to 

progression in tumour models and Skp2 overexpression correlates with increased Akt activation and 

poor prognosis in patients409. Similarly, Akt has been shown to promote aerobic glycolysis in human 

glioblastoma lines and leukemic cells from transformed mice, rendering them susceptible to glucose 

removal412. Together, this metabolic function and cell cycle role make Skp2 an attractive therapeutic 

target and its inhibition has been shown to sensitise cells to Herceptin and anti-EGFR therapy408,409. 

In contrast, Fbxw7 is a recognised tumour suppressor protein and is arguably the FBP with the most 

diverse metabolic influence. Approximately 6% of primary human cancers have a mutation in 

FBXW7413. Fbxw7 degradative targets include SREBP transcription factors414 that regulate enzymes for 

lipid synthesis; PGC-1α415, a transcriptional co-activator that promotes mitochondrial biogenesis and 

OXPHOS; and mTOR416 which is associated with various metabolic pathways. However, the best 

characterised metabolic role for Fbxw7 is as a negative regulator of glycolysis and its expression 

inversely correlates with glucose metabolic activity in a mouse xenograft model and pancreatic cancer 

patients417. Fbxw7 ubiquitinates the glycolytic enzyme Eno1 and signals its degradation, thereby 

directly reducing glycolytic flux418. Fbxw7 can also indirectly limit glycolysis by ubiquitinating 

transcription factors HIF1α and c-Myc417,419,420, implicating Fbxw7 as a negative regulator of 

glycolysis417,419,420. It is worth noting that c-Myc is a tightly regulated protein which can also be targeted 

for degradation by Fbxl3 in co-operation with the CRY2 co-factor. Interestingly, miR-181d targets Fbxl3 

and CRY2 to promote aerobic glycolysis in colorectal cancer, and this has been implicated in cancer 

progression421. 
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The cell cycle and metabolism work in concert to ensure proliferation only occurs when it is 

metabolically viable, and FBPs function as regulators of this crosstalk. APC/C-Cdh1 ubiquitinates a 

number of proteins involved in the progression to S-phase and thus maintains cells in G1422, but has 

also been shown to ubiquitinate PFKFB3423, glutaminase-1 (GLS1)424 and isocitrate dehydrogenase 3β 

(IDH3β)425, signalling their degradation and inhibiting glycolysis, glutaminolysis and the TCA 

respectively. Consequently, the high APC/C activity through G1 keeps levels of these enzymes low, but 

they accumulate when APC/C falls in late G1 and an increase in metabolic flux is observed426,427. As the 

cell moves into S-phase another FBP, β-TRCP, increases. In an example of collaboration between FBPs, 

β-TRCP also ubiquitinates PFKFB3 to ensure a short peak of glycolysis in late G1, whereas GLS1 and 

glutaminolysis remain active through S-phase424,428. Unsurprisingly, this system is often dysregulated 

in cancer and the tumour suppressive APC/C-Cdh1 is mutated or downregulated in many cancers 

including colon, prostate, breast, ovary, brain and liver429,430. Mechanistically it has been shown that 

the accumulation of the TCA enzyme IDH3β promotes the G1/S transition in esophageal squamous 

cell carcinoma cells and IDH3β overexpression correlates with poor survival in these patients425. It 

would therefore be interesting to ascertain whether this bidirectional relationship between the cell 

cycle and metabolism contributes to the progression of other APC/C-Cdh1 mutated cancers. 

The degree of ROS production and antioxidative capacity is a by-product of metabolism and the 

previously mentioned Fbxw7 and β-TRCP are two FBPs involved in sensing oxidative stress. The 

transcription factor Nrf2 is a master regulator of redox homeostasis and initiates transcription of anti-

apoptotic genes and detoxifying enzymes. β-TRCP ubiquitinates both Nrf1 and Nrf2431,432, whilst Fbxw7 

ubiquitinates Nrf1433, to result in their degradation and thereby regulate the cellular stress response. 

Fbxl17 can also play a role, as it ubiquitinates an Nrf2 regulator called BACH1 to activate Nrf2 

transcription profiles, hence lowering the threshold required for an oxidative stress response434. 

Whilst the metabolic roles discussed thus far utilise the canonical ligase function of FBPs, Fbxl10 

affects an array of metabolic pathways through its action as a histone demethylase. In fact, 

transcriptome analysis of Fbxl10 overexpressing fibroblasts revealed that approximately 50% of all 

Fbxl10-regulated genes are involved in metabolism435. Such genes include antioxidant enzymes such 

as NAD(P)H quinone oxidoreductase-1 (Nqo1) and peroxiredoxin-4 (Prdx4) which are induced by 

Fbxl10 to protect from oxidative stress in mouse embryonic fibroblasts436. Data on the role of Fbxl10 

in glycolysis and its oncogenic or tumour suppressor properties are conflicted. Metabolomic analysis 

of HeLa cells identified Fbxl10 as a positive regulator of glycolysis and pyrimidine synthesis437. In 

contrast, Fbxl10 silencing by miR-448 was shown to increase glycolysis in gastric cancer, as Fbxl10 was 

discovered as a transcriptional repressor of Myc expression, portraying a tumour suppressive 

function438.  Paradoxically, Fbxl10 has also been shown to induce a Myc transcriptional profile, this 
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time in a KRAS-mutated pancreatic cancer allograft model. In this case, Fbxl10 promoted the 

expression of genes involved in protein synthesis and OXPHOS and cooperated with KRAS to drive 

tumour progression439. The induction of OXPHOS by Fbxl10 is also reported to drive the development 

of leukaemia in transgenic mice440. Taken together, these data implicate Fbxl10 in an array of 

metabolic processes and suggest that its role in metabolism is tissue and context dependent. 

Whilst much of the literature investigates the role of FBPs in regulating the Warburg effect, FBPs have 

also been implicated in mitochondrial function and this can have widespread consequences in disease. 

Cardiolipin synthase 1 (CLS1) catalyses the synthesis of cardiolipin, a lipid found on the inner 

mitochondrial membrane. Fbxo15 ubiquitinates CLS1 in response to phosphorylation by PINK1, 

resulting in impaired cardiolipin synthesis and disrupted mitochondrial function, and this can result in 

acute lung injury with Staphylococcus aureus infection441. Fbxl7 overexpression can also damage 

mitochondria resulting in depolarisation, reduced ATP output, and ultimately apoptosis. This toxic 

effect is via increased proteasomal degradation of the Fbxl7 target survivin, which is important for 

mitochondrial bioenergetics442. Interestingly, survivin expression is associated with poor prognosis in 

many cancers443, suggesting Fbxl7 and reduced mitochondrial output may restrict cancer progression. 

The regulation of metabolism by FBPs is a phenomenon that is evolutionarily conserved, and examples 

can also be found in yeast. One example is Grr1 in Saccharomyces cerevisiae which is broadly involved 

in regulating the switch from glycolysis to gluconeogenesis. When high levels of glucose are sensed, 

Grr1 ubiquitinates its substrates to ultimately induce expression of glucose transporter genes and 

genes involved in carbon assimilation444. Conversely, after glucose depletion, Grr1 ubiquitination of 

Tye7 (a transcription factor for glycolytic genes) and PFK27 (a glycolysis second messenger equivalent 

to mammalian PFK2) dampen glycolysis445. Mdm30 is another FBP which works in opposition to Grr1 

to fine-tune the transcription of genes involved in galactose assimilation, and in conjunction with FBP 

Mfb1 to regulate mitochondrial function444. 

The significance of FBPs in several metabolic pathways is evident, and they provide a mechanism to 

rapidly adjust metabolic output to intrinsic and extrinsic signals, such as to support cell cycle 

progression or respond to cellular stress. The use of small molecules to inhibit FBPs in cancer therapy 

is already established446 and recent examples show promise in targeting FBPs to modulate 

metabolism, such as a novel Skp2 inhibitor which restricts tumour growth in a mouse colorectal cancer 

xenograph model, partly by the downstream inhibition of HK2 and reduced glycolysis447. Whilst the 

cells metabolic network is extensive and its effects may be complex and difficult to dissect, research 

into mechanisms of metabolic regulation continues to build our understanding and reveal novel 

therapeutic avenues to target metabolism in disease. 
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Thesis aims 

1..9 Characterising a role for Fbxo7 in metabolism 

Fbxo7 is involved in multiple cellular processes via SCF-dependent and independent functions. Of 

particular significance is the ability of Fbxo7 to bind Cdk6 and promote the assembly of Cdk6-cyclin D 

complexes. Prior to this PhD, Wang, et al.304 described a pro-survival role for Cdk6 in T-ALL cells via the 

phosphorylation and inhibition of the glycolytic enzyme PFKP, to ultimately reduce glycolysis and 

buffer oxidative stress. We therefore hypothesised that Fbxo7, as a Cdk6 scaffolding protein, may also 

function in glycolytic regulation. This was further supported by data from a yeast two-hybrid screen 

which identified the C-terminus of PFKP as an Fbxo7 binding partner. 

To investigate a role for Fbxo7 in metabolism I planned to validate PFKP as a substrate for Fbxo7 and 

to explore the reliance of their interaction on Cdk6. I subsequently sought to explore the downstream 

effects of Fbxo7 on the metabolism and function of T-ALL cells and primary CD4+ T cells from an Fbxo7-

deficient mouse.  

Since feedback loops in glucose signalling are commonplace in metabolic networks, I also 

hypothesised that Fbxo7 may be subject to regulation by glucose availability. Consequently, I set out 

to determine whether Fbxo7 is regulated by metabolic or oxidative stress; to outline the mechanisms 

by which this may occur; and to explore whether the loss of Fbxo7 would increase the sensitivity of 

cells to such stresses. 

 

1..10 Investigating CRBN as a substrate for Fbxo7 

CRBN is the primary target for IMiDs and its expression correlates with improved clinical outcomes, 

with CRBN mutations or depletion contributing to IMiD resistance. In the context of intellectual 

disability, Song, et al.137 reported that mutant CRBN may be redirected to SCFFbxo7 for 

polyubiquitination and proteasomal degradation. We therefore hypothesised that Fbxo7 may 

modulate CRBN to affect IMiD sensitivity. To test this theory, I wanted to establish whether WT CRBN 

is a substrate for ubiquitination by Fbxo7 and its effect on CRBN stability. I sought to investigate the 

effect of the IMiD, lenalidomide, on Fbxo7 and CRBN proteins, and to ascertain whether the loss of 

Fbxo7 altered MM cell sensitivity to lenalidomide. 
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CHAPTER 2  
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Cell culture and analysis 

2..1 Standard cell culture 

Cells were maintained in culture medium as detailed in Table 2.1, supplemented with heat-inactivated 

fetal bovine serum (FBS) (Gibco) and 100 U/mL penicillin and streptomycin (P/S) (Gibco), and were 

incubated at 37oC in a humidified 5% CO2 atmosphere. Cells were sub-cultured every 2-3 days to 

ensure adherent cells were <90% confluent, and suspension cells were at a density of 0.4x106 to 1x106 

cells/mL. Where viral vector selection was required, normal culture medium was supplemented with 

2 µg/mL puromycin (Sigma). To vary glucose concentration, cells were cultured in RPMI or DMEM 

without glucose, supplemented with 10% FBS, 100 U/mL penicillin and streptomycin, and glucose 

solution (Thermo Scientific) as required. 

Table 2.1: Cell lines and standard culture media used. 

Cell line Species Cell type Properties Medium 

CCRF-CEM Human Acute lymphoblastic leukaemia Suspension 
RPMI-1640 + 10% 
serum 

MOLT-4 Human Acute lymphoblastic leukaemia Suspension 
RPMI-1640 + 10% 
serum 

Jurkat E6 Human Acute T cell leukaemia Suspension 
RPMI-1640 + 10% 
serum 

HEK293T Human Embryonic kidney Adherent DMEM + 10% serum 

Phoenix-ECO Human 
HEK293T based retrovirus 
producer line 

Adherent DMEM + 10% serum 

OPM2 Human Multiple myeloma Suspension 
RPMI-1640 + 10% 
serum 

MM1S Human Multiple myeloma Mixed 
RPMI-1640 + 10% 
serum 

U266 Human Multiple myeloma Suspension 
RPMI-1640 + 10% 
serum 

Nalm6 Human B cell precursor leukaemia Suspension 
RPMI-1640 + 10% 
serum 

 

2..2 Drug treatment 

Where indicated, cells were treated with 10 µM or 25 µM MG132 (Sigma), 200 nM bafilomycin A1 

(BafA) (Santa Cruz Biotechnology), 100 µg/mL cycloheximide (CHX) (Sigma), 1 µM palbociclib (Sigma), 

1-10 µM lenalidomide (Insight Biotechnology), or 0.1 µM Cdk6 PROTAC for the indicated durations. 

Control samples were treated with the appropriate vehicle control. Cdk6 PROTAC 1 was kindly 

provided by Sarbjit Singh and Amarnath Natarajan (Eppley Institute for Cancer Research, University of 
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Nebraska)448, Cdk6 PROTAC 2 was kindly provided by Yu Rao and Zimo Yan (School of Pharmaceutical 

Sciences, Tsinghua University)449. 

2..3 Transient transfection of adherent cells 

8-24 hours prior to transfection, cells were seeded so that they reached 50-80% confluency at the time 

of transfection. DNA was diluted in Opti-MEM reduced serum media (Gibco), and polyethylenimine 

(PEI) (Polysciences) or FuGENE (Promega) transfection reagent was added at a ratio of 3 µL/µg DNA. 

The mix was vortexed, incubated for 15 min at room temperature (RT) and added dropwise to cells. A 

maximum of 10 µg DNA was added to 90 mm dishes, 4 µg to 60 mm dishes, and 1.5 µg to 6 well plates. 

Within each experiment, the DNA added to each dish was normalised by the addition of an equivalent 

empty vector construct. Cells were harvested 48 hours after transfection. 

2..4 siRNA transfection with Lipofectamine RNAiMAX 

8-24 hours prior to transfection, HEK293T cells were seeded in a 60 mm dish in 2 mL DMEM containing 

5% FBS and without P/S antibiotics so they were 50-80% confluent at the time of transfection. 

Suspension cells were sub-cultured in RPMI containing 5% FBS and without P/S antibiotics so that they 

would be at approximately 0.7x106/mL at the time of transfection. 10 µL Lipofectamine RNAiMAX 

(Thermo Scientific) transfection reagent and 1.5 µL siRNA (at 100 µM) were each added to 250 µL Opti-

MEM in separate tubes, and incubated for 5 min at RT. The contents of the two tubes were gently 

mixed and incubated for a further 15 min at RT before being added dropwise to cells. The final 

concentration of siRNA was 60 nM. A minimum of 12 hours later, media was replaced to contain 10% 

FBS. When further DNA transfection was required, cells were transfected as in section 2.3, 24 hours 

after siRNA delivery. Cells were harvested for analysis 48 hours after siRNA transfection.  

Fbxo7 siRNA sequence: UACCCGAUUUACAAUUACAUU. 

2..5 Electroporation of suspension cells 

Suspension cells were electroporated using the Neon Transfection System 100 µL Kit (Thermo 

Scientific), mostly as per manufacturer’s instructions. Briefly, suspension cells were washed in PBS and 

resuspended in Resuspension Buffer R or alternative sucrose-based buffer450 (250 mM sucrose and 1 

mM MgCl2 in DPBS). DNA constructs or siRNA were added at the appropriate concentration, and cells 

were electroporated using 100 µL Neon Tips. Cell densities, DNA/siRNA concentrations and 

electroporation parameters are summarised in Table 2.2. Following electroporation, 1x106 cells were 

immediately placed into 1 mL pre-warmed media without antibiotics, in a 24 well plate. Cells were 

harvested for analysis 48 hours after electroporation. 
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Table 2.2: Settings for electroporation of suspension cells using the Neon Transfection System. 

Cell type Transfection Cell number / 100 μL tip Electroporation parameters 

CCRF-CEM DNA, 5 µg 2x106 
Pulse voltage: 1230 V 
Pulse width: 40 ms 
Pulse number: 1 

MOLT-4 DNA, 5 µg 2x106 
Pulse voltage: 1230 V 
Pulse width: 40 ms 
Pulse number: 1 

U266 

siRNA, 50 nM 0.5x106 
Pulse voltage: 1650 V 
Pulse width: 20 ms 
Pulse number: 1 

siRNA, 100 nM 0.5x106 
Pulse voltage: 1650 V 
Pulse width: 20 ms 
Pulse number: 1 

siRNA, 50 nM 1x106 
Pulse voltage: 1050 V 
Pulse width: 30 ms 
Pulse number: 1 

siRNA, 100 nM 1x106 
Pulse voltage: 1050 V 
Pulse width: 30 ms 
Pulse number: 1 

 

2..6 Retroviral transduction of suspension cells for shRNA knockdown of Fbxo7 

90 mm dishes of viral packaging cell line Phoenix-ECO were transfected with 3 µg retroviral plasmid of 

interest and 2 µg viral envelope VSVG using FuGENE reagent as described in section 2.3. 24 hours after 

transfection, the media was changed to that of the recipient cells, and recipient cells were sub-

cultured so they would reach approximately 1x106/mL following culture overnight. The following day 

the virus-containing conditioned media was removed from Phoenix-ECO cells, filtered through a 0.45 

µm filter and 4 µg /mL polybrene was added. To transduce cells, 1x106 recipient cells (approximately 

1 mL volume) and 2 mL viral media were added to a 6 well plate and centrifuged at 2000 rpm for 30 

minutes before being returned to the incubator. To repeat this process the following day, cells were 

harvested, pelleted by centrifugation, and resuspended in 1 mL fresh media. A further 2 mL 

conditioned viral media was added, and the centrifugation repeated. After the final infection, 1 mL 

fresh media was added to the cells, and they were incubated for 2-3 days prior to selection in 

puromycin. Fbxo7 shRNA sequence: CGCTGAGTCAATTCAAGATAAT. 
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2..7 Plasmids 

Table 2.3: Plasmids used in this thesis. 

Plasmid backbone Insert Tag Selection Use 

MSCV Empty - 
GFP and 
puromycin 

Retroviral 
transduction 

MSCV 
Fbxo7 miR30 short 
hairpin 

- 
GFP and 
puromycin 

Retroviral 
transduction 

pcDNA3.1 Empty - - Transfection 

pcDNA3.1 Fbxo7 (1-522) - - Transfection 

pcDNA3.1 Fbxo7 (1-522) FLAG (N-terminal) - Transfection 

pcDNA3.1 Fbxo7 (ΔFbox) FLAG (N-terminal) - Transfection 

pcDNA3.1 Fbxo7 (R498X) FLAG (N-terminal) - Transfection 

pcDNA3.1 Fbxo7 (1-398) FLAG (N-terminal) - Transfection 

pcDNA3.1 Fbxo7 (89-522) FLAG (N-terminal) - Transfection 

pcDNA3.1 PFKP - - Transfection 

pcDNA3.1 PFKP HA (N-terminal) - Transfection 

pcDNA3.1 CRBN FLAG (N-terminal) - Transfection 

pcDNA3.1 Skp1 - - Transfection 

pcDNA3.1 Rbx1 Myc (N-terminal) - Transfection 

pcDNA3.1 Cullin1 - - Transfection 

pCMV Ubiquitin 
6xHis-Myc 
(N-terminal) 

- Transfection 

 

2..8 Cell cycle analysis 

CCRF-CEM and MOLT-4 cells were incubated with 1 μM palbociclib or DMSO for 24 hours. Cells were 

harvested, washed in PBS, and slowly resuspended in ice-cold 70% ethanol by vortexing. Cells were 

fixed for at least 24 hours by incubating at 4oC, washed in PBS, and stained with propidium iodide (PI) 

for 30 min. Samples were analysed on a Cytek DxP8 flow cytometer. 
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2..9 Use of experimental mice 

All experiments in mice were performed in accordance with the UK Animals (Scientific Procedures) 

Act 1986 and ARRIVE guidelines. Animal licences were approved by the Home Office and the University 

of Cambridge's Animal Welfare & Ethical Review Body Standing Committee. Experiments were 

performed under Home Office licence PPL 70/9001. Fbxo7LacZ mice (Fbxo7 tm1a(EUCOMM)Hmgu on 

a C57BL/6J background) were bred as heterozygous crosses. WT, heterozygous and homozygous 

littermates were harvested between 6-9 weeks. Where littermates were not available, mice of a 

similar age were compared. Both male and female mice were used for experiments. 

2..10 Preparation of mouse tissue 

The thymus, pancreas, liver and lung were harvested from WT Fbxo7LacZ mice. The thymus was passed 

through a 40 µm cell strainer to obtain a single cell suspension. The pancreas, liver and lung were 

minced with a scalpel and incubated with 1 mL trypsin at 37oC for 15-30 min, then passed through a 

40 µm cell strainer. Cells from each tissue were divided into five cultures in RPMI media supplemented 

with 10% FBS and 100 U/mL P/S, and glucose or 100 µM hydrogen peroxide (H2O2) (Fisher Scientific) 

were added as indicated. Cells were incubated for 3 hours at 37oC in a humidified 5% CO2 atmosphere, 

before being harvested. 

2..11 Murine CD4+ T cell isolation and activation 

Spleens were harvested from WT, heterozygous or homozygous Fbxo7LacZ mice and passed through a 

40 µm cell strainer to obtain a single cell suspension. Cells were diluted to 1x107/mL in PBS and viable 

lymphocytes were separated with an equal volume of mouse Lympholyte® Cell Separation Media by 

centrifugation at 1250g for 20 minutes. CD4+ T cells were then isolated by negative selection using the 

MojoSort Mouse CD4 T Cell Isolation Kit (Biolegend). Briefly, splenocytes were resuspended to 

1x108/mL in MojoSort Buffer, transferred to ice, and incubated for 15 min with 50 µL biotin-antibody 

cocktail/mL sample, followed by 50 µL streptavidin nanobeads/mL sample for a further 15 min. Tubes 

were incubated on a magnet for 5 min at RT to remove labelled cells and the supernatant was 

removed. Streptavidin-nanobeads were washed in MojoSort Buffer and incubated on the magnet for 

5 min for a second separation. The two unlabelled fractions were pooled. Isolated CD4+ T cells were 

seeded at 1x106 /mL in RPMI supplemented with 10% FBS, 100 U/mL P/S and 5 µM β-mercaptoethanol 

(β-ME) (Merck). To activate, cells were added to plates coated with 2 µg/mL α-CD3 (clone 145-2C11) 

and containing 2 µg/mL soluble α-CD28 (clone 37.51) and incubated for the indicated duration. Where 

indicated, 40 ng/mL IL-2 was added 48 hours after T cell activation to maintain cells in culture. 
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2..12 Flow cytometry analysis of murine T cells 

Cell viability and activation were measured by flow cytometry. 1x106 cells were Fc blocked with α-

CD16/32 (eBioscience) in FACS buffer (1% BSA in PBS) for 10 min on ice, then stained with 0.5 µL each 

of α-CD4 PE (clone GK1.5, eBioscience), α-CD25 PE-Cy7 (clone H1.2F3, Biolegend) and α-CD69 FITC 

(clone H1.2F3, eBioscience), and Fixable Viability Dye eFluor 780 (eBioscience) at 1:5000, for 30 min 

on ice in the dark. Cells were washed twice in cold FACS buffer and either analysed immediately or 

fixed in 2% paraformaldehyde (PFA) in PBS for 15 min at RT, then washed once in FACS buffer before 

being stored at 4oC. Samples were analysed on a CytoFLEX S flow cytometer. 

