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Fbw7 is the substrate binding subunit of an SCF E3 ubiquitin ligase, which catalyzes the 

polyubiquitylation of substrates, initiating their recognition and degradation by the proteasome. 

The affinity of Fbw7 for its substrates is substantially increased following substrate 

phosphorylation at specific amino acids within short, linear sequences termed Cdc4 

phosphodegrons (CPDs). Thus, regulation of substrate phosphorylation is a significant 

determinant of the contexts in which Fbw7 substrates will be degraded. Fbw7 is also a bona-fide 

tumor suppressor that is frequently mutated in human cancers; accordingly, many of Fbw7’s 

substrates are potent oncoproteins. It is through the deregulation of substrate degradation that 

Fbw7 mutations exert their oncogenic effects. For my dissertation, I studied two aspects of Fbw7 



 

 

biology: the regulation of substrate CPD phosphorylation and the biologic consequences of Fbw7 

inactivation in colorectal cancers.  

Cyclin E-CDK2 is an important regulator of the G1/S transition in the cell cycle, and 

cyclin E is also an Fbw7 substrate. Phosphorylation of cyclin E at serine 384 (S384) is the 

critical switch that enables high-affinity binding of Fbw7. Interestingly, S384 can only be 

autophosphorylated by the bound CDK2 molecule in cis; thus, cyclin E instigates its own 

degradation. We found that the PP2A-B56 phosphatase specifically opposes autophosphorylation 

of cyclin E at S384, and this dephosphorylation stabilizes catalytically active cyclin E-CDK2 

complexes at the G1/S transition. siRNA-mediated depletion of PP2A-B56 is sufficient to 

decrease cyclin E kinase activity and shorten its half-life, which is consistent with the increased 

degradation of the catalytically active pool of cyclin E. Moreover, the phosphatase activity 

towards S384 is high in interphase but low in prometaphase. This likely provides a failsafe 

mechanism to ensure the complete degradation of cyclin E in mitosis, which is necessary for 

error-free chromosome segregation. Therefore, the dephosphorylation of cyclin E specifically at 

S384 is a critical regulator of its degradation by Fbw7 during the cell cycle.  

A comprehensive understanding of the changes in cellular function that result from Fbw7 

mutations in tumors is an ongoing area of investigation. This is due in part to Fbw7’s large 

network of substrates that together regulate many biological functions. To better understand the 

consequences of Fbw7 mutations in human colorectal cancers, we applied novel computational 

approaches to analyze colorectal cancer gene expression datasets. These analyses identified 

altered cellular metabolism and mitochondrial function as important and conserved consequences 

of Fbw7 mutations. This computational prediction was validated using targeted gene expression 

assays and functional studies of cellular metabolism, and also revealed deregulated nucleotide 



 

 

biosynthesis in Fbw7-mutant cells. Accordingly, Fbw7-/- cells were hypersensitive to both 

genetic and small-molecule inhibition of DHODH, an enzyme in the pyrimidine biosynthetic 

pathway. These experiments suggest that the metabolic deregulation present in Fbw7-mutant 

cancers could lead to specific vulnerabilities that can be therapeutically targeted.  

Together, these studies have provided new and important insights into Fbw7 biology. 

Fbw7 has critical functions in normal cells, including organismal development, differentiation, 

and stem cell maintenance; conversely, inactivating mutations in Fbw7 are frequently selected 

for in neoplastic cells. A complete understanding of the Fbw7 pathway—from the regulation of 

its molecular interactions to the changes in cellular processes observed in cancers—will be 

critical to fully understand the importance of Fbw7 in cellular physiology, with the ultimate goal 

of developing new approaches to treating human disease. 
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Chapter 1. Introduction  

Portions of this chapter were adapted from a published manuscript.  
 

Ryan J. Davis, Markus Welcker, and Bruce E. Clurman. Tumor Suppression by the Fbw7 
Ubiquitin Ligase: Mechanisms and Opportunities. Cancer Cell (2014) 3;26(4):455-64. 

 

1.1 Ubiquitin-Proteasome System 

The ubiquitin-proteasome system (UPS) is a highly conserved cellular pathway that utilizes the 

covalent attachment of the small protein ubiquitin to earmark substrate proteins for various 

outcomes. This process, termed ubiquitylation, relies on a cascade of three classes of proteins to 

ubiquitylate substrates: E1 ubiquitin activating enzymes, E2 ubiquitin conjugating enzymes, and 

E3 ubiquitin ligases (Figure 1.1). Substrates can be either mono- or polyubiquitylated at specific 

lysine residues, and these two parallel pathways result in distinct functional consequences. 

Ubiquitin-mediated proteolysis, or protein destruction, is instigated by the attachment of K48 

polyubiquitin chains to substrates, which provides a signal for recognition and degradation by the 

proteasome (1). Importantly, ubiquitin-mediated proteolysis is highly regulated, rapid, and 

irreversible, and has particularly important roles in cell division, growth, and differentiation. 

Thus, protein degradation by the UPS controls a broad array of cellular processes (2). 

 

1.2 SCFFbw7 E3 Ubiquitin Ligase 

In most cases, E3 ubiquitin ligases are needed to recognize substrates and facilitate their 

ubiquitylation. SCFs (Skp1, Cullin-1, F box protein) are a class of E3s that use Cullin-1 as a 

scaffold and F box proteins as substrate receptors and have important roles in cancer biology (3-
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5). F box proteins are thus adaptors that bring substrates into proximity with ubiquitylation 

enzymes. 

Fbw7 is an evolutionarily conserved F box protein, and studies of its orthologs (Cdc4, S. 

cerevisiae; sel-10, C. elegans; Archipelago, Drosophila) have yielded fundamental insights into 

SCFFbw7 function. The human FBXW7 gene resides on chromosome 4q32, a region commonly 

deleted in cancers, and produces three mRNAs, each under their own transcriptional control (6). 

The three Fbw7 mRNAs encode three protein isoforms that differ only by isoform-specific N-

terminal exons that specify subcellular localization: Fbw7α is nucleoplasmic, Fbw7β is 

cytoplasmic, and Fbw7γ is nucleolar (Figure 1.2). All isoforms share three important functional 

domains: (1) the D domain mediates Fbw7 dimerization, which regulates substrate binding 

modes and ubiquitylation, (2) the F box binds Skp1 and links Fbw7 to the SCF complex, and (3) 

the WD40 domain forms a β propeller that binds phosphorylated substrates (Figures 1.2 and 1.3) 

(7-12). Fbw7α is thought to perform most Fbw7 functions, although specific roles for the other 

isoforms have also been described (13-18).  

 Substrate phosphorylation instigates Fbw7 binding to a conserved Cdc4 phosphodegron 

(CPD) motif (19-22). Mutational and structural studies have provided insights into the 

interactions between CPDs and Fbw7’s β propeller (7-9). CPDs contain multiple residues that 

contact Fbw7 and typically include phosphorylated threonine or serine residues in the ‘‘0’’ and 

‘‘+4’’ positions that interact with Fbw7 phosphate-binding pockets (23). CPD affinity varies 

among substrates; high-affinity CPDs contain two phosphorylations and other optimal residues, 

whereas low-affinity substrates may contain a negatively charged amino acid in lieu of a second 

phosphate or other unfavorable residues (Figure 1.3) (7,11,20). Importantly, three arginine 

residues in Fbw7’s WD40 domain interact with CPD phosphates and are mutational hot spots in 
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cancers, as discussed below. 

Ultimately, the signaling pathways that mediate CPD phosphorylation regulate substrate 

degradation. The presence of two phosphorylation sites in most CPDs provides a mechanism 

through which multiple signals can control substrate degradation. Most substrates have multiple 

turnover pathways; therefore, the regulation of CPD phosphorylation determines the context of 

their degradation by SCFFbw7. Glycogen synthase kinase 3 (GSK3) phosphorylates the central 

position of many CPDs, and this is opposed by mitogen stimulation of the PI3K-AKT pathway, 

which inactivates GSK3 (23,24). It is likely that by coupling Fbw7-mediated degradation with 

GSK3 activity, mitogenic signaling can coordinately stabilize substrates with key roles in cell 

proliferation (e.g., Myc, cyclin E, and Jun). The abnormal AKT and PTEN activity commonly 

found in cancers might similarly allow oncogenic Fbw7 substrates to accumulate. 

Fbw7 dimerization provides another important level of regulation. Because each 

protomer of an Fbw7 dimer contains a substrate-binding domain, dimers can simultaneously bind 

two CPDs, which is particularly important for substrates with degrons that are too weak to drive 

Fbw7 binding without cooperating CPDs (11). The combinatorial impact of multiple CPDs 

allows highly specific control of substrate ubiquitylation. Additionally, dimerization promotes 

substrate degradation by expanding the number of substrate lysine residues that are accessible for 

ubiquitin conjugation (7,9,11). 

 

1.3 Fbw7 Substrates 

SCFFbw7 targets approximately two-dozen proteins with key roles in proliferation, differentiation, 

apoptosis, and metabolism (Figure 1.2). With few exceptions (e.g., cyclin E and MCL1), Fbw7 

substrates are transcription factors (TFs) or transcriptional regulators that control complex gene-
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expression programs; this extends Fbw7’s impact far beyond its direct substrates. Below, we 

highlight only those substrates that are known oncoproteins or have emerging roles in 

tumorigenesis. 

1.3.1 Cyclin E 

Cyclin E, in conjunction with its catalytic partner cyclin-dependent kinase 2 (CDK2), regulates 

cell-cycle entry and progression. Cyclin E has long been implicated in carcinogenesis, and The 

Cancer Genome Atlas (TCGA) studies demonstrating frequent cyclin E amplifications in solid 

tumors (e.g., ovarian and breast) confirm its role as an oncogenic driver (25,26). Multisite 

phosphorylation of two well-defined CPDs regulates cyclin E stability and periodicity 

(6,15,19,21,22,27-29), and this is discussed more extensively in Chapter 2. Genome instability is 

a critical consequence of constitutive cyclin E-CDK2 activity during the cell cycle caused by its 

impaired degradation (14,30-35). This appears to be a central mechanism through which cyclin E 

drives carcinogenesis and is opposed by p53 activation (33). 

1.3.2 c-Myc 

c-Myc (hereafter called Myc) sustains gain-of-function mutations, including amplifications in 

solid tumors and translocations in hematologic malignancies. Myc deregulation promotes 

tumorigenesis largely through its transcriptional regulation of proliferation, protein synthesis, 

apoptosis, metabolism, and differentiation. Fbw7α mediates Myc ubiquitylation in the 

nucleoplasm, whereas Fbw7γ ubiquitylates Myc in the nucleolus, which inhibits Myc’s ability to 

promote cell growth (13,15,18,36,37). Early work found that phosphorylation of the threonine 58 

(T58) CPD stimulates Myc degradation (38,39), and this is now known to be mediated by Fbw7. 

The T58 region is targeted by missense mutations in lymphomas, suggesting a crucial role for 
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impaired Myc degradation by Fbw7 (40,41). This has been confirmed in mouse models (see 

below). N-Myc also contains the T58 CPD and is commonly amplified in cancers (e.g., 

neuroblastoma), but the significance of its degradation by Fbw7 is less well understood. 

1.3.3 Notch 

Notch proteins are transcriptional regulators of cell fate and differentiation that are broadly 

implicated in human cancers; they are typically dominant oncogenes, although they can be tumor 

suppressive in some cancers. All four Notch paralogs contain motifs homologous with the 

Notch1 CPD, but most studies have focused on Notch1 (42-47). Notch1 is processed by a series 

of proteolytic cleavages, and the transcriptionally active Notch1 intracellular domain (NICD) is 

ubiquitylated by SCFFbw7. Activating Notch1 mutations occur in approximately 50% of T cell 

acute lymphoblastic lymphomas (T-ALLs) and often target the PEST domain, which contains the 

Fbw7 CPD (48). Fbw7 mutations are also common in T-ALL and are mutually exclusive with 

Notch PEST mutations, underscoring the importance of Fbw7-dependent Notch degradation in 

this disease (44,46,49,50). Furthermore, Fbw7 mutations in T-ALL may confer resistance to 

Notch inhibition by γ-secretase inhibitors, which prevent Notch processing (44). 

1.3.4 Additional Fbw7 substrates 

In addition to Myc, Notch, and cyclin E, additional Fbw7 with important roles in both normal 

cell biology and tumorigenesis have been described. c-Jun (hereafter called Jun) is a component 

of the AP-1 TF and has essential roles in mitogen-stimulated cell proliferation. Jun 

overexpression is common in cancers and is thought to drive oncogenesis; this is supported by 

the finding of Jun amplifications in some human cancers, such as liposarcomas. Two different 

Jun CPDs have been described, one of which is mutated in the v-Jun retroviral oncogene  
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(51,52). Myeloid Cell Leukemia 1 (MCL1) is an antiapoptotic protein that is overexpressed in 

cancers, and its stabilization in tumors with Fbw7 mutations causes resistance to chemotherapy 

(53,54). MED13/13L is the component of the Mediator transcriptional coactivator complex that 

recruits CDK8, an oncogene amplified in colorectal cancer (55). Because Mediator is required 

for all transcription and CDK8 regulates specific oncogenic transcriptional programs, MED13 

degradation may greatly expand Fbw7’s role in global transcriptional control. PPARγ 

Coactivator-1α (PGC-1α) is a transcriptional coactivator that coordinates mitochondrial 

biogenesis and cellular energetics and has an expanding role in tumorigenesis (56). Similar to 

Notch, Kruppel-Like Factor 5 (KLF5) and CCAAT/Enhancer Binding Protein Delta (C/EBPδ) 

have either oncogenic or tumor-suppressive functions in different cancers (57-59). TGIF1 is a 

transcriptional repressor that inhibits transforming growth factor β signaling, a crucial oncogenic 

pathway (60). Additional oncoproteins have been reported to be Fbw7 substrates, but either they 

lack consensus CPDs or the contexts of their regulation by Fbw7 requires further confirmation 

(e.g., Hif1α, mTOR, Aurora kinase A, and Myb) (61).    

 

1.4 Fbw7 and Tumorigenesis 

1.4.1 Fbw7 mutations in human cancers 

Because many of Fbw7’s first reported substrates were potent oncoproteins, its role as a tumor 

suppressor was quickly evaluated and confirmed. Early studies showed that 6%–10% of 

colorectal carcinomas contain Fbw7 mutations, and subsequent work revealed Fbw7 mutations in 

a wide range of organ sites, including a high prevalence in T-ALL and cholangiocarcinoma 

(23,62). These studies revealed a high frequency of heterozygous missense mutations of the three 
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Fbw7 arginine residues that bind CPD phosphates (R465, R479, and R505), hereafter called 

Fbw7ARG. Because these residues make the most critical contacts with the CPD phosphates and 

are absolutely required for high-affinity Fbw7-substrate interactions (7-9), Fbw7ARG mutations 

have a uniquely profound impact on substrate-binding affinity compared with other missense 

mutations. Moreover, Fbw7 dimers, which have increased substrate affinity, tolerate many 

missense mutations that disable monomers. Fbw7 dimerization thus greatly restricts the 

repertoire of deleterious Fbw7 missense mutations to only these most stringent positions (11). 

There are many possible mutations that could produce either Fbw7 null alleles or truncated 

proteins, but they occur much less commonly than Fbw7ARG mutations. The strong biologic 

selection of Fbw7ARG mutations suggests that they are not simple loss-of-function alleles and is 

most consistent with dominant-negative alleles, which has been confirmed in mouse models, as 

discussed below.  

 TCGA studies have provided a wealth of mutational and expression data for different 

cancers (63-65). Although large-scale studies of T-ALL are still in progress, previous work 

indicates that T-ALL represents a special example of Fbw7-associated cancer with mutations in 

up to 30% of cases (Table 1.1) (44,46,49,50). Fbw7 is significantly mutated (>10% of samples) 

in at least five tumor types: T-ALL, colorectal adenocarcinoma, uterine carcinosarcoma, uterine 

endometrial carcinoma, and bladder carcinoma. Other cancers with somewhat less frequent 

Fbw7 mutations include stomach adenocarcinoma, lung squamous cell carcinoma, cervical 

squamous cell carcinoma, and head and neck squamous cell carcinoma (Table 1.2). In contrast, 

Fbw7 mutations are not found in some cancers, such as acute myeloid leukemia (AML) and 

multiple myeloma. One possibility is that Fbw7 substrate stabilization is detrimental in these 

neoplasms. For example, the Fbw7 substrate C/EBPα suppresses AML (66), and multiple 
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myelomas require constitutive NF-κB signaling; therefore, disruption of Fbw7-mediated NF-κB2 

ubiquitylation in these tumors results in cell death (67). Despite extensive studies, the prognostic 

significance of Fbw7 mutations in cancer remains uncertain. For example, whereas TCGA Pan-

Cancer analyses found Fbw7 mutations to be detrimental across multiple tissue types (65), the 

colorectal-specific TCGA study found no overlap between Fbw7 mutations and distant 

metastases, suggesting that mutations could be beneficial. Analogous studies of Fbw7 mutations 

in T-ALL have similarly yielded conflicting results. 