2..13 Intracellular ROS detection 

At time intervals following in vitro activation of murine CD4+ T cells, cells were harvested, washed with 

PBS, and incubated at 1x106 cells/mL in PBS containing 5 μM 2′,7′-Dichlorofluorescin diacetate 

(H2DCFDA) (Sigma) for 45 min in the dark at 37oC.  Cells were washed twice in PBS, stained with 

propidium iodide (PI) and the fluorescence signal was analysed on a CytoFLEX S flow cytometer.  

2..14 Seahorse extracellular flux analysis 

Human T cell lines and purified CD4+ T cells from mice were analysed using the Seahorse XF Glycolytic 

Rate Assay Kit (Agilent). 24 hours prior to the assay, a Seahorse XF96 Cell Culture Microplate (Agilent) 

was coated with 25 µL of 22.4 µg/mL Cell-Tak solution (Corning) and incubated for 20 min at RT. The 

wells were washed twice using 200 µL sterile water and left to dry at RT prior to storing the plate at 

4oC overnight. The XFe96 Sensor Cartridge (Agilent) was hydrated with sterile water and incubated, 

alongside an aliquot of Seahorse XF Calibrant (Agilent), at 37oC overnight in a non-CO2 incubator. On 

the day of the assay, the sterile water in the XFe96 Sensor Cartridge was replaced with warm Seahorse 

XF Calibrant and allowed to equilibrate for at least 1 hour at 37oC in a non-CO2 incubator. Cells were 

harvested and resuspended in warm Seahorse XF RPMI medium (Agilent), supplemented with 2 mM 

glutamine (Thermo Scientific), 10 mM glucose (Thermo Scientific) and 1 mM pyruvate (Thermo 

Scientific), at pH 7.4. Cells were plated into the Cell-Tak-coated Seahorse XF96 Cell Culture Microplate 

(Agilent) at 3x105 cells/well, briefly centrifuged to adhere, and incubated at 37oC for 45-60 min in a 

non-CO2 incubator. Cells were analysed using the Seahorse XF Glycolytic Rate Assay Kit (Agilent) with 

of 0.5 µM rotenone/antimycin A (Rot/AA) and 50 mM 2-deoxy-D-glucose (2-DG). The assay was run at 

37oC on a Seahorse XF96 analyser (Agilent) and data was analysed using Wave software (Agilent) 

2..15 Metabolite extraction 

For metabolite profiling, murine CD4+ T cells were isolated and activated in a 12 well plate for 48 hours. 

For 13C stable isotope tracing, murine CD4+ T cells were isolated and activated in a 12 well plate with 

culture media containing 2 g/L D-Glucose-1,2- 13C2 (Sigma) for 24 hours. To extract metabolites, cells 
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were harvested, washed twice in PBS and resuspended in 200 μL ice cold metabolite extraction 

solution (50% LC–MS grade methanol, 30% LCMS grade acetonitrile, 20% ultrapure water, 5 μM valine-

d8 as internal standard) per 1x106 cells. Cells were incubated in a dry ice-methanol bath for 20 min, 

then at 4oC with shaking for 15 min. Samples were centrifuged at 13000 rpm for 20 min and the 

supernatant was collected into autosampler vials for LC-MS analysis. 

2..16 Metabolite measurement by LC-MC 

Kindly performed by Dr Ming Yang. 

LC-MS chromatographic separation of metabolites was achieved using a Millipore Sequant ZICpHILIC 

analytical column (5 µm, 2.1 × 150 mm) equipped with a 2.1 × 20 mm guard column (both 5 mm 

particle size) with a binary solvent system. Solvent A was 20 mM ammonium carbonate, 0.05% 

ammonium hydroxide; Solvent B was acetonitrile. The column oven and autosampler tray were held 

at 40°C and 4°C, respectively. The chromatographic gradient was run at a flow rate of 0.200 mL/min 

as follows: 0–2 min: 80% B; 2-17 min: linear gradient from 80% B to 20% B; 17-17.1 min: linear gradient 

from 20% B to 80% B; 17.1-22.5 min: hold at 80% B. Samples were randomized and analysed with LC–

MS in a blinded manner with an injection volume of 5 µl. Pooled samples were generated from an 

equal mixture of all individual samples and analysed interspersed at regular intervals within sample 

sequence as a quality control. Metabolites were measured with a Thermo Scientific Q Exactive Hybrid 

Quadrupole-Orbitrap Mass spectrometer (HRMS) coupled to a Dionex Ultimate 3000 UHPLC. The mass 

spectrometer was operated in full-scan, polarity-switching mode, with the spray voltage set to +4.5 

kV/-3.5 kV, the heated capillary held at 320°C, and the auxiliary gas heater held at 280°C. The sheath 

gas flow was set to 25 units, the auxiliary gas flow was set to 15 units, and the sweep gas flow was set 

to 0 units. HRMS data acquisition was performed in a range of m/z = 70–900, with the resolution set 

at 70,000, the AGC target at 1x106, and the maximum injection time at 120 ms. Metabolite identities 

were confirmed using two parameters: (1) precursor ion m/z was matched within 5 ppm of theoretical 

mass predicted by the chemical formula; (2) the retention time of metabolites was within 5% of the 

retention time of a purified standard run with the same chromatographic method. 

2..17 Metabolomics data analysis 

Kindly performed by Dr Ming Yang and Dr Christina Schmidt. 

Chromatogram review and peak area integration were performed using the Thermo Fisher software 

Tracefinder (v.5.0). Correction for natural abundance was performed using the Accucor Package 

(v.0.2.3)451 and the fractional enrichment was visualised using stacked bar graphs. For the total pools, 

the peak area for each detected metabolite was subjected to the “Filtering 80% Rule”, half minimum 

missing value imputation, and normalized against the total ion count (TIC) of the sample to correct 
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any variations introduced from sample handling through instrument analysis. Sample were excluded 

after performing testing for outliers based on geometric distances of each point in the PCA score 

analysis as part of the muma package (v.1.4)452. Afterwards, PCA analysis was performed using the R 

base package stats (v.4.0.5) (https://www.r-project.org/) with the function prcomp and visualised 

using the autoplot function of ggplot2 (v.3.3.3)453 after loading the ggfortify package (v.0.4.11)454,455. 

Differential metabolomics analysis was performed using the R package “gtools”(v.3.8.2) 

(https://cran.r-project.org/web/packages/gtools/index.html) to calculate the Log2FC using the 

functions “foldchange” and “foldchange2logratio” (parameter base=2) . The corresponding p-value 

was calculated using the R base package stats (v.4.0.5) with the function “t.test” (SIMPLIFY = F). 

Volcano plots were generated using the EnhancedVolcano package (v. 1.8.0)456. 
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Biochemistry 

2..18 Cell lysis 

Cells were harvested, washed in PBS, resuspended in an appropriate volume of lysis buffer and kept 

on ice. Cells were lysed in the required buffer supplemented with 1 mM sodium fluoride (Sigma), 0.1 

mM sodium orthovanadate (Sigma), 1X protease inhibitor cocktail (Sigma), 1 mM 

phenylmethylsulfonyl fluoride (PMSF) (AppliChem), and, where appropriate, 5 mM N-Ethylmaleimide 

(NEM) (Sigma) to inhibit deubiquitinating enzymes. For lysis in RIPA or KCl buffers, cells were 

incubated on ice for 30 min with periodic vortexing. For lysis in tween lysis buffer, cells were disrupted 

with mild sonication (2 x 5 sec at power level 6) using a Branson sonifier microtip. All lysates were 

clarified by centrifugation at 13000 rpm for 20 min at 4oC and the supernatant was transferred to a 

clean tube.  Protein concentration was measured by BCA assay (Pierce) according to the 

manufacturer’s instructions, and samples were normalised accordingly. 

2..19 Immunoblotting 

Samples were mixed with an equal volume of 2X Laemmli loading dye and incubated for 5 min at 95oC 

to denature the proteins. Denatured samples were run alongside Precision Plus Protein™ Dual Color 

Standards (Bio-Rad) on an SDS-PAGE gel in Tris-Glycine running buffer (Geneflow), and then 

transferred to PVDF membranes (Millipore) using a Bio-Rad semi-dry transfer cell. Membranes were 

blocked with 5% milk in 0.05% PBS-T for 1 hour at RT and probed with primary antibody in 5% 

milk/PBS-T overnight at 4oC. Membranes were washed 3 x 5 min in PBS-T, incubated with secondary 

antibody in 5% milk/PBS-T for 1 hour at RT, and then washed a further 3 x 5 min in PBS-T. Bands were 

detected using ECL Western Blotting Detection Reagents (GE Healthcare), Pierce™ SuperSignal™ West 

Pico PLUS Chemiluminescent Substrate (Thermo Scientific) or Immobilon Western Chemiluminescent 

HRP Substrate (Merck Millipore) and exposed on a film (FujiFilm or Konica) or captured using a 

Syngene G:BOX Chemi-XRQ instrument. Signals were analysed using ImageJ software and normalised 

by the loading control. 

2..20 Immunoprecipitation 

Cells were transfected and lysed as described in sections 2.3 and 2.18. Cells were lysed in KCl lysis 

buffer for α-FLAG immunoprecipitation (IP), RIPA lysis buffer for α-HA IP, and tween lysis buffer for α-

Fbxo7 and α-Cdk6 IP. A 40 µL aliquot of total lysate was removed from each sample and stored at -

20oC. For anti-FLAG and anti-HA immunoprecipitation (IP), the remaining lysate was incubated with 

either pre-washed 12.5 µL 80% anti-FLAG® M2 Affinity Gel (Sigma) or 30 µL anti-HA agarose (Sigma) 

for 4 hours at 4oC with rotation. For IPs with other antibodies, lysates were cleared with 10 µL pre-

washed Protein A/G PLUS-Agarose (Santa Cruz) for 30 min at 4oC with rotation. The cleared lysates 
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were transferred to a fresh tube and incubated with antibody for 1 hour at 4oC with rotation, then 20 

µL Protein A/G PLUS-Agarose was added and samples were incubated for a further 2 hours. Beads 

were washed 4 times in lysis buffer and resuspended directly in 20-40 µL 2X Laemmli loading buffer.  

2..21 Antibodies 

Table 2.4: Immunoblot and immunoprecipitation antibodies used in this thesis. 

Antibody Species Supplier Use Dilution 

Fbxo7 Rabbit polyclonal In-house67 Immunoblot 1:1000 

Fbxo7 Mouse monoclonal Santa Cruz (sc-271763) Immunoblot 1:500 

Fbxo7 Rabbit polyclonal Aviva (ARP43128_P050) Immunoprecipitation 1 µg 

PFKP Rabbit monoclonal Cell Signalling (8164) Immunoblot 1:1000 

PFKP Rabbit polyclonal Abcam (ab233109) Immunoblot 1:1000 

Cdk6 Rabbit polyclonal Santa Cruz (sc-177) 
Immunoblot 
Immunoprecipitation 

1:1000 
0.4 µg 

Cdk6 Rabbit monoclonal Cell Signalling (13331) Immunoblot 1:1000 

HA Rabbit monoclonal Cell Signalling (3724) Immunoblot 1:1000 

Myc Rabbit polyclonal Cell Signalling (2272) Immunoblot 1:1000 

FLAG Mouse monoclonal Sigma (F3165) Immunoblot 1:5000 

Skp1 Mouse monoclonal BD (610530) Immunoblot 1:1000 

Cul1 Rabbit polyclonal Santa Cruz (sc-11384) Immunoblot 1:1000 

p-Rb 
(Ser780) 

Rabbit monoclonal Cell Signalling (8180) Immunoblot 1:1000 

GAPDH Rabbit polyclonal Sigma (G9545) Immunoblot 1:5000 

Actin Rabbit polyclonal Sigma (A2066) Immunoblot 1:5000 

Tubulin Mouse monoclonal Sigma (T6557) Immunoblot 1:2000 

- Rabbit IgG Merck (12-370) Immunoprecipitation  

Anti-Mouse Donkey Jackson Lab (715-035-151) 
Immunoblot 
(secondary antibody) 

1:5000 

Anti-Rabbit Donkey Jackson Lab (711-035-152) 
Immunoblot 
(secondary antibody) 

1:10000 
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2..22 Purification and quantification of SCF complexes 

HEK293T cells were transfected with plasmids encoding Skp1, Cullin1 and Myc-Rbx1, alongside the 

appropriate FLAG-Fbxo7 construct. 48 hours after transfection, cells were harvested and lysed in KCl 

lysis buffer and SCF complexes were purified by anti-FLAG IP, as described in section 2.20. After the 

incubation, beads were washed 3 times in lysis buffer and twice in elution buffer, and protein was 

eluted with 20 µL 100 µg/mL FLAG peptide (Sigma) for 1-2 hours at 4oC with rotation. Beads were 

pelleted, and the eluate was removed and stored at -20oC in 15% glycerol. The purified SCF complexes 

were resolved by SDS-PAGE alongside known BSA standards, stained with Coomassie Blue (Generon), 

and quantified based on the Fbxo7 and cullin1 band density using ImageJ software. Purified complexes 

were also run on a second SDS-PAGE to western blot for each component. 

2..23 In vitro ubiquitination assays 

To purify substrate for in vitro ubiquitination, HEK293T cells were transfected with 5 µg HA-PFKP which 

was immunoprecipitated with anti-HA agarose 48 hours after transfection, as described in section 

2.20. After the incubation, beads were washed 3 times in lysis buffer and twice in elution buffer, and 

protein was eluted with 30 µL 300 µg/mL HA peptide (Sigma) for 1-2 hours at 4oC with rotation. Beads 

were pelleted, and the eluate was removed and stored at -20oC in 15% glycerol. For the in vitro 

ubiquitination assay, a ubiquitin mix was prepared with 100 nM E1 (UBE1, Bio-Techne), 500 nM E2 

(UbcH5a, Bio-Techne), 20 µM human recombinant ubiquitin (Santa Cruz) and 2 mM ATP (Bio-Techne) 

in 1X ubiquitin conjugation reaction buffer (Bio-Techne). This was incubated for 5 min at RT then 

added to 100 nM SCF and 1 µL HA-PFKP substrate and incubated for 1 hour at 30oC. The entire 10 µL 

reaction was mixed with an equal volume of 2X Laemmli loading buffer, resolved by SDS-PAGE and 

analysed by immunoblotting. 

2..24 In cellulo ubiquitination assays 

HEK293T cells were transfected with His-tagged ubiquitin, PFKP, and FLAG-Fbxo7 constructs, and cells 

were treated with 25 µM MG132 for 4 hours prior to lysis. Cells were harvested and a 10% portion 

was lysed in RIPA buffer as the total lysate sample. The remaining cells were resuspended in Co-NTA 

lysis buffer, disrupted with mild sonication (2 x 10 sec at power level 6) using a Branson sonifier 

microtip, and clarified by centrifugation at 13000 rpm for 20 min at 4oC. This supernatant was added 

to 50 µL of pre-washed Super Cobalt NTA Agarose Affinity Resin (Generon) and incubated for 4 hours 

at 4oC with rotation. The beads were washed once in Co-NTA lysis buffer, once in Co-NTA wash buffer, 

and twice in Co-NTA wash buffer containing 0.1% Triton-X 100 (VWR), with an incubation of 5 min at 

RT between each wash. Proteins were eluted in 50 µL Co-NTA elution buffer for 20 min at RT with 

shaking. Both lysate and eluate were resolved by SDS-PAGE and analysed by immunoblotting.  
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2..25 Cdk6 biosensor assay 

CCRF-CEM cells were collected and lysed in lysis buffer (PBS, 0.2% NP-40, 1 mM EDTA, protease 

inhibitor cocktail (Sigma) and 2 mM PMSF. Note: No phosphatase inhibitors). Cells treated with 1 µM 

palbociclib (Sigma) for 24 hours were used as a control. 60 µg protein was plated into a 96 well 

Fluotrac™ 200 plate (Greiner) in triplicate. The assay was performed in 200 µL PBS supplemented with 

5 mM MgCl2 and 0.5 mM ATP, and 200 nM Cdk6 peptide biosensor kindly provided by May Morris 

(Institut des Biomolécules Max Mousseron, University of Montpellier)457. Changes in fluorescence 

emission of the TAMRA-labelled peptide biosensor were recorded at 30oC on a FLUOstar Omega 

(BMG) (excitation 560 nm / emission 590 nm). Biosensor fluorescence was subtracted from the 

samples containing protein lysate, and relative fluorescence was calculated. 

2..26 200 kDa cut-off ultrafiltration 

5x107 CCRF-CEM cells were collected per sample and lysed in lysis buffer (25 mM Tris-HCl pH 7.5, 150 

mM NaCl, 1 mM EDTA, 5% glycerol, 1% NP-40, 10 mM β-glycerophosphate) with a protease inhibitor 

cocktail (Sigma) and other inhibitors (1 mM PMSF, 10 mM NaF, 1 mM Na3VO4). 1 mM AMP (Acros 

Organics) or 10 mM citrate (Sigma) were also added to the lysis buffer as controls where indicated. 

Equal amounts of protein were filtered using the Disposable Ultrafiltration Units with molecular 

weight 200 kDa cut-off (USY-20, Advantec MFS). 30 μg of total lysate or filtrate (<200 kDa) were 

resolved by SDS-PAGE and immunoblotted with the indicated antibodies. 
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Molecular biology 

2..27 Genotyping PCR 

Ear biopsy samples were collected and digested in Chelex solution (10% Chelex 100 resin (Bio-Rad), 

0.1% Tween-20, 20 µg proteinase K (Sigma)) for 45 min at 50oC. Proteinase K was inactivated by a 

subsequent incubation for 30 min at 95oC. 1 µL genomic DNA was added to a PCR master mix of 1X 

OneTaq® Quick-Load® Master Mix (NEB), 0.4 µM forward primer, 0.2 µM WT reverse primer and 0.2 

µM transgenic reverse primer (sequences in Table 2.7) and amplified by PCR as detailed in Table 2.5. 

The reaction amplifying the WT allele produces a 197 bp product, whereas the reaction amplifying the 

transgene produces a 362 bp product. PCR products were separated by electrophoresis in a TAE 

agarose DNA gel with 1X SYBR Safe DNA Gel Stain (Invitrogen), and bands imaged on a Syngene G:BOX 

Chemi-XRQ instrument.  

Table 2.5: Genotyping PCR cycling conditions. 

Temperature Time Cycles 

92oC 5 min 1 

92oC 30 sec 

35 62oC 30 sec 

72oC 30 sec 

72oC 5 min 1 

4oC ∞  

 

2..28 RNA extraction and cDNA synthesis 

RNA was extracted from 7x106 cells using the RNeasy Plus Mini Kit (Qiagen) according to the 

manufacturer’s instructions. Cells were homogenised by passing 6 times through a 21-gauge needle 

and passed through a gDNA eliminator spin column prior to RNA extraction. RNA concentration was 

measured by A260nm on a Nanodrop ND-1000 spectrometer. 1 µg RNA was used to synthesise cDNA 

in a 20 µL reaction volume using the QuantiTect Reverse Transcription Kit (Qiagen) according to the 

manufacturer’s instructions. Controls without reverse transcriptase were included to check for 

genomic DNA contamination. 

  



72 
 

2..29 qRT-PCR 

qRT-PCR reactions were performed in triplicate by creating a mix of 1X SYBR® Green JumpStart™ Taq 

ReadyMix™ (Sigma), 0.4 µM primers (as listed in Table 2.7), and 2 µL cDNA (diluted 1:2). Reactions 

were run on an Eppendorf Mastercycler® ep realplex instrument as detailed in Table 2.6. Relative gene 

expression was calculated using the Pfaffl analysis method458 with normalisation to housekeeping 

genes (actin, cyclophilin and HPRT). 

Table 2.6: qRT-PCR cycling conditions. 

Temperature Time Cycles 

95oC 2 min 1 

95oC 15 sec 

45 

58oC 20 sec 

72oC 15 sec 

76oC 8 sec 

Read 

Melt curve analysis from 65oC to 95oC to confirm product 

specific amplification 

 

2..30 Primers  

Table 2.7: Primer sequences used in this thesis (5’ to 3’). 

Description Forward primer Reverse primer 

Mouse Fbxo7LacZ 

Genotyping PCR 
CAGGATCAGGGAACGCCTGT 

WT:              TGCAGGGTGAATAGCACTTCC     . 
Transgene: CACAACGGGTTCTTCTGTTAGTCC 

Human Fbxo7 
qRT-PCR 

TTCCSGGACCTAACCCCATCTT CGACCCCTGCTGGGTCTAA 

Human Actin 
qRT-PCR 

CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT 

Mouse Fbxo7 
qRT-PCR 

GCAGCCAAAGTGTACAAAG AGGTTCAGTACTTGCCGTGTG 

Mouse Actin 
qRT-PCR 

KiCqStart® mouse M1_Actb 

Mouse Cyclophilin 
qRT-PCR 

CCTTGGGCCGCGTCTCCTT CACCCTGGCACATGAATCCTG 

Mouse HPRT 
qRT-PCR 

KiCqStart® mouse M1_Hprt 
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Buffers and solutions 
Table 2.8: Formulations of buffers and solutions used in this thesis. 

Buffer Use Formulation 

Sucrose based buffer Neon electroporation DPBS, 250 mM sucrose, 1 mM MgCl2 

FACS buffer Flow cytometry 1X PBS, 1% BSA 

Metabolite extraction 
solution 

Metabolite extraction 
50% LC–MS grade methanol, 30% LCMS grade 
acetonitrile, 20% ultrapure water, 5 μM valine-
d8 as internal standard 

RIPA lysis buffer Cell lysis 
50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-
40, 0.1% SDS, 0.5% sodium deoxycholate 

KCl lysis buffer Cell lysis 50 mM Tris-HCl pH 7.5, 225 mM KCl, 1% NP-40 

Tween lysis buffer Cell lysis 
50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 2.5 mM EGTA, 10% glycerol, 1 mM DTT, 
0.1% Tween-20, 10 mM β-glycerophosphate 

2X Laemmli loading 
dye 

Gel electrophoresis 
125 mM Tris pH 6.8, 4% SDS, 20% glycerol, 
0.02% bromophenol blue, 10% β-ME 

PBS-T Immunoblot PBS, 0.05% Tween-20 

Elution buffer 
FLAG and HA-tagged 
protein elution 

10 mM HEPES, 225 mM KCl, 1.5 mM MgCl2, 
0.1% NP-40 

Co-NTA lysis buffer 
In cellulo ubiquitination 
assay 

6 M guanidinium-HCl, 100 mM 
Na2HPO4/NaH2PO4, 10 mM Tris-HCl pH 8, 5 
mM imidazole, 10 mM β-ME 

Co-NTA wash buffer 
In cellulo ubiquitination 
assay 

8 M urea, 100 mM Na2HPO4/NaH2PO4, 10 mM 
Tris-HCl pH 6.8, 5 mM imidazole, 10 mM β-ME 

Co-NTA elution buffer 
In cellulo ubiquitination 
assay 

200 mM imidazole, 150 mM Tris-HCl pH 6.8, 
30% glycerol, 5% SDS, 720 mM β-ME 

Specialised lysis buffer Cdk6 biosensor assay PBS, 0.2% NP-40, 1 mM EDTA 

Specialised lysis buffer 
200 kDa cut-off 
ultrafiltration 

25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 5% glycerol, 1% NP-40, 10 mM β-
glycerophosphate 

Chelex solution Genomic DNA extraction 
10% chelex 100 resin, 0.1% Tween-20, 20 µg 
proteinase K 
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Data analysis and statistics 

2..31 Cancer gene dependency scores 

This thesis used DepMap 21Q3 dependency data for FBXO7, which had been generated from a CRISPR-

Cas9 screen (available at https://depmap.org)459. Samples were grouped by their predefined lineage, 

and lineages with fewer than 5 cell lines were excluded from analyses. Final analyses included 1020 

cell lines. 

2..32 Quantification and statistical analysis 

Immunoblot analyses were quantified using ImageJ processing software. All data are presented as 

mean ± standard deviation. Statistical differences were calculated using Student’s two-tailed t tests 

with a significant cut-off of p < 0.05. 
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CHAPTER 3  
Fbxo7 as a regulator of glycolysis 
and wider T cell metabolism 
 
 

 

3 CHAPTER 3: Fbxo7 as a regulator of glycolysis and wider T 

cell metabolism 
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Introduction 
Ubiquitination regulates an array of cellular processes including the cell cycle, DNA repair, 

differentiation, and metabolism. F-box proteins are the substrate-recruiting components of SCF E3 

ubiquitin ligases and are therefore critical for the targeting of this post-translational modification 

(PTM). To date, Fbxo7 has been found to promote the ubiquitination of 12 substrates and only one-

third of these ubiquitination events result in canonical proteasomal degradation70,76,86,99, whilst the 

other substrates are stabilised, re-localised or have their activity altered by SCFFbxo7 74,77,80,81,89,460. 

Fbxo7 also has SCF-independent functions, including binding to Cdk6 to scaffold the assembly of Cdk6-

cyclin D complexes to promote cell cycle progression67,101. Cdk6 is of particular importance in 

hematopoietic cells and additional roles in regulating specific transcription factors and cellular 

functions have been reported in this lineage. This includes pro-survival activity in T acute 

lymphoblastic leukaemia (T-ALL) cells due to the phosphorylation and inhibition of glycolytic enzymes, 

including the rate-limiting gatekeeper, phosphofructokinase (PFKP)304. In this instance, 

phosphorylation of PFKP at S679 dissociates active PFKP tetramers to inhibit glycolysis and instead 

promote the pentose phosphate pathway (PPP) to buffer oxidative stress. Cdk6 inhibition with the 

small molecule kinase inhibitor palbociclib depletes NADPH and glutathione and sensitises T-ALL cells 

to oxidative stress-induced apoptosis, in a PFKP and PKM2 dependent manner (Fig. 3.0). This work, 

published just before the start of my PhD, piqued our interest due to the role of Fbxo7 in Cdk6 

stabilisation, and suggested that Fbxo7 might play a part in metabolic regulation. 

 

 

 

 

 

 

 

 

 

  

Figure 3.0: Regulation of glycolysis by Cdk6-cyclin D3. 

Cdk6-cyclin D3 complexes can phosphorylate and inhibit two key glycolytic enzymes, PFKP 

and PKM2, to redirect metabolites into the pentose phosphate pathway (PPP) and serine 

synthesis pathways respectively. These biosynthetic pathways generate reducing molecules 

which neutralise detrimental reactive oxygen species (ROS). Inhibition of Cdk6 by palbociclib 

upregulates glycolysis and sensitises T-ALL cells to oxidative stress-induced apoptosis. 
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Amongst previous screens to identify Fbxo7-interacting proteins, a yeast two-hybrid (Y2H) assay was 

performed using aa 334-522 of Fbxo7, which spans the F-box domain and the substrate-binding 

proline rich region, as bait. A TaKaRa Mate & Plate™ human B and T cell cDNA library fused to a Gal4 

activation domain was used as prey. 28 unique proteins were identified as candidate binding partners 

of Fbxo7, of which the C-terminus of PFKP was one (aa 385-784). This putative interaction between 

Fbxo7 and PFKP, alongside the regulation of PFKP by Cdk6, indicated that Fbxo7 may have a yet 

uncharacterised function in regulating glycolysis. In this chapter I aimed to validate the Y2H results 

and confirm whether PFKP is a ubiquitination substrate of Fbxo7 and explore the dependence of this 

mechanism on Cdk6. I then investigated the downstream effects of Fbxo7 on the metabolism and 

function of T-ALL cells and primary CD4+ T cells from an Fbxo7-deficient mouse. 
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Results 

3..1 PFKP is a substrate for ubiquitination by Fbxo7 

To validate the interaction between Fbxo7 and PFKP in mammalian cells, I immunoprecipitated 

endogenous Fbxo7 from the T-ALL cell line, CCRF-CEM. Both isoforms 1 and 2 of Fbxo7 were isolated, 

at 70 kDa and 60 kDa respectively, and immunoblot analyses confirm the co-immunoprecipitation of 

PFKP, demonstrating a specific interaction between endogenous Fbxo7 and PFKP in these cells (Fig. 

3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.1: PFKP co-immunoprecipitates with endogenous Fbxo7 in CEM-CCRF cells. 

CEM cell lysates were immunoprecipitated with α-Fbxo7 or an isotype matched 

control antibody, followed by immunoblot analysis with the indicated antibodies. 

(n=2) 
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 Since F-box proteins are the substrate-recruiting components of SCF-type E3 ligases, I next tested 

whether PFKP is a substrate for ubiquitination by SCFFbxo7. To generate SCFFbxo7 ligases, HEK293T cells 

were transfected with N-terminally FLAG-tagged Fbxo7 constructs (WT, ΔFbox, and C-terminal 

truncation mutants R498X and 1-398) (Fig. 3.2A), alongside other SCF holoenzyme components Skp1, 

Cullin1 and Myc-tagged Rbx1. The resulting WT and mutant SCF E3 ubiquitin ligases were isolated by 

FLAG immunoprecipitation, quantified by Coomassie staining alongside BSA standards (Fig. 3.2B) and 

immunoblotted for the SCF subunits (Fig. 3.2C). Whilst WT Fbxo7, the pathogenic R498X mutation, 

and the 1-398 truncation all efficiently co-immunoprecipitated the other SCF subunits, Fbxo7-ΔFbox 

failed to form an SCF complex since the F-box domain is required to bind Skp1 and hence may be used 

as a negative control for subsequent assays.  

Figure 3.2: Purification of mutant SCFFbxo7 complexes. 

(A) Schematic of Fbxo7 constructs used to make SCF ligases and for in cellulo ubiquitination assays. 

All contain an N-terminal FLAG tag (not shown). Ubl: ubiquitin-like domain. Cdk6: Cdk6-binding 

domain. FP: Fbxo7-PI31 dimerization domain. PRR: proline rich region.  

(B) & (C) FLAG-Fbxo7 constructs were transfected into HEK293T cells alongside Skp1, Cullin1 (Cul1) 

and myc-Rbx1, and SCF complexes were isolated by FLAG immunoprecipitation. Purified SCF ligases 

were (B) quantified by densitometry analysis of a Coomassie gel containing BSA standards, and (C) 

analysed by western blot to confirm the presence of SCF holoenzyme components. 
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In vitro ubiquitination assays were performed by mixing the SCFFbxo7 complexes described in Fig.3.2, 

with HA-PFKP purified by immunoprecipitation from HEK293T cells, and a ubiquitin mix (Fig. 3.3A). 

Upon addition of SCFFbxo7, there is an increased smear of high molecular weight (MW) bands 

representing polyubiquitinated PFKP (Fig. 3.3, lane 8 vs. lane 6). As expected, this polyubiquitination 

was dependent on the F-box domain and SCF complex formation (Fig. 3.3, lane 9). Interestingly, 

neither of the C-terminally truncated Fbxo7 ligases promoted PFKP polyubiquitination (Fig. 3.3, lanes 

10 & 11) despite the successful recruitment of SCF subunits (Fig. 3.2C), indicating the C-terminus of 

Fbxo7, as used in the Y2H, was required for PFKP ubiquitination. 

 

 

  

Figure 3.3: HA-PFKP is ubiquitinated by SCFFbxo7 in vitro. 

Equal concentrations of purified SCFFbxo7 complexes were incubated with an 

activated ubiquitin (Ub) mix (ubiquitin buffer, UBE1, UbcH5a and ATP) in the 

presence of absence of purified HA-PFKP and analysed by immunoblotting. (n=2) 
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To corroborate this, I also performed in cellulo ubiquitination assays in HEK293T cells expressing a 

control or FBXO7-targetting shRNA, which would reduce background PFKP ubiquitination by Fbxo7. 

These cells were transfected with His-tagged ubiquitin, PFKP and FLAG-Fbxo7 constructs, and 

ubiquitinated proteins were isolated via the His-tag using cobalt-NTA affinity resin (Fig. 3.4). 

Immunoblot analyses showed a reduction in His-ubiquitinated PFKP in cells with an Fbxo7 shRNA 

knockdown compared to control (Fig. 3.4, lane 4 vs. lane 2). Re-expression of WT Fbxo7 markedly 

increased PFKP polyubiquitination (Fig. 3.4, lane 5), and this was lower when the ΔFbox mutant was 

expressed (Fig. 3.4, lane 6). Interestingly, the ΔFbox mutant still showed some increase above the 

empty vector control (Fig. 3.4, lane 4) despite its inability to recruit SCF subunits. Expression of C- and 

N-terminal truncated Fbxo7 also reduced polyubiquitination compared to WT (Fig. 3.4, lanes 7 & 8), 

indicating that both the C-terminal PRR and N-terminal Ubl domain are required for SCFFbxo7 

ubiquitination activity towards PFKP. 

Together, these data show that an interaction occurs between Fbxo7 and PFKP resulting in PFKP 

ubiquitination by SCFFbxo7, and this modification is dependent on both the N- and C-termini of Fbxo7. 

 

 

 

  

Figure 3.4: Fbxo7 ubiquitinates PFKP in 

cellulo. 

HEK293T cells stably expressing a control 

or Fbxo7 shRNA were transfected with 

the plasmids indicated, treated with 25 

μM MG132 for 4 hours and lysed in a 

denaturing buffer. Ubiquitinated proteins 

were isolated using a cobalt-NTA affinity 

resin (Co-NTA) to the His-tag on ubiquitin. 

Immunoblot for PFKP shows the degree of 

ubiquitination following expression of 

each Fbxo7 construct (n=3). 
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3..2 Fbxo7 ubiquitinates PFKP and promotes Cdk6-dependent phosphorylation 

Given published data showing Fbxo7 directly binds and activates Cdk667,101, and Cdk6 phosphorylates 

PFKP304, I reasoned that there may be interplay between these three proteins and sought to delineate 

their mechanistic relationship. Since phospho-degrons are a common recognition motif for SCF E3 

ligases, I first investigated whether Cdk6 was required for Fbxo7 to interact with, or ubiquitinate PFKP. 

For this I used two tools: the Cdk4/6 kinase inhibitor palbociclib, and two Cdk6-specific PROTAC 

degraders448,449. Inhibition of Cdk4/6 in palbociclib-treated CCRF-CEM cells was verified by cell cycle 

analysis and G1 arrest was observed following 24 hours of treatment (Fig. 3.5A). Since HEK293T cells 

have disrupted cell cycle regulation, Cdk4/6 inhibition was instead confirmed by directly measuring a 

reduction in phophoSer780, a Cdk4/6-specific phospho-acceptor in the retinoblastoma protein (Rb) 

(Fig. 3.5B). The two Cdk6 PROTACs used are both based upon palbociclib as the substrate-binding 

ligand, and a pomalidomide warhead to recruit CRBN E3 ligase (Fig. 3.6A). CCRF-CEM cells were 

treated with a titration of each PROTAC for 4 or 24 hours prior to cell lysis and analysis by immunoblot 

(Fig. 3.6B). Both PROTACs induced a dose-dependent decrease in Cdk6 protein levels after just 4 hours, 

with the efficacy of PROTAC 2 slightly surpassing that of PROTAC 1, particularly at this earlier time 

point. Both PROTACs also displayed the hook effect, a competition-induced phenomenon arising from 

the formation of binary complexes at the detriment of tertiary target/PROTAC/E3 complexes at high 

PROTAC concentrations. Interestingly, immunoblot analysis of Fbxo7 protein levels identified a dose-

dependent decrease in Fbxo7 following treatment with higher concentrations of PROTAC 1 

(approximately 40% reduction with 5 μM PROTAC), though this was not observed with PROTAC 2. 

Considering these observations, subsequent experiments were performed by treating cells with 0.1 

μM PROTAC for 24 hours – a dose with near-ablation of Cdk6 protein (97% loss of protein expression) 

but no reduction in Fbxo7 protein levels that may confound the data. 

 

 

 

 

 

  

Figure 3.5: Inhibition of Cdk4/6 by palbociclib. 

(A) Inhibition of Cdk4/6 by palbociclib in CCRF-CEM cells was verified by cell cycle analysis 

using propidium iodide staining (n=2). (B) Inhibition of Cdk4/6 by palbociclib in HEK293T 

cells was verified by immunoblotting cell lysates for phospho-Rb at Ser780 (n=1). 
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Figure 3.6: Cdk6 PROTACs induce degradation of Cdk6 in a dose-dependent manner. 

(A) Chemical structures of the two Cdk6 PROTACs used, indicating the palbocicblib-based 

substrate binding ligand and pomalidomide warhead. PROTAC 1448 and PROTAC 2449 were 

kindly gifted by collaborators. 

(B) CCRF-CEM cells were treated with a titration of each PROTAC for 4 hr or 24 hr prior to 

lysis and analysis by immunoblot. (n=1) 
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To investigate whether Cdk6 was required for the interaction between Fbxo7 and PFKP, CCRF-CEM 

cells were treated with vehicle control (DMSO), 1 μM palbociclib or 0.1 μM Cdk6 PROTAC for 24 hours, 

prior to Fbxo7 immunoprecipitation (Fig. 3.7). PFKP co-immunoprecipitated with Fbxo7 in cells treated 

with palbociclib (Fig. 3.7, lane 3) and in Cdk6-PROTAC-treated cells (Fig. 3.7, lanes 4 & 5), 

demonstrating that neither Cdk6 activity nor its presence was necessary for Fbxo7 binding to PFKP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I next tested whether Cdk6 activity was required for SCFFbxo7-mediated ubiquitination of PFKP. 

HEK293T cells expressing a control or Fbxo7-targeting shRNA were transfected with PFKP and treated 

with 1 μM palbociclib or vehicle control (DMSO) for 24 hours prior to cell lysis and analysis by 

immunoblot (Fig. 3.8). As previously observed, PFKP ubiquitination was reduced upon Fbxo7 

knockdown (Fig. 3.8, lane 2 vs. lane 5) and enhanced with Fbxo7 overexpression (Fig. 3.8, lane 2 vs. 

lane 3). Interestingly, palbociclib treatment did not alter PFKP ubiquitination (Fig. 3.8, lane 2 vs. lane 

4), indicating that Cdk6 activity is not required for SCFFbxo7 ubiquitination of PFKP and further 

confirming an independence from Cdk6. 

Figure 3.7: PFKP co-immunoprecipitates with Fbxo7 in the absence of Cdk6. 

CCRF-CEM cells were treated with 1 μM palbociclib, 0.1 μM of Cdk6 PROTAC or 

vehicle control for 24 hours. Fbxo7 was immunoprecipitated from cell lysates, 

followed by immunoblot analysis with the indicated antibodies. (n=3). 
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Since Cdk6 was dispensable for Fbxo7 to interact with and ubiquitinate PFKP, I tested whether Fbxo7 

was required for the interaction between Cdk6 and PFKP in T-ALL cells. Cdk6 was immunoprecipitated 

from CCRF-CEM and MOLT-4 cells expressing a control or two different Fbxo7-targeting shRNAs (Fig. 

3.9). In both cell lines, immunoblots show co-immunoprecipitation of PFKP with Cdk6 in the presence 

of Fbxo7 (Fig. 3.9, lane 4), but this interaction is lost upon Fbxo7 knockdown (Fig. 3.9, lanes 5 & 6). 

These data show Fbxo7 is required for a Cdk6-PFKP interaction in T-ALL cells and suggest that Fbxo7 

would be required for the Cdk6 phosphorylation of PFKP reported by Wang, et al304. To test this, I used 

a fluorescent peptide biosensor to measure Cdk6 activity457. The bipartite biosensor comprises a C-

terminal peptide sequence based upon PFKP and containing the PFKP S679 Cdk6-phosphorylation site 

reported by Wang, et al304, conjugated to an N-terminal phospho-amino acid binding domain (PAABD) 

which specifically recognises phosphorylated substrate (Fig. 3.10A). Cdk6 kinase activity and biosensor 

phosphorylation is measured via a TAMRA dye incorporated into the peptide sequence, which 

undergoes a change in fluorescence upon PAABD binding to the substrate. Lysates from CCRF-CEM 

cells expressing a control or Fbxo7 shRNA were analysed with this biosensor, and those with an Fbxo7 

knockdown showed reduced Cdk6 activity, comparable to the palbociclib-treated controls (Fig. 3.10B). 

These data show Fbxo7 is required for Cdk6 interaction with, and activity towards, PFKP. 

Figure 3.8: SCFFbxo7 ubiquitinates PFKP in the absence of Cdk6 kinase activity. 

HEK293T cells expressing a control or Fbxo7 shRNA were transfected and 

treated with 1 μM palbociclib for 24 hours as indicated. Cells were treated 

with 10 μM MG132 prior to cell lysis and analysis by immunoblot. Immunoblot 

for PFKP shows the degree of ubiquitination. (n=2) 
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Figure 3.9: PFKP co-immunoprecipitation with Cdk6 is dependent on Fbxo7. 

CCRF-CEM and MOLT-4 cells expressing a control or two different Fbxo7 

shRNAs were lysed. Cell lysates were immunoprecipitated with α-Cdk6 or an 

isotype matched control antibody, followed by immunoblot analysis with the 

indicated antibodies. (n=1) 
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Together, these data indicate a mechanism whereby Fbxo7 promotes two PTMs, namely the Cdk6-

independent ubiquitination and Cdk6-dependent phosphorylation of PFKP (Fig. 3.11). Notably, the 

data suggest that Fbxo7 may act as a chaperone to recruit and activate Cdk6 to promote the 

phosphorylation of PFKP. 

  

  

Figure 3.10: A Cdk6 biosensor shows that Fbxo7 promotes Cdk6 kinase activity. 

(A) Schematic of the Cdk6 biosensor which comprises a C-terminal PFKP-based peptide sequence 

that contains a TAMRA dye (represented by orange spikes), and N-terminal phospho-recognition 

domain. Upon biosensor phosphorylation, the phospho-recognition domain binds to the 

substrate and this confirmational change induces a change in TAMRA dye fluorescence to report 

Cdk6 activity in a dose-dependent fashion.  

(B) CCRF-CEM cells expressing a control or Fbxo7 shRNA were treated with 1 μM palbociclib or 

vehicle control for 24 hours as indicated. Kinase activity is measured in a dose-dependent manner 

by fluorescence of the Cdk6 biosensor and presented as a relative increase (%) from the 

fluorescence at time 0 min. (n=1) 

Figure 3.11: Schematic of Fbxo7-dependent 

post-translational modifications on PFKP. 

Fbxo7 promotes two independent post-

translational modifications on PFKP: Cdk6-

independent ubiquitination, and Cdk6-

dependent phosphorylation. 
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3..3 The post-translational modification of PFKP does not signal protein degradation 

One common outcome of ubiquitination is proteasomal degradation, so I sought to determine 

whether ubiquitination by Fbxo7 results in PFKP degradation. I first examined whether Fbxo7 and PFKP 

protein levels correlated in HEK293T and CCRF-CEM cells expressing a control or Fbxo7-targeting 

shRNA by immunoblot analyses using a monoclonal antibody (mAb) to PFKP (Fig. 3.12). This showed a 

greater than 2-fold increase in PFKP protein upon Fbxo7 knockdown in both cell types, suggesting that 

PFKP was targeted for degradation in the presence of Fbxo7. To support this, I performed a 

cycloheximide chase experiment to examine PFKP stability but found no change in PFKP half-life in 

cells with reduced Fbxo7 (Fig. 3.13A). Moreover, there was no accumulation of PFKP with proteasome 

inhibition by MG132 treatment in CCRF-CEM or HEK293T cells (Fig. 3.13B), which would be expected 

if PFKP was targeted by the proteasome. 

  

 

 

 

  

Figure 3.12: PFKP protein levels inversely correlate with Fbxo7 expression, when measured 

using a monoclonal α-PFKP antibody. 

Lysates from CCRF-CEM and HEK293T cells expressing a control or Fbxo7 shRNA were analysed 

by immunoblot. (A) shows a representative image. (B) The relative intensity of protein 

expression was quantified using ImageJ and normalised to actin expression. (CCRF-CEM n=6, 

HEK293T n=10). * p<0.05, *** p<0.001 
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Figure 3.13: PFKP half-life is unchanged in the absence of Fbxo7, and PFKP does not accumulate 

with MG132 treatment (monoclonal α-PFKP). 

(A) Representative immunoblot for PFKP half-life in CCRF-CEM cells expressing a control or Fbxo7 

shRNA and treated with cycloheximide for up to 24 hours. (n=2) 

(B) Cells were treated with DMSO or 10 μM MG132 for 4 hours and lysed. Proteins were resolved 

by SDS-PAGE to immunoblot for PFKP, and levels were quantified. (CCRF-CEM n=2, HEK293T n=3) 
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Figure 3.14: Fbxo7 knockdown reduces expression of a higher MW PFKP species (polyclonal α-PFKP). 

Lysates from (A-B) CCRF-CEM and (C) HEK293T cells expressing a control or Fbxo7 shRNA, and (D) CD4+ 

T cells isolated from Fbxo7WT/LacZ or Fbxo7LacZ/LacZ mice, were analysed by immunoblot. (A, C and D) 

Representative images. (B) Quantification showing the relative levels of total PFKP and modified 90 

kDa PFKP in CCRF-CEM cell lysates. (CCRF-CEM n=4, HEK293T n=4, Mouse CD4+ T cells n=1). * p<0.05 

Given these conflicting data, and that a mAb detects a single epitope which may be affected by PTMs, 

I also measured PFKP protein levels with a polyclonal antibody (pAb). In contrast to the results with 

the mAb, there was no change in total PFKP protein levels in CCRF-CEM cells with an Fbxo7 knockdown 

(Fig. 3.14 A & B). However, immunoblotting with the pAb detected a cross-reacting higher MW band 

at 90 kDa which showed a 38% reduction in cells with Fbxo7 knockdown ((Fig. 3.14A & B). This was 

further supported by immunoblot analysis of HEK293T cells expressing a control or Fbxo7 shRNA, 

which also showed a proportional shift towards the lower MW band in the absence of Fbxo7 (Fig. 