 We performed a meta-analysis of TCGA data using the cBioPortal for Cancer Genomics 

online interface to compare and contrast Fbw7 mutations across cancer types (68,69). These 

results are based upon data generated in whole by the TCGA Research Network 

(http://cancergenome.nih.gov/) and confirm the striking skewing toward Fbw7ARG mutations, 

particularly in organ sites where Fbw7 is most frequently mutated (Table 1.2). Importantly, most 

tumors with Fbw7ARG mutations retain a normal second Fbw7 allele. This notably contrasts with 

the ‘‘two-hit’’ mutation pattern of some tumor suppressors. However, nonsense mutations 

(sometimes in combination with allelic loss) and homozygous null mutations are found in some 

tumors; thus, Fbw7 exhibits classic tumor-suppressor features in these cases. The frequency and 

types of Fbw7 mutations vary among organ sites. For example, colorectal cancers contain the 

entire spectrum of Fbw7 mutations (deletions and missense and nonsense mutations), whereas 

others, such as T-ALLs, exhibit nearly 100% heterozygous Fbw7ARG mutations. This suggests 

that distinct Fbw7 mutations produce unique biologic outcomes, presumably through differential 

effects on specific substrates (see below). 

Instead of mutations in Fbw7 itself, some cancers contain substrate CPD mutations that 

prevent their ubiquitylation, including Myc CPD mutations in Burkitt’s lymphoma, Notch PEST 
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mutations in T-ALL, and a KLF5 CPD mutation in colon cancer (40,41,48,70). This suggests 

particularly important roles for these substrates in specific tumors. However, the paucity of 

single-substrate CPD mutations compared with Fbw7 mutations suggests that in most cases, 

Fbw7-associated tumorigenesis requires the concurrent deregulation of multiple oncoproteins. 

1.4.2 Additional mechanisms of Fbw7 disruption in cancer 

Mechanisms other than mutations and allelic loss also impair Fbw7 function in cancers. Fbw7 is 

targeted by oncogenic micro-RNAs such as miR-27, miR-92, and miR-223 in numerous cancers 

(71,72). Promoter hypermethylation downregulates Fbw7β expression in breast cancers and 

thymomas (73,74), and Fbw7 mRNA is also repressed in melanomas and gliomas, although the 

underlying mechanisms are not known (75,76). Fbw7β is a p53 target gene; therefore, p53 

mutations may reduce Fbw7 expression (77). Two Fbw7 substrates feed back to control Fbw7 

mRNA expression: C/EBPδ, which may contribute to mammary tumor metastasis (57), and Hes5 

(a Notch target gene) (78). Many studies have examined low Fbw7 mRNA expression in tumors 

as a biomarker, which generally appears to be a high-risk feature.  

Fbw7 protein stability is another regulatory mechanism that has been examined in 

tumors. One example is Fbw7β degradation by Parkin, which subsequently inhibits MCL-1 

degradation (14). It has also been suggested that Pin1 overexpression in cancers destabilizes 

Fbw7 by directly generating Fbw7 monomers that are targeted for degradation through enhanced 

autoubiquitylation (79). However, two other studies have disputed these findings (11,80). 

 

1.5 Mouse Models of Fbw7-Associated Cancer 

Germline Fbw7 deletion in mice causes embryonic lethality (81,82). Therefore, conditional 
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strains have been used to study Fbw7 in normal tissues and during tumorigenesis. Mice with 

knockin mutations that ablate the cyclin E degrons (hereafter termed cyclin EΔCPD) have also 

been used to specifically study impaired cyclin E degradation. These models have convincingly 

demonstrated that (1) FBXW7 is a bona fide tumor suppressor gene, (2) Fbw7ARG mutations 

have unique functional consequences, (3) specific Fbw7 substrates contribute to tumorigenesis, 

and (4) multiple oncogenic pathways cooperate with Fbw7 mutations.  

1.5.1 Fbw7 regulates stem cells, differentiation, and genome stability 

Studies of normal tissues have provided valuable insights into pathways that are also important 

for tumorigenesis. Fbw7 loss profoundly affects differentiation and proliferation in stem and 

progenitor cell types, often through similar mechanisms. For example, in neural stem cells and 

intestinal crypt progenitor cells, loss of Fbw7 leads to increased proliferation and differentiation 

defects through the combined actions of Jun and Notch, respectively (83-85). Similarly, aberrant 

Notch activity causes differentiation defects in hepatocytes (86). Novel TF substrates may 

mediate differentiation phenotypes in other tissues. For example, Fbw7 loss reprograms 

pancreatic ductal cells toward endocrine lineages by stabilizing Ngn3 (85).  

Fbw7 also controls hematopoietic stem cell (HSC) quiescence and self-renewal (87,88). 

HSCs are quickly exhausted after Fbw7 deletion, largely because of the detrimental effects of 

Myc overexpression on proliferation and apoptosis, although impaired cyclin E degradation also 

causes defective HSC self-renewal after hematologic stress (89,90). Importantly, Fbw7ARG/+ 

HSCs have intermediate Myc abundance compared with Fbw7-/- and Fbw7+/+ HSCs, and they do 

not exhibit these phenotypes—suggesting a unique role for heterozygous Fbw7ARG alleles and 

dose-dependent Myc effects in preserving HSC function (91).  

These phenotypes have also been studied in cyclin EΔCPD mice to isolate cyclin E from 
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other substrates affected by Fbw7 mutations. Impaired cyclin E degradation causes epithelial cell 

hyperproliferation, abnormal cell-cycle control, impaired erythroid differentiation, and genome 

instability (28,31). 

1.5.2 Colorectal cancer 

Although Fbw7 mutations are found in early stage human colon adenomas (35), its deletion from 

the mouse gut is not sufficient to cause neoplasia. However, loss of Fbw7 in mice collaborates 

with other mutations commonly found in human colorectal cancer (CRC), including APCMin 

alleles (which mimic the WNT pathway activation seen in nearly all human CRC) and p53 loss. 

When combined with APCMin, both Fbw7-/- and Fbw7ARG/+ mutations decreased tumor latency 

and increased tumor burden (92-94). However, these neoplasms did not progress beyond the 

adenoma stage and were neither invasive nor metastatic. Fbw7ARG/+ mice exhibited increased 

tumorigenesis compared with Fbw7+/- animals, confirming that Fbw7ARG is not simply a null 

allele (93). TGIF1 and KLF5 were elevated in Fbw7ARG/+, but not Fbw7+/-, tumors (93); thus, 

these proteins may similarly contribute to Fbw7-associated human CRC and could represent 

examples of substrate-specific consequences of Fbw7ARG/+ mutations. In Fbw7-/- tumors, Jun and 

Notch abundance was increased, and concurrent Jun deletion decreased tumor size (94).  

In a second approach, p53 and Fbw7 were codeleted from the mouse gut, which caused 

advanced adenocarcinomas that were highly invasive and metastatic (83). In accordance with the 

findings that p53 suppresses cyclin-E-induced genomic instability caused by Fbw7 loss, these 

adenocarcinomas exhibited a chromosomal instability (CIN) phenotype, which is the most 

common form of genome instability in human CRC but is rare in mouse tumors.  
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1.5.3 Hematologic cancers 

Unlike CRC, Fbw7 deletion in either T cells or HSCs is sufficient to cause T-ALL, and this is 

accelerated by concurrent p53 loss, PTEN loss, or Notch activation (87,88,91,95,96). The 

specific roles of Fbw7ARG alleles in leukemogenesis and leukemia-initiating cells (LICs), rare 

cells with stem-cell-like properties (e.g., self-renewal and quiescence) and important roles in 

disease propagation and resistance to therapy, have also been studied (91). Fbw7ARG/+ mice did 

not develop spontaneous T-ALL, demonstrating another example of the differences between 

Fbw7 missense and homozygous null mutations. However, the Fbw7ARG/+ mutation strongly 

cooperated with Notch deregulation to drive T-ALL and resulted in LIC expansion that is largely 

attributable to increased Myc abundance. Genetic or pharmacologic Myc inhibition depleted 

LICs in this model, demonstrating an essential role for Myc, although this occurs independently 

of Fbw7 mutational status. These data suggest that Myc abundance in Fbw7ARG/+ cells is finely 

tuned such that it does not affect HSC maintenance while still being sufficiently elevated to 

achieve tumorigenic effects in LICs. This may, in part, explain the high prevalence of Fbw7ARG 

mutations in T-ALL. While Myc and Notch are clearly key players in Fbw7-associated T-ALL, 

cyclin EΔCPD mice also developed T cell malignancies that exhibited CIN (90), which is not seen 

in Fbw7ARG/+ T-ALL. Different lesions in the Fbw7 pathway may thus lead to T-ALL through 

different mechanisms. In addition to Fbw7-associated malignancies, mouse models have also 

shown that Fbw7 depletion induced apoptosis of chronic myeloid leukemia (CML) LICs and B 

cell lymphomas (71,97,98). 

1.5.4 Consequences of Fbw7ARG mutations in cancers 

Fbw7’s mutational spectrum strongly suggests that Fbw7ARG alleles have dominant-negative 

activity. The mouse models described above confirm this idea and demonstrate that heterozygous 
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Fbw7ARG mutations impact Fbw7 function intermediate to that caused by single allele loss and 

homozygous null mutations. The concept that this intermediate Fbw7 inactivation favors 

tumorigenesis has been termed the ‘‘just-enough’’ hypothesis (99), and the stabilization of Myc 

in Fbw7ARG/+ HSCs to levels that favor leukemogenesis, but not apoptosis, most likely represents 

this mechanism (91). Two important aspects of Fbw7ARG mutations remain poorly understood: 

(1) how do they produce dominant-negative effects, and (2) why are they so frequently selected 

for in tumors compared with nonsense and homozygous null mutations? To understand these 

issues, we believe it is crucial to consider Fbw7’s mode of action as a dimer, which enhances 

substrate binding affinity by engaging multiple CPDs simultaneously (Figure 1.4A) (11). 

Because Fbw7ARG can dimerize with wild-type Fbw7 and potentially produce impaired Fbw7WT-

Fbw7ARG heterodimers (that contain only a single intact WD40 domain), we suggest that 

Fbw7ARG proteins dominantly inhibit wild-type Fbw7 (Figure 1.4B). Fbw7WT-Fbw7ARG 

heterodimers may also have special properties that produce substrate-specific effects (23). While 

the ubiquitylation of low-affinity substrates depends upon both substrate-binding domains of an 

Fbw7WT-Fbw7WT dimer, other substrates may have enough binding affinity to be ubiquitylated 

by Fbw7WT-Fbw7ARG heterodimers that contain only a single substrate-binding domain (Figure 

1.4B). Therefore, dimer-dependent substrate interactions might account for the selection of 

heterozygous Fbw7ARG mutations in cancers by allowing Fbw7WT-Fbw7ARG heterodimers to 

target substrates whose degradation is permissive or advantageous for tumorigenesis, while 

sparing the oncoproteins that drive tumor formation. Finally, although truncated Fbw7 proteins 

that can dimerize with Fbw7WT might similarly act as dominant negatives, these types of 

mutations are less common. We suggest that the selection for mutations that produce full-length 

Fbw7ARG protein reflects important, yet undefined, roles for continued interactions between 
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substrates and a mutated, but full-length, Fbw7 protein (Figure 1.4C). 

 

1.6 Thesis Goals 

Fbw7 is frequently mutated in a number of human cancers; therefore, a more complete 

understanding of its biology could lead to mechanistic insights into tumorigenesis and potentially 

novel therapeutic strategies. This is challenging for a number of reasons, including the large 

number of Fbw7 substrates, the diverse biological processes that Fbw7 substrates cumulatively 

regulate, and an incomplete understanding of the mechanisms that control Fbw7-substrate 

interactions. To begin to address some of these gaps in knowledge, my thesis had two 

overarching goals. First, I wanted to better understand the mechanisms controlling how and 

when Fbw7 recognizes substrates for ubiquitylation. Second, the majority of Fbw7 substrates are 

transcription factors; therefore, I wanted to determine whether conserved patterns of 

transcriptional deregulation in Fbw7-mutant cancers could predict the biological phenotypes of 

these cells. Chapter 2 addresses the first question, where I present my work investigating the 

dephosphorylation of cyclin E CPDs by the PP2A-B56 phosphatase. The second aim, which 

addresses the biological consequences of Fbw7 mutations in tumors is discussed in Chapter 3. 

Here, we utilized novel computational analyses of TCGA datasets to discover that Fbw7-mutant 

colorectal cells are have altered cellular metabolism and are shifted towards oxidative 

metabolism. Together, these studies have reveled new understandings of Fbw7 biology and 

relevance to human disease.  
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Figure 1.1. Overview of the ubiquitin-proteasome system. 
The ubiquitin-proteasome system relies on a cascade of three enzymes to covalently link ubiquitin to 
target substrates. E1 enzymes are ubiquitin activating enzymes and serve to charge the ubiquitin that will 
be added to substrates. The charged ubiquitin is then transferred to an E2 ubiquitin conjugating enzyme 
that will covalently attach the ubiquitin to the substrate. Finally, E3 ubiquitin ligases serve as substrate 
specificity factors by binding directly to target proteins and bringing them in proximity to the rest of the 
ubiquitylation machinery. While the human genome encodes for only two E2s and approximately 30 E2 
enzymes, there are more than 700 E3 enzymes, providing further evidence for these enzymes in the 
regulation of the UPS. 
 
 

 

  



 

 16 

 
 
 
 
 
 
 
 
 
 

 
Figure 1.2. Conserved motifs of Fbw7 isoforms. 
Fbw7 exists as three protein isoforms (α, β, and γ) that differ only by their N-terminal exons. All isoforms 
share three functional domains that are critical to their function as ubiquitin ligases: (1) the dimerization 
domain (‘‘DD’’) mediates Fbw7 dimerization, (2) the F box binds to the rest of the SCF complex via 
Skp1 (see Figure 1.3), and (3) the WD40 domain binds to phosphorylated substrates and includes the 
three arginine residues that are mutational hot spots in cancers. 
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Figure 1.3. The SCFFbw7 complex degrades numerous substrates implicated in cancer. 
Fbw7 binds to both phosphorylated substrates and the rest of the SCF complex (comprised of Skp1, 
Cullin-1, Rbx1, and an E2 enzyme), resulting in substrate polyubiquitylation and degradation by the 
proteasome. The network of Fbw7 substrates contains proteins with clear roles in carcinogenesis (shown 
in green) and others with emerging roles in Fbw7-associated tumors (shown in blue). Optimal (high-
affinity) substrates have recognition signals termed CPDs that contain two phosphorylated residues 
(orange ‘‘P’’); other, lower-affinity CPDs contain a negatively charged amino acid (yellow ‘‘E’’) in place 
of the second phosphate. 
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Figure 1.4. Possible mechanisms of Fbw7ARG missense mutations in cancers. 
(A) Normal interactions of Fbw7 dimers with monomeric (left) or dimeric (right) substrates. Each 
protomer within an Fbw7 dimer can interact with a separate substrate CPD, leading to greatly increased 
binding affinity between substrates and Fbw7. The two substrate CPDs can be present within a 
monomeric substrate (e.g., cyclin E; left) or separated onto two interacting proteins (e.g., SREBP; right). 
The reduced number of contacts made by suboptimal degrons is indicated by a dashed line. (B) Model of 
heterozygous Fbw7ARG dominant-negative activity in cancers resulting from the formation of impaired 
Fbw7WT-Fbw7ARG heterodimers. We speculate that Fbw7WT-Fbw7ARG heterodimers differentially affect 
substrates, depending on CPD affinity. The degradation of high-affinity substrates may still be driven by 
the normal protomer of an Fbw7WT-Fbw7ARG heterodimer (left), whereas suboptimal substrates (depicted 
by glutamate instead of a second CPD phosphate) rely on the concerted binding of two CPDs to an Fbw7 
dimer and will not be ubiquitylated by Fbw7WT-Fbw7ARG heterodimers (right). (C) Fbw7 truncation 
mutants may also generate heterodimers with Fbw7WT but are not nearly as frequent in tumors as 
Fbw7ARG. We therefore speculate that a full-length Fbw7 protein is critical for the dominant-negative 
effect of Fbw7ARG, perhaps by retaining sufficient residual binding affinity (depicted by dashed line) for 
substrates with intermediate affinity. 
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Table 1.1. Fbw7 mutational frequency in T-ALL cell lines and patient samples 

 

Study Reference No. Samples Source of cells 

Fbw7 
Mutations 

(%) 

Arginine hotspot 
mutations/total point 

mutations 

O’Neil et al., 2007 
20 Cell lines 35% 85.7% 

7 Primary samples 100% 100% 

Maser et al., 2007 
23 Cell lines 48% 81.8% 

38 Primary samples 29% 72.7% 

Thompson et al., 2007 89 Primary samples 16.8% 100% 

Malyukova et al., 2007 
15 Cell lines 33.3% 100% 

26 Primary samples 30.8% 87.5% 
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Table 1.2. Fbw7 mutational frequency in selected human cancers 

 

Tumor Type 
No. 