3.14C). However, it should be noted that, in contrast to CCRF-CEM cells, the higher 90 kDa form was 

predominant in HEK293T cell lysates. To lastly confirm this in primary cells, I isolated splenic CD4+ T 

cells from heterozygous or homozygous Fbxo7-deficient mice, in which the FBXO7 locus is disrupted 

by a LacZ insertion between exons 3 and 4. Lysates from these cells were analysed by immunoblot and 

also display a 37% reduction in the higher MW band in the absence of Fbxo7, despite no change to 

total PFKP (Fig. 3.14D). Together these data suggest that Fbxo7 promotes a distinct slower migrating 

form of PFKP across multiple cell types.  
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To evaluate the detection of these two bands by the different antibodies, I immunoprecipitated PFKP 

from CCRF-CEM cells using the α-PFKP mAb and analysed the precipitated proteins using both the 

mAb and pAb α-PFKP antibodies (Fig. 3.15). Interestingly, two bands were detected in each case, but 

analysis with the mAb showed a predominance of the lower band, whilst the pAb gave a stronger 

upper band. These data corroborate that the two α-PFKP antibodies preferentially detect different 

sub-populations of PFKP in cell lysates. In addition, I immunoprecipitated Fbxo7 from these cell lysates 

to determine whether Fbxo7 preferentially interacts with one population of PFKP (Fig. 3.15). 

Interestingly, analysis with both antibodies showed the immunoprecipitation of PFKP at 

approximately 90 kDa and it was detected more strongly with the pAb, suggesting that Fbxo7 

predominantly interacts with the higher MW species of PFKP. 

 

 

 

 

This small increase in MW on a western blot may represent a PTM. As the predominance of this 10-15 

kDa shift positively correlated with Fbxo7 expression, I reasoned that it may be a multi-mono- or di-

ubiquitinated form of PFKP. To test this, I treated HEK293T cells with an Fbxo7-targeting siRNA and 

complemented back WT and ΔFbox Fbxo7, to determine whether the modification is dependent on 

SCFFbxo7 ubiquitin ligase activity (Fig 3.16). As expected, immunoblot analysis with pAb α-PFKP showed 

an increase in the lower 80 kDa band with Fbxo7 knockdown (Fig. 3.16 lane 2 vs lane 1). However, this 

was reversed by the overexpression of both WT and ΔFbox Fbxo7 constructs (Fig. 3.16 lanes 3 and 4), 

which mimicked the scrambled siRNA control (Fig. 3.16 lane 1). This suggests that the upper modified 

population does not represent a ubiquitinated form of PFKP by Fbxo7, though these data do not rule 

out ubiquitination by another E3 ubiquitin ligase. Importantly, this increase in the abundance of the 

lower MW species of PFKP is rescued by the increased expression of Fbxo7 but is not dependent on 

its ligase activity. 

Figure 3.15: α-PFKP monoclonal and polyclonal 

antibodies detect different subpopulations of PFKP. 

Cell lysates from CCRF-CEM cells were immuno-

precipitated using monoclonal α-PFKP or α-Fbxo7 as 

indicated, followed by immunoblot analysis with 

monoclonal α-PFKP (mAb) or polyclonal α-PFKP 

(pAb). (n=2) 
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To further test the effect of Fbxo7 on the stability of these PFKP sub-populations, I treated CCRF-CEM 

cells with cycloheximide for up to 8 hours and this time analysed PFKP levels in cell lysates using the 

pAb α-PFKP antibody (Fig. 3.17A). Reminiscent of the mAb data (Fig. 3.13A), analysis with the pAb did 

not show any change in the half-life of either PFKP sub-population. Similarly, CCRF-CEM cells treated 

with proteasome inhibitor MG132 did not show any change in PFKP levels or population distributions 

compared to vehicle control (Fig. 3.17B). Together these data indicate that, whilst Fbxo7 promotes a 

change in the balance between higher and lower MW species, this is not ubiquitination by Fbxo7 and 

the loss of Fbxo7 does not promote the degradation of PFKP. 

 

  

Figure 3.16: Restoration of Fbxo7 expression 

reduces levels of low molecular weight PFKP. 

HEK293T cells were treated with a control or 

Fbxo7-targeting siRNA and transfected with 

Fbxo7 WT or ∆Fbox as indicated. Cells were 

lysed and lysates were analysed by immunoblot 

with the indicated antibodies. (n=3) 

Figure 3.17: PFKP half-life is unchanged in the absence of Fbxo7, and the distribution 

between higher and lower MW populations is unaffected by MG132 treatment. 

(A) Representative immunoblot for PFKP half-life in CCRF-CEM cells expressing a 

control or Fbxo7 shRNA and treated with cycloheximide for up to 8 hours. (n=2) 

(B) Representative immunoblot for PFKP levels in CCRF-CEM cells treated with DMSO 

or 10 μM MG132 for 4 hours (n=2) 
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3..4 Fbxo7 knockdown reduces the proportion of inactive monomer/dimer forms of PFKP 

A major mechanism for PFKP regulation is the formation and dissociation of tetrameric complexes, as 

PFKP is most enzymatically active as a tetramer. I therefore investigated whether Fbxo7 expression 

affects the distribution of PFKP complexes between tetramer and monomer/dimer forms. Total cell 

lysates from CCRF-CEM cells expressing a control or Fbxo7-targeting shRNA were passed over an 

ultrafiltration unit with molecular mass 200 kDa cutoff to separate monomers (86 kDa) and dimers 

(172 kDa) from active tetramers (344 kDa). As controls, allosteric regulators of PFKP were added to 

total cell lysates prior to filtration to promote (AMP) or dissociate (citrate) PFKP tetramers. The 

filtrates (<200 kDa fraction) containing the smaller monomer/dimer forms were then analysed, 

alongside the lysates prior to filtration (Fig. 3.18A). Immunoblots showed that Fbxo7 knockdown did 

not change total levels of PFKP, as before, but instead reduced the amount of inactive 

monomer/dimer forms by 75% (Fig. 3.18A and 3.18B), suggesting a change in distribution of PFKP into 

active tetramers.  

 

 

  

Figure 3.18: Fbxo7 knockdown decreases the proportion of PFKP in inactive monomer/dimer forms. 

Lysates from CCRF-CEM cells expressing a control or Fbxo7 shRNA were passed over a 200 kDa 

molecular weight cut-off filter to separate PFKP monomers (86 kDa) and dimers (172 kDa) from 

tetramers (344 kDa). 1 mM AMP and 10 mM citrate were added to lysates as controls to respectively 

promote or dissociate PFKP tetramers. Total lysates and <200 kDa fractions were resolved by SDS-PAGE 

and analysed by immunoblot. (A) Representative immunoblot. (B) Quantification of PFKP in <200 kDa 

fraction. (n=4) ***** p<0.0005 
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3..5 T cells lacking Fbxo7 show increased glycolysis and reduced viability and activation 

As my data indicated that Fbxo7 regulates the active state of the rate-limiting glycolytic enzyme PFKP, 

I reasoned that glycolysis may be affected. To test this, I used the Agilent Seahorse Glycolytic Rate 

Assay which measures the extracellular acidification above a monolayer of cells to quantify glycolysis 

(Fig. 3.19). The assay first measures the basal glycolysis of cells, then injects a rotenone/antimycin A 

mix to inhibit mitochondrial complexes I and III, block mitochondrial activity and push the cell into 

compensatory glycolysis as an indicator of cellular glycolytic capacity. A second injection of glucose 

analogue 2-DG inhibits glycolysis and serves as an internal control. T-ALL cell lines CCRF-CEM and 

Jurkat E6 expressing a control or Fbxo7 shRNA were analysed. I found that Fbxo7 knockdown increased 

both basal and compensatory glycolysis in CCRF-CEM cells, by 48% and 26% respectively, whilst Jurkat 

E6 cells showed a 20% rise in compensatory glycolysis (Fig. 3.20A). These data indicate higher levels 

of glycolysis in malignant T cells with reduced Fbxo7. To demonstrate that this effect on glycolysis was 

not limited to cancer cell lines, I also tested primary T cells from our Fbxo7-deficient mouse. Splenic 

CD4+ T cells were isolated and activated for 48 hours in vitro prior to analysis by Seahorse Glycolytic 

Rate Assay (Fig. 3.20B). Fbxo7-deficient T cells exhibited significantly higher basal glycolysis and a 

smaller increase in compensatory glycolysis, further indicating elevated glycolysis in cells with reduced 

Fbxo7 expression. 

  

Figure 3.19: Agilent Seahorse XF Glycolytic rate assay profile. 
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Figure 3.20:  T-ALL cells and splenic CD4+ T cells with reduced Fbxo7 expression have 

higher levels of glycolysis.  

(A) CCRF-CEM (top) and Jurkat E6 (bottom) cells expressing a control or Fbxo7 shRNA 

were analysed by the Agilent Seahorse Glycolytic Rate Assay. (n=4) 

(B) CD4+ T cells were isolated from WT or Fbxo7LacZ/LacZ mice and activated for 48 hours 

in vitro prior to analysis with the Agilent Seahorse Glycolytic Rate Assay. (n=2) 

*** p<0.005, **** p<0.001 
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I hypothesised that enhanced glycolysis in T cells lacking Fbxo7 might divert metabolites away from 

the PPP and impair their capacity to buffer ROS. To test this, I stained CD4+ T cells with cell permeable 

H2DCFDA to measure cellular ROS in naïve cells or at time intervals following activation, when both 

glycolysis and ROS generation are usually upregulated (Fig. 3.21). As expected, ROS were generated in 

response to T cell activation and both WT and Fbxo7-deficient cells showed a 2.2-fold increase in DCF 

fluorescence following 24 hours of activation (Fig. 3.21A). Interestingly, Fbxo7-deficient cells showed 

higher DCF fluorescence than WT and, in both naïve and activated conditions, CD4+ T cells from mutant 

mice displayed a 27-34% increase in ROS compared to WT (Fig. 3.21B). A sample of activated cells 

were treated with the antioxidant N-acetylcysteine for 2 hours prior to staining with H2DCFDA to 

confirm that the increase in 525 nm fluorescence is specific to elevated ROS (Fig. 3.21B and 3.21C). 

Together, these data demonstrate that CD4+ T cells lacking Fbxo7 have elevated ROS in both naïve and 

activated states. 

Given the altered metabolic state of these primary CD4+ T cells, I examined other functional outputs 

including cell viability and activation. I noted that after in vitro activation for 24 hours, the viability of 

Fbxo7-deficient T cells was significantly reduced by 1.9-fold compared to WT cells (Fig. 3.22). 

Moreover, the activation of mutant cells was delayed and plateaued at 14.2% lower than WT (Fig. 

3.23A), despite the increase in cell size upon T cell blasting being comparable between WT and mutant 

cells (Fig. 3.23B). Together these data suggest that Fbxo7 reduces ROS levels and promotes the 

viability and activation of CD4+ T cells. 
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  Figure 3.21: CD4+ T cells lacking Fbxo7 have elevated cellular ROS compared to WT. 

CD4+ T cells were isolated and activated in vitro for the indicated duration prior to 

analysis using H2DCFDA dye to measure cellular ROS. Where indicated, cells were pre-

treated with 5 mM NAC for 2 hours prior to addition of the dye. 

(A) Increase in cellular ROS over 24 hours of activation. (B) Relative ROS levels in WT, 

heterozygous and homozygous mutant cells at time intervals following T cell activation. 

(C) Example flow cytometry histogram. 

(0, 4, 8 hours n≥3, 48 hours n=2) * p<0.05,***** p<0.0005 
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Figure 3.22: CD4+ T cells lacking Fbxo7 have reduced viability compared to WT. 

The viability of isolated CD4+ T cells was analysed by PI staining upon isolation and 

following 24 hours of activation in vitro. 

(A) Viability of cells. (B) Decrease in viability over 24 hours of activation. (C) Example 

flow cytometry plots. (n=3) * p<0.05, ** p<0.01 
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To explore the wider impact of Fbxo7 on T cell metabolism, I performed untargeted metabolomics 

profiling on activated splenic CD4+ T cells using liquid chromatography mass spectrometry (LC-MS). 

Principle component analysis shows discrete clusters of WT and Fbxo7LacZ/LacZ mutant samples, 

illustrating divergent metabolic profiles (Fig. 3.24A). These variations were multifaceted and will be 

discussed in further detail in subsequent sections. Importantly, among these differences was a 

pronounced accumulation of lactate, pyruvate, and late-stage glycolytic intermediates in mutant T 

cells, each showing a 1.7 to 2.1-fold increase compared to WT (Fig 3.24B and Fig. 3.25). Interestingly, 

consumption-release (CoRe) analysis of metabolites in the cell culture media show that, whilst glucose 

uptake was comparable, mutant T cells released less lactate and pyruvate (Fig. 3.25).  

An accumulation of metabolites may occur due to increased flux through the pathway, or a 

downstream blockage. Therefore, to attribute this metabolite accumulation to glycolytic flux, I 

completed a stable isotope tracing study with CD4+ T cells activated for 24 hours in the presence of 

Glucose-1,2-13C2 (Fig. 3.26). m+2 labelled lactate is derived directly from glycolysis, whilst m+1 labelled 

lactate is generated via the oxidative arm of the PPP. As hypothesised, there was a 59.5% increase in 

m+2 lactate in T cells from Fbxo7-deficient mice compared to WT, confirming an increase in lactate 

formation via glycolysis. Surprisingly, m+1 lactate was also elevated by 67.9%, indicating greater flux 

through the oxidative PPP.  

Figure 3.23: CD4+ T cells lacking Fbxo7 activate less efficiently in vitro. 

CD4+ T cells isolated from WT or Fbxo7LacZ/LacZ mice were activated in vitro for the indicated duration. 

(A) Activation was measured by both CD69 and CD25 expression over 24 hours, and (B) Median FSC 

was measured as an indicator of cell size. (n≥3) * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001  
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Figure 3.24: Metabolomic analysis of Fbxo7-deficient T cells highlights 

broad metabolic alterations. 

Untargeted metabolomics profiling was performed on CD4+ T cells from WT 

or Fbxo7LacZ/LacZ mice, activated for 48 hours. (n=6) 

(A) Principal component analysis of intracellular metabolite ion intensities. 

(B) Volcano plot of differentially expressed metabolites in Fbxo7LacZLacZ CD4+ 

T cells compared to WT. 
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Figure 3.25: Metabolomic analysis of Fbxo7-deficient T cells shows 

changes to glycolytic metabolites. 

Untargeted metabolomics profiling on CD4+ T cells from WT or Fbxo7LacZLacZ 

mice shows changes to glycolytic intracellular ion intensities and 

consumption-release (CoRe) of metabolites from cell culture media. 

(n=6) * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001, ***** p<0.0005 
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Figure 3.26: Carbon tracing analysis confirms an increase in glucose-derived lactate in 

Fbxo7-deficient T cells. 

CD4+ T cells from WT or Fbxo7LacZ/LacZ mice were activated for 24 hours in the presence of 

glucose-1,2-13C2 then subjected to metabolomics analysis. m+1 and m+2 intracellular lactate 

are derived from radio-labelled glucose. Normalised ion intensity (left) is a measure of ion 

abundance, fractional enrichment (right) shows the proportion of cellular lactate in each 

labelled pool. (n=6) 
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3..6 T cells lacking Fbxo7 show broad metabolic alterations 

Beyond glucose metabolism, other differences were highlighted by my metabolic fingerprinting study 

in activated CD4+ T cells from WT or Fbxo7LacZ/LacZ mice. Among these was a notable nucleotide 

imbalance. I observed elevated intracellular levels of pyrimidine precursors including carbamoyl 

aspartate, dihydroorotate and orotate in T cells lacking Fbxo7 (Fig. 3.27). This was accompanied by 

increased consumption of aspartate, a pyrimidine precursor, from the cell culture medium, and lower 

release of intermediates such as carbamoyl aspartate and dihydroorotate. Despite the seemingly 

augmented pyrimidine synthesis, intracellular pyrimidine levels were reduced in mutant T cells, 

suggesting a defect in pyrimidine synthesis or increased pyrimidine usage in these cells. Unlike 

pyrimidines, gross changes to intracellular purine levels were not observed, and only subtle variation 

was detected in AMP, IMP and GMP levels (Fig. 3.28). However, purine metabolism intermediates 

adenosine, hypoxanthine, xanthine and uric acid were all increased approximately 2-fold 

intracellularly in Fbxo7-deficient cells, and extracellular release of both xanthine and uric acid was 

increased. This is suggestive of increased purine metabolism in mutant T cells. Together these data 

imply a role for Fbxo7 in nucleotide synthesis and metabolism. 
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Figure 3.27: Metabolomic analysis of Fbxo7-deficient T cells shows changes to 

pyrimidine metabolism. 

Untargeted metabolomics profiling on CD4+ T cells from WT or Fbxo7LacZLacZ mice 

shows changes to pyrimidine intracellular ion intensities and consumption-

release (CoRe) of associated metabolites from cell culture media. 

(n=6) * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001, ***** p<0.0005 
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Figure 3.28: Metabolomic analysis of Fbxo7-deficient T cells shows changes to 

purine metabolism. 

Untargeted metabolomics profiling on CD4+ T cells from WT or Fbxo7LacZLacZ mice 

shows changes to purine intracellular ion intensities and consumption-release 

(CoRe) of associated metabolites from cell culture media. 

(n=6) * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001, ***** p<0.0005 
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Another metabolic pathway markedly altered in Fbxo7LacZ/LacZ T cells is the urea cycle (Fig. 3.29). In 

mutant cells, I observed 2.5-fold higher levels of intracellular citrulline, and it was released into the 

cell culture media, in contrast to WT cells where it was consumed. This trend was not observed to the 

same extent for other urea cycle metabolites, with arginine and ornithine only showing a 1.1-fold 

increase in mutant cells, and a marginal 0.9-fold reduction in arginosuccinate. Interestingly, arginine 

metabolite guanidinoacetate is elevated in Fbxo7-deficient T cells, suggesting heightened arginine 

metabolism. Together these data suggest that Fbxo7-deficient T cells have elevated citrulline synthesis 

and a disrupted urea cycle, compared to WT cells. 

A final pathway of note from the metabolomics dataset is the alteration of tryptophan metabolism in 

CD4+ T cells lacking Fbxo7 (Fig. 3.30). Tryptophan uptake was lower in mutant T cells compared to WT, 

yet intracellular levels were 1.6-fold higher. Similarly, intracellular kynurenine, quinolic acid and 

nicotinic acid were all elevated 1.4 to 1.8-fold in mutant cells, and more kynurenine was excreted, 

ultimately suggesting disruption to tryptophan metabolism in the absence of Fbxo7. 
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Figure 3.29: Metabolomic analysis of Fbxo7-deficient T cells shows changes to the 

urea cycle and arginine metabolism. 

Untargeted metabolomics profiling on CD4+ T cells from WT or Fbxo7LacZLacZ mice 

shows changes to urea cycle / arginine metabolism intracellular ion intensities and 

consumption-release (CoRe) of associated metabolites from cell culture media. 

(n=6) * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001, ***** p<0.0005 
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Figure 3.30: Metabolomic analysis of Fbxo7-deficient T cells shows changes to 

tryptophan metabolism. 

Untargeted metabolomics profiling on CD4+ T cells from WT or Fbxo7LacZLacZ mice 

shows changes to tryptophan intracellular ion intensities and consumption-

release (CoRe) of associated metabolites from cell culture media. 

(n=6) * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001, ***** p<0.0005 
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Given the broad alterations discovered by metabolomic fingerprinting analysis, I sought to compile 

other putative Fbxo7 substrates identified in our historic screens that have metabolic functions. These 

comprise the Y2H screen that identified PFKP; an unbiased mass spectrometry (MS)-based screen on 

purified SCFFbxo7 and SCFFbxo7-ΔFbox ligases81; and a protein microarray to measure ubiquitination of over 

9000 unique proteins by SCFFbxo7 or SCFFbxo7-ΔFbox control81. In total, 48 proteins were identified with 

roles in metabolism (Appendix A) and these were spread across the entire metabolic network. To 

determine whether any of the metabolic changes identified in Fbxo7-deficient CD4+ T cells may be 

attributed to these putative targets, I assessed this list and metabolomics dataset in parallel. Pathvisio 

software461 was used to create a metabolic map that represents the fold-change in intracellular 

metabolites in Fbxo7-deficient CD4+ T cells compared to WT, for the key metabolic pathways 

measured. This map was then annotated with the putative Fbxo7 target proteins (Fig. 3.31). Alongside 

PFKP, glycolytic enzymes GAPDH and PKM were identified in the protein array and MS screens 

respectively and, if validated, may also contribute to the regulation of glycolysis by Fbxo7. 

Interestingly, several proteins involved in glycolytic biosynthetic pathways were also identified as 

putative substrates. For example, D-3-phosphoglycerate dehydrogenase (PHGDH) catalyses the first 

step in serine synthesis from glycolysis and both 3-phosphoserine and serine were elevated in mutant 

mice. Moreover, SHMT1/2 regulate the interconversion of serine and glycine as part of the folate 

cycle, a pathway critical for biosynthesis and survival in proliferating T cells243. In addition, the 

synthesis of conjugates for glycosylation may be disrupted as the biosynthetic enzyme N-

Acetylneuraminate Synthase (NANS) was ubiquitinated by SCFFbxo7 on the protein array and N-

acetylneuraminic acid was elevated in mutant mice (Fig. 3.31). 

I next turned my attention to the other pathways altered in the metabolomic fingerprinting analysis. 

CAD is a trifunctional enzyme involved in the first three steps of pyrimidine biosynthesis and was 

identified as an Fbxo7-interacting protein in the MS screen (Fig 3.31, Appendix A). Misregulation of 

CAD in Fbxo7-deficient mice may contribute to the defect in pyrimidine synthesis observed in the 

metabolomic fingerprinting data (Fig. 3.27). No urea cycle enzymes were identified by our screens 

(Appendix A), though changes to CAD may also impact this metabolic pathway since carbamoyl 

phosphate is a common precursor in both pyrimidine synthesis and the urea cycle. In addition, two 

polyamine biosynthetic enzymes were identified as putative Fbxo7 binding proteins: ornithine 

decarboxylase 1 (ODC1) and spermidine synthase (SRM) (Fig 3.31, Appendix A). These proteins 

catalyse the rate-limiting and subsequent step in spermidine synthesis from ornithine, a key urea cycle 

metabolite. Hence disruption of these enzymes may directly impact flux around the urea cycle. 

Another hit, kynurenine 3-monooxygenase (KMO), catalyses the hydroxylation of L-kynurenine in 

tryptophan metabolism and was ubiquitinated by SCFFbxo7 in the protein array (Fig. 3.31, Appendix A). 
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Therefore, validating KMO as a substrate for SCFFbxo7 may be interesting to further understand the 

altered tryptophan metabolism in CD4+ T cells from our Fbxo7-deficient mice (Fig. 3.30). Finally, 

several enzymes involved in both fatty acid metabolism and β-oxidation, and fatty acid synthesis and 

elongation, were identified in our Fbxo7 screens (Fig. 3.31, Appendix A), including two acyl-CoA 

synthetase enzymes involved in activating medium and long fatty acids (ACSM3 & ACSL5), two 

enzymes in the subsequent β-oxidation cycle (ACADM & HADH), and fatty acid synthase (FASN) 

responsible for de novo biosynthesis of long-chain saturated fatty acids. Moreover, some fatty acid 

metabolites were downregulated in mutant T cells, suggesting that Fbxo7 may be implicated in these 

pathways. 