Samples 

Arginine 
hotspot 

mutations  
Nonsense 
mutations  

Other 
missense 
mutations  

All point 
mutations  

Arginine 
hotspot 

mutations/total 
point mutations 

Homozy-
gous 

deletions 

Uterine Cacinosarcoma 56 23.2% 3.6% 14.3% 39.3% 59.1% 0.0% 

Colon and rectal 
adenocarcinoma 212 8.0% 3.3% 6.1% 16.5% 48.6% 0.0% 

Uterine corpus 
endometrial carcinoma 240 5.8% 3.3% 7.9% 15.8% 36.8% 0.0% 

Stomach 
adenocarcinoma 219 4.6% 1.8% 2.3% 8.7% 58.8% 0.5% 

Urothelial bladder 
carcinoma 127 3.1% 4.7% 3.9% 9.4% 33.3% 2.4% 

Lung squamous cell 
carcinoma 178 2.2% 2.2% 1.7% 6.2% 36.4% 0.6% 

Head and neck 
squamous cell 
carcinoma 

302 1.7% 0.7% 3.0% 5.0% 33.3% 1.3% 

Cutaneous melanoma 262 0.4% 1.1% 2.7% 4.2% 9.1% 0.8% 

Breast cancer 962 0.3% 0.2% 1.0% 1.6% 20% 0.6% 

Cervical squamous 
adenocarcinoma 36 0.0% 2.8% 2.8% 5.6% 0% 0.0% 

Lung adenocarcinoma 230 0.0% 1.3% 0.4% 1.7% 0% 0.0% 

Glioblastoma 
multiforme 281 0.0% 0.4% 0.0% 0.4% 0% 0.4% 
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Chapter 2. The PP2A-B56 Phosphatase Opposes Cyclin E Autocatalytic 
Degradation via Site-Specific Dephosphorylation 

This chapter was adapted from a manuscript published in Molecular and Cellular Biology. 
 

Ryan J. Davis1, 2, Jherek Swanger1, Bridget T. Hughes1, and Bruce E. Clurman1 
 
1Divisions of Human Biology and Clinical Research, Fred Hutchinson Cancer Research Center, 
Seattle, WA, 98109, USA  
2Molecular and Cellular Biology Program, University of Washington, Seattle, WA, 98195, USA 

 
 

2.1 Abstract 

Multiple mechanisms control cyclin E–CDK2 activity during the cell cycle, including 

phosphorylation-dependent cyclin E ubiquitylation by the SCFFbw7 ubiquitin ligase. Serine 384 

(S384) is the critical cyclin E phosphorylation site that stimulates Fbw7 binding and subsequent 

cyclin E degradation. Because S384 is autophosphorylated by CDK2, cyclin E therefore 

instigates its own degradation in an autocatalytic manner. This presents a paradox as to how 

cyclin E-CDK2 is able to phosphorylate its numerous substrates prior to cyclin E 

autophosphorylation-catalyzed degradation. Here we find that the PP2A-B56 phosphatase 

specifically dephosphorylates cyclin E at S384, thereby uncoupling cyclin E degradation from 

cyclin E-CDK2 activity. Furthermore, the rate of S384 dephosphorylation is high in interphase 

and low in mitosis, allowing PP2A-B56 to oppose autocatalytic cyclin E degradation and 

maintain cyclin E-CDK2 activity at the G1/S transition. 

2.2 Introduction 

The mammalian cell cycle is regulated by cyclin-dependent kinases (CDKs) and their 

associated cyclin regulatory subunits. Cyclin E-CDK2 has essential roles as cells exit quiescence 
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and during endoreduplication cycles, and also regulates numerous processes during the G1 and 

S-phases of the cell cycle including S-phase entry, DNA replication, and centrosome duplication. 

Cyclin E-CDK2 phosphorylates a large and diverse network of substrates and non-catalytic 

functions for cyclin E in DNA replication have also been described (100-104). 

Cells must tightly regulate cyclin E-CDK2 activity to ensure normal cell cycle 

progression. This is accomplished through a variety of mechanisms including E2F-dependent 

cyclin E transcription, binding of CDK inhibitor proteins (p27Kip1 and p21Cip1), activating and 

inhibitory phosphorylation of CDK2, and cyclin E degradation by the ubiquitin-proteasome 

system (100,101). Deregulation of cyclin E-CDK2 activity disrupts normal G1/S control and 

causes genomic instability (30,33,34,105-107). Importantly, cyclin E is oncogenic in multiple 

contexts: the cyclin E gene is amplified in human serous ovarian and basal breast cancers, and its 

increased activity promotes tumorigenesis in mouse models (25,26,31,108).  

The F-box protein Fbw7 is the substrate recognition component of an SCF ubiquitin 

ligase that targets cyclin E for degradation after it becomes phosphorylated within conserved 

motifs called Cdc4 phosphodegrons (CPDs) (19,21,22,27,109). Fbw7 substrate CPDs typically 

contain two negative charges: a p-Thr/Ser in the 0 position followed by a second p-Thr/Ser or an 

acidic amino acid in the +4 position (20,110). Cyclin E is somewhat unique because it contains 

two CPDs: a high-affinity C-terminal degron that is doubly phosphorylated at T380 and S384 

and is the primary determinant of Fbw7 binding, and a low-affinity N-terminal degron that is 

only phosphorylated at T62 (Figure 2.1A). Phosphorylation of S384 is the critical signal that 

initiates cyclin E degradation, as Fbw7’s affinity towards the doubly phosphorylated form of 

cyclin E (T380/S384) is more than 1000-fold higher than mono-phosphorylated T380 (7). 

Ubiquitylation of cyclin E by SCFFbw7 is essential for cyclin E periodicity, and impaired cyclin E 
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degradation causes constitutive cyclin E-CDK2 activity throughout the cell cycle, 

hyperproliferation in epithelial and hematopoietic cells, and accelerates tumorigenesis 

(15,30,31,90,111,112). 

 Importantly, while T380 is phosphorylated by multiple kinases and its phosphorylation is 

largely constitutive, S384 can only be autophosphorylated by CDK2 in cis (Figure 2.1A) (22). 

Cyclin E binding to Fbw7 is therefore stimulated by a phosphorylation that is predicted to occur 

almost simultaneously with the formation of an active cyclin E-CDK2 complex. Autocatalytic-

stimulated cyclin E degradation thus presents a significant paradox: How can a cyclin E-CDK2 

complex persist in cells long enough to phosphorylate substrates prior to priming itself for 

recognition and ubiquitylation by SCFFbw7? We hypothesized that there must be a mechanism 

that counteracts this autocatalytic degradation; one possibility is that a phosphatase 

dephosphorylates cyclin E’s CPDs in order to prevent Fbw7 binding. Indeed, degron 

dephosphorylation has been shown to be important for c-Myc, another Fbw7 substrate (113,114), 

as well as the cyclin E orthologue Cln2 in budding yeast (115). Therefore, there is biological 

precedence for dephosphorylation of degrons as a mechanism that controls substrate recognition 

by E3 ubiquitin ligases. 

PP2A is a member of the phosphoprotein phosphatase (PPP) family of serine/threonine 

phosphatases, which includes PP1-PP7. These enzymes share a conserved core catalytic domain 

and together contribute much of the total cellular serine/threonine phosphatase activity (116). 

PP2A regulates diverse signaling pathways and cellular processes, including cell division 

(117,118). The active PP2A holoenzyme is typically a heterotrimer consisting of a catalytic (C) 

subunit, a scaffold (A) subunit, and a variable regulatory (B) subunit that dictates substrate 

specificity. The catalytic (PPP2CA/B) and scaffold (PPP2R1A/B) subunits are each encoded by 
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two genes that produce nearly identical α and β isoforms of the proteins, which are thought to be 

largely functionally redundant. In contrast, PP2A B subunits are divided into at least four distinct 

families: B/B55, B’/B56, B’’, and B’’’/Striatins. The structural and functional distinctions 

between these families alter how PP2A holoenzymes interact with substrates and achieve 

substrate specificity (119,120). 

 In this study, we determined the importance of cyclin E CPD dephosphorylation as a 

regulatory mechanism controlling autocatalytic cyclin E degradation. We have found that PP2A 

specifically dephosphorylates cyclin E at S384, and the activity of this pathway is higher in 

interphase than in mitosis. Moreover, while both PP2A-B55 and PP2A-B56 holoenzymes can 

dephosphorylate S384 in vitro, only PP2A-B56 complexes regulate S384 phosphorylation in 

vivo. By opposing S384 phosphorylation in active cyclin E-CDK2 complexes, PP2A-B56 

positively regulates cyclin E activity and protein stability. Thus, cell cycle-specific PP2A-

mediated S384 dephosphorylation uncouples cyclin E activity from its degradation in the portion 

of the cell cycle where cyclin E function is most important. 

 

2.3 Materials and Methods 

2.3.1 Cell Lines, plasmids, and drug treatments 

All cells were maintained in DMEM supplemented with 10% FBS and Penicillin/Streptomycin. 

Myc-cyclin E and HA-CDK2 have been described previously (121). All PP2A B subunits were 

PCR amplified from either a collection of GFP-tagged expression constructs (a gift from T. 

Kapoor, Rockefeller University, as previously described (122)) or HEK293A cDNA, cloned into 

pCS2-3xFLAG vectors, and verified by Sanger sequencing. Transient transfections of plasmids 

were performed using the calcium phosphate precipitation method. Tautomycetin (Tocris) and 
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okadaic acid (Santa Cruz Biotechnology) were used at 10 nM, roscovitine (Sigma) was used at 

25 µM or 10 µM (Figure 2.5), and calyculin A was used at 50 nM. 

2.3.2 RNAi 

FBXW7 shRNA was obtained from Open Biosystems (pGIPZ backbone; sense strand 5’-

CAGAGAAATTGCTTGCTTT-3’). Lentiviral particles were produced in HEK293T cells by 

contransfection of pGIPZ, psPAX, and pMD2.G (obtained from Addgene). The following 

siRNAs were purchased from Qiagen: Allstar negative control, PPP2CA_1 (sense strand: 5’-

GGAACUUGACGAUACUCUATT-3’), PPP2CA_2 (sense strand: 5’-

CAAACAAUCAUUGGAGCUUAATT-3’), and PPP2CB_1 (sense strand: 5’-

GGAAUUAGAUGACACUUUATT-3’), PPP2CB_2 (sense strand: 5’-

CCGACAAAUUACCCAAGUAUATT-3’). siRNAs used in the siB55 pool were purchased 

from Qiagen: PPP2R2A (sense strand: 5’-CUGCAGAUGAUUUGCGGAUUATT-3’), 

PPP2R2B (sense strand: 5’- CCGGAAGAUCCAAGCAACAGATT-3’), PPP2R2C (sense 

strand: 5’-CGCUCAUUCUUCUCGGAAATT-3’), and PPP2R2D (sense strand: 5’-

UUCAUCCAUAUCCGAUGUAAATT-3’). siB56 pools were described previously (122) and 

ordered from IDT. siRNAs used for PPP-family catalytic subunit and PP2A-B subunit in vitro 

screens were comprised of pools of four independent siRNAs targeting each gene (Qiagen). 

Sequences are provided in Table 2.1. All siRNA transfections were performed using 

Lipofectamine RNAiMax (Life Technologies) using the manufacturer’s protocol. 

2.3.3 Western blotting 

Cells were harvested in NP-40 lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.5% NP-40, 1 

mM DTT) supplemented with protease and phosphatase inhibitor cocktail, with the following 



 

 26 

exceptions. Lysates collected for in vitro dephosphorylation assays were harvested in lysis buffer 

containing only protease inhibitors. Cells harvested for PP2A complex purification were lysed in 

Tween-20 lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% Tween-20, 10% glycerol, 1 

mM EDTA, 2.5 mM EGTA, and 1 mM DTT) supplemented with a protease inhibitor cocktail. 

All lysates for western blotting were prepared in Laemmli sample buffer, boiled, and resolved on 

polyacrylamide gels before semi-dry transfer to PVDF membranes. All membranes were blocked 

in 5% milk/TBST and probed with primary antibodies from one hour at room temperature to 

overnight at 4°C. HRP-conjugated secondary antibodies were prepared in blocking solution at 

1:10,000.  

2.3.4 In vitro dephosphorylation assays 

In vitro dephosphorylation assays using whole cell lysates were performed by incubating cell 

extracts with either recombinant GST-cyclin E-CDK2 (Figures 2.1F, 2.2A-C, and 2.3B) or 

immunoprecipitated Myc-cyclin E/HA-CDK2 complexes (Figure 2.3A) at 30°C for up to 60 

minutes, with agitation. Assays testing the activity of specific PP2A complexes were performed 

by immunoprecipitating PP2A holoenzymes from cell lysates transfected with FLAG-tagged B 

subunits. These immunoprecipitates were washed two times in lysis buffer and once in 

phosphatase reaction buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM MnCl2, and 5 mM 

MgCl2, supplemented with a protease inhibitor cocktail) and then incubated with recombinant 

GST-cyclin E-CDK2 in phosphatase reaction buffer at 30°C for up to 60 minutes. All reactions 

were quenched with the addition of 4X Laemmli sample buffer, boiled, and assayed by western 

blotting. 
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2.3.5 Quantitative RT-PCR 

Total RNA was extracted from cells using TRIzol and purified with an RNA miniprep kit (Zymo 

Research). RNA was quantified and equal amounts were DNased before reverse transcription 

using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems). qRT-PCR 

reactions were performed using transcript-specific primer probe sets (Figure 2.4D; Applied 

Biosystems) or transcript-specific SYBR primer sets (Figure 2.7; IDT) and 2X Taq Universal 

PCR Master Mix (Applied Biosystems) on a QuantStudio 5 instrument. Transcripts were 

normalized using ACTB as an endogenous control. Primer sequences for Figure 2.7 are as 

follows: PPP2R2B (Fwd: 5’-	
   AGGACATTGATACCCGCAAA; Rev: 5’-

AATTCTCCCGTGTGGTTGAA), PPP2R2D (Fwd: 5’-TGCGACAGACACTCCAAGTT; Rev: 

5’-CGCCCACTATGACTGAATTT), and ACTB (Fwd: 5’- GCACAGAGCCTCGCCTT; Rev: 

5’-GTTGTCGACGACGAGCG). 

2.3.6 Cyclin E kinase assays, and 35S-Met pulse-chase 

Kinase assays were performed by immunoprecipitating endogenous cyclin E from cell lysates for 

two hours at 4°C. IPs were washed two times in lysis buffer and once in kinase assay buffer (50 

mM HEPES pH 7.4, 10 mM MgCl2, 1 mM DTT), and incubated at 30°C for 30 minutes in a 20 

µl reaction containing 30 µM ATP, 2 µCi γ-32P ATP, and Histone H1 as a substrate. Reactions 

were quenched by the addition of sample buffer, boiled, resolved on polyacrylamide gels, and 

exposed to film. Endogenous cyclin E half-life was measured by 35S-Met pulse-chase as 

previously described (123). 
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2.3.7 Flow cytometry 

 For cell cycle flow cytometry analysis, cells were fixed in 90% ethanol before staining 

with a propidium iodide/RNase A solution and processed on a CANTO II flow cytometer 

(Becton Dickinson). Data were analyzed using FlowJo.  

2.3.8 Antibodies 

Antibodies were purchased from suppliers as follows. Santa Cruz Biotechnology: cyclin 

E IP (HE111, mouse monoclonal), cyclin E WB (HE12, mouse monoclonal, 1:1,000), CDK2 

(M2, rabbit polyclonal, 1:1,000), p27 (C-19, rabbit polyclonal, 1:500), and γ-tubulin (C-20, goat 

polyclonal, 1:1,000). BD Biosciences: PP2A-C (610555, mouse monoclonal, 1:20,000). 