Although metabolic networks are complex and this map does not identify any single Fbxo7 interacting 

protein responsible for the metabolic phenotypes observed, it does identify areas of notable 

metabolic alteration and selects putative Fbxo7 substrates that may be appropriate for further 

investigation. 

  

Next page 

Figure 3.31: A map of key metabolic pathways disrupted in Fbxo7-deficient T cells, annotated 

with putative Fbxo7 binding partners. 

The Log2(fold-change) in intracellular metabolite concentration from untargeted 

metabolomics profiling on CD4+ T cells from WT or Fbxo7LacZLacZ mice is represented by colour 

gradient as per the key (Log2(fold-change) -1 is green to +1 is red). Not every metabolite 

measured is displayed in this map. Proteins identified as putative Fbxo7 substrates in the yeast 

two-hybrid, mass spectrometry and protein microarray screens are annotated in pink ellipse. 



111 
 

Figure 3.31 
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3..7 Hematopoietic and lymphoid cells show dependency on Fbxo7 

A hurdle in the execution of these studies has been the sensitivity of T cells to manipulation of Fbxo7 

levels. Whilst T-ALL cells expressing an FBXO7-targetting shRNA were viable and showed normal levels 

of proliferation (data generated by Dr Shachi Patel, not shown), they did quickly adapt to lose their 

Fbxo7 knockdown within 1-3 weeks (Fig. 3.32) and hence their use was limited to a few passages. I 

also sought to overexpress Fbxo7 in T-ALL cells using the Neon electroporation system, to study the 

complementation of Fbxo7. Following optimisation, I co-transfected plasmids expressing untagged or 

FLAG-tagged Fbxo7 and mCherry at a 3:1 ratio, then measured protein expression by flow cytometry 

and immunoblotting (Fig. 3.33). Despite efficient electroporation yielding 44.7% mCherry+ CCRF-CEM 

cells and 83.1% mCherry+ MOLT-4 cells, neither cell line showed an increase in Fbxo7 protein levels 

when transfected with FLAG-tagged or untagged shRNA-resistant Fbxo7 constructs, compared to the 

empty vector control (Fig. 3.33). This suggests that, despite efficient electroporation, T-ALL cells 

downregulate exogenous Fbxo7 expression to maintain physiological Fbxo7 protein levels. 

Several lines of evidence indicated a dependency of hematopoietic cells on Fbxo7. As described, T-ALL 

cells were somewhat resistant to manipulation of Fbxo7 levels in vitro (Fig. 3.32 and Fig. 3.33), and 

murine CD4+ T cells lacking Fbxo7 showed reduced viability compared to WT (Fig. 3.22). In fact, several 

hematopoietic deficiencies have been previously described in this mouse model, including defective 

thymocyte development and significantly reduced numbers of peripheral T cells106. Moreover, studies 

have shown that T-ALL cells rely on Cdk6 inhibition of glycolysis to promote cell survival304, and I have 

subsequently shown that Fbxo7 is required for Cdk6 activity towards PFKP (Fig. 3.10) and inhibits 

glycolysis (Fig. 3.20, Fig. 3.25, Fig. 3.26). I therefore reasoned that Fbxo7 may also be essential for 

viability in haematological malignancies, since Cdk6 is the major kinase expressed in these cell 

lineages. I assessed the requirement for Fbxo7 in over 1000 cell lines by exploring the Cancer 

Dependency Map459. Approximately 8% of cell lines were strongly selected as dependent on Fbxo7 

and, consistent with my model, I found that haematopoietic and lymphoid lineages are among the 

significantly enriched cell lines showing a preferential dependency on Fbxo7 (Fig. 3.34). These findings 

indicate an essential role for Fbxo7 in these malignancies. 

   

Figure 3.32: Loss of Fbxo7 knockdown with 

serial passage of CCRF-CEM cells. 

Cell lysates were made from CCRF-CEM cells 

expressing a control or Fbxo7 shRNA following 

successive passages. Fbxo7 protein levels were 

analysed by immunoblot analysis. (n=1) 
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Figure 3.33: Despite efficient electroporation, T-ALL cells do not overexpress 

exogenous Fbxo7. 

CCRF-CEM and MOLT-4 cells expressing a control or Fbxo7 shRNA were co-transfected 

with untagged or FLAG-tagged Fbxo7 constructs and mCherry at a 3:1 ratio. 48 hours 

after electroporation, the proportion of transfected mCherry+ cells was measured by 

flow cytometry and the Fbxo7 protein detected by immunoblot from cell lysates.  (n=2) 
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Figure 3.34: Blood, lymphocyte and plasma cell cancer lines are significantly enriched for 

dependency on FBXO7. 

Chronos gene dependency scores for FBXO7 in cancer cell lines of various lineages, plotted using 

data publicly available on the DepMap portal (DepMap.org). A Chronos score of 0 indicates that a 

gene is non-essential, whilst -1 is comparable to the median of all pan-essential genes.  

(A) Blood, lymphocyte and plasma cell lines were compared, and statistics performed against 

selected lineages with a mean Chronos score around 0 (i.e., non-essential). 

(B) Individual analysis of all cell lineages. 

(Total n=1020, blood & lymphocyte n=111, plasma cell n=21, peripheral nervous system (PNS) n=32, 

soft tissue n=44, uterus n=34). * p<0.05, ** p<0.01, *** p<0.005, **** p<0.001, ***** p<0.0005 
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Discussion 
In this chapter I aimed to validate a hit from our Y2H screen and determine whether PFKP interacts 

with, and is regulated by, Fbxo7. I verified that Fbxo7 binds and ubiquitinates PFKP and showed that 

this requires both the N-terminal Ubl domain and C-terminal PRR of Fbxo7. Both termini are reported 

to mediate substrate interactions, with HURP and cIAP binding the PRR70,75 and others such as GSK3β, 

UXT-V2 and PSMA2 requiring the Ubl domain76,81,88. However, PFKP is the first substrate reported to 

require both termini of Fbxo7. Although PFKP was clearly ubiquitinated by SCFFbxo7, reducing Fbxo7 did 

not alter the steady state levels or half-life of PFKP, indicating non-degradative effects. This is not 

uncommon for SCFFbxo7, which is reported to promote the degradation of only one-third of its known 

substrates70,76,86,99, whilst the other substrates are stabilised, re-localised or have their activity altered 

by SCFFbxo7 74,77,80,81,89,460. However, other ligases, TRIM21, HRD1 and A20, have been reported to 

catalyse the ubiquitination-mediated degradation of PFKP in glioblastoma and breast cancer, and PFKL 

in hepatocellular carcinoma388,399,462. 

I identified the presence of two dominant species of PFKP, one of which had a 10-15 kDa increase in 

MW, indicative of a PTM. Whilst the intensity of this upper form correlated with the presence of 

Fbxo7, through the overexpression of Fbxo7 WT or inactive ΔFbox, I confirmed that it was not 

dependent on Fbxo7 ligase activity. Therefore, the modified subpopulation is not a multi-mono or di-

ubiquitinated PFKP moiety appended by SCFFbxo7. One possibility is that, alongside its own ligase 

activity towards PFKP, Fbxo7 binding may additionally promote ubiquitination by another E3 ligase. 

This may also explain the intermediate ubiquitination of PFKP following overexpression of FLAG-Fbxo7 

ΔFbox in cellulo ubiquitination assays, since this ligase-dead Fbxo7 mutant may still bind to PFKP. 

Nonetheless, this subpopulation is unaffected by proteasome inhibition and its levels do not decrease 

over the course of an 8-hour cycloheximide chase, indicating that it does not promote PFKP 

degradation. It is therefore unlikely to be ubiquitination by any of the reported PFKP-directed E3 

ligases (TRIM21, HRD1 and A20)388,399,462. A second, possibility is that this band represents 

phosphorylated PFKP. Since I have shown that Fbxo7 promotes Cdk6 activity towards PFKP it is 

reasonable that, in the presence of Fbxo7, an increase in phosphorylated PFKP would be observed. 

This is consistent with my data showing a reduction in PFKP monomer/dimer forms with Fbxo7 

knockdown, since a decrease in PFKP phosphorylation by Cdk6 would promote tetramer assembly. 

Genetic knockdown of PFKP may be used to evaluate the specificity of both antibodies and confirm 

that all bands discussed represent PFKP, whilst mass spectrometry analysis of the protein bands could 

identify if PTMs are present.  

PFKP is frequently regulated by PTMs including phosphorylation, O-GlcNAcylation and acetylation, to 

enable a rapid physiological response to cellular signalling304,388,395,398. One common mechanism of 
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PFKP regulation by both PTMs and allosteric regulators is the disruption or stabilisation of the PFKP 

active tetrameric state. This is true for the phosphorylation of PFKP by Cdk6 which dissociates PFKP 

tetramers and inhibits glycolysis304. I have shown that Fbxo7 can regulate PFKP via two alternative 

PTMs: ubiquitination and phosphorylation. Mechanistically, I have shown that Fbxo7 ubiquitination 

activity towards PFKP is independent of Cdk6, whilst the previously reported interaction and 

phosphorylation of PFKP by Cdk6 requires Fbxo7. These two mechanisms may act in concert or 

opposition since the non-degradative effects of the ubiquitination remain to be elucidated. Yet 

ultimately a loss of Fbxo7 reduces the proportion of inactive monomer/dimer PFKP, suggesting a 

stabilisation of the active tetrameric state and positioning Fbxo7 as a negative regulator of glycolysis. 

I found that several phenotypes observed when Fbxo7 is reduced in primary and malignant T cells, 

including a decrease in the inactive monomer/dimer forms of PFKP, increase in glycolysis and ROS, 

and reduced T cell viability, phenocopy the loss or inhibition of Cdk6118,119,122,304. This proposes the idea 

that a major role for Fbxo7 is as an activator of Cdk6, and my findings using the biosensor based on a 

Cdk6-phosphoacceptor in PFKP support this theory. I further hypothesise that this Cdk6-activating 

function conveys an essential role for Fbxo7 in hematopoietic cells. Fbxo7-deficient mice show 

hematopoietic defects reminiscent of Cdk6-/- mice, including thymic hypoplasia, reduced cellularity in 

the spleen, and anaemia103,104,106,119,122. By surveying the Depmap dataset, I also found that 

haematological and lymphocytic malignancies, where Cdk6 is highly expressed, are specifically 

dependent on Fbxo7. Moreover, I have experimentally observed that T-ALL cells resist modulation of 

Fbxo7 expression by shRNA, siRNA and transient overexpression. Together these provide evidence of 

a critical role for Fbxo7 in blood lineages, likely via Cdk6 activation. 

Alongside the Cdk6-dependent changes to PFKP oligomerisation, glycolysis, oxidative stress and 

viability, a recent paper reported that, in T-ALL cells, PFKP dimers phosphorylated by Cdk6 can be 

translocated to the nucleus where, in concert with c-Myc, they induce expression of the chemotaxis 

CXCR4 receptor396. Based on my data showing that Cdk6 phosphorylation of PFKP requires Fbxo7, we 

hypothesise that loss of Fbxo7 may reduce nuclear PFKP, CXCR4 transcription, and cancer invasion, 

analogous to Cdk6 inhibition. This interesting proposal could warrant further investigation. 

Furthermore, Cdk6 is also reported to regulate the glycolytic enzyme PKM2 in a manner analogous to 

PFKP304. Since PKM was identified as an Fbxo7-interacting protein in our MS screen, it would be 

interesting to determine whether Fbxo7 also promotes this phosphorylation to elicit a compounding 

effect on glycolysis. 

Although several effects of Fbxo7 loss replicate those of Cdk6 inhibition as described above, my data 

show a discrepancy in the source of the elevated oxidative stress. Wang et al. reported that PFKP 
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phosphorylation by Cdk6 increases glycolysis, reduces glucose-derived carbon in the PPP and hence 

NADPH generation, and  thus increases cellular ROS304. Although I observed an increase in ROS in CD4+ 

T cells from our Fbxo7LacZ/LacZ mice, my data cannot attribute this to a reduction in the PPP since 24-

hour 13C-isotype tracing showed elevated flux through both glycolysis and the oxidative PPP. It would 

be preferable to repeat this experiment with a time-course of 13C-isotype tracing to observe the 

kinetics of lactate labelling, since more meaningful differences may be observed at earlier time points. 

The generation of ROS, antioxidant molecules and redox cofactors is dynamically modulated by a 

multitude of metabolic processes463. Given the broad metabolic alterations seen in Fbxo7-deficient T 

cells, it is also possible that the oxidative stress observed arises from one, or several alternative 

pathways. For example, intracellular glycine is reduced by 20% in mutant T cells compared to WT, and 

its extracellular release is 70% lower. Since glycine is critically required for glutathione synthesis464, 

this deficit may impair cellular oxidative capacity. Several other studies have also reported that 

deficiencies in Fbxo7 are associated with an increase in ROS, with proposed mechanisms including a 

reduction in the NAD+ pool and impaired mitochondrial function465–467.  

Previous work has characterised several T cell phenotypes in mice lacking Fbxo7, and these are 

interesting to consider in the context of my work describing Fbxo7 as a glycolytic regulator104,106. Whilst 

Fbxo7-deficient mice have fewer CD4+ T cells in the periphery, these T cells expand more rapidly upon 

activation, and this has been attributed to reduced levels of p27 106. T cell activation is characterised 

by a predominantly glycolytic programme that is upregulated within 6 hours of TCR engagement to 

facilitate clonal expansion214. I have shown that activated Fbxo7LacZ/LacZ T cells have elevated glycolysis 

compared to WT, so they may be in a metabolic state more conducive to rapid proliferation. 

Therefore, there may be a metabolic contribution to the increased proliferation of activated T cells 

previously described. These activated Fbxo7-deficient T cells secrete increased IL-2, IFNγ (Th1 

cytokines) and IL-10 (Th2/Treg cytokine), despite lower cell numbers106. The production of certain 

cytokines, including IL-2 and IFNγ, relies on specific metabolic regulation, since GAPDH and LDH both 

have RNA-binding functions that mediate cytokine mRNA stability and expression214,241,249. The 

upregulated glycolysis in T cells lacking Fbxo7 may reduce the availability of GAPDH and LDH to 

sequester IFNγ and IL-2 mRNA and hence facilitate the elevated cytokine secretion described. 

Increased IL-10 secretion and a proportional increase in CD44High CD62LLow markers suggest 

polarisation towards regulatory and central memory T cell subsets in Fbxo7-deficient mice104. 

Differentiated T cell subsets display discrete metabolic profiles, with effector CD4+ T helper cells 

notably more glycolytic than regulatory and memory subsets. It is therefore interesting that I show 

Fbxo7-deficient CD4+ T cells have higher levels of glycolysis despite significantly lower levels of viability 
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and activation, and an increase in the proportion of less glycolytic regulatory and central memory T 

cell subsets in mutant mice. 

My analysis of the metabolome of activated CD4+ T cells lacking Fbxo7 indicates that, in addition to 

increased glycolysis, these primary cells have numerous metabolic alterations, including in arginine 

metabolism and in purine and pyrimidine biosynthesis. My data show reduced pyrimidine 

concentrations and elevated purine metabolic intermediates in Fbxo7-deficient T cells, implying 

disrupted pyrimidine synthesis or usage, and altered purine metabolism. The expansion of nucleotide 

pools is associated with T cell activation, and nucleotides may regulate proliferation, the cell cycle and 

survival following activation251,468. Moreover, the inhibition of both purine and pyrimidine synthesis is 

shown to favour Foxp3High Treg cells251. Although highly speculative, it is therefore possible that the 

altered nucleotide metabolism highlighted in my data may contribute to the reduced viability or 

increased IL-10 secretion of Fbxo7-deficient T cells. That said, the limitations of this experiment should 

also be mentioned, since culture media composition is increasingly recognised to have profound 

effects on cellular metabolism469. This analysis was performed in traditional RPMI culture medium 

which Cantor, et al, have shown can particularly alter de novo pyrimidine synthesis compared to a 

physiological medium469. My metabolic fingerprinting analysis also highlights a change in arginine 

metabolism in Fbxo7-deficient T cells. Geiger, et al, show that within the first 24-48 hours following T 

cell activation, arginine uptake increases but its intracellular concentration drops due to rapid 

metabolism to spermidine and proline232. This arginine metabolism is critical to prevailing T cell 

function since increased arginine promotes OXPHOS over glycolysis and induces a Tm phenotype with 

improved persistence and anti-tumour efficacy232. This central role of arginine in T cell metabolism 

therefore makes the disrupted urea cycle and arginine metabolism in our Fbxo7LacZ/LacZ mouse, and 

putative Fbxo7 substrates ODC1 and SRM, an interesting area of future investigation. Finally, 

tryptophan and its metabolites are implicated in T cell fitness and their effects are two-fold. Depletion 

of exogenous tryptophan, such as in the tumour microenvironment, can induce cell cycle arrest and 

anergy, whilst metabolites such as kynurenine suppress effector T cell function, stimulate apoptosis, 

and polarise to Treg cells349,470–472. I observed an increase in intracellular tryptophan and its catabolic 

products in Fbxo7LacZ/LacZ T cells, which also secreted more kynurenine. Another interesting proposition 

is therefore that altered tryptophan metabolism may contribute to reduced cell viability, proliferative 

capacity or Treg polarisation. Interestingly, tryptophan metabolites have been shown to reduce 

protein aggregation in Alzheimer’s disease (AD) and are proposed as endogenous anti-AD 

metabolites473, highlighting that Fbxo7-induced metabolic alterations may have implications in other 

cell types and pathological settings. 
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In summary, I have identified broad metabolic alterations in primary CD4+ T cells lacking Fbxo7, several 

of which may contribute to the T cell phenotypes observed in this Fbxo7LacZ/LacZ mouse. Specifically, my 

data validate Fbxo7 as a negative regulator of glycolysis in T cells. I propose a mechanism through 

which Fbxo7 can promote two PTMs on PFKP: ubiquitination and phosphorylation, to ultimately inhibit 

the assembly of active PFKP tetramers. Since several effects of Fbxo7 loss phenocopy that of Cdk6 

inhibition, my data indicate that a key role for Fbxo7 is as a Cdk6 activator, and this conveys a particular 

dependency in hematopoietic cells. Given the significance of Cdk6 in diseases such as cancer, and the 

availability of Cdk6 kinase inhibitors, it will be interesting to ascertain whether the regulation of Cdk6 

represents a common, therapeutically tractable, pathway mediating Fbxo7’s effects in physiological 

and pathological settings. 
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Introduction 
Nutrient sensing, feedback loops and metabolite-induced signalling cascades are commonplace in 

cellular systems to maintain dynamic homeostasis. Given the central importance of glucose as a 

metabolic substrate, it is perhaps unsurprising that it can also induce signalling pathways that control 

cell physiology. In mammals, this is largely through the action of AMPK which detects changes in 

glucose metabolism by sensing the ATP:AMP ratio in a cell, and is widely regarded as a central 

regulator of energy homeostasis474,475. AMPK activation by elevated AMP is responsible for the 

transcriptional adaptation of mammalian cells to several stresses that deplete ATP, of which nutrient 

starvation is one. Through AMPK-induced transcriptional reprogramming, energy balance is restored 

by switching off anabolic pathways that consume ATP and promoting catabolic ATP-generating 

pathways475. Moreover, AMPK is a central node that integrates several stress responses with the 

induction of macroautophagy (herein, called autophagy), a catabolic process in which cytoplasmic 

content is degraded in lysosomes to recycle the components of macromolecules476. 

Examples of starvation-induced responses in metabolic proteins include the upregulation of glutamine 

transporters and glutaminase to promote compensatory glutaminolysis477, and the inhibition of acetyl-

CoA carboxylase enzymes to facilitate fatty acid oxidation478,479. Since I discovered a role for Fbxo7 in 

the regulation of glycolysis (Chapter 3), I hypothesised that Fbxo7 may too be subject to regulation by 

nutrient starvation. 

Similarly, oxidative stress induces a heterogeneous cellular stress response involving the activation of 

MAPK, PI3K/AKT, NFκB and p53 signalling cascades, amongst others, to mediate a delicate balance 

between cell survival and death depending on the nature of the insult480. My work (Chapter 3) and 

previous findings have shown that deficiencies in Fbxo7 are associated with an increase in ROS465–467, 

suggesting that Fbxo7 has a ROS-neutralising role. As such, I reasoned that Fbxo7 may also be 

regulated by oxidative stress to promote this function when required. 

In this chapter I aimed to determine whether Fbxo7 is regulated by metabolic or oxidative stress, and 

to outline the mechanisms through which this may occur. Moreover, I sought to investigate whether 

the loss of Fbxo7 would increase the sensitivity of cells to such stresses.   
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Results 

4..1 Fbxo7 protein levels are sensitive to glucose availability 

To first determine whether Fbxo7 protein levels were influenced by glucose availability, I cultured 

HEK293T cells and T-ALL cell lines CCRF-CEM, MOLT-4 and Jurkat E6 in 4.5 g/L or 0 g/L glucose for 48 

hours prior to lysis and immunoblotting. Fbxo7 protein was consistently reduced following glucose 

starvation, by up to 65% (Fig. 4.1). I next tested whether this was a dose-dependent effect. The blood 

sugar level of a healthy person ranges from 0.6 – 1.4 g/L glucose481. The concentration in a diabetic 

patient experiencing hyperglycaemia will rise above this, and they are at risk of entering a coma above 

6 g/L glucose482, or in hypoglycaemic conditions below 0.5 g/L glucose483. Astonishingly, records show 

that some patients have survived above 20 g/L glucose in their blood484. To mimic a range of glycaemic 

conditions, I cultured CCRF-CEM and Jurkat cells in a titration of 0 – 10 g/L glucose for 48 hours prior 

to lysis and immunoblotting. Fbxo7 protein levels positively correlated with glucose concentration in 

both cell lines, in a dose-dependent manner, even at hyperglycaemic levels (Fig. 4.2). To test this 

relationship in a physiological setting, I isolated CD4+ T cells from the spleen of WT mice and activated 

them for 48 hours in 4.5 g/L or 0 g/L glucose. These primary mouse CD4+ T cells showed a 67% decrease 

in Fbxo7 when activated in the absence of glucose (Fig. 4.3). Interestingly, when these cells were 

maintained for a further 5 days in the presence of IL-2, the sensitivity of Fbxo7 to glucose availability 

was lost, suggesting that IL-2 signalling can overcome this glucose effect in activated T cells. 

  

Figure 4.1: Glucose starvation reduces Fbxo7 protein levels. 

HEK293T and T-ALL cells were cultured for 48 hours in media containing 0 or 4.5 g/L glucose, and cell 

lysates were analysed by immunoblot and quantified. (n≥3) ** p<0.01, ***p<0.001, **** p<0.0001  
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Figure 4.2: Fbxo7 protein levels positively correlate with glucose concentration 

in a dose-dependent manner. 

CCRF-CEM and Jurkat cells were cultured for 48 hours with a titration of glucose, 

then lysed and analysed by immunoblot. (n=3) 

Figure 4.3: Glucose starvation reduces Fbxo7 protein levels in primary T cells, but this is 

overcome by IL-2. 

Splenic CD4+ T cells were isolated and activated in vitro for 48 hours in media containing 0 

or 4.5 g/L glucose, and samples were taken and lysed. 40 ng/mL IL-2 was added to the 

remaining cells which were maintained for a further 5 days in 0 or 4.5 g/L glucose before a 

second set of samples were lysed. Cell lysates were analysed by immunoblot and quantified. 