Calbiochem: CDK1/2 pY15 (219440; rabbit polyclonal; 1:1,000). Sigma: FLAG (M2, mouse 

monoclonal, 1:4,000) and α-tubulin (DM1A, mouse monoclonal, 1:1,000). Bethyl Antibodies: 

PP1α (A300-904A, rabbit polyclonal, 1:1,000), PP1β (A300-905A, rabbit polyclonal, 1:1,000), 

PP1γ (A300-906A, rabbit polyclonal, 1:1,000), PP4 (A300-835A, rabbit polyclonal, 1:1,000), 

PP5C (A300-909A, rabbit polyclonal, 1:1,000), and PP6C (A300-844A, rabbit polyclonal, 

1:1,000). Cyclin E phospho-specific rabbit polyclonal antibodies for T62, T380, and S384 were 

developed by PhosphoSolutions as described previously (15,22,121). 9E10 hybridoma 

supernatant was used at 1:5. 
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2.4 Results 

2.4.1 Cyclin E is specifically dephosphorylated at S384 

       To determine the potential role of phosphatases in regulating cyclin E phosphorylation, we 

first treated cells with the serine/threonine phosphatase inhibitor calyculin A and examined the 

three regulatory cyclin E CPD phosphorylation sites (T62, T380, and S384) using phospho-

specific antibodies. Endogenous cyclin E is inherently unstable when phosphorylated at S384 

and can only be readily detected when cyclin E turnover is disabled (15). We therefore studied 

both HeLa cells stably expressing an shRNA against FBXW7 (the gene name for Fbw7) and 

Hct116 cells in which FBXW7 was deleted by gene targeting (15). Calyculin A treatment rapidly 

increased S384 phosphorylation in both cell types, whereas neither T62 nor T380 

phosphorylation changed appreciably (Figures 2.1B and 2.1C). The rapidity of S384 

dephosphorylation was further shown by treating cells with the CDK1/2 inhibitor roscovitine to 

prevent S384 autophosphorylation. CDK2 inhibition led to the complete loss of S384 

phosphorylation within minutes, whereas pT62 and pT380 were unaffected, although this may 

partially reflect continued phosphorylation of these sites by other kinases during roscovitine 

treatment (Figures 2.1B and 2.1D). To ensure these effects were not an indirect consequence of 

inactivating Fbw7, we overexpressed cyclin E-CDK2 in 293A cells, which exceeds the 

ubiquitylation capacity of the endogenous Fbw7 pathway. Again, S384 was completely 

dephosphorylated within minutes of adding roscovitine to the cells (Figure 2.1E).  

To study cyclin E dephosphorylation independently of broadly acting phosphatase 

inhibitors, we performed an in vitro dephosphorylation assay by incubating recombinant GST-

cyclin E-CDK2 with whole cell lysates in order to measure the relative phosphatase activity 

against each cyclin E CPD phosphosite (recombinant cyclin E-CDK2 isolated from baculovirus 
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SF9 cells is highly phosphorylated at T62, T380, and S384). Cell lysates contained robust 

phosphatase activity against S384 but had little activity against either T62 or T380 (Figure 2.1F). 

Together, these experiments indicate that S384 phosphorylation is highly labile in a number of 

different cell types, suggesting that dephosphorylation could represent a conserved cyclin E 

regulatory mechanism. 

2.4.2 PP2A dephosphorylates cyclin E at S384 

Calyculin A is a broad-spectrum inhibitor of the PPP phosphatases, with activity against 

PP1, PP2A, PP4, PP5, and PP6 (124). To identify the specific phosphatase catalytic subunit 

catalyzing S384 dephosphorylation, we first performed an in vitro dephosphorylation assay using 

lysates pretreated with either okadaic acid, which also targets many of the PPP family members, 

or tautomycetin, which is specific for PP1 (125). Consistent with our in vivo calyculin A results 

(Figures 2.1B and 2.1C), the reactions containing okadaic acid had no detectable phosphatase 

activity against S384. However, we found no difference in activity between control lysates and 

those treated with tautomycetin, suggesting that PP1 complexes do not dephosphorylate S384 

(Figure 2.2A).  

Because pharmacologic phosphatase inhibitors can have pleiotropic effects, we modified 

the in vitro dephosphorylation assay to screen candidate phosphatases using a genetic approach. 

293A cells were transfected with siRNA pools targeting each of the PPP family catalytic 

subunits, and lysates from these cells were used to dephosphorylate recombinant cyclin E-CDK2. 

While each targeted phosphatase was similarly depleted, only the PP2A-depleted lysates had 

decreased S384 dephosphorylation activity (Figure 2.2B). To ensure this was not an off-target 

effect of the PP2A siRNA pool used for screening, we repeated this experiment using two 

additional PP2A siRNA pools (siPP2A-C_1/2, Figure 2.2C). In each case, PP2A catalytic 
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subunit knockdown prevented S384 dephosphorylation compared to lysates harvested from 

control siRNA cells. These data implicate PP2A as the phosphatase that dephosphorylates cyclin 

E at S384. 

2.4.3 PP2A-B56 dephosphorylates S384 

 To identify the specific PP2A complex catalyzing S384 dephosphorylation, we 

performed another in vitro dephosphorylation assay, this time using pools of siRNAs targeting 

12 different PP2A regulatory B subunits. Depletion of three different B subunits—PPP2R2A 

(B55α), PPP2R5C (B56γ), and PPP2R5D (B56δ)—partially decreased S384 phosphatase 

activity; however, none were as efficient as depletion of the PP2A catalytic subunit (Figure 

2.3A). This could reflect functional redundancy among the individual B subunits, which would 

cause depletion of any single B subunit to confer only a partial phenotype.  

We next determined if purified PP2A complexes directly dephosphorylate S384 in vitro. 

We expressed FLAG-tagged B subunits in 293A cells and purified intact PP2A holoenzymes via 

anti-FLAG immunoprecipiations. These complexes were subsequently incubated with 

recombinant cyclin E-CDK2 to test for direct phosphatase activity against S384. Intact PP2A 

complexes were obtained for each B subunit except PPP2R3C (B”γ), as determined by the 

amount of co-precipitating PP2A-C (Figure 2.3B). Multiple PP2A complexes directly 

dephosphorylated S384 in vitro, including all four B55 family members (to various extents), and 

two B56 family subunits: B56γ and B56ε (Figure 2.3B).  

In vitro approaches reveal direct phosphatase activities but cannot model determinants of 

in vivo phosphatase specificity, such as subcellular localization or additional binding partners 

that facilitate protein-protein interactions. We therefore complemented these in vitro approaches 
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by determining whether B55 or B56 complexes could alter S384 phosphorylation in vivo by co-

transfecting Myc-cyclin E and HA-CDK2 with B55 and B56 family subunits. In contrast with 

the in vitro assays, B55 subunit overexpression had no effect on pS384, whereas overexpression 

of the B56α, B56β, B56γ, and B56ε subunits decreased pS384 (Figure 2.3C). Importantly, B56 

overexpression did not alter CDK2 binding to cyclin E (with the exception of B56β) or CAK-

mediated activating phosphorylation of CDK2 (visualized by the lower migrating band of 

CDK2). Thus, while both B55 and B56 PP2A holoenzymes display activity towards S384 in 

vitro, only B56 complexes appear to regulate S384 phosphorylation in vivo.  

2.4.4 PP2A-B56 regulates cyclin E kinase activity and stability 

 A substantial fraction of cyclin E cannot be targeted SCFFbw7 because it is sequestered in 

inactive CDK2 complexes, due to the binding of Cip/Kip CDK inhibitor proteins or CDK2 

inhibitory phosphorylation. Because S384 can only be phosphorylated when cyclin E is in a 

catalytically active complex, the predicted consequence of inhibiting its dephosphorylation is 

increased turnover of the active pool of cyclin E. To test this directly, we targeted the B55 and 

B56 subunit families in their entirety to reduce the effects of subunit redundancy, as suggested 

by both our results (Figure 2.3) and a previous study (122). Both the PP2A-B55 and PP2A-B56 

complexes are essential regulators of mitotic exit and their inhibition causes mitotic arrest (126-

128); therefore, we synchronized cells at the G1/S transition using the double thymidine protocol 

shown in Figure 2.4A to specifically study cyclin E within its most relevant cell cycle context. 

PP2A-B56 knockdown greatly decreased cyclin E-associated kinase activity and modestly 

decreased cyclin E abundance, whereas knockdown of the B55 subunits slightly increased kinase 

activity and did not affect cyclin E abundance (Figure 2.4B). Importantly, knockdown of PP2A-
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B56 did not change the amount of CDK2 bound to cyclin E, the amount of CDK2 inhibitory 

phosphorylation (pY15), or the amount of bound p27 in cyclin E immunoprecipitates that were 

normalized for the different amounts of cyclin E in the input. We also assessed the cell cycle 

distributions of each of these populations and found the G1/S synchrony to be similar for all 

three populations, with the exception of a small percentage (~10%) of G2/M cells in the siB56 

pool cells (Figure 2.4C). However, this is insufficient to account for the observed changes in 

cyclin E abundance and likely reflects the necessity of PP2A-B56 for exit from mitosis. We also 

examined transcriptional changes as an alternative explanation for decreased cyclin E abundance. 

CCNE1 mRNA was reduced by 35% in the siB55 pool cells and 25% in the siB56 pool cells 

(Figure 2.4D). While the mechanism underlying the decrease in mRNA in the siB55 pool cells is 

unclear, the change in siB56 pool cells may largely reflect the fact that cyclin E-CDK2 

stimulates cyclin E transcription by E2F (129), and these cells have decreased cyclin E kinase 

activity. Finally, we used a 35S-Met metabolic pulse-chase assay to determine the effect of B56 

depletion on endogenous cyclin E stability. As predicted, inhibition of PP2A-B56 decreased 

cyclin E half-life, from 6.7 hours in control cells to 3.6 hours in siB56 pool cells (Figure 2.4E). 

Importantly, because this half-life reflects the stability of both active and inactive cyclin E 

complexes, it underrepresents the full impact of PP2A-B56 on Fbw7-mediated cyclin E 

degradation.  

2.4.5 S384 phosphatase activity varies throughout the cell cycle 

PP2A-B56 complexes are inhibited at the start of mitosis before being reactivated by the 

PP1 phosphatase to initiate mitotic exit (128). To test for differential S384 phosphatase activity 

at different points of the cell cycle, we treated both asynchronous and nocodazole-arrested 

Hct116 Fbw7-/- cells with roscovitine and analyzed changes in S384 phosphorylation over a short 
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period of time (Figure 2.5). As we observed previously (Figures 2.1B, 2.1D, and 2.1E), 

asynchronous cells rapidly dephosphorylated S384 upon inhibition of CDK2. However, we 

found almost no dephosphorylation of S384 in the nocodazole-arrested cells, indicating that the 

phosphatase activity of PP2A-B56 towards S384 is markedly lower in prometaphase than in 

interphase. Thus, S384 dephosphorylation—which protects cyclin E from autocatalytically-

stimulated degradation—is highest in the portions of the cell cycle where cyclin E-CDK2 

activity is needed, and lowest in mitosis. 

 

2.5 Discussion 

 In this study, we have shown that PP2A-B56 specifically dephosphorylates cyclin E at 

S384, thereby opposing its recognition and ubiquitylation by SCFFbw7. Accordingly, disrupting 

S384 dephosphorylation by inactivation of B56 regulatory subunits is sufficient to decrease 

cyclin E kinase activity and shorten its half-life, consistent with the increased degradation of 

catalytically active cyclin E. Dephosphorylation thus provides a solution to the paradox of how 

cyclin E can both earmark itself for destruction via autophosphorylation at S384 and persist in 

cells long enough to phosphorylate its substrates and drive cell cycle progression.  

 Our finding that mitotic cells have low S384 phosphatase activity is consistent with the 

observation that the PP2A-B56 phosphatases are repressed during most of mitosis (128). 

Additionally, we have previously shown that Fbw7-null cells have extremely high cyclin E-

CDK2 activity in mitosis due to decreased inhibitory phosphorylation of CDK2 (15). Together, 

the combined effects of maximal S384 autophosphorylation by CDK2 and decreased S384 

dephosphorylation by PP2A-B56 may synergistically protect mitotic cells against inappropriate 

cyclin E-CDK2 activity, which causes chromosome segregation failures and aneuploidy by 
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inhibiting the activity of the anaphase-promoting complex/cyclosome (APC/C) ubiquitin ligase 

(30). A model depicting the relationship between PP2A-B56 activity and cyclin E abundance 

throughout the cell cycle is shown in Figure 2.5B.  

In contrast with our work, a previous study found that a different PP2A holoenzyme, 

PP2A-B55β, dephosphorylates all three cyclin E CPD phosphosites (T62, T380, and S384) and 

stabilizes cyclin E (130). While we did detect phosphatase activity of PP2A-B55 towards S384 

in vitro, we found that only B56 regulatory subunits affected S384 phosphorylation and cyclin E-

CDK2 kinase activity in vivo (Figures 2.3C and 2.4B). Moreover, Hct116 cells contain robust 

S384 phosphatase activity (Figures 2.1C and 2.1D) but have been reported to not express the 

B55β isoform due to promoter hypermethylation at the PPP2R2B gene (131). We confirmed this 

experimentally (Figure 2.7) and therefore conclude that another phosphatase(s) must regulate 

S384 phosphorylation in Hct116 cells. However, the reasons underlying the discrepancies 

between our studies remain unclear and we cannot preclude roles for PP2A-B55β in cyclin E 

regulation in other contexts. Finally, while S384 is only autophosphorylated by CDK2, T62 and 

T380 are phosphorylated by multiple cellular kinases, and can therefore be phosphorylated when 

cyclin E is in an inactive complex (22). Thus, the distinction between general cyclin E CPD 

dephosphorylation and specific S384 dephosphorylation suggests that PP2A-B56 functions to 

specifically stabilize cyclin E within active CDK2 complexes.  

 The cyclin E gene (CCNE1) is commonly amplified in human cancers, including serous 

ovarian adenocarcinomas and basal breast cancers (25,26,132). Because overexpression of B56 

regulatory subunits might be expected to phenocopy cyclin E overexpression in tumorigenesis, 

we used cBioportal to examine TCGA ovarian and breast cancer datasets for amplifications of 

CCNE1 and the B56 subunits (25,26,68,69). As shown in Figure 2.6, B56 subunits are amplified 
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in both organ sites, and the amplifications of the various B56 subunits are nearly mutually 

exclusive of one another. This suggests that they may, in part, be functioning redundantly. 