(A) Representative immunoblot image. (B) Quantification of relative levels of Fbxo7. 

(Samples without IL-2 n=3, samples with IL-2 n=2) ** p<0.01 
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To understand the kinetics with which this change occurs, I performed a time course experiment of 

glucose addition and removal from cell culture medium. CCRF-CEM cells routinely cultured in 4.5 g/L 

glucose were washed and resuspended in glucose-free media, and samples were lysed at various time 

points following glucose removal for analysis by immunoblot (Fig. 4.4, grey bars). A 42% decrease in 

Fbxo7 protein was observed within 6 hours of glucose removal, and this expression level was 

maintained for 72 hours, suggesting a rapid signalling response. Similarly, CCRF-CEM cells that had 

been routinely cultured in the absence of glucose were switched to fresh media containing 4.5 g/L 

glucose (Fig. 4.4, yellow bars). The 34% increase in Fbxo7 protein upon the addition of glucose 

occurred more gradually over the 72 hours, indicating a slower adaptation. Together, these data show 

that there is a significant dose-dependent effect of glucose on Fbxo7 expression, and these changes 

can be observed within 6 hours of altering the glucose concentration. 

  

Figure 4.4: Changes to Fbxo7 protein levels occur within 6 hours of glucose modulation.  

CCRF-CEM cells maintained in 4.5 g/L or 0 g/L glucose had glucose acutely removed or 

added, and samples were taken at the indicated time intervals for 72 hours. Cells were 

lysed, analysed by immunoblot and quantified. (A) Representative immunoblot images. 

(B) Quantification of relative levels of Fbxo7.  (n=4) *** p<0.0005 
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4..2 Glucose starvation induces Fbxo7 degradation by autophagy 

Since Fbxo7 protein correlated with glucose availability, I sought to determine whether Fbxo7 stability 

was affected, and if the reduction in Fbxo7 was due to increased protein turnover during glucose 

starvation. CCRF-CEM cells that had been routinely cultured in 4.5 g/L glucose were washed and 

resuspended in media containing 4.5 g/L (maintenance) or 0 g/L (starvation) glucose, and cells were 

simultaneously treated with cycloheximide. A shorter Fbxo7 half-life was seen when glucose was 

acutely removed from cells (t½ = 4 hr in 4.5g/L glucose vs. t½ = 1.75 hr in no glucose) suggesting that 

glucose starvation promotes Fbxo7 protein degradation within 2 hours of glucose removal (Fig. 4.5). 

  

Figure 4.5: Glucose starvation reduces Fbxo7 protein half-life. 

Immediately following glucose removal (0 g/L) or maintenance (4.5 g/), CCRF-CEM 

cells were treated with cycloheximide for up to 8 hours. Cells were lysed at time 

intervals, analysed by immunoblot (A) and quantified (B). (Representative of n=3) 
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To determine the pathway promoting Fbxo7 degradation, CCRF-CEM cells were treated with MG132 

or bafilomycin A1 (BafA) to inhibit the proteasome or autophagy, respectively (Fig. 4.6). Surprisingly, 

proteasome inhibition with MG132 reduced Fbxo7 protein signal, but this was not dependent on 

glucose concentration. This phenomenon may arise from the accumulation of ubiquitinated targets 

upon MG132 treatment and subsequent negative feedback on Fbxo7, or may be an experimental 

artefact due to PTMs masking the antibody epitope. Importantly, BafA treatment rescued Fbxo7 levels 

after glucose withdrawal, suggesting that Fbxo7 was cleared by autophagy (Fig. 4.6). 

  

Figure 4.6: Inhibition of autophagy rescues the decrease in Fbxo7 protein induced by 

glucose starvation. 

Immediately following glucose removal (0 g/L) or maintenance (4.5 g/), CCRF-CEM cells were 

treated with DMSO, 10 μM MG132 or 200 nM BafA for 5 hours. Cells were lysed, analysed 

by immunoblot and quantified. (A) Representative immunoblot image. (B) Quantification of 

relative levels of Fbxo7. (n=7). * p<0.05, ** p<0.01, ***p<0.001, **** p<0.0001 
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4..3 FBXO7 is transcriptionally regulated in response to cellular stress 

Glucose signalling is evidenced to have widespread impacts on gene expression, hence I investigated 

whether there is also a transcriptional element to the Fbxo7 response. Following 48 hours of glucose 

starvation, 4.5 g/L glucose was added to CCRF-CEM cells for 4 hours prior to RNA extraction and qRT-

PCR analysis. As I had observed an increase in Fbxo7 protein within 6 hours of glucose addition (Fig. 

4.4) I expected that, if FBXO7 was upregulated by glucose, transcriptional changes would be 

measurable within this early window. Fbxo7 mRNA from glucose-starved CCRF-CEM cells was 31% 

lower than cells in 4.5 g/L glucose (Fig. 4.7A). Similarly, when naïve murine CD4+ T cells were isolated 

and cultured for 4 hours in the presence (4.5 g/L) or absence of glucose, glucose starvation correlated 

with a 25% reduction in Fbxo7 mRNA levels (Fig. 4.7B). Together, these data indicate that FBXO7 is a 

glucose-responsive gene that is transcriptionally upregulated by glucose availability in both malignant 

and primary cells. 

 

 

 

 

 

 

 

 

Since Fbxo7 is regulated by changes in glucose concentration, I sought to determine whether it is also 

sensitive to oxidative stress. I had previously observed elevated ROS in activated murine CD4+ T cells 

lacking Fbxo7, thus Fbxo7 may be considered to have an anti-oxidative function (Chapter 3, Fig 3.21). 

I therefore reasoned that Fbxo7 may be regulated by oxidative stress in these cells as a means to 

promote this neutralising pathway when required. ROS accumulate during T cell activation due to the 

upregulation of OXPHOS239–241, so I tested the effect of 100 μM exogenous H2O2 on both naïve and 

Figure 4.7: Fbxo7 mRNA is reduced by glucose starvation. 

(A) CCRF-CEM cells were cultured for 48 hours in the absence of glucose. Cells were maintained 

in this media (0 g/L) or glucose was added (4.5 g/L) for 4 hours prior to RNA extraction and qRT-

PCR analysis. Relative Fbxo7 mRNA is shown, normalised to actin. (n=2)  

(B) Naïve murine CD4+ T cells were isolated and incubated for 4 hours in 0 g/L or 4.5 g/L glucose. 

Relative Fbxo7 mRNA is shown, normalised to actin, cyclophilin and hprt. (n=6). * p<0.05 
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activating CD4+ T cells following 45 minutes of exposure (Fig. 4.8). The effect of H2O2 in naïve cells was 

variable, and no significant difference was observed. However, when I exposed activating cells to H2O2 

I observed a modest yet significant 8% upregulation in Fbxo7 mRNA (Fig. 4.8), suggesting that FBXO7 

expression is increased by oxidative stress in certain contexts. 

 

 

 

Surprisingly, RNA extraction and qRT-PCR analysis from naïve and activated CD4+ T cells revealed a 

striking 80% reduction in Fbxo7 mRNA post-activation (Fig. 4.9). This occurred within 4 hours of T cell 

activation and was sustained up to 24 hours later. This is interesting when considered alongside 

protein expression data that showed an increase in Fbxo7 following prolonged culture in the presence 

of IL-2 (Fig. 4.3). Extensive transcriptional and metabolic reprogramming occurs following engagement 

of the TCR and continues throughout T cell activation as directed by cytokines. Together these data 

suggest that Fbxo7 is quickly transcriptionally downregulated upon TCR engagement but is later 

upregulated in response to IL-2.  

Figure 4.8: Fbxo7 mRNA is upregulated by oxidative 

stress in activating CD4+ T cells. 

Murine CD4+ T cells were isolated and incubated for 

4 hours as naïve cells or activated with α-CD3/α-

CD28. These cells were exposed to 100 μM H2O2 or 

vehicle control for the last 45 minutes of the 

incubation/immediately following isolation, prior to 

RNA extraction and qRT-PCR analysis. Relative Fbxo7 

mRNA is shown, normalised to actin, cyclophilin and 

hprt. (n=6) * p<0.05 

Figure 4.9: Fbxo7 mRNA is downregulated upon T cell 

activation. 

Murine CD4+ T cells were isolated and activated in 

vitro for the indicated duration prior to RNA extraction 

and qRT-PCR analysis. Relative Fbxo7 mRNA is shown, 

normalised to actin, cyclophilin and hprt. (Naïve and 4 

hour activated samples n=6, 24 hour activated sample 

n=2) ***** p<0.00001 
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4..4 Fbxo7 protein correlates with glucose availability and oxidative stress in various 

primary tissues 

T cells, especially during activation, have a defined metabolic programme that is tightly linked to their 

functional output. I was therefore interested to ascertain whether Fbxo7 was also regulated by 

glucose availability and oxidative stress in other tissues. The thymus, pancreas, liver and lung were 

isolated from WT mice and processed to a single cell suspension. These cells were incubated for 3 

hours in varying concentrations of glucose and Fbxo7 protein levels were analysed by immunoblot 

(Fig. 4.10A and C). In all tissues tested, Fbxo7 protein positively correlated with increasing glucose 

concentration, though the extent to which this occurred varied between tissues. The pancreas and 

lung showed an 8.7 and 6.5-fold increase in Fbxo7 protein at 10 g/L compared to glucose starved cells, 

whilst cells from the thymus and liver had a more modest 2.8 and 2.6-fold increase respectively. 

Nonetheless, these data confirm that Fbxo7 is regulated by glucose availability across different tissues. 

The single cell suspensions from various tissues were also incubated with 100 μM H2O2 for 1 or 3 hours 

to induce oxidative stress prior to cell lysis and immunoblot analysis (Fig. 4.10B and C). Consistent with 

the increase in Fbxo7 mRNA in H2O2 treated CD4+ T cells (Fig. 4.8), cells from the liver and lung 

displayed a dose-dependent increase in Fbxo7 protein with ongoing exposure to H2O2, which showed 

up to a 3.7-fold rise (Fig. 4.10B). Interestingly, cells from the thymus and pancreas had a 56% and 29% 

decrease in Fbxo7 protein respectively, following 3 hours exposure to H2O2, suggesting that the 

response to oxidative stress varies between cell and tissue types. Together, these data confirm that 

the regulation of Fbxo7 by glucose availability and oxidative stress is not limited to T cells, though the 

nature of the response may be context dependent. 
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Figure 4.10: Fbxo7 protein levels are responsive to glucose availability and oxidative stress in 

various primary mouse tissues. 

Tissues were isolated from WT mice and processed to a single cell suspension. Cells were 

incubated for 3 hours in a titration of glucose concentrations or treated with 100 μM H2O2 for 1 

or 3 hours. Cells were lysed and analysed by immunoblot. (n=1) 

(A) Quantification of Fbxo7 protein levels following culture in a titration of glucose for 3 hours. 

(B) Quantification of Fbxo7 protein levels following exposure to 100 μM H2O2. 

(C) Immunoblot images. 
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4..5 Fbxo7-deficient T cells are more sensitive to oxidative stress-induced cell death 

Since Fbxo7 is regulated by glucose availability and oxidative stress, and CD4+ T cells lacking Fbxo7 

have elevated levels of ROS (Chapter 3, Fig 3.21), I reasoned that Fbxo7 may be involved cellular stress 

responses. I therefore investigated whether T cells lacking Fbxo7 had altered sensitivity to metabolic 

or oxidative stress. I used our mouse model in which the FBXO7 locus is disrupted by a LacZ insertion 

and measured the viability of WT or Fbxo7-deficient CD4+ T cells following ex vivo culture in the 

presence of stress. Naïve T cells cultured for 24 hours in a titration of glucose (0 to 10 g/L) all showed 

less than 4% variation in cell viability across the glucose concentrations, and there was no difference 

between WT and Fbxo7LacZ/LacZ cell viability (Fig. 4.11A). This suggests that glucose availability does not 

impact the viability of naïve T cells. 

To induce oxidative stress, naïve CD4+ T cells in media containing 5 g/L glucose were treated with 100 

μM H2O2 for 1 hour. T cells lacking Fbxo7 displayed a 47.8% decrease in viability upon oxidative stress, 

which was up to 13% more cell death than WT cells (Fig. 4.11B & C). This suggests that T cells lacking 

Fbxo7 are more sensitive to cell death caused by oxidative stress. 

   

Figure 4.11: Loss of Fbxo7 reduces CD4+ T cell viability in response to exogenous H2O2, but not 

glucose starvation. 

Naïve CD4+ T cells were incubated with (A) a titration of glucose for 24 hours or (B-C) 100 μM H2O2 

for 1 hour, prior to flow cytometry analysis to measure the cell viability. (WT/WT n=2, LacZ/LacZ n=1) 
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Discussion 
In this chapter I sought to determine whether Fbxo7 is regulated by changes in glucose concentration, 

and to outline the mechanisms through which this may occur. The cellular response to nutrient 

starvation typically involves an altered transcriptional programme that switches from anabolic to 

catabolic pathways to restore the energy balance, alongside the activation of the autophagy salvage 

pathway475,476,485,486. I have demonstrated that Fbxo7 expression is responsive to glucose 

concentration at both the mRNA and protein levels, utilising both these adaptive mechanisms to 

downregulate FBXO7 and promote its degradation by autophagy in response to glucose starvation. It 

is understood that the pool of available FBPs is likely controlled by a combination of transcriptional 

regulation and targeted degradation/stabilisation, in part mediated by auto-ubiquitination, depending 

on intrinsic and extrinsic signals, and FBP substrate availability56,57. Whilst other FBPs are described to 

respond to nutrient availability, such as the muscle catabolism regulator Atrogin-1 (Fbxo32) which is 

transcriptionally upregulated in response to starvation487 and the yeast FBP Grr1 which associates with 

Skp1 in a glucose-dependent manner to signal changes in gene expression488, I present the first data 

describing the regulation of Fbxo7 by nutrient depletion and autophagy. 

My data demonstrating the regulation of Fbxo7 by glucose availability may be considered alongside 

its role as a negative regulator of glycolysis (Chapter 3), since this suggests that Fbxo7 levels may act 

to adjust the glycolytic rate under different physiological and pathological conditions. I propose that, 

when glucose is replete, higher Fbxo7 levels may inhibit glycolysis, promoting other biosynthetic 

pathways (Fig 4.12). Conversely, with falling glucose concentrations, Fbxo7 may be downregulated to 

prioritise glycolysis over macromolecule biosynthesis. Further study could test the physiological 

significance of this pathway by measuring metabolic flux in response to glucose starvation, in the 

presence and absence of Fbxo7. 

I found that Fbxo7 downregulation in response to glucose starvation was preserved at several stages 

throughout T cell development and function, specifically in thymus tissue, naïve and activated CD4+ T 

cells and T-ALL cell lines. This signifies a common regulatory pathway that may have relevance in both 

a physiological and malignant setting. T cells undergo significant metabolic and genetic remodelling 

throughout their life cycle and are deeply influenced by their microenvironment. At sites of infection 

and in the tumour microenvironment (TME), T cells may be exposed to various cellular stresses 

including nutrient deprivation, oxidative stress, and hypoxia485,489. In fact, glucose concentrations in 

tumours are estimated to be 3 to 10-fold lower than in non-transformed tissues490. Whilst the 

metabolic plasticity of T cells enables them to adapt to glucose starvation by upregulating other 

catabolic pathways such as glutaminolysis and fatty acid oxidation485,491, glucose availability may still 

alter their function as evidenced by impaired cytokine production, T cell hypo-responsiveness and 
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enhanced expression of inhibitory markers when cells are activated in glucose-deprived 

environments340–343. As such, a role for Fbxo7 in finetuning the glycolytic rate to reflect glucose 

availability, may impact on T cell survival and function in glucose depleted pathological environments 

such as the TME. Nonetheless, my data show that loss of Fbxo7 had no impact on the viability of naïve 

CD4+ T cells maintained in a glucose-starved culture. This is perhaps unsurprising since naïve T cells 

are metabolically quiescent and do not display high levels of glycolysis225. The availability of additional 

mice would enable this investigation in the more relevant context of activated glycolytic CD4+ T cells. 

Interestingly, the later addition of IL-2 to activated T cells abolished the glucose-dependent effect on 

Fbxo7, and upregulated Fbxo7 protein irrespective of glucose availability. IL-2 is a pleiotropic cytokine 

that sustains MYC expression and mTORC1 and HIF1 activation to promote the upregulation of 

nutrient transporters in T cells, potentiating glucose and glutamine uptake to support proliferation492. 

Interestingly, it has been shown that IL-2 production is not sensitive to glucose starvation or 

hypoxia493, hence IL-2 signal transduction may overcome some effects of glucose starvation. 

Therefore, any functional effect of Fbxo7 regulation by glucose likely only occurs during the early 

stages of T cell activation. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Model depicting how exposure to cellular stress may alter glycolytic regulation by Fbxo7. 

I propose that the adaptation of Fbxo7 levels to metabolic and oxidative stress, and T cell activation, 

may affect the downstream regulation of PFKP and hence alter metabolic flux through glycolysis in 

response to stress. Elevated ROS may upregulate Fbxo7 to promote its ROS-neutralising effect, whilst 

glucose starvation and T cell activation may reduce Fbxo7 levels to promote glycolysis. 
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My findings also suggest that Fbxo7 is regulated by oxidative stress in T cells, as FBXO7 was 

upregulated by exogenous H2O2 treatment in activating CD4+ T cells. Previous studies report that ROS 

are elevated in cells lacking Fbxo7, suggesting a role in neutralising ROS465–467. In support of this, I 

found that Fbxo7-deficient T cells were more sensitive to H2O2-induced cell death than WT cells, 

collectively indicating that Fbxo7 may be transcriptionally activated by oxidative stress and has a role 

in promoting the stress response (Fig. 4.12). In contrast, cells derived from thymus tissue displayed a 

reduction in Fbxo7 protein following incubation with H2O2. However, it is important to note that this 

will represent a mixed population of thymocytes and stromal cells, and that the significant genetic and 

metabolic differences between thymocytes and active T cells may foster altered stress responses. As 

such, whilst I have shown that Fbxo7 levels are altered in response to oxidative stress in T cells, the 

mechanisms through which this occurs and differences throughout T cell development remain to be 

determined. 

T cell activation is a complex cellular process that requires gross transcriptional and metabolic 

reprogramming225. Interestingly, I discovered that FBXO7 is one gene strongly downregulated in 

response to T cell activation, and this occurs within 4 hours of stimulation. Given the widespread 

transcriptional changes upon activation, we cannot eliminate the possibility that this decrease is 

simply due to the downregulation of genes not essential for the activation programme. However, an 

enticing proposition is that Fbxo7 is specifically downregulated in activating T cells as one of several 

mechanisms to promote glycolysis (Fig. 4.12). In this manner, reduced Fbxo7 would promote PFKP 

activity and glycolytic flux, which is an integral part of the required metabolic reprogramming and may 

facilitate efficient T cell activation. Autophagy also plays a critical role in T cell survival and can be 

activated by TCR engagement and cytokine stimulation494. Since my data demonstrate the 

simultaneous transcriptional downregulation and autophagic degradation of Fbxo7 in response to 

glucose starvation, it may be interesting to ascertain whether Fbxo7 is similarly cleared by autophagy 

in early T cell activation. Interestingly, Fbxo7 protein was subsequently elevated by the addition of IL-

2 to activated T cells as previously discussed, perhaps to redirect glycolytic metabolites into 

biosynthetic pathways, or to counteract activation-induced oxidative stress, indicating differential 

Fbxo7 regulation through early and late-stage T cell activation. 

Whilst all cells must maintain homeostasis, the environmental stresses and functional requirements 

of tissues differ. Glucose sensing is particularly vital in the pancreas since endocrine cells in the 

pancreatic islets of Langerhans are responsible for regulating blood glucose levels. Specifically, islet β 

cells secrete insulin when blood sugar rises, whereas α cells release the glucagon stress hormone when 

blood sugar falls too low495. Therefore, it is perhaps unsurprising that cells derived from mouse 

pancreas tissue showed the greatest glucose-induced increase in Fbxo7 protein of the tissues tested. 
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Other tissues such as the liver, skeletal muscle and adipose tissue, are important for the storage or 

release of glucose as required486,495, yet I found that cells from the liver only showed a subtle increase 

in Fbxo7 protein in response to elevating glucose. Interestingly, a less studied phenotype reported in 

mice lacking Fbxo7 is a decrease in circulating fructosamine levels496,497. Fructosamine is a glycoprotein 

formed by the spontaneous glycation that is accelerated in diabetes and indicative of sustained 

hyperglycemia498. As such, fructosamine concentrations are commonly used as a measure of average 

blood glucose levels in diabetes patients in the previous two to four weeks498. This phenotype in 

Fbxo7-deficient mice therefore suggests blood glucose concentration may be reduced and glucose 

sensing, or metabolism altered. Ultimately these data only offer a crude look to the stress response 

of Fbxo7 in different tissues, but they do highlight responsiveness in a range of cell types. 

Understanding the differing mechanisms involved in tissue-specific responses, and any implications in 

glucose sensing in metabolic diseases such as diabetes, will require a more refined approach. 

Since I have shown that a major role for Fbxo7 is activating Cdk6, I propose that Cdk6 activity will 

respond to stress conditions, such as fluctuating glucose levels, through the finetuning of Fbxo7 

levels499. In addition to regulating metabolism, another critical role for Cdk6 under stress conditions 

has been attributed to its regulation of transcription115,117. Bellutti, et al, proposed that Cdk6 promotes 

oncogenic transformation of bone marrow cells with BCR-ABL by suppressing p53-mediated stress 

responses, and in the absence of Cdk6, p53’s pro-apoptotic functions prevail115. In a Parkinson’s 

disease mouse model with conditional loss of Fbxo7 in dopaminergic neurons, a p53 pro-apoptotic 

signature was detected86. One possibility is the progressive neuronal death observed in this mouse 

arises from a lack of Fbxo7 and consequently Cdk6, to offset the p53 pro-apoptotic transcriptional 

response. Although Fbxo7 impacts on several other cellular pathways, as a factor that selectively 

scaffolds Cdk6, Fbxo7 levels may help to set a threshold for Cdk6-directed stress responses, 

transcriptional and metabolic, in many different cell types. 