Intriguingly, there is also a strong tendency towards mutual exclusivity of B56 subunit 

amplifications with CCNE1 amplifications. While these data are merely correlative, they do raise 

the possibility that amplifications of B56 subunits contribute to tumorigenesis through cyclin E 

deregulation, which will need to be addressed in future work. PP2A is frequently considered a 

tumor suppressor gene due to a variety of evidence including its opposition of many pro-growth 

signaling pathways, inactivation by the SV40 small T viral oncoprotein, and mutations of the A 

scaffold subunit in cancer (133-138). The finding that PP2A-B56 complexes promote cyclin E 

activity at the G1/S transition and are amplified in primary human tumors suggests that in some 

contexts, a subset of PP2A complexes may also function as oncogenes. Thus, to fully understand 

the multi-faceted roles of PP2A in tumorigenesis, it will be necessary to continue to characterize 

the molecular pathways regulated by the large number of unique PP2A complexes. 
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Figure 2.1. Cyclin E is dephosphorylated specifically at S384 both in vivo and in vitro. 
(A) A schematic depicting cyclin E CPDs and the relevant kinases phosphorylating each residue. Cyclin E 
contains two CPDs: a low-affinity N-terminal degron centered at T62 that contains only one phosphosite 
(T62) and a high-affinity C-terminal degron centered at T380 that contains two phosphosites (T380 and 
S384). All three cyclin E CPD phosphosites can be phosphorylated by CDK2. T62 can also be 
phosphorylated by an unknown kinase, while T380 can also phosphorylated by GSK3-β. Importantly, 
S384 can only be phosphorylated by CDK2 in cis, as depicted. (B) HeLa cells stably expressing an 
shRNA against FBXW7 were treated with either the serine/threonine phosphatase inhibitor calyculin A, 
or the CDK1/2 inhibitor roscovitine for up to 10 minutes. Endogenous cyclin E was immunoprecipitated 
from whole cell lysates and changes in phosphorylation of T62, T380, and S384 (all three cyclin E CPD 
phosphosites) were determined by western blotting. (C) Hct116 Fbw7-/- cells were treated with calyculin 
A for up to 10 minutes and processed as in B. (D) Hct116 Fbw7-/- cells were treated with the CDK1/2 
inhibitor roscovitine for up to 20 minutes and processed as in B. (E) 293A cells were co-transfected with 
Myc-cyclin E and HA-CDK2 and then treated with roscovitine for up to 12 minutes. Myc-cyclin E was 
immunoprecipitated from whole cell lysates and changes in S384 phosphorylation were assayed by 
western blotting. (F) 293A cells were lysed in buffer lacking phosphatase inhibitors and incubated with 
recombinant cyclin E for 0-60 minutes in an in vitro dephosphorylation assay. Changes in CPD 
dephosphorylation over time were measured by western blotting. 
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Figure 2.2. The serine/threonine phosphatase PP2A dephosphorylates cyclin E at S384. 
(A) An in vitro dephosphorylation assay of recombinant cyclin E-CDK2 using cell lysates pre-treated 
with either DMSO, the PPP-family phosphatase inhibitor okadaic acid (10 nM), or the PP1-specific 
inhibitor tautomycetin (10 nM). (B) 293A cells were transfected with pools of four distinct siRNAs 
against the PPP-family phosphatases PP1α (PPP1CA), PP1β (PPP1CB), PP1γ (PPP1CC), PP2A 
(PPP2CA/B), PP4 (PPP4C), PP5 (PPP5C), and PP6 (PPP6C), as well as a negative control siRNA 
(siAllstar control). Lysates collected from these cells were incubated with recombinant cyclin E-CDK2 in 
an in vitro dephosphorylation assay. The efficacy of catalytic subunit depletion was measured by western 
blotting using antibodies specific for each subunit. (C) Same as in B, but performed with two distinct 
pools of siRNAs targeting both PP2A catalytic subunits (PPP2CA and PPP2CB), siPP2A-C_1 and 
siPP2A-C_2, in comparison with a negative control siRNA (siAllstar). 
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Figure 2.3. PP2A-B56 complexes regulate cyclin E S384 phosphorylation in vitro and in vivo. 
(A) Specific PP2A B subunits were depleted by transfecting 293A cells with pools of siRNAs, as done in 
Figure 2B. Lysates harvested from these cells were incubated with purified cyclin E-CDK2 complexes in 
an in vitro dephosphorylation assay. Lysates depleted of the PP2A catalytic subunit were used as a 
positive control (siPP2A-C_1, far right lane). (B) 293A cells were transfected with FLAG-B subunits and 
then lysed in Tween-20 lysis buffer without phosphatase inhibitors. PP2A holoenzymes were purified via 
anti-FLAG immunoprecipitations, and then incubated with recombinant cyclin E-CDK2 complexes to test 
for direct dephosphorylation of S384 in vitro. IPs from cells transfected with empty vector (EV) served to 
control for non-specific co-precipitating phosphatase activity. The relative abundance of PP2A-C served 
to approximate the efficiency of purification of intact PP2A heterotrimers. (C) 293A cells were co-
transfected with FLAG-B subunits. Myc-cyclin E, and HA-CDK2. Cells were lysed and exogenous cyclin 
E was immunoprecipitated and analyzed for pS384 and bound CDK2 by western blotting. 
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Figure 2.4. PP2A-B56 controls cyclin E kinase activity and protein stability. 
(A) A schematic of the experimental protocol used in each panel of Figure 2.4. Cells were seeded and 
transfected with siRNAs on the next day (time 0). Cells were then synchronized at the G1/S transition 
using a double thymidine block and endpoint assays were conducted approximately 51 hours after siRNA 
transfection. (B) HeLa cells were transfected with siRNAs targeting all four PP2A-B55 regulatory 
subunits (siB55 pool), all five PP2A-B56 regulatory subunits (siB56 pool), or a negative control siRNA 
(siAllstar control). Following transfection, cells were synchronized as depicted in A, released for two 
hours, and assayed for cyclin E protein abundance and kinase activity. To assay for changes in the amount 
of bound CDK2, CDK2 inhibitory phosphorylation, and bound p27, we performed cyclin E 
immunoprecipitations after normalizing the input for the amount of cyclin E present in the whole cell 
extract. (C) Cell cycle FACS analysis of samples treated as in B. DNA was stained using propidium 
iodide (PI). (D) Analysis of CCNE1 transcript levels in cells treated as in B. Transcripts were normalized 
to ACTB expression. Data presented are means ± s.e.m. of two independent biological replicates. (E) 
Endogenous cyclin E half-life was measured using a 35S-Met pulse-chase in cells synchronized at G1/S, 
as depicted in A. 
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Figure 2.5. PP2A-B56 phosphatase activity towards S384 is decreased in mitosis. 
(A) Hct116 Fbw7-/- cells were grown as asynchronous cultures or arrested in prometaphase by adding 
nocodazole for 18 hours. The CDK1/2 inhibitor roscovitine was then added for up to 15 minutes before 
harvesting the cells. Endogenous cyclin E was immunoprecipitated, and changes in pS384 were analyzed 
by western blotting. (B) A model depicting the cell cycle-regulation of PP2A-B56 and cyclin E. PP2A-
B56 phosphatase activity is high during interphase before declining at the start of mitosis. It is then 
reactivated at the end of mitosis due to a dephosphorylation cascade. Cyclin E abundance is low at the 
beginning of G1 and increases as cells progress through the cell cycle, due to increasing transcription. 
Cyclin E abundance then declines in late S phase and mitosis due to increased ubiquitylation by the 
SCFFbw7 ubiquitin ligase, and subsequent destruction by the proteasome. 
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Figure 2.6. CCNE1 and B56 subunits are amplified in breast and ovarian cancers. 
(A) The cBioPortal online interface (68,69) was used to analyze amplifications of CCNE1 and PP2A-B56 
subunits in the TCGA ovarian cancer dataset (26). Individual patient samples are presented in columns. 
(B) Same analysis as A, except for the TCGA breast cancer dataset (25). 
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Figure 2.7. PPP2R2B is not expressed in Hct116 cells. 
Semi-quantitative RT-PCR analysis of PPP2R2B (B55β), PPP2R2D (B55δ), and ACTB mRNA 
expression in Hct116 and HeLa cells. As previously published (131), Hct116 cells do not express 
detectable levels of PPP2R2B mRNA 
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Table 2.1. siRNA sequences used for in vitro activity screens. 

 

Gene siRNA # Target sequence 
Qiagen Cat. 

No. 

PPP1CA 1 ATGGATTGATTGTACAGAAAT SI04436390 
PPP1CA 2 TACGACCTTCTGCGACTATTT SI04897655 
PPP1CA 3 CGGCTACGAGTTCTTTGCCAA SI04436397 
PPP1CA 4 AAGAGACGCTACAACATCAAA SI02225755 
PPP1CB 1 TACGAGGATGTCGTCCAGGAA SI02225762 
PPP1CB 2 AAGCGTTGAGTCATCAGGTAT SI03033737 
PPP1CB 3 ATTGGTTGACTTAGACCGTAA SI03052490 

PPP1CB 4 AACAGCTAATCCGCCGAAGAA SI03027724 
PPP1CC 1 CGGGACTTGTAACATAGAGTA SI00041706 
PPP1CC 2 TTCGGCGAATTATGCGACCAA SI04436411 
PPP1CC 3 GAGGAGTAAGTGTACAATTGA SI02759211 
PPP1CC 4 AACATCGACAGCATTATCCAA SI02225776 
PPP2CA 1 ACACCTCGTGAATACAATTTA SI00041853 
PPP2CA 2 ATGGAACTTGACGATACTCTA SI02225783 
PPP2CA 3 TACAAAGCCTCTTGTCATCAA SI04436467 
PPP2CA 4 TAAGACGATGTGACTGCACAA SI04436453 
PPP2CB 1 CACCGGATACAAACTACTTAT SI00060277 
PPP2CB 2 TGCGTTATCCAGAACGCATTA SI04436481 
PPP2CB 3 AAGAGGTTCGTTGCCCTGTTA SI04436474 

PPP2CB 4 CAGGCTGCTATCATGGAATTA SI04436488 
PPP4C 1 CGGACAATCGACCGAAAGCAA SI02658698 
PPP4C 2 CTGCACTGAGATCTTTGACTA SI04436586 
PPP4C 3 TGCGGCGACATCCATGGACAA SI04713555 
PPP4C 4 TCGCCAGATCACGCAGGTCTA SI02658705 
PPP5C 1 CTCGTGGAAACCACACTCAAA SI02225853 
PPP5C 2 CCCAAGCTTGAAGACGGCAAA SI04897788 
PPP5C 3 CACGGAGGCCTGTTCAGTGAA SI00086317 
PPP5C 4 CAGATTCTGGTACAGGTCAAA SI03065041 
PPP6C 1 CACAAATGAGTTTGTTCATAT SI02225860 
PPP6C 2 TTCCAGATTCAGAACGTGTTA SI04436600 
PPP6C 3 ACAGCTTACATTGTTAGCGTA SI04897795 

PPP6C 4 ACCATCGAACGGAATCAGGAA SI04436607 

    PPP2R2A 1 AAGCGAGACATAACCCTAGAA SI00041909 
PPP2R2A 2 CTGCAGATGATTTGCGGATTA SI02225825 
PPP2R2A 3 CCCGGTCTTGGTGGTGGTATA SI04436516 

PPP2R2A 4 ATGGAAGGTATAGAGATCCTA SI02225832 
PPP2R2B 1 CCGGAAGATCCAAGCAACAGA SI02658901 
PPP2R2B 2 AGCAGTGGCGGCTACAAATAA SI04897711 
PPP2R2B 3 CAGGGACTACTTGACCGTCAA SI02633582 
PPP2R2B 4 CACCGTTTACTCTTAGACAAA SI00065408 
PPP2R2C 1 TACTGTCACATCATAGATTTA SI00126434 
PPP2R2C 2 AAGATTACCGAACGAGATAAA SI03032498 
PPP2R2C 3 ACCGCTCATTCTTCTCGGAAA SI02659237 
PPP2R2C 4 GAGGTTATTCTCAGTGGATTA SI00126427 
PPP2R2D 1 TTCATCCATATCCGATGTAAA SI02759148 
PPP2R2D 2 CAGAGACTACCTGTCGGTGAA SI00691523 
PPP2R2D 3 CCAGTGCAACGTGTTCGTCTA SI04901785 

PPP2R2D 4 CCGCTCCATTAAGAACAGTGA SI00691530 
PPP2R3A 1 CTGCCGGTGTCTACAATGAAA SI04897732 
PPP2R3A 2 CAGGAGGATTTCATCCCTCTA SI02649717 
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PPP2R3A 3 CAGAAGGATGTTGAGAACGAT SI04897725 
PPP2R3A 4 CACCACGGTTATTCAGAGAAT SI04897718 
PPP2R3B 1 TACCTCGACCACGAGCAGAAA SI03109155 
PPP2R3B 2 CTGGTCAAGCCGAGGACTGAA SI04887890 

PPP2R3B 3 CGCCGTGGACCTGTACGAGTA SI04887904 
PPP2R3B 4 GTGCGTTTGTACGGAATGATA SI04887897 
PPP2R3C 1 AAGCGATGATCAATTACGAAA SI04306869 
PPP2R3C 2 ACGCGCCAAAGGCACACGATA SI04345705 
PPP2R3C 3 CGGGCTTATCGTGGCCTTTAA SI00318115 
PPP2R3C 4 TAGGGCCATACAGGAACTAAT SI04201309 
PPP2R5A 1 CACCCGGAAATCGGTCCGCAA SI04436544 
PPP2R5A 2 CTGTATCATGGCCATAGTATA SI02225839 
PPP2R5A 3 TTCGATGACCTTACTAGCTCA SI03022782 
PPP2R5A 4 CAGAGTGGTAACAGATGGGTA SI04436551 
PPP2R5B 1 AACCATCGTATCACTGATCTA SI04897746 
PPP2R5B 2 AAGGGCAAGCTTGACCAGGAA SI04897739 

PPP2R5B 3 CCGCATGATCTCAGTGAATAT SI02659034 
PPP2R5B 4 CCGGTTCATCTATGAATTCGA SI00086212 
PPP2R5C 1 ATGGTAGAATATATCACCCAT SI03051986 
PPP2R5C 2 GAGGAAGATGAACCAACGTTA SI04897760 
PPP2R5C 3 CCCGTGGTCCTTCTCCATATT SI04897753 
PPP2R5C 4 CCAACCTAATATAGCGAAGAA SI03074253 
PPP2R5D 1 CAGGAGATTATTCTCACCAAA SI02653350 
PPP2R5D 2 GAAGTTGTTTATGGAAATGAA SI02653812 
PPP2R5D 3 ACGGGCCGAGATGCCCTATAA SI00086240 
PPP2R5D 4 CTCGTGTATGAGTTCTTCTTA SI00086254 
PPP2R5E 1 CCGGTGATATTGACAATAGGA SI02659048 
PPP2R5E 2 CACCGGGATTGCAAATCTAAT SI02659041 

PPP2R5E 3 AAGGACTTCAATCCAAAGTTT SI00086282 
PPP2R5E 4 CTCGTTCTATATCTCATCACA SI00086289 
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Chapter 3. Computational Analyses of Colorectal TCGA Datasets Identifies 
Altered Cellular Metabolism as a Hallmark of Fbw7-Mutant 
Tumors 

This chapter was adapted from a manuscript in preparation. 
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3.1 Abstract 

The majority of Fbw7 substrates are oncoprotein transcription factors; therefore, tumors that 

acquire loss-of-function mutations in Fbw7 are predicted to have widespread changes in gene 

expression. We hypothesized that we could leverage these transcriptional changes to identify 

conserved biological alterations in Fbw7-mutant colorectal tumors. To this end, we developed 

novel computational methods to analyze TCGA datasets for gene expression signatures that 

could predict a tumor’s Fbw7 mutation status. Surprisingly, genes with roles in cellular 

metabolism, and specifically mitochondrial function, were highly enriched in the predictive gene 

expression signature, suggesting that altered metabolism could be a conserved feature of Fbw7-
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mutant colorectal tumors. We validated these predictions at the level of both gene expression and 

functional assays and found that Fbw7-mutant cells are shifted towards oxidative metabolism. 

Moreover, upregulation of pyrimidine biosynthesis is a significant contributor to the increased 

oxygen consumption in cells with Fbw7 mutations, and could represent a therapeutic opportunity 

for the treatment of Fbw7-mutant cancers. 

 

3.2 Introduction 

Alterations in cell metabolism are emerging as drivers of tumorigenesis, due largely to the 

requirements of anabolic processes to support increased cell growth and proliferation. Less 

obvious aspects of metabolism, such as redox homeostasis and altered host-tumor interactions, 

have also been recognized to be important (139,140). A significant emphasis towards 

understanding cancer metabolism has focused on the altered utilization of glutamine and glucose 

(141,142). The latter is classically referred to as the Warburg Effect, or aerobic glycolysis, and 

represents the trend in tumors to upregulate the conversion of glucose to lactate instead of 

fueling the citric acid cycle (TCA cycle). Alterations in other metabolic pathways, such as amino 

acid and lipid biosynthesis, can also drive cellular transformation (143,144).  

Many metabolic changes are attributable to deregulation of specific oncogenes, including 

glutamine addiction in Myc-overexpressing tumors and upregulation of Warburg metabolism in 

KRAS mutant-cancer cells (140,145-147). Therefore, there is substantial interest in better 

understanding the ways in which tumors differentially utilize and generate metabolites, and the 

genetic alterations that underlie these changes. Ultimately, the hope is that rewired cellular 

metabolism will present metabolic vulnerabilities that could be targeted in patients. 
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Fbw7 is a tumor suppressor that is mutated in a number of cancers, including frequent 

mutations in up to 30% of T-cell acute lymphoblastic lymphoma (T-ALL), a significant fraction 

of colorectal cancers (CRC), and lower mutation rates in other organ sites including 

endometrium, stomach, and bladder (110). Fbw7’s molecular function is as a substrate receptor 

for the Skp1-Cullin 1-F box (SCF) ubiquitin ligase (SCFFbw7), where it binds to target substrates 

once they become phosphorylated at short, conserved regions termed Cdc4 phosphodegrons 

(110). An overwhelming number of the loss-of-function mutations sustained by Fbw7 in cancer 

are heterozygous missense mutations of one of three specific arginine residues (R465, R479, and 

R505; termed Fbw7ARG) that coordinate Fbw7’s interaction with phosphorylated substrates. 

These mutations therefore result in the stabilization of oncoprotein substrates such as c-Myc, 

cyclin E, Notch, and PGC-1α, among others. In fact, the majority of Fbw7 substrates are either 

transcription factors or transcriptional regulators; therefore, the tumors that contain Fbw7 

mutations are predicted to have widespread changes in the transcriptional output of the cell. 