In summary, the findings presented in this chapter identify Fbxo7 as a protein regulated by various 

sources of cellular stress at a transcriptional and post-translational level. I have established that Fbxo7 

is a dose-dependent, glucose responsive protein in numerous cell types, which is both transcriptionally 

downregulated and targeted for autophagy in response to glucose starvation. Moreover, I have 

correlated Fbxo7 transcripts with T cell activation and oxidative stress and shown that Fbxo7 loss 

increases T cell sensitivity to oxidative stress. Aberrant cellular stress responses are associated with 

many human diseases, including Parkinson’s disease and cancer500,501, in which Fbxo7 mis-regulation 

and mutation are proposed to play a role. As such, the recognition of FBXO7 as a stress responsive 

gene may have implications in both physiological cell survival and Fbxo7-associated disease 

pathologies. 
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Introduction 
F-box proteins, such as Fbxo7, are the substrate recruiting components for CRL1 E3 ubiquitin ligases 

(also called SCF ligases). Another family, CRL4, instead use DDB1-CUL4 associated factors (DCAFs) to 

recruit their substrates for ubiquitination. Cereblon (CRBN) is a DCAF protein most known for its role 

as the primary target for IMiDs158,159, a class of drugs that are central to the treatment of multiple 

myeloma (MM) and increasingly show efficacy in other haematological malignancies156,157. IMiDs bind 

to the CULT domain of CRBN130,131 and ultimately modify substrate recognition, generating neo-

substrates for CRL4CRBN. Through this mechanism IMiDs promote the ubiquitination and degradation 

of several neo-substrates including the transcription factors IKZF1 and IKZF3 which play a vital role in 

B cell maturation and MM cell survival160–163. Importantly, high CRBN expression is associated with 

improved clinical outcomes to IMiDs, whilst mutations in CRBN or its depletion can contribute to IMiD 

resistance159,178. 

Beyond its role in IMiD sensitivity, CRBN also has several physiological substrates, many of which are 

involved in neuronal and brain function130,134–136. One such example is the BK channel which, upon 

polyubiquitination by CRBN, is retained in the endoplasmic reticulum to prevent epileptogenesis136. 

Interestingly, a subsequent study revealed that CRBN mutations associated with intellectual disability 

(ID) disrupt the CRBN-BK interaction and instead both mutant CRBN and BK are directed to SCFFbxo7 for 

polyubiquitination and proteasomal degradation137. 

Since sustained CRBN expression is required for IMiD sensitivity159,178, and Fbxo7 may promote the 

turnover of CRBN137, I hypothesised that Fbxo7 may modulate CRBN to affect IMiD sensitivity. In this 

chapter, I therefore aimed to establish whether WT CRBN is a substrate for ubiquitination by Fbxo7, 

and if this promotes CRBN degradation. I sought to test the effect of the IMiD, lenalidomide, on Fbxo7 

and CRBN proteins, and to ascertain whether the loss of Fbxo7 altered MM cell sensitivity to 

lenalidomide. 
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Results 

5..1 CRBN is a substrate for ubiquitination by Fbxo7 

To investigate whether CRBN is a substrate for Fbxo7, I performed a ubiquitination assay in HEK293T 

cells expressing a control or Fbxo7-targetting shRNA. I overexpressed FLAG-CRBN in these cells, 

alongside the re-expression of Fbxo7 constructs into the Fbxo7-knockdown cells. Immunoblot analysis 

displays characteristic smears of CRBN polyubiquitination in all samples, including those with Fbxo7 

knockdown (Fig. 5.1), illustrating that CRBN is ubiquitinated by other E3 ligases besides Fbxo7. Given 

that CRBN is also an E3 ubiquitin ligase, and that E3 ligases are shown to auto-ubiquitinate in the 

absence of their substrates56,57, some of this likely represents auto-ubiquitination by CRBN itself. 

Interestingly, there was no change to this baseline CRBN ubiquitination upon Fbxo7 knockdown (Fig. 

5.1, lane 1 vs. lane 2), but overexpression of WT Fbxo7 did promote an increase in CRBN ubiquitination 

(Fig. 5.1, lane 2 vs. lane 3) that was dependent on the Fbxo7 F-box domain (Fig. 5.1, lane 4). This 

increase in CRBN polyubiquitination that is specifically dependent on SCFFbxo7 ligase activity is 

consistent with the hypothesis that CRBN is a substrate for ubiquitination by Fbxo7. The lack of a 

reciprocal result upon Fbxo7 knockdown is perhaps an indication of adaptive mechanisms whereby 

other E3 ligases, or CRBN auto-ubiquitination, compensate for the lack of Fbxo7 activity towards 

CRBN. 

 

 

  

Figure 5.1: Fbxo7 ubiquitinates CRBN in 

HEK293T cells. 

HEK293T cells expressing a control or Fbxo7 

shRNA were transfected with FLAG-CRBN and 

Fbxo7 constructs as indicated. Cells were treated 

with 10 μM MG132 prior to cell lysis and analysis 

by immunoblot. Immunoblot for CRBN shows 

the degree of ubiquitination. Endogenous CRBN 

is a 51 kDa protein. Higher bands represent 

FLAG-CRBN and ubiquitinated populations. (n=3) 
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5..2 Fbxo7 ubiquitination promotes CRBN degradation 

Since Fbxo7 is reported to promote the degradation of mutant CRBN in ID137, I hypothesised that Fbxo7 

ubiquitination may also target WT CRBN for degradation. I first examined whether Fbxo7 and CRBN 

protein levels correlated in HEK293T cells expressing a control or Fbxo7-targeting shRNA by 

immunoblot analysis (Fig. 5.2A & B). This showed a subtle, but not significant, decrease in endogenous 

CRBN with Fbxo7 knockdown, in opposition with a role for Fbxo7 in CRBN degradation. Since I had 

seen no difference in CRBN ubiquitination in these cells due to the possible action of other 

compensating E3 ligases but had observed an increase with Fbxo7 overexpression (Fig. 5.1), I also 

investigated the effect of Fbxo7 WT and ΔFbox overexpression on CRBN levels (Fig. 5.2C & D). These 

data show a significant 20% decrease in CRBN protein levels upon Fbxo7 overexpression, which is not 

phenocopied by the ΔFbox mutant, indicating that it is specifically reliant on SCFFbxo7 ligase activity. 

Figure 5.2: CRBN protein levels inversely correlate with Fbxo7 expression. 

(A) & (B) Lysates from HEK293T cells expressing a control or Fbxo7 shRNA were analysed by 

immunoblot. (A) Shows a representative image. (B) Quantification of relative levels of CRBN. (n=4) 

(C) & (D) HEK293T cells expressing an Fbxo7 shRNA were transfected with Fbxo7 WT and ΔFbox 

constructs prior to lysis and analysis by immunoblot. (C) Shows a representative image. (D) 

Quantification of relative levels of CRBN. (n=5) * p<0.05 
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To support this, I transfected Fbxo7-knockdown HEK293T cells with Fbxo7 WT or ΔFbox constructs and 

subsequently treated them with DMSO or the proteasome inhibitor MG132, to test whether it rescued 

the decrease in CRBN protein levels with Fbxo7 overexpression (Fig. 5.3). As expected, immunoblot 

analysis shows a reduction in CRBN protein levels with the overexpression of WT Fbxo7, that is not 

seen with Fbxo7-ΔFbox (Fig. 5.3, lanes 1-3). CRBN accumulated with MG132 treatment in all three 

samples, indicating that it is degraded by the proteasome even in the absence of Fbxo7 (Fig. 5.3, lanes 

4-6). This is consistent with CRBN ubiquitination by other E3 ubiquitin ligases in the absence of Fbxo7 

ligase activity (Fig. 5.1). Nonetheless, MG132 treatment did rescue the reduction in CRBN protein 

levels induced by Fbxo7 overexpression (Fig. 5.3, lane 1 vs. lane 2 compared to lane 4 vs. lane 5), which 

may support the theory that Fbxo7 ubiquitination targets CRBN for proteasomal degradation.  

 

 

 

 

  

Figure 5.3: CRBN protein levels increase with MG132 treatment. 

HEK293T cells expressing an Fbxo7 shRNA were transfected with 

Fbxo7 WT or ΔFbox constructs. Cells were treated with DMSO or 10 

μM MG132 for 4 hours prior to lysis and immunoblot analysis. (n=2) 
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Lastly, I performed a cycloheximide chase experiment to examine CRBN stability in the presence and 

absence of Fbxo7. However, I found that CRBN has a long half-life, and no change was seen in cells 

with reduced Fbxo7 (Fig. 5.4). This protein stability was surprising since CRBN accumulated following 

a 4-hour treatment with MG132 (Fig. 5.3), suggesting proteasomal degradation in this timeframe. 

Nonetheless, I did observe an interesting higher MW CRBN species that may represent a PTM. This 

CRBN species was stabilised upon Fbxo7 knockdown, indicating a role for Fbxo7 in regulating PTMs on 

CRBN. 

  

Figure 5.4: CRBN half-life is unchanged in the absence of Fbxo7. 

Representative immunoblot of CRBN half-life in HEK293T cells expressing a 

control or Fbxo7 shRNA and treated with cycloheximide for up to 8 hours. (n=4) 
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5..3 Fbxo7 and CRBN protein interaction predictions 

As CRBN is a substrate for ubiquitination by Fbxo7, I was interested to explore the interaction between 

these two proteins. I used the AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk)502,503 

to model the 3D structural interaction between full-length Fbxo7 and CRBN proteins (Fig. 5.5). Five 

models were generated and ranked according to their predicted confidence scores. AlphaFold 

produces a per-residue estimate of its confidence on a scale of 0 – 100 (termed pLDDT). The 

confidence scores for Fbxo7 and CRBN protein folding show that, whilst CRBN was folded with 

reasonable confidence apart from its unstructured N-terminal region, Fbxo7 structural predictions had 

lower confidence (Fig. 5.5A). In particular, the regions corresponding to the linker and Cdk6 binding 

domain, and C-terminal PRR, had pLDDT values <50, which is an indication of intrinsic disorder. 

All five models showed notable similarity and positioned the α-helices of the CRBN DDB1-binding 

domain between the Ubl domain and FP/F-box domains of Fbxo7 (Fig. 5.5B). In models 1-4 the Fbxo7 

Ubl domain is positioned close to the CRBN N-terminal linker (labelled A) and first α-helix of the CRBN 

DDB1-binding domain (labelled B). These four models also predict that the most C-terminal α-helix of 

Fbxo7 (in the linker before the disordered PRR, labelled C) wraps around the other face of the CRBN 

DDB1-binding domain. Whilst model 5 predicts the same positioning of CRBN relative to the Fbxo7 Ubl 

domain, it shows a more compact structure in which CRBN sits deeper into the cleft between the 

Fbxo7 Ubl domain and FP/F-box domains. Together, these predictions suggest that the DDB1-binding 

domain of CRBN, and the Fbxo7 Ubl domain, may be important for the protein interaction. 
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Figure 5.5: 3D structure predictions for the interaction between Fbxo7 (red) and CRBN (blue) 

using AlphaFold Protein Structure Database. 

(A) Modelling error represented by AlphaFold’s per-residue confidence estimate, predicted LDDT 

(pLDDT). Regions with pLDDT > 90 are expected to be modelled to a high accuracy, 70-90 are 

modelled well, 50-70 represent low confidence, and <50 indicates structural disorder. 

Annotations underneath represent approximate locations of Fbxo7 and CRBN protein domains. 

(B) 3D structure models generated by the AlphaFold deep learning system. Fbxo7: red. CRBN: 

blue. Key features are labelled by white arrows. Ubl: Fbxo7 Ubl domain. FP/F-box: Fbxo7 FP and 

F-box domains. PRR: Fbxo7 PRR. DDB1: CRBN DDB1-binding domain. A: CRBN N-terminal linker. 

B: First α-helix of the CRBN DDB1-binding domain. C: Most C-terminal α-helix of Fbxo7. 
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5..4 Lenalidomide induces cell line-specific changes to Fbxo7 and CRBN proteins 

In the screen that first identified the CRBN-dependent decrease in Ikaros proteins induced by 

lenalidomide, Fbxo7 was also found to be downregulated by 2 μM lenalidomide treatment161. This 

screen was performed in 293FT cells in a 384w format, but the finding was not reproduced in the 

follow-up 96w assay. As such, we sought to validate whether lenalidomide affects Fbxo7 protein 

levels. HEK293T cells were treated with a titration of lenalidomide for 24 hours prior to lysis and 

analysis by immunoblot (Fig. 5.6). We observed a dose-dependent decrease in Fbxo7 protein levels in 

response to lenalidomide, culminating in a 48% reduction following treatment with 10 μM IMiD, thus 

supporting the original screen by Lu, et al161. 

 

Next, I tested this response in a selection of more clinically relevant MM cell lines (OPM2, MM1S and 

U266) which are all categorised as IMiD sensitive. As before, cells were treated with a titration of 

lenalidomide for 24 hours prior to lysis and immunoblot analysis. Unlike in HEK293T cells, Fbxo7 was 

not downregulated by lenalidomide in any of the MM cell lines tested (Fig. 5.7 and 5.8), suggesting 

that different drug responses are induced in MM cells. Whilst it is widely understood that IMiDs alter 

CRBN substrate specificity, there are contradicting reports of their effect on CRBN protein 

levels161,504,505. In all three cell lines, my data consistently show no change to steady-state CRBN protein 

levels with lenalidomide treatment (Fig. 5.7 and 5.8). However, interestingly, there was a dose-

dependent increase in CRBN laddering when U266 cells were treated with a titration of lenalidomide 

(Fig. 5.8), suggesting that lenalidomide promotes CRBN ubiquitination in these cells.  

Figure 5.6: Fbxo7 protein levels are reduced by lenalidomide treatment in HEK293T cells. 

HEK293T cells were treated with a titration of lenalidomide for 24 hours prior to cell lysis 

and analysis by immunoblot. (A) Shows a representative immunoblot. (B) Quantification of 

relative levels of CRBN. (n=3) * p<0.05 

Experiment performed by Omar Helmy, reproduced here with permission. 



145 
 

  

 

 

 

 

 

 

 

 

 

   

Figure 5.7: Fbxo7 and CRBN protein levels are unchanged by lenalidomide 

treatment in OPM2 and MM1S cells. 

OPM2 and MM1S cells were treated with a titration of lenalidomide for 24 hours 

prior to cell lysis and analysis by immunoblot. (n=2) 

Figure 5.8: Lenalidomide treatment promotes CRBN ubiquitination in U266 cells.  

U266 cells were treated with a titration of lenalidomide for 24 hours prior to cell 

lysis and analysis by immunoblot. (n=3) 
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5..5 Attempts to generate Fbxo7-knockdown MM cells 

Since I have shown that CRBN is a substrate for ubiquitination by Fbxo7, I was interested to ascertain 

whether the lenalidomide-induced ubiquitination of CRBN in U266 cells was the action of SCFFbxo7. I 

therefore aimed to generate U266 cells with an Fbxo7 knockdown to investigate the dependence of 

this response on Fbxo7. Several approaches were taken to produce these cells. Firstly, I used 

Lipofectamine RNAiMAX, a lipid-mediated transfection reagent, to treat U266 cells with a control or 

Fbxo7-targeting siRNA for 48 hours prior to cell lysis, but this only yielded a 9% reduction in Fbxo7 

protein levels (Fig. 5.9A). Since the Neon electroporation system reports high transfection efficiency 

in immune cells, I next tested this method for Fbxo7 siRNA delivery to U266 cells. Four electroporation 

protocols identified from published work506–508 were tested in parallel to deliver the Fbxo7 siRNA or 

scrambled control, yet none produced an Fbxo7 knockdown (Fig. 5.9B). 

Alongside my efforts to transfect MM cells with an Fbxo7-targeting siRNA, I also transduced both U266 

and MM1S cells with a control or Fbxo7-targeting shRNA using a retroviral system. Whilst neither U266 

cell lines survived the infection and puromycin selection, infection of MM1S cells did generate 

populations of transduced cells, as visualised by the expression of the GFP marker (Fig. 5.9C). 

Interestingly, the MM1S cells expressing a plasmid containing the Fbxo7 shRNA were slower to recover 

and expand following transduction than control cells (Fig. 5.9C). Upon recovery of sufficient cells, 

lysates from these MM1S shRNA-expressing cell lines were analysed by immunoblot (Fig. 5.9D). This 

showed only a modest 29% reduction in Fbxo7 protein levels in cells expressing the Fbxo7 shRNA 

compared to control, despite high expression of the GFP marker and ongoing selection in puromycin. 

Together, these data illustrate the challenge of genetically manipulating MM cell lines and suggest 

that akin to my findings in T cells (Chapter 3), expression of the Fbxo7-targeting shRNA was suppressed 

by MM cells in culture. 
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Figure 5.9: Attempts to generate MM cells with an Fbxo7 knockdown. 

(A)-(B) U266 cells were treated with a control or Fbxo7-targeting siRNA for 48 hours 

using (A) Lipofectamine RNAiMAX (n=3) or (B) Neon electroporation (n=4) delivery 

systems. 

(C)-(D) MM1S cells were transduced with retroviral plasmids containing control or 

Fbxo7-targeting shRNA alongside a GFP marker and puromycin resistance gene. (C) 

Microscopy images of GFP expression in transduced cells. (D) Immunoblot of Fbxo7 

protein levels in transduced cells. 
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5..6 Fbxo7 knockdown does not sensitise Nalm6 cells to lenalidomide-induced 

cytotoxicity 

Since I was unable to generate an Fbxo7 knockdown in MM cells, I investigated whether the loss of 

Fbxo7 altered the sensitivity of a B cell line, Nalm6, to lenalidomide. Nalm6 is a B cell precursor 

leukaemia cell line, thus of the same cell lineage but different malignancy to MM. Nalm6 cells 

expressing a control or Fbxo7-targeting shRNA (Fig. 5.10A) were seeded in a 96w plate and treated 

with titrating concentrations of lenalidomide for 72 hours. The IMiD-sensitive cell line MM1S was 

tested in parallel as a positive control. Drug-induced cytotoxicity was measured by a colorimetric assay 

in which a tetrazolium salt is reduced to an orange formazan product by living cells, and thus 

absorbance at 450 nm is directly proportional to the number of viable cells. Nalm6 cells were resistant 

to lenalidomide-induced cytotoxicity and no cell death was observed, regardless of Fbxo7 expression 

(Fig. 5.10B). Nonetheless, a dose-dependent reduction in cell viability was measured in MM1S cells 

treated with increasing concentrations of lenalidomide (Fig. 5.10B), and 50 μM camptothecin reduced 

the viability of all three cell lines by over 75% (data not shown), validating the functionality of the 

assay. Unfortunately, these data only identify Nalm6 as a lenalidomide-resistant cell line and do not 

address whether the loss of Fbxo7 affects IMiD sensitivity. 

   

Figure 5.10: Nalm6 cell viability following lenalidomide treatment is not affected 

by the loss of Fbxo7. 

Nalm6 cells expressing a control or Fbxo7 shRNA, and WT MM1S cells, were seeded 

in a 96w plate and treated with a titration of lenalidomide for 72 hours. CCK8 

reagent (Abcam) was used to measure cell viability. (A) Immunoblot showing Fbxo7 

protein levels in Nalm6 cell lines. (B) Quantification of relative cell viability by CCK8 

reagent. (n=1) 



149 
 

Discussion 
In this chapter I aimed to determine whether CRBN is ubiquitinated and regulated by Fbxo7. I have 

presented evidence that supports that CRBN is a substrate for ubiquitination by Fbxo7 and my data 

suggest that this promotes the proteasomal degradation of CRBN. During the execution of this work, 

Liu, et al.505 also published that CRBN is targeted for degradation by SCFFbxo7. Using a CRISPR-Cas9 

screen, this study established that the CSN9 signalosome complex, which inhibits CRL activity via cullin 

deneddylation, is required for MM sensitivity to IMiDs. They describe that CSN9 knock-out reduces 

CRBN protein levels and demonstrated that this was specifically reliant on Cul1 and Fbxo7 protein 

expression, indicating that CSN9 inhibits SCFFbxo7-mediated CRBN degradation to promote IMiD 

sensitivity. Through this mechanism, Liu, et al. elegantly demonstrated that, whilst loss of CSN9 

promotes IMiD resistance, the simultaneous loss of Fbxo7 restores IMiD sensitivity by maintaining 

CRBN protein levels505. My work complements this to specifically show the polyubiquitination of CRBN 

by SCFFbxo7 and verify that this is dependent on Fbxo7 ligase activity. Moreover, my data indicate that 

the degradation of CRBN occurs via the UPS since the change in CRBN protein levels may be rescued 

by proteasome inhibition. Based on the data presented both here and by Liu, et al505, I propose a 

model where the SCFFbxo7-mediated degradation of CRBN reduces IMiD sensitivity in MM cells (Fig. 

5.11). 

 

  

Figure 5.11: Proposed model through which Fbxo7 may reduce IMiD sensitivity. 

SCFFbxo7 ubiquitination targets CRBN for proteasomal degradation and this lowers CRBN levels to 

impair IMiD sensitivity. In some instances, IMiDs can promote CRBN ubiquitination and Fbxo7 may be 

the E3 ubiquitin ligase responsible (represented by dashed arrow). 
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In addition to the polyubiquitination of CRBN, I have also shown that Fbxo7 destabilises a higher MW 

species of CRBN, that may represent a post-translationally modified form. One possibility is that this 

PTM acts as a degron for SCFFbxo7 recognition thus, in the presence of Fbxo7, it is rapidly 

polyubiquitinated and degraded. The PhosphoSitePlus database reports that CRBN contains five 

experimentally determined phosphorylation sites: one in the N-terminal disordered region, two 

flanking either side of the DDB1-binding domain and two in the CULT domain509. Since my Alphafold 

structural predictions suggest that the DDB1-binding domain sits close to the Fbxo7 Ubl domain, we 

may postulate that one of these DDB1-flanking phosphorylation sites could promote binding. 

Alternatively, this higher MW species may represent mono-ubiquitinated CRBN that is added by 

another E3 ubiquitin ligase. The action of other E3 ligases towards CRBN is supported by the 

background laddering in my ubiquitination assay. In this scenario, Fbxo7 may function as an E4 

ubiquitin ligase to extend the ubiquitin chain. This would be the first example of Fbxo7 acting in this 

manner, though studies have shown that several other E3 ligases may also act as E4 chain elongating 

factors including the U-box E3s UBE4A and UBE4B30–33, and the HECT-domain ligase Hul5510. Further 

investigation of this population could test its stability in response to β-glycerophosphate and CIP 

alkaline phosphatase which should increase and decrease phosphorylation respectively, or mass 

spectrometry analysis of the protein band to determine if PTMs are present. 

In screens to identify proteins differentially degraded in the presence of lenalidomide, Lu, et al. 

reported a 40% decrease in Fbxo7 levels but this was not replicated in their follow-up assay161. I 

therefore sought to validate the effect of lenalidomide treatment on Fbxo7 protein levels. Whilst I 

confirmed that Fbxo7 protein is significantly lower in lenalidomide treated HEK293T cells, this was not 

observed in three lenalidomide-sensitive MM cell lines, suggesting that the mechanism of Fbxo7 

downregulation may not contribute to the clinical activity of IMiDs. Although it is widely understood 

that IMiDs alter CRBN substrate specificity, there are contradicting reports of their effect on CRBN 

protein levels161,504,505. Whilst the screens by Lu, et al, reported no change to CRBN protein levels161, 

subsequent studies reported an increase in CRBN protein with short term (16 hour) treatment of MM 

cells with lenalidomide or pomalidomide505, and a paradoxical decrease following prolonged exposure 

(5 days)504. However, both these effects were subtle. My data show no change in CRBN protein levels 

following 24-hour treatment with a titration of lenalidomide. However, most interestingly, my data 

illustrate that lenalidomide promotes the dose-dependent ubiquitination of CRBN in U266 cells. 