Adding further complexity to trying to understand the consequences of Fbw7 mutations is that 

they are predicted to simultaneously deregulate the function of multiple substrates, making the 

attribution of specific phenotypes to specific substrates enormously challenging.  

Increasing amounts of cancer genomic and gene expression data are becoming available 

through The Cancer Genome Atlas (TCGA) and other high-throughput sequencing studies. 

However, it is not always clear how to best utilize these data to better understand the biology of 

these tumors. It is therefore of significant importance to generate novel approaches for data 

analysis in order to uncover new insights into tumorigenesis, and guide follow-up investigations.  

Towards this end, we developed a novel computational method to identify gene 

expression signatures that were predictive of a tumor’s Fbw7 mutational status. We first 
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analyzed the TCGA colorectal cancer dataset (63), as this is both a very common cancer and 

contains a substantial proportion of Fbw7 mutations (Table 1.2). Interestingly, the biological 

process that was most enriched in the predictive gene expression signature was for 

mitochondrial-associated genes, suggesting that altered mitochondrial function, and cellular 

metabolism, could be a hallmark of Fbw7-mutant CRC. While a number of Fbw7 substrates 

control various metabolic processes (111,148-152), the specific contribution of impaired Fbw7 

function on cancer cell metabolism is poorly understood. We validated this prediction in Fbw7-

mutant CRC cells using both gene expression and phenotypic assays. During the course of these 

studies, we also identified additional metabolic alterations in amino acid and lipid metabolism. 

Furthermore, the upregulation of oxidative metabolism in Fbw7-mutant cells is being partially 

driven by changes in pyrimidine biosynthesis and this pathway could represent a targetable 

vulnerability in Fbw7-mutant colorectal cancer.  

 

3.3 Materials and Methods 

3.3.1 Computational methods 

We analyzed 10 different solid tumor collections from TCGA PanCancer collection and 

identified five cancers with FBXW7 mutation rates higher than 4%: Bladder Urothelial 

Carcinoma (BLCA), Colon Adenocarcinoma/Rectum Adenocarcinoma (COADREAD), Head 

and Neck Squamous Cell Carcinoma (HNSC), Lung Squamous Cell Carcinoma (LUSC), Uterine 

Corpus Endometrioid Carcinoma (UCEC). We turned the problem of finding a transcriptional 

signature for FBXW7 mutations into a two-step algorithm, which can be summarized as (i) using 

a binary classifier that predicts FBXW7 mutation status of each tumor using its gene expression 
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data and (ii) identifying important gene expression features using the classification parameters to 

extract a transcriptional signature. 

We evaluated two possible scenarios: (i) modeling each cancer as a separate problem and 

(ii) modeling the five cancers conjointly. In the first scenario, we trained a binary classifier that 

predicts the class label (i.e., FBXW7 mutation status) using input features (i.e., gene expression 

profile) for each cancer separately. We used the relevance vector machine (153) as our binary 

classifier. We then identified the top 500 genes out of 20530 that are positively correlated (i.e., 

overexpressed in mutated tumors) with FBXW7 mutation using the model parameters. We fed 

these genes into DAVID Bioinformatics Resources 6.7 (154,155) to find functionally related 

gene sets. 

In the second scenario, we trained a conjoint binary classifier that solves related but 

distinct classification problems together to benefit from additional data, which is known as 

transfer learning. Instead of modeling each cancer cohort, we modeled them together to obtain 

more robust results. We used the kernelized Bayesian transfer learning algorithm (156) as our 

transfer learning classifier. Like the first scenario, after training the classifier, we identified the 

top 500 positively correlated genes for each cancer using the model parameters and fed these 

gene sets into DAVID Bioinformatics Resources 6.7. 

To have stable results, we performed 50 replications of both scenarios using randomly 

picked 75% of tumors in training phase. We then used the average model parameter assigned to 

each gene when deciding to include this gene in the top 500 list. The following table provides the 

enrichment score and ranking of the gene set associated with mitochondrial functions for each 

cohort/scenario pair. 
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3.3.2 Cell culture and RNAi 

All cells were maintained in DMEM supplemented with 10% FBS and penicillin/streptomycin. 

FBXW7 shRNA vector was obtained from Open Biosystems (pGIPZ backbone; sense strand 5’-

CAGAGAAATTGCTTGCTTT-3’). Lentiviral particles were produced in HEK293T cells by 

contransfection of pGIPZ, psPAX, and pMD2.G (obtained from Addgene). 

3.3.3 Quantitative RT-PCR 

Total RNA was extracted from cells using TRIzol and purified with an RNA miniprep kit (Zymo 

Research). RNA was quantified and equal amounts were DNased before reverse transcription 

using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Quantitative RT-

PCR reactions were performed using 300 µM of F/R primers (purchased from IDT) and 2X 

SYBR Green PCR Master Mix (Applied Biosystems) on a QuantStudio 5 instrument. Primer 

sequences used are provided in Table 3.1. 

3.3.4 Seahorse extracellular flux assays 

Cells were seeded in Seahorse XF24 well plates the night before the assay. Extracellular Flux 

Assay cartridges were hydrated in XF Calibrant solution overnight at 37°C. The morning of the 

assays, cells were switched to unbuffered DMEM media lacking glucose, L-glutamine, sodium 

pyruvate, and sodium bicarbonate (Sigma D5030) that was then supplemented with 50 mM 

glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate. Following the media change, cells 

were allowed to acclimate for at least one hour at 37°C prior to running the assay. Metabolic 

inhibitors (25 µM oligomycin; 5 µM FCCP; 5 nM rotenone/5 µM antimycin A) were 

sequentially added to each well to determine OCR and ECAR profiles. For assays testing the 

effect of DHODH inhibition on OCR, leflunomide was used at 30 µM. Following the assay, cell 

numbers were quantified using a Hoechst Assay as follows. The media was aspirated from each 
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well and the plate was frozen at -20°C. Next, the plate was thawed, 100 µL of 0.01% SDS was 

added to each well and then frozen at -80°C. The plate was then thawed, 100 µL of Hoechst 

Assay solution (4 µg/mL Hoechst 33342, 10 mM Tris pH 7.4, 1 mM EDTA, and 1 M NaCl) was 

added to each well, shaken at 37°C in the dark for one hour, and the fluorescence of each well 

was measured (Ex: 355 nM; Em: 460 nM).  

3.3.5 Gene targeting 

Hct116 Fbw7-/- cells have been previously described (15). Hct116 Fbw7+/R505C cells and LoVo 

Fbw7+/+ cells were generated using adeno-associated virus (AAV) gene targeting, using a 

previously described protocol (15). Briefly, the targeting vector was designed such that a 

neomycin-resistance cassette was flanked by two homology arms with sequence homology to the 

genomic DNA at the FBXW7 locus, and the desired mutation was incorporated via PCR-

mediated mutagenesis of the targeting vector (Hct116 changed amino acid 505 from an arginine 

to a cysteine (R505C); LoVo cells required the opposite substitution (C505R)). Targeted cells 

were enriched using neomycin selection, and resistant clones were screened by both PCR and 

genomic DNA sequencing to ensure they contained the mutation of interest. Floxed-neomycin 

resistance genes were excised from genomic DNA using RFP-Cre-Gessicles (Clontech), and 

removal of the cassette was confirmed by both PCR and restored sensitivity to neomycin. For 

CRISPR-Cas9 genetic knockout, sgRNAs were cloned into pLentiCRISPR_v2 (sgFBXW7: 5’- 

AAGAGCGGACCTCAGAACCA-3’; sgCtl: 5’-GTAGCGAACGTGTCCGGCGT-3’; vector 

provided by P. Paddison, FHCRC). Target cells were transduced with lentiviruses, selected with 

puromcin, and single clones were isolated by limiting dilution. Knockout of Fbw7 was 

confirmed by western blotting.  
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3.3.6 Metabolite profiling 

For global metabolite profiling, cells were plated in six-well dishes and harvested 48 hours later 

(at ~80% confluency) by quickly washing twice with warm PBS, adding pre-chilled 90% 

methanol/10% chloroform (v/v) directly to cells, and immediately freezing at -80°C. Dishes were 

frozen for 30 minutes and then placed on dry-ice, scraped to harvest cells, and transferred to 

eppendorf tubes. To ensure complete capture of all cells and metabolites, a second round of 

extraction was performed and pooled with the first fraction. Extracts were centrifuged 14,000 

RCF for 5 minutes at 4°C to separate the metabolites (in the supernatant) from the protein and 

cell debris in the pellet. The supernatant was transferred to a new tube and metabolites were 

dried down using a speed-vac. Dried metabolites were resuspended in 1% formic acid/dH2O and 

analyzed by liquid chromatography-mass spectrometry (for global metabolite profiling) or gas 

chromatography-mass spectrometry (for U-13C-glucose flux experiments). The residual protein 

pellet was resuspended in 200 µl 0.1M NaOH, quantified by Bradford Assay, and used to 

normalize metabolite abundances.  

3.3.7 CRISPR-Cas9 synthetic-lethal screen 

A sgRNA library specifically targeting genes with known roles in metabolism or metabolic 

regulation was used for screening. In total, 633 genes were represented in the library, each 

targeted by six unique sgRNAs (for a total of 3,798 sgRNAs). Target cells were transduced using 

pooled lentiviruses at a minimum of 1,000-fold library coverage and 30% transduction efficiency 

(to minimize the number of cells that were infected with multiple sgRNAs) in biological 

replicates and selected using puromycin for 72 hours. Following selection, half of the cells from 

each population were frozen as the day 0 timepoint and the remaining cells were passaged for an 

additional 18 days while maintaining at least 1,000-fold coverage of the library (i.e. > 4x106 
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cells). Genomic DNA was extracted from each of the populations (QiAMP DNA Blood Mini 

Kit) and quantified by Nanodrop. To maintain 1,000-fold library coverage, sgRNAs were PCR 

amplified from at least 40 µg of total genomic DNA divided into separate PCR reactions each 

containing 1.5 µg DNA. PCRs were performed using 2X Phusion Flash PCR master mix 

(Thermo Fisher) and amplified for 12 cycles to maintain linear representation of sgRNAs. First-

round PCR products were purified and a second amplification step was performed to add 

Illumina adapters and sample-specific barcodes using Heculase II Fusion DNA polymerase 

(Agilent). Amplicons from the second PCR step were column purified using PureLink PCR 

purification kit (Life Technologies) and MinElute PCR purification kit (Qiagen) to remove 

genomic DNA and first round PCR product. Purified products were quantified, mixed, and 

sequenced using HiSeq 2500 (Illumina). Bowtie was used to align the sequenced reads to the 

guides (157). The R/Bioconductor package edgeR (158,159) was used to assess changes across 

various groups. Guides having a fold change more than 1 and an adjusted FDR less than 0.05 

were considered statistically significant. 

3.3.8 Drug viability assays 

Cells were seeded in black-walled 96 well plates at low density one day before drug addition. 

Serial dilutions of leflunomide were then added to the target cells for the four-day treatment 

period. To assay viability, alamar blue (resazurin) reagent was added to the cells and measured 

using a spectrophotometer.  
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3.4 Results 

3.4.1 Bioinformatic analyses of TCGA gene expression datasets 

TCGA gene expression datasets provide enormous opportunities to better understand 

mechanisms of tumorigenesis. However, a bottleneck can be the lack of robust computational 

methods that facilitate the generation of biologic hypotheses, which can subsequently be 

experimentally verified. To address this challenge, we developed a novel computational 

approach that utilizes machine-learning algorithms to rank genes by how well their expression 

predicts a specific alteration in a tumor. These alterations can be quite specific, such as a 

genomic deletion, amplification, or mutation, or more general, such as the tumors that have low 

expression of a specific gene. To identify specifically enriched biological processes or functions, 

the top 2.5% of the ranked-order list of predictive genes was analyzed using the online DAVID 

Bioinformatics Resource (154,155), as this is the subset of genes that presumably reflects the 

conserved biological changes elicited by the alteration being analyzed. 

We leveraged this platform to identify the conserved functional consequences of Fbw7 

mutations in human cancers. Fbw7 mutant cancers provided an excellent test case for several 

reasons. First, Fbw7 is most often disabled via single allele point mutations in its substrate 

interaction domain (Fbw7ARG), thus tumors with impaired Fbw7 function are easily identified by 

a consistent mechanism of inactivation. Second, Fbw7 is frequently mutated in tumor types 

where there is sufficient data to power the computational analysis, including colorectal cancer. 

Finally, most Fbw7 substrates are transcription factors, therefore Fbw7 mutation that stabilize 

these oncogenic transcription factors should alter a tumor’s transcriptional profile.  

These methods were used to generate predictive gene expression scores for Fbw7 

mutations in CRC (and other cancers, as described in the methods). DAVID analyses of this 

signature identified mitochondrial genes as the single most enriched functional category 
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(enrichment score: 5.378; p-value: 6.6x10-9). Interestingly, the same mitochondrial gene 

expression signature was also identified when we performed this analysis on other tumor types, 

including bladder cancers and glioblastomas where Fbw7 function is inhibited due to very low 

mRNA expression (data not shown). Together, this suggested that altered cellular metabolism 

could be a conserved feature of Fbw7 mutations in human cancers. To validate this prediction, 

we first analyzed the mRNA expression of the mitochondrial signature genes (MSGs) in multiple 

contexts of Fbw7 inhibition. First, the cBioPortal online interface contains gene expression data 

for the CRC cell lines indexed in the Cancer Cell Line Encyclopedia (CCLE) (68,69). Thus, the 

mean gene expression z-score in Fbw7 wild-type and Fbw7ARG cell lines was calculated for each 

of the 54 MSGs. This analysis found that 81% of all MSGs had elevated mRNA expression in 

Fbw7ARG cell lines compared to Fbw7+/+ cells (Figure 3.1A). Given the significant amount of 

heterogeneity present in this collection of cell lines, this suggests that Fbw7 mutations can 

change MSG expression in a variety of genetic and mutational backgrounds.  

Next, changes in MSG expression were assessed after direct manipulation of Fbw7 in 

isogenic cell systems. We have previously generated Fbw7-/- Hct116 cells (which are wild-type 

for Fbw7), using adeno-associated virus (AAV)-gene targeting (15), and have also generated 

Hct116 Fbw7+/R505C cells. On the contrary, LoVo cells naturally contain a heterozygous arginine 

mutation (Fbw7+/R505C). Thus, AAV-gene targeting was used to correct the endogenous, mutant 

allele in these cells to restore wild-type Fbw7 function. Together, these cell lines provided two 

complementary isogenic systems—one in which Fbw7 function was acutely disabled and one in 

which Fbw7 mutations were a likely driving event in tumorigenesis—to query the specific 

effects of Fbw7 mutations. Quantitative RT-PCR assays were used to determine the expression 

of a subset of the MSGs in both sets of cells. Both Hct116 Fbw7+/R505C and Fbw7-/- cells, as well 
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as LoVo Fbw7+/R505C cells, had increased MSG expression in comparison to their respective 

Fbw7 wild-type controls (Figures 3.1B and 3.1C). Therefore, both CCLE CRC gene expression 

datasets and targeted gene expression analyses of isogenic cell lines recapitulated the 

computational prediction that Fbw7 mutations drive increased expression of mitochondrial-

associated genes.  

3.4.2 Fbw7 mutations increase oxidative metabolism in CRC cells 

We next wanted to understand the effects of Fbw7 mutations on cellular metabolism. Real-time 

metabolic changes can be measured using a Seahorse Bioanalyzer, which determines both the 

extracellular acidification rate (ECAR; indicative of glycolytic metabolism) and oxygen 

consumption rate (OCR; indicative of oxidative metabolism). This assay also measures how cells 

dynamically change their utilization of glycolytic and oxidative pathways in response to various 

metabolic inhibitors. Because we were specifically interested in the impact of Fbw7 mutations on 

mitochondrial function, we used the Seahorse Bioanalyzer to perform a mitochondrial stress test. 

Here, OCR and ECAR are measured during (1) basal proliferative conditions, (2) periods of ATP 

synthase inhibition (to suppress respiration in coupled mitochondria), (3) after uncoupling 

maximal mitochondrial respiration from the electron transport chain (ETC), thereby revealing the 

mitochondrial reserve capacity, and (4) after full inhibition of mitochondrial respiration.  