Previous work has shown that CRBN auto-ubiquitination is inhibited by the IMiD thalidomide158, thus 

the lenalidomide-induced ubiquitination that I observe is likely the action of another E3 ubiquitin 

ligase. One candidate is SCFFbxo7. Whilst further work is required to identify the E3 ligase responsible, 

it is enticing to consider that IMiD treatment may promote the SCFFbxo7-dependent ubiquitination and 
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degradation of CRBN to downregulate CRBN and promote the emergence of IMiD resistance (Fig. 5.11, 

dashed line). 

IMiD resistance is also proposed to emerge through an increase in the cell’s oxidative capacity. IMiDs 

inhibit thioredoxin reductase, an enzyme involved in hydrogen peroxide decomposition, in a CRBN-

dependent manner, and this increases intracellular ROS181. Therefore, cells with a lower oxidative 

capacity are more vulnerable to the oxidative stress-induced cytotoxic effect of IMiDs, whilst those 

with increased capacity may emerge as IMiD resistant180,181. My work, alongside others, has shown 

that Fbxo7 deficiencies are associated with an increase in ROS465–467. As such, it is possible that Fbxo7 

may contribute to reduced IMiD sensitivity in two ways: promoting CRBN degradation and increasing 

cellular oxidative capacity (Fig. 5.12). 

 

 

 

 

 

 

 

Unfortunately, I was unable to generate MM cells with an Fbxo7 knockdown in order to test the 

hypothesis that reduced Fbxo7 expression would increase IMiD sensitivity. Immune cells are generally 

regarded as difficult to transfect which made the delivery of siRNA challenging. The observations that 

MM1S cells transduced with a plasmid containing an Fbxo7-targeting shRNA recovered and expanded 

more slowly than control cells, and subsequently supressed the effects of the shRNA, is particularly 

interesting. In Chapter 3 I presented data from the Cancer Dependency Map which also illustrates that 

plasma cell cancer lines are significantly dependent on Fbxo7 (Fig. 3.34). Together these data 

cumulatively suggest an essential role for Fbxo7 in hematopoietic lineages. 

  

Figure 5.12: Fbxo7 may contribute to IMiD resistance by reducing CRBN 

protein levels and increasing cellular oxidative capacity. 
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To summarise, I have presented data to support that SCFFbxo7 ubiquitinates CRBN and promotes its 

proteasomal degradation. Alongside increasing CRBN protein levels, I have also revealed that loss of 

Fbxo7 stabilises a higher MW species of CRBN that may represent a PTM such as a phospho-degron 

or mono-ubiquitination that Fbxo7 elongates through E4 ligase activity. Finally, I also discovered that 

lenalidomide can promote the ubiquitination of CRBN in a dose-dependent manner, something that 

could be attributed to SCFFbxo7 activity. Alongside published work159,178,505, my data support the 

hypothesis that Fbxo7 may reduce the IMiD sensitivity of MM cells through a mechanism that 

downregulates CRBN. Fbxo7 overexpression has been observed in several cancers including T cell 

lymphoma and ALCL67 which both have ongoing clinical trials with IMiD-based treatment regimens511. 

Therefore, my findings may have clinical significance in the emergence of IMiD resistant clones in 

these settings. Interestingly, the combination of IMiD treatment with proteasome and neddylation 

inhibitors has demonstrated increased cytotoxicity in a preclinical setting, as well as improved clinical 

response505, further suggesting that inhibiting Fbxo7-mediated CRBN degradation may enhance IMiD 

sensitivity. 
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Ubiquitination regulates an array of cellular processes including the cell cycle, DNA repair, 

differentiation, and metabolism. Fbxo7 is a protein with a growing number of identified substates 

which it ubiquitinates as part of the SCF complex70,74,76,77,80,81,86,89,99,460, in addition to having several 

SCF-independent roles55. Together these confer functions for Fbxo7 in a host of cellular processes 

including mitophagy, the cell cycle, proteasome regulation and cell differentiation. The findings 

presented in this thesis characterise novel functions for Fbxo7 in regulating metabolism and the stress 

response. The synergy between these two networks is widely acknowledged and typified by the 

function of proteins such as AMPK, the master regulator of energy homeostasis, which critically 

couples cellular stress and ATP depletion to the metabolic programme to restore an energy 

balance474,475. Previous studies have described roles for several FBPs in both homeostatic metabolic 

regulation and its reprogramming in disease. Much of this research has focused on the Warburg effect, 

and Skp2, Fbxw7 and Fbxl10 are among those implicated in glycolytic regulation in cancer409,417,437,438. 

In particular, Fbxl10 is associated with a plethora of metabolic pathways including glycolysis, 

pyrimidine synthesis and OXPHOS, via a non-canonical role as a histone demethylase435. The 

widespread metabolic defects I have highlighted in T cells from Fbxo7-deficient mice, suggest that 

Fbxo7 may similarly influence several pathways, and contribute yet another example of the critical 

involvement of FBPs in metabolic regulation.  

Specifically, I present Fbxo7 as a negative regulator of glycolysis which promotes two distinct PTMs on 

the rate-limiting enzyme, PFKP: ubiquitination and phosphorylation. Mechanistically, I have shown 

that Fbxo7 ubiquitination activity towards PFKP is independent of Cdk6, whilst the previously 

reported304 interaction and phosphorylation of PFKP by Cdk6 requires Fbxo7. I propose that Fbxo7 

ultimately destabilises active PFKP tetramers to inhibit glycolysis in T cells. PFKP is regulated by several 

PTMs and allosteric regulators which frequently alter its oligomeric state512, hence this Fbxo7-

dependent mechanism appears typical for modes of PFKP regulation. Since I have demonstrated that 

Fbxo7 is regulated by glucose availability and is transcriptionally downregulated and degraded by 

autophagy upon glucose starvation, Fbxo7 may serve to adapt the cells metabolic output to nutrient 

availability. In this manner, Fbxo7 downregulation could increase PFKP activity during glucose 

deprivation, acting synergistically with allosteric activation by ADP and AMP to promote catabolic 

glycolysis364,372–374. Interestingly, the FBP Skp2 is activated by AMPK in response to metabolic stress, 

and this similarly increases glucose uptake and glycolytic flux through mechanisms such as the 

upregulation of PFKFB3409–411. This elevated PFKFB3 produces the PFKP allosteric activator F2,6BP, 

serving as a third mean to increase PFKP activity during metabolic stress. Ultimately, Fbxo7 may be 

positioned amongst several regulating networks to fine-tune the metabolic response to cellular stress. 
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Beyond glycolysis, I have identified that a range of metabolic pathways are disrupted in Fbxo7-

deficient T cells. Of note and potential physiological significance is the disruption of nucleotide 

biosynthesis, and arginine and tryptophan metabolism, which can influence T cell proliferation, 

survival and differentiation232,251,349,468,470–472. Through the comparative analysis of metabolomic 

fingerprinting data and hits from multiple Fbxo7 substrate screens, I have compiled an infographic 

that can be used to identify other putative metabolic substrates of Fbxo7 that may contribute to the 

metabolic defects observed. The regulation of PFKP, and thus glycolysis, by Fbxo7 is perhaps just one 

of several metabolic functions, and this initial analysis may guide further study. 

As alluded to above, a role for Fbxo7 in metabolism and cellular stress responses may impact the 

physiology and function of T cells. I observed that T cells lacking Fbxo7 had elevated ROS, reduced 

viability and were slower to activate in vitro, and previous characterisation of these cells include 

reports of impaired T cell development, faster proliferation of activated T cells, and altered cytokine 

profiles104,106. Metabolic reprogramming is central for T cell development and function and so some of 

these defects may be explained, in part, by the newly described metabolic role for Fbxo7. For instance, 

the elevated glycolysis I observed may place Fbxo7-deficient T cells in a metabolic state that supports 

their increased proliferation following activation and may also reduce the RNA-binding capabilities of 

GAPDH and LDH to account for the increased IL-2 and IFNγ production104,106. Metabolic regulation by 

Fbxo7 may be particularly important for T cells in stressful pathological settings. At sites of infection 

and in the TME, T cells may be exposed to various cellular stresses including nutrient deprivation, 

oxidative stress, and hypoxia485,489. In these environments, metabolic plasticity is essential to promote 

T cell survival and efficient effector functions340–343. As such, FBXO7, particularly as a glucose and 

oxidative-stress responsive gene, may impact T cell survival and function in pathology. As the use of T 

cell transfer therapies grow, their constant development has led to the manipulation of T cell 

metabolism ex vivo to improve their longevity and cytotoxicity upon reinfusion. This includes 

modulating pathways such as those affected by Fbxo7 loss in our mouse model. Therefore, 

understanding the regulation of the metabolic network and the impact of this in T cells, can provide 

insight for future therapeutic advances. 

Since several phenotypes observed in Fbxo7-deficient hematopoietic cells phenocopy the loss or 

inhibition of Cdk6118,119,122,304, and I demonstrated that Fbxo7 knockdown reduces Cdk6 activity, I 

propose that a major role for Fbxo7 in these cells is as an activator of Cdk6. This is further supported 

by the observation that haematological and lymphocytic malignancies, where Cdk6 is highly 

expressed, are specifically dependent on FBXO7 in the Depmap dataset, and experimental evidence 

that shows T-ALL and MM cells resist manipulation of FBXO7 expression. Since I have shown that 

Fbxo7 may respond to glucose starvation and oxidative stress, I propose that Fbxo7 may fine-tune the 
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Cdk6 response to such perturbations. Under stress conditions, Cdk6 is reported to play a critical role 

in regulating transcription. Bellutti, et al. propose that Cdk6 promotes oncogenic transformation of 

bone marrow cells by suppressing p53-mediated stress responses, and in the absence of Cdk6, p53’s 

pro-apoptotic functions prevail115. Another study reports that a Parkinson’s disease mouse model with 

Fbxo7-loss also displays a p53 pro-apoptotic signature86, thus we may speculate that one explanation 

is the loss of Cdk6 activity in this setting. Much of the work in this thesis has been discussed in the 

context of cancer, but Fbxo7 mis-regulation and mutation are also associated with a variety of other 

pathological conditions including anaemia, male sterility and Parkinson’s disease. Whilst it is 

important to note that there are significant differences in some phenotypes of Cdk6-/- and Fbxo7-/- 

mice, it is possible that Fbxo7 levels may help to set a threshold for Cdk6-directed stress responses in 

many different cell types, and this may represent a common pathway that mediates Fbxo7’s effects 

in a physiological and pathological setting. 

Alongside a role in metabolism and the stress response, I have identified another disease-relevant 

function for Fbxo7 in cancer where it can ubiquitinate the primary IMiD target, CRBN. I propose that 

this ubiquitination by SCFFbxo7 promotes the degradation of CRBN and that, since sustained CRBN 

expression is required for IMiD efficacy159,178, CRBN turnover by Fbxo7 may consequently affect IMiD 

sensitivity. In support of this, Liu, et al. describe a mechanism whereby the SCFFbxo7-mediated 

degradation of CRBN is inhibited by CSN9 cullin deneddylation, and in the absence of CSN9, Fbxo7 

reduces IMiD sensitivity505. Since I have also shown that IMiDs can promote the ubiquitination of 

CRBN, it is possible that this mechanism presents a means for prolonged IMiD exposure to promote 

CRBN turnover and the emergence of resistant clones. To combat CRBN downregulation and IMiD 

resistance, IMiDs have been tested in combination with proteasome and NAE inhibitors and this 

approach shows promise in both newly diagnosed and relapsed MM patients505,513,514. Fbxo7 

overexpression is reported in cancers including T cell lymphoma and ALCL in which IMiD-based 

treatment regimens are being tested67,511. It may therefore be advantageous to consider Fbxo7 

expression status in these cancers since it may correlate with patient response to IMiDs and indicate 

situations where combination therapy may be beneficial. Therefore, whilst only preliminary, my data 

suggest that the regulation of CRBN by Fbxo7 may affect IMiD sensitivity, and such knowledge may 

help to design effective therapeutic strategies. 

In conclusion, I have identified two novel substrates for Fbxo7 ubiquitination that may have 

significance in disease. I first discovered a role for Fbxo7 in metabolism, highlighting a range of 

metabolic pathways disrupted by Fbxo7 loss in T cells, and specifically validating Fbxo7 as a negative 

regulator of glycolysis that inhibits the gatekeeper enzyme, PFKP. I subsequently found that Fbxo7 is 

a stress-responsive gene that is regulated by both glucose availability and oxidative stress at 
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transcriptional and post-translational levels and propose that Fbxo7 levels may fine-tune metabolism 

under different homeostatic and stress conditions. Finally, I identified CRBN as a substrate for 

ubiquitination by SCFFbxo7 and propose that this targets CRBN for proteasomal degradation, which may 

have relevance for IMiD sensitivity. Together, these newly described functions position Fbxo7 as a 

nexus to link various cellular stress responses to metabolism and show the importance of Fbxo7 in the 

physiology and pathology of lymphocytes. 
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Appendix A  

Hits from Fbxo7 yeast two-hybrid, mass spectrometry and protein array screens that have metabolic functions. 

Screen Gene Gene name Metabolic pathway Metabolic role 

Protein array GAPDH 
Glyceraldehyde-3-Phosphate 

Dehydrogenase 
Glycolysis 

Catalyses the conversion of glyceraldehyde-3-phosphate to 1,3-
bisphosphoglycerate 

Y2H PFKP 
Phosphofructokinase, 

Platelet 
Glycolysis Catalyses the conversion of F6P to F1,6BP, the rate limiting step in glycolysis 

Mass spec. PKM Pyruvate Kinase M1/2 Glycolysis Catalyses the conversion of PEP to pyruvate 

Protein array IDH2 Isocitrate Dehydrogenase 2 TCA cycle Catalyses the oxidative decarboxylation of isocitrate to α-ketoglutarate 

Protein array 
Mass spec. 

ATP5C1 
ATP Synthase F1 Subunit 

Gamma 
OXPHOS A subunit of mitochondrial ATP synthase 

Mass spec. ATP5A1 
ATP Synthase F1 Subunit 

Alpha 
OXPHOS Subunit of mitochondrial membrane ATP synthase 

Protein array SHMT1 
Cytoplasmic serine 

hydroxymethyltransferase 
1C metabolism 

Catalyses the cleavage of serine to glycine accompanied with the production 
of 5,10-methylenetetrahydrofolate 

Protein array SHMT2 
Mitochondrial serine 

hydroxymethyltransferase 
1C metabolism 

Catalyses the cleavage of serine to glycine accompanied with the production 
of 5,10-methylenetetrahydrofolate 

Protein array SLC25A26 
Solute Carrier Family 25 

Member 26 
1C metabolism 

Mediates the transport of S-adenosylmethionine (SAM) into the 
mitochondria 

Mass spec. MTHFD1 
Methylenetetrahydrofolate 

Dehydrogenase 1 
1C metabolism 

Trifunctional enzyme that catalyses three sequential reactions in the 
interconversion of 1-carbon derivatives of tetrahydrofolate. 

Mass spec. SFXN1 Sideroflexin 1 1C metabolism 
Mitochondrial serine transporter that mediates transport of serine into 

mitochondria 

Mass spec. PHGDH 
Phosphoglycerate 

Dehydrogenase 
Serine synthesis Catalyses the first step of the phosphorylated L-serine biosynthesis pathway 

Protein array KMO 
Kynurenine 3-

Monooxygenase 
Tryptophan metabolism Catalyses the hydroxylation of L-kynurenine 

Protein array BCKDK 
Branched Chain Keto Acid 

Dehydrogenase Kinase 
Amino acid metabolism 

Catalyses the phosphorylation and inactivation of the branched-chain alpha-
ketoacid dehydrogenase (BCKD) complex, the key regulatory enzyme of the 

valine, leucine and isoleucine catabolic pathways 

Y2H ACAT1 
Acetyl-CoA Acetyltransferase 

1 
Amino acid metabolism 

Ketogenesis 
Catalyses the reversible formation of acetoacetyl-CoA from two molecules 

of acetyl-CoA 
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Y2H ODC1 Ornithine Decarboxylase 1 Polyamine biosynthesis 
Catalyses the conversion of ornithine to putrescine, the rate-limiting step of 

the polyamine biosynthesis pathway 

Mass spec. SRM Spermidine Synthase Polyamine biosynthesis 
Catalyses the conversion of putrescine and decarboxylated S-

adenosylmethionine to spermidine 

Protein array PDE4D Phosphodiesterase 4D Nucleotide metabolism Hydrolyses the second messenger cAMP to control its availability 

Mass spec. CAD 

Carbamoyl-Phosphate 
Synthetase 2, Aspartate 
Transcarbamylase, and 

Dihydroorotase 

Nucleotide biosynthesis 
Trifunctional multi-domain enzyme involved in the first three steps of 

pyrimidine biosynthesis 

Mass spec. EPRS 
Glutamyl-Prolyl-TRNA 

Synthetase 1 
Fatty acid uptake 

A multifunctional aminoacyl-tRNA synthetase that also recruits the GAIT 
complex to bind 3'-UTR of mRNA and suppress the IFNy response, and 

functions downstream of mTORC1 to promote the uptake of long-chain fatty 
acids 

Protein array ACOT8 Acyl-CoA Thioesterase 8 Fatty acid metabolism Catalyses the hydrolysis of acyl-CoAs to the free fatty acid and coenzyme A 

Protein array ACSL5 
Acyl-CoA Synthetase Long 
Chain Family Member 5 

Fatty acid metabolism 
Catalyses the activation of fatty acids by CoA to produce an acyl-CoA, the 

first step in fatty acid metabolism (long chains) 

Protein array ACSM3 
Acyl-CoA Synthetase 

Medium Chain Family 
Member 3 

Fatty acid metabolism 
Catalyses the activation of fatty acids by CoA to produce an acyl-CoA, the 

first step in fatty acid metabolism (medium chains) 

Y2H ACADM 
Acyl-CoA Dehydrogenase 

Medium Chain 
Fatty acid metabolism 

Catalyses the initial step of the beta-oxidation cycle for medium-chain fatty 
acyl-CoAs 

Protein array HADH 
Hydroxyacyl-CoA 
Dehydrogenase 

Fatty acid metabolism 
Catalyses the third step of the beta-oxidation cycle for medium and short-

chain fatty acyl-CoAs 

Mass spec. FASN Fatty Acid Synthase Fatty acid synthesis 
A multifunctional enzyme that catalyses the de novo biosynthesis of long-

chain saturated fatty acids from acetyl-CoA and malonyl-CoA 

Y2H CYB5R2 Cytochrome B5 Reductase 2 Fatty acid synthesis 
Involved in desaturation and elongation of fatty acids as part of the fatty 

acid desaturation complex, and cholesterol biosynthesis 

Protein array 
GPSN1 
(TECRL) 

Trans-2,3-Enoyl-CoA 
Reductase Like 

Fatty acid synthesis Proposed to be involved in very long-chain fatty acid elongation 

Protein array 
GPSN2 
(TECR) 

Trans-2,3-Enoyl-CoA 
Reductase 

Fatty acid synthesis 
Catalyses reduction of trans-2,3-enoyl-CoA to saturated acyl-CoA, the last 

step in very long-chain fatty acid elongation 

Protein array GPAM 
Glycerol-3-Phosphate 

Acyltransferase, 
Mitochondrial 

Glycerolipid biosynthesis 
Esterifies the acyl-group from acyl-ACP to glycerol-3-phosphate, an essential 

step in glycerolipids biosynthesis 

Protein array FUT8 Fucosyltransferase 8 Glycosylation 
Catalyses the transfer of fucose from GDP-fucose to N-linked type complex 

glycopeptides 
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Protein array NANS 
N-Acetylneuraminate 

Synthase 
Glycosylation 

Catalyses N-acetylmannosamine 6-phosphate to N-acetylneuraminic acid 
(sialic acid) for N-glycan biosynthesis 

Protein array PIGY 
Phosphatidylinositol Glycan 
Anchor Biosynthesis Class Y 

Glycosylation 
Component of the GPI-GlcNAc transferase which catalyses the first step in 

the production of GPI-anchors 

Protein array UXS1 
UDP-Glucuronate 
Decarboxylase 1 

Glycosylation 
Catalyses the NAD-dependent decarboxylation of UDP-glucuronate to UDP-

xylose which is used in glycosaminoglycan biosynthesis 

Protein array GLCE Glucuronic Acid Epimerase Glycosylation 
Catalyses the epimerisation of D-glucuronic acid to L-iduronic acid, with a 

role in glycosaminoglycan metabolism 

Mass spec. SLC25A13 
Solute Carrier Family 25 

Member 13 
Metabolite transport 

Catalyses the Ca2+-dependent exchange of mitochondrial aspartate with 
cytoplasmic glutamate across the mitochondrial inner membrane 

Mass spec. SLC25A1 
Solute Carrier Family 25 

Member 1 
Metabolite transport 

Catalyses the exchange of mitochondrial citrate with cytosolic malate across 
the inner mitochondrial membrane 

Mass spec. SLC25A11 
Solute Carrier Family 25 

Member 11 
Metabolite transport 

Catalyses the exchange of mitochondrial α-ketoglutarate with cytosolic 
malate or other dicarboxylic acids across the inner mitochondrial membrane 

Mass spec. HSPA5 
Heat Shock Protein Family A 
(Hsp70) Member 5 / 78 KDa 
Glucose-Regulated Protein 

Cellular homeostasis 
Chaperone for protein folding in the endoplasmic reticulum. Is upregulated 

in response to glucose. Has roles in the unfolded protein response, 
apoptosis, and senescence in response to stress 

Mass spec. IRS4 Insulin Receptor Substrate 4 Cellular homeostasis A tyrosine kinase activated by insulin with a role in glucose homeostasis 

Protein array GLRX2 Glutaredoxin 2 Cellular homeostasis 
Glutathione-dependent oxidoreductase that regulates mitochondrial redox 

homeostasis and protects against oxidative stress 

Protein array UROD 
Uroporphyrinogen 

Decarboxylase 
Porphyrin metabolism 

Catalyses the decarboxylation of four acetate groups of uroporphyrinogen-III 
to yield coproporphyrinogen-III, a key process in heme biosynthesis 

Y2H CPOX Coproporphyrinogen Oxidase Porphyrin metabolism 
Catalyses the stepwise oxidative decarboxylation of coproporphyrinogen III 
to protoporphyrinogen IX, the sixth step in the heme biosynthetic pathway 

Protein array HMGCS2 
3-Hydroxy-3-Methylglutaryl-

CoA Synthase 2 
Ketogenesis 

Condenses acetyl-CoA with acetoacetyl-CoA to form HMG-CoA, the first 
irreversible step in ketogenesis 

Y2H PPA2 Inorganic Pyrophosphatase 2 Phosphate metabolism 
Catalyses the hydrolysis of pyrophosphate to inorganic phosphate in 

phosphate metabolism, which has implications in DNA and RNA synthesis, 
fatty acid and amino acid activation, and cyclic nucleotide synthesis 

Protein array DHRS2 Dehydrogenase/Reductase 2  
Displays NADPH-dependent dicarbonyl reductase activity towards α-

diketones 

Protein array ASPHD1 
Aspartate Beta-Hydroxylase 

Domain Containing 1 
 Predicted to enable dioxygenase activity and to be involved in peptidyl-

amino acid modification 

Mass spec. ATAD3A 
ATPase Family AAA Domain 

Containing 3A 
 

Mitochondrial membrane protein with proposed roles in mitochondrial DNA 
replication and protein synthesis, mitochondrial network organisation, and 

mitochondrial and cholesterol metabolism 



189 
 

 