The mitochondrial stress test was first performed on isogenic Hct116 and LoVo cells. In 

the Hct116 cells, both Fbw7+/R505C and Fbw7-/- cells had moderately elevated basal OCR in 

comparison to wild-type cells, but greatly increased maximal OCR after addition of the 

mitochondrial uncoupler FCCP (Figure 3.2A). This same pattern was observed in isogenic LoVo 

cells. Both clones with restored wild-type Fbw7 function had slightly decreased basal OCR but 

dramatically decreased maximal OCR, suggestive of large differences in the mitochondrial 
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reserve (Figure 3.2B). Thus, in multiple isogenic cell systems, cells with impaired Fbw7 function 

had both increased basal mitochondrial respiration and a larger mitochondrial reserve than cells 

with wild-type Fbw7.  

 This shift towards oxidative metabolism (while suggested by the computational 

predictions) is notably different than the Warburg Effect, or aerobic glycolysis, which might be 

the expected metabolic phenotype of Fbw7-mutant cells as several of its substrates have been 

previously shown to dominantly drive Warburg metabolism in cancers (160,161). To analyze the 

relative usage of oxidative and glycolytic pathways in a broader collection of cell lines, we used 

the Seahorse Bioanalyzer to compare the OCR/ECAR ratios in CRC cell lines where Fbw7 was 

inactivated through a variety of mechanisms. In all cases analyzed, Fbw7-deficient cells had 

increased OCR/ECAR ratios under basal proliferative conditions, indicative of a shift from 

glycolysis towards oxidative metabolism. This included Hct116 and DLD1 Fbw7 knock-out cells 

(generated via AAV-mediated recombination) (Figure 3.2C), DLD1 and HT-29 cells with stable 

knockdown of Fbw7 expression using shRNA (Figure 3.2D), and three independently-derived 

Hct116 clones where Fbw7 was knocked-out using CRISPR-Cas9 technology (Hct116 sgFbw7) 

(Figure 3.2E). LoVo cell lines where the endogenous Fbw7 mutant allele was corrected back to 

wild-type also exhibited this same pattern (data not shown). Thus, CRC cell lines with impaired 

Fbw7 function do not upregulate aerobic glycolysis—as would be predicted if loss of Fbw7 was 

driving Warburg metabolism—but instead display shifts towards oxidative metabolism.  

3.4.3 Global metabolite profiling reveals alterations in nucleotide, amino acid, and central 
carbon metabolism 

To gain additional insights into the metabolic changes associated with loss of Fbw7, both AAV-

targeted Hct116 Fbw7+/+ and Fbw7-/- cells, and CRISPR-Cas9 generated Hct116 sgCtl and 

sgFbw7 cells, were profiled by mass spectrometry-based global metabolite profiling (Figures 
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3.3A and 3.3B). This assay measures the steady-state abundance of approximately 150 different 

metabolites in a number of metabolic pathways, including central carbon metabolism, amino acid 

metabolism, and nucleotide biosynthesis. One of the most striking changes in Fbw7-deficient 

cells was the significant increase in two amino acids: serine and aspartate (Figures 3.3A, 3.3B, 

3.3C, and 3.3D). Both of these amino acids have emerging roles in tumorigenesis and cell 

proliferation. Increased flux through the serine synthesis pathway, which converts the glycolytic 

intermediate 3-phosphoglycerate (3-PG) to serine, is important for the pathogenesis of breast 

cancers that have amplifications of one of the enzymes in the pathway, PHGDH (162,163). 

Serine synthesis has also been recently shown to affect pancreatic cell proliferation and 

DNA/histone methylation (164). Aspartate synthesis is crucial to produce reducing equivalents 

via the electron transport chain in proliferating cells (165,166). Both aspartate and serine also 

have important functions in nucleotide biosynthesis. Orotate—a key intermediate in pyrimidine 

biosynthesis—was also specifically upregulated in both Fbw7-/- and sgFbw7 cells (Figure 3.3E). 

These changes in amino acid and pyrimidine metabolites suggested that Fbw7 mutations could 

be affecting nucleotide biosynthetic pathways, perhaps as a mechanism to support increased cell 

proliferation.  

There are also important connections between glycolysis and TCA cycle metabolites to 

mitochondrial function. Interestingly, both Fbw7-/- and sgFbw7 cells had increased levels of 

glucose, but decreased abundance of glyceraldehyde-3-phosphate, 2-PG/3-PG, and 

phosphoenolpyruvate (Figure 3.3F). Moreover, there was no difference in the amount of lactate 

present in conditioned media harvested from Fbw7-/- or sgFbw7 cells (data not shown). These 

data are broadly consistent with the OCR/ECAR profiles of these cells and provides additional 

evidence that disabling Fbw7 function does not enhance aerobic glycolysis. The abundance of 
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TCA cycle metabolites was more variable. Both oxaloacetate (OAA) and α-ketoglutarate (α-

KG) were specifically increased in Fbw7-/- and sgFbw7 cells (Figure 3.3G). However, the 

abundance of fumarate, succinate, and aconitate did not reliably track with Fbw7 status (Figure 

3.3G). Thus, understanding the full effect of Fbw7 mutations on the TCA cycle requires 

additional functional assays, and could reflect complex anaplerotic reactions of TCA cycle 

metabolites in these cells. 

3.4.4 U-13C-glucose flux experiments  

Changes in steady-state glycolytic metabolite abundance (Figure 3.3F) was suggestive of 

alterations in glucose utilization; these differences could be due to changes in the rate of 

metabolite production or consumption. We wanted to distinguish between these possibilities for 

glucose specifically in order to answer three questions regarding Fbw7-mediated metabolism. 

First, is there any evidence for aerobic glycolysis in Fbw7-null cells, as measured by the amount 

of glucose being converted to lactate? Second, is there a difference in the amount of glucose-

derived acetyl-CoA that is being incorporated into the TCA cycle, thus suggesting a mechanism 

for increased mitochondrial respiration? Finally, is there evidence of upregulation of serine 

synthesis from 3-PG that could help explain the dramatically increased levels of serine in Fbw7-

null cells?  

To answer these questions, metabolic flux experiments were performed by labeling 

Hct116 Fbw7+/+ and Fbw7-/- cells with U-13C-glucose for 0, 3, 6, and 14 hours, and tracking the 

incorporation of the heavy carbon isotopes into downstream metabolites (Figure 3.4A depicts 

fractional isotope abundance at the three-hour timepoint). Pyruvate is the major endpoint of 

glycolysis and is an effective marker of flux through the pathway. Cells with decreased flux (i.e. 

decreased rate of synthesis), should have less m+3 labeled pyruvate, whereas cells with increased 
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rates of utilization should have equal or greater amounts of m+3 pyruvate. At the three-hour 

timepoint, there was 8% less m+3 pyruvate in the Fbw7-/- cells compared to Fbw7+/+ cells; 

Similar trends were observed at the six- and fourteen-hour timepoints, indicating that Fbw7-/- 

cells do have slightly lower glycolytic flux.  

Pyruvate is a central hub of metabolism because it has a number of metabolic fates, 

including conversion to lactate, alanine, and acetyl-CoA, each of which are shuttled into distinct 

pathways. At the three-hour timepoint, Fbw7-/- cells had 19% less m+3 lactate and 25% less m+3 

alanine than wild-type cells (Figure 3.4A; acetyl-CoA could not be detected by the GC-MS 

methods used). This magnitude of change was larger than what was observed for pyruvate (i.e. 

the net flux through glycolysis) and definitively shows that impairing Fbw7 function in these 

cells does not increase Warburg metabolism. Moreover, it suggests that alanine is not a major 

endpoint for glucose-derived pyruvate in these cells.  

To understand whether the higher rate of oxygen consumption in Fbw7-/- cells could be 

due to additional pyruvate fueling the ETC, the rate of glucose conversion to TCA cycle 

intermediates was also analyzed. Pyruvate that enters the mitochondria can be converted to 

acetyl-CoA, which subsequently combines with oxaloacetate to generate citrate. Thus, the citrate 

that is generated from glucose-derived acetyl-CoA is indicated by the m+2 isotope. Similar to 

what was observed for lactate, there was a 19% reduction in m+2-labeled citrate at the three-hour 

timepoint (Figure 3.4A). This suggests that glucose isn’t driving the increased OCR of Fbw7-/- 

cells. Interestingly, both Fbw7+/+ and Fbw7-/- cells had very low levels of m+2 labeled fumarate 

(Figure 3.4A). Thus, Hct116 cells may be generally less reliant on glucose for TCA cycle 

function, and could instead be utilizing alternative fuels such as glutamine.  
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Finally, the glucose flux assay was used to determine whether the increased serine 

observed in Fbw7-/- cells could be a result of increased synthesis from 3-PG (as indicated by the 

amount of m+3-labeled serine). While there was almost no difference at the three- or six-hour 

timepoints, there was a significant 21% increase in m+3 serine at 14 hours in Fbw7-/- cells 

(Figure 3.4B). It is relevant that even in breast cancers cells with amplifications of PHGDH (the 

first enzyme in the serine-synthesis pathway (SSP) from 3-PG), only 9-10% of glucose is 

diverted towards serine synthesis, compared to 1-2% in non-amplified cells (162). Thus, while 

the increase in serine derived from 3-PG in Fbw7-/- cells may not account for the entire increase 

in intracellular serine abundance, it is consistent with upregulation of the SSP. Additionally, both 

Fbw7-/- and sgFbw7 cells had increased steady-state abundance of α-KG (Figure 3.3G). NADH 

and α-KG are generated as a byproducts of serine synthesis; therefore, upregulation of this 

pathway could be relevant to the increased oxygen consumption of Fbw7-/- cells through 

generation of both TCA cycle intermediates (α-KG) and electron donors (NADH) for the ETC. 

These glucose flux experiments did present an interesting question: If Fbw7-/- cells have 

only slightly reduced conversion of glucose to pyruvate, but the pyruvate is being converted at a 

slower rate to lactate, alanine, and citrate, what is its ultimate metabolic fate? One possibility is 

that it is being used for increased fatty acid synthesis from acetyl-CoA. As an initial test, Hct116 

Fbw7+/+ and Fbw7-/- cells were stained with Oil Red-O, which enables the visualization of lipid 

droplets (organelles that serve as a cellular storage compartment for lipids) (Figure 3.4C). Fbw7-

/- cells had markedly stronger staining, suggesting that this could be the preferred metabolic fate 

of glucose in these cells, although this requires further validation.  
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3.4.5 Metabolic CRISPR-Cas9 synthetic-lethal screen 

Ultimately, the goal of understanding the metabolic changes that result from loss of Fbw7 is to 

discover new potential treatments for these cancers. CRISPR-Cas9 technology provides a facile 

and robust method to interrogate the effects of genetic knockouts on cell proliferation in various 

genetic backgrounds (167,168). Therefore, a CRISPR-Cas9 sgRNA lentiviral library comprised 

of 633 metabolic genes was used to screen the isogenic Hct116 and LoVo Fbw7 cell lines for 

genes whose knockout was lethal only in an Fbw7-mutant background (Figure 3.5A). sgRNAs 

were scored as a candidate synthetic lethal hit if they were selectively depleted from Fbw7-

mutant cells, but not the corresponding wild-type cell line, over the duration of the assay. This 

screen yielded a number of candidate genes across several different metabolic pathways. 

Surprisingly, no sgRNAs scored in both LoVo Fbw7+/R505C lines and Hct116 Fbw7-/- cell lines, 

although there were many cell-type specific hits (Figures 3.5B and 3.5C). The reason for this 

lack of overlap is unclear, but could be due to a number of factors. First, different Fbw7 alleles 

(heterozygous arginine mutations compared to homozygous null mutations) could have distinct 

functional consequences. Second, the different cancer-associated mutational backgrounds of 

Hct116 and LoVo cells could result in unique genetic interactions with the loss-of-function 

mutations in Fbw7. Finally, it is possible that cancer cells that arise in the context of an Fbw7 

mutation—which is thought to be an early event in colon carcinogenesis (35)—may have 

different vulnerabilities than those that arose with wild-type Fbw7 function. 

3.4.6 Fbw7-/- cells are hypersensitive to DHODH inhibition 

 Of the candidate genes identified in the sgRNA screen, one of the most interesting was 

dihydroorotate dehydrogenase (DHODH), which scored with three separate sgRNAs in the 

Hct116 Fbw7-/- cells (Figure 3.5C). Biochemically, DHODH catalyzes the conversion of 



 

 64 

dihydroorotate to orotate in an upstream step of pyrimidine biosynthesis (Figure 3.6A). DHODH 

is localized in the inner mitochondria membrane and a byproduct of the reaction is the 

production of NADH, which transfers electrons to ubiquinone, thereby fueling the electron 

transport chain and oxidative metabolism (169). DHODH was also an interesting candidate gene 

due to corroborating metabolomic data that showed both Hct116 Fbw7-/- and Hct116 sgFbw7 

cells have increased levels of both orotate and aspartate (Figures 3.3D and 3.3E), the latter of 

which is a precursor metabolite in the pathway, as shown in Figure 3.6A. There is also evidence 

that inhibition of DHODH could represent an effective treatment strategy for a number of 

cancers, including melanoma, acute myeloid leukemia, and B cell malignancies (170-172). 

Moreover, it is also a direct transcriptional target of the Fbw7 substrate Myc (173). 

 To validate that Fbw7-/- cells have increased sensitivity to DHODH inhibition, we took 

advantage of a commercially available inhibitor of the enzyme, leflunomide (174). Consistent 

with the CRISPR-Cas9 results, Hct116 Fbw7-/- cells were more sensitive to leflunomide than 

Fbw7+/+ cells (Figure 3.6B). Importantly, Fbw7-/- cells were more sensitive over a range of drug 

concentrations, indicative of a robust dose-response relationship.   

One of the predicted consequences of inhibiting DHODH is a reduction in the amount of 

NADH generated that can drive respiratory metabolism via the ETC (Figure 3.6A). Because 

Fbw7-deficient cells have increased oxygen consumption (Figure 3.2), we were interested in 

determining the specific contribution of the NADH generated by DHODH to this process. The 

Seahorse Bioanalyzer was used to test the effect leflunomide treatment on basal and maximal 

OCR in Fbw7 isogenic cells, using a similar mitochondrial stress. The only modification to the 

protocol was the addition of leflunomide or DMSO following measurements of basal respiration, 

before subsequent inhibitors were added. Due to the differences in normal respiration (Figure 
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3.2A), each cell line was normalized to its basal OCR to more easily visualize the effect of 

leflunomide treatment. Interestingly, leflunomide had a similar effect on basal respiration in both 

Fbw7+/+ and Fbw7-/- cells, where the OCR was decreased by ~13% (Figure 3.6C). Therefore, 

under normal proliferation conditions, the NADH generated by DHODH is contributing a 

substantial pool of electrons to the ETC but this doesn’t differ between Fbw7 genotypes. In 

contrast, inhibition of DHODH specifically decreased maximal OCR in Fbw7-/- cells, and this 

was sufficient to completely rescue the uncoupled respiration rate back to the levels observed in 

wild-type cells (Figure 3.6C, following FCCP addition). This suggests that Fbw7-/- cells do have 

increased flux through the pyrimidine biosynthetic pathway. Moreover, this finding 

mechanistically connects the increased maximal OCR of Fbw7-deficient cells to the increased 

abundance of aspartate and orotate, and provides a rationale for the hypersensitivity of Fbw7-/- 

cells to inhibitors of the pathway. 

 

3.5 Discussion 

Here, we report the use of novel computational approaches to further our understanding of the 

consequences of Fbw7 mutations in human CRC. This approach leveraged the fact that most 

Fbw7 substrates are transcription factors; therefore, the “signature” of these mutations could be 

determined by studying gene expression databases. Analyses of TCGA CRC datasets found that 

genes with roles in mitochondrial function were highly enriched in the subset of genes that were 

most predictive of Fbw7 mutations. This predicted functional outcome was validated by assays 

of mitochondrial metabolism (Figure 3.2). Furthermore, CRISPR-Cas9 functional genomic 

screens identified pyrimidine biosynthesis as a potential therapeutic vulnerability of Fbw7-

mutant cells, which was validated using specific inhibitors against DHODH, an intermediate 
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enzyme in the pathway. Finally, the NADH generated from DHODH is a critical contributor to 

the increased respiration of Fbw7-/- cells (Figure 3.6C).  

 Many Fbw7 substrates have been reported to regulate cell metabolism and mitochondrial 

biogenesis, including Myc, Notch, PGC-1α, and even cyclin E (111,148,175,176). While there 

are some reports showing how Fbw7 influences metabolism, these focus on glucose metabolism 

(85,177,178). To our knowledge this is the first in-depth study of how Fbw7 mutations 

specifically rewire CRC cancer cell metabolism. Moreover, the mitochondrial gene expression 

signature was one of the most predictive features of Fbw7 mutations across multiple tumor types. 

Thus, metabolic deregulation could represent an under-recognized, but important, consequence 

of Fbw7 mutations in human cancers, although this will need to be confirmed in future studies.  

 It is interesting to note that the oxidative metabolism of Fbw7-impaired cells shown here 

is reminiscent of other cell types, including some cancer stem cells (179) as well as a subset of 

melanomas with high expression of PGC-1α (56,180). It was also somewhat surprising to find a 

lack of evidence showing that impairing Fbw7 function increases aerobic glycolysis, even 

though this is the described metabolic phenotype of many Fbw7 substrates, including Myc (149). 

One explanation could be that CRC cell lines have other alterations that drive glycolytic 

metabolism, such as mutations in the RAS/RAF/MAPK pathway (140,145). However, if loss of 

Fbw7 was dominantly driving Warburg metabolism, these effects should have been observed in 

LoVo cells that already contain Fbw7 mutations. On the contrary, the genetic reversion studies 

showed that Fbw7 mutations had either no effect, or were actually restraining, the ECAR of 

these cells. Similarly, the glucose flux experiments directly showed that Hct116 Fbw7-/- cells 

have less conversion of glucose to lactate than Fbw7+/+ cells.  
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The glucose flux experiments also suggested that Fbw7-null cells might have increased 

lipid synthesis, as indicated by less conversion of glucose to lactate, alanine, or citrate, and 

increase in lipid droplets, in the Fbw7-/- cells (Figures 3.4A and 3.4C). Therefore, other Fbw7 

substrates such as SREBP could have underappreciated roles in Fbw7-mediated tumorigenesis, 

and are likely important regulators of the metabolic state of an Fbw7-deficient cell.  

  Potentially the most important finding of this research was that nucleotide biosynthesis, 

and pyrimidine biosynthesis in particular, could be a therapeutic vulnerability of CRC cells with 

Fbw7 mutations. The antimetabolite 5-fluorouracil (5-FU), which similarly impairs nucleotide 

production, has long been recognized as an effective cancer treatment, and remains a front-line 

therapy for the treatment of CRC today (181). Given that CRC cells are thus generally sensitive 

to inhibitors of nucleotide synthesis, it is interesting to speculate what creates the therapeutic 

window for DHODH inhibition in Fbw7-mutant cells. One possibility is that Fbw7-/- cells simply 

have a faster rate of proliferation and therefore an increased demand for nucleotides. 

Additionally, these cells could be using the NADH generated by DHODH in other redox 

processes and not to power the ETC. This is supported by the fact that leflunomide did not have 

genotype-specific effects on basal respiration but did specifically impair the uncoupled 

respiration of Fbw7-/- cells, suggesting that the additional NADH generated might have other 

cellular fates. One other potential explanation for this difference is that cells with Fbw7 

mutations have increased levels of cyclin E, which is an important regulator of DNA synthesis 

and S-phase progression (100,101). It is well established that deregulation of CDK2 activity can 

have detrimental effects during S-phase and sensitizes cells to DNA replication inhibitors (182). 

Thus, the increased sensitivity to leflunomide in Fbw7-/- cells could be due to the generation of 

unbalanced nucleotide pools, which subsequently initiates DNA replication stress that is 
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exacerbated by increased levels of cyclin E-CDK2 activity. If true, a natural extension of this 

work would be to determine if using both leflunomide and S-phase toxins results in a synergistic 

killing of Fbw7-/- cells.  

 In conclusion, we have shown the Fbw7 mutations bring about complex changes in 

cancer cell metabolism, including changes in oxidative and glycolytic metabolism; mitochondrial 

respiration reserve; and lipid, amino acid, and nucleotide biosynthetic pathways. Although 

individual Fbw7 substrates have been shown to play roles in each of these, we argue that it is the 

coordinate deregulation of a network of oncogenes that includes c-Myc, Notch, cyclin E, PGC-

1α, SREBP, KLF5, and others, that together elicit these metabolic changes. While certain 

substrates likely player different sized roles in the regulation of each of these processes, it is their 

collective deregulation that determines the metabolic state of an Fbw7-mutant cancer cell. 
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Figure 3.1. Fbw7 mutations increase gene expression of mitochondrial signature genes. 
(A) cBioPortal (68,69) was used to determine the mean gene expression z-score from both Fbw7+/+ (n = 
38) and Fbw7ARG (n = 11) CRC cell lines indexed in the Cancer Cell Line Encyclopedia. Blue boxes 
indicate genes whose mean expression was found to be higher in Fbw7+/+ cells; yellow boxes indicate 
genes whose mean expression was found to be higher in Fbw7ARG cells. (B) Quantitative RT-PCR 
analysis of gene expression of a subset of mitochondrial signature genes in isogenic Hct116 cells that 
were targeted at the endogenous locus to generate Fbw7+/+, Fbw7+/R505C, or Fbw7-/- cell lines. Data 
represent means ± s.e.m. of at least two biological replicates. (C) Quantitative RT-PCR analysis of a 
subset of mitochondrial signature genes in isogenic LoVo cell lines that were gene targeted at the 
endogenous locus to revert the naturally occurring heterozygous Fbw7R505C allele present in LoVo cells. 
Two independent Fbw7 wild type clones were isolated and profiled (cl. A and cl. B). Data represent 
means ± s.e.m. of at least two biological replicates.   
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Figure 3.2. Impairing Fbw7 function increases oxidative metabolism in CRC cell lines. 
(A) The metabolic profile of Hct116 heterozygous arginine (Fbw7+/R505C) and homozygous null (Fbw7-/-) 
knock-in cell lines was measured using the Seahorse Extracellular Flux analyzer to determine oxygen 
consumption rates (OCR) under both resting conditions (Basal) and following treatment with the 
mitochondrial uncoupling agent FCCP, thus revealing the maximal mitochondrial respiration 
(Uncoupled). OCR was normalized to total cell numbers. (B) LoVo cells, which naturally have a 
heterozygous mutation in Fbw7 (+/R505C) were reverted to wild-type using AAV-mediated gene 
targeting. Two independent wild-type reverted clones (cl.A and cl.B) were profiled for oxygen 
consumption rate, as described in (A). (C) Hct116 and DLD1 Fbw7+/+ and Fbw7-/- cells were generated by 
AAV-mediated gene targeting. Basal OCR and extracellular acidification rates (ECAR) in proliferating 
cultures were measured using the Seahorse Extracellular Flux bioanalyzer and are presented as the ratio 
of OCR/ECAR. (D) DLD1 and HT-29 cells stably expressing either control or FBXW7 shRNA were 
analyzed as described in (C). (E) Hct116 Fbw7 knockout cells were generated by infecting cells with 
either control sgRNA (sgCtl) or FBXW7 sgRNA (sgFbw7) along with Cas9 endonuclease. Three 
independent clones for each sgRNA were isolated, and measured as described in (C). The mean 
OCR/ECAR ratio of pooled results from the three clones is presented. For all panels, error bars represent 
s.e.m. 
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Figure 3.3. Fbw7 mutations change amino acid, orotate, glycolytic, and TCA cycle metabolite levels. 
Targeted LC-MS metabolomics was performed on Fbw7-deficient cells to determine altered metabolic 
pathways. (A) Volcano plots depicting –log(p-value) vs. Log2(ratio) of metabolite abundance in Hct116 
Fbw7-/- cells compared to Hct116 Fbw7+/+ cells. Three highly-upregulated metabolites—serine, aspartate, 
and orotate—are shown in red, red, and blue, respectively. Data were collected from four biological 
replicate samples and normalized to total protein abundance. (B) Same analysis as (A), except showing 
Hct116 sgFbw7 cells compared to Hct116 sgCtl cells. Data shown are pooled from three independent 
biological replicates of three separate sgCtl clones and three separate sgFbw7 clones (a total of nine 
replicates for each genotype). Normalized mean intracellular metabolite levels for (C) Serine, (D) 
Aspartate, and (E) Orotate in Hct116 Fbw7+/+ and Fbw7-/- cells, and Hct116 sgCtl and sgFbw7 cells. Error 
bars represent s.e.m. (F) Same as (C), except presenting data for glycolytic metabolites. (G) Same as (C) 
except presenting data for TCA cycle metabolites.   
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Figure 3.4. Altered glucose utilization in Fbw7-/- cells is revealed by U-13C-glucose flux. 
(A). Hct116 Fbw7+/+ and Fbw7-/- cells were labeled with U-13C-glucose for 3 hours and the incorporation 
of heavy carbon into downstream metabolites was measured using GC-MS. Direct metabolism of glucose 
carbons into pyruvate, alanine, lactate, and serine is indicated by the m+3 isotope. Direct incorporation of 
glucose-derived carbons into citrate and fumarate (TCA cycle intermediates) is depicted by the m+2 
isotope, as these are derived from acetyl-CoA. Data presented are mean values from three independent 
biologic replicates. (B) The fractional abundance of m+3 labeled serine was measured as described in (A). 
m+3 peak represents the serine that is synthesized from glucose via 3-phosphoglycerate. (C) Hct116 
Fbw7+/+ and Fbw7-/- cells were stained with Oil Red-O, which is a marker of lipid droplets. Images shown 
are representative micrographs.  
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Figure 3.5. A targeted CRISPR-Cas9 screen identifies candidate synthetic lethal genes in Fbw7-
mutant CRC cells. 
(A) Schematic depicting the workflow for the CRISPR-Cas9 screen using a targeted sgRNA library of 
633 genes with roles in cellular metabolism. Each gene was represented with six independent sgRNAs, 
for a total library size of 3,798 sgRNAs. sgRNAs and Cas9 were transduced into target cells (Hct116 
Fbw7+/+ and Fbw7-/-; LoVo Fbw7+/R505C and Fbw7+/+) using lentiviruses. Candidate synthetic lethal 
sgRNAs were defined computationally as those that were specifically lost from the Fbw7-mutant 
population of isogenic cells using defined criteria (Log-FC < -1; FDR < 0.05). (B) Venn diagram 
depicting the overlap of candidate lethal sgRNAs between each cell line. (C) List of candidate sgRNAs 
that are synthetic-lethal with Fbw7 mutations in corresponding cellular background.  
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Figure 3.6. Hct116 Fbw7-/- cells are hypersensitive to DHODH inhibition. 
(A) Overview of key reactions in pyrimidine biosynthesis. The enzyme dihydroorotate dehydrogenase 
(DHODH) converts dihydroorotate into orotate (shown in red) while also generating a NADH that is 
incorporated directly into the electron transport chain. (B) Hct116 Fbw7+/+ and Fbw7-/- were treated with 
increasing doses of the DHODH inhibitor leflunomide for 96 hours and then assayed for viability using 
alamar blue. Data presented are means of replicate wells ± s.e.m. (C) The effect of the DHODH inhibitor 
leflunomide on the oxygen consumption ratio (OCR) of Hct116 Fbw7+/+ and Fbw7-/- cells was measured 
using the Seahorse Bioanalyzer. To easily visualize the effect of leflunomide on OCR irrespective of 
starting respiration rate, all plots were normalized to basal respiration. Vertical lines on the plot indicate 
the addition of the indicated compound(s) to the assay plate. Oligomycin (Oligo.) inhibits ATP synthase; 
FCCP uncouples respiration from the ETC; Antimycin A (Ant. A) and Rotenone completely block 
respiration.  
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Table 3.1. Enrichment of mitochondrial genes in multiple human tumors identified using 
transfer learning across TCGA cohorts. 
 
 Scenario 1: Separate Analysis Scenario 2: Joint Analysis 
Tumor Type Enrichment Score / Ranking Enrichment Score / Ranking 
BLCA 0.3410 / 118 6.9312 / 3 
COADREAD 1.6000 / 25 5.3781 / 1 
HNSC 20.0874 / 1 4.0755 / 3 
LUSC        NA / NA 0.0089 / 149  
UCEC 6.3895 / 11 5.3919 / 5 
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Table 3.2. Quantitative RT-PCR primer sequences 

Gene Forward Primer Reverse Primer 
MTHFD1 5’-GCGCCAGCAGAAATCCTGA-3’ 5’-GCGCCAGCAGAAATCCTGA-3’ 
CS 5’-ATGGCTTTACTTACTGCGGC-3’ 5’-AATTCGTGGAGGAAGCACTG-3’ 
ATP5A1 5’-TTGGGTTCATCTTTCATTGC-3’ 5’-GCTCCAAGAATACGCTCTTCA-3’ 
ATP5B 5’-AAACAATTTGCTCCCATTCATGC-3’ 5’-GACAACCTTGATACCAGTCACC-3’ 
DLST 5’-TCTGAAGGAGGCCCAGAATA-3’ 5’-AAAGCCTCTTTGTGCCGAG-3’ 
ECHS1 5’-CGTGTCCTGCTGTCCTGC-3’ 5’-CCACGGTGTTATTCTTCCCT-3’ 
FOXRED1 5’-CGCAGAGGAGGCTTTTCTC-3’ 5’-TGGCTGGTGTCTTGCAGTAG-3’ 
IVD 5’-AATTTTGGAAGCAGCTGGG-3’ 5’-TATCTCCTCCATCACCAGCA-3’ 
LIAS 5’-CATTATACTGCAAGTGGCCC-3’ 5’-TGTGATCTTGAAGGTCTTGTTGA-3’ 
MCAT 5’-AGCCATGGAATTTGCTGAAG-3’ 5’-GAGGACAGACAGCATCCCAC-3’ 
ME2 5’-CGGGTGTACCTCCTGTCG-3’ 5’-GCCAAAGTACAAGTGGTGGAA-3’ 
PCCB 5’-CACGGATCCAAGAAGGAGTG-3’ 5’-GGCCCATGATCAGAGAAATC-3’ 
ACTB 5’-GCACAGAGCCTCGCCTT-3’ 5’-GTTGTCGACGACGAGCG-3’ 
36B4 5’-CATGTTGCTGGCCAATAAGG-3’ 5’-TGGTGATACCTAAAGCCTGGAA-3’ 
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Chapter 4. Summary and Future Directions 

4.1 Summary 

Fbw7 is the substrate receptor of an SCF E3 ubiquitin ligase that has a large and diverse network 

of substrates. It is also a frequently mutated tumor suppressor in a number of human cancers, and 

genetically engineered mouse models (GEMMs) have confirmed Fbw7 to be a driver of 

tumorigenesis. Fbw7 also plays a role during normal development, and its function is particularly 

important for various stem cell compartments (183).  

Attempts to understand how Fbw7 mutations contribute to cancer formation have largely 

focused on trying to connect either established or novel substrates to observed tumor phenotypes. 

The work described here expands the Fbw7 field in two critical ways. First, we have shown in 

Chapter 2 that identifying additional factors controlling Fbw7-substrate interactions is crucial to 

understanding the timing and regulation of substrate degradation. Future studies that detail these 

regulatory mechanisms will be essential to achieve a complete understanding of the Fbw7 

pathway. Second, the work described in Chapter 3 identifies altered cellular metabolism as a key 

consequence of Fbw7 mutations in CRC. Furthermore, we suggest that while it can be 

conceptually useful to attribute specific cancer phenotypes to single substrates (and may be true 

in select cases, such as Notch in T-ALL), this likely underestimates the complex biologic 

changes associated with Fbw7 mutations, due to its large pool of transcription factor substrates 

with overlapping functions. It is provocative to consider that complex deregulation of cellular 

transcription due to the coordinate stabilization of multiple transcription factor substrates could 

be the net oncogenic effect of Fbw7 mutations in tumors.  
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4.1.1 PP2A-B56 regulates cyclin E stability at the G1/S transition 

The identification of novel substrates is a dominant theme of the Fbw7 literature; less well 

studied are the other factors that control substrate recognition and ubiquitylation by SCFFbw7, 

such as regulators of CPD phosphorylation or substrate deubiquitylation. Indeed, altering the 

activities of either of these processes could have similar functional outcomes as Fbw7 

inactivation, at least for the particular substrate on which they are acting. Furthermore, analyses 

of substrate CPD phosphorylation have primarily focused on the relevant kinases (22,36) while 

less attention has been given to the corresponding phosphatases, even though it is the net balance 

of these enzymes that determines whether a substrate can be bound by Fbw7. To our knowledge, 

Myc, Jun, and cyclin E are the only Fbw7 substrates where dephosphorylation of CPD 

phosphosites has been described (113,114,130,184). Therefore, understanding how phosphatases 

impact substrate recognition and ubiquitylation by SCFFbw7 remains an understudied aspect of 

the field. 

 My work in this area focused on the dephosphorylation of cyclin E, which is a 

particularly interesting case because autophosphorylation at serine 384 by the bound molecule of 

CDK2 is the key event that triggers Fbw7 binding, a conundrum we termed the autocatalytic 

paradox. We found that the PP2A-B56 phosphatase specifically dephosphorylates cyclin E at 

S384 but not the other two CPD phosphosites, T62 or T380. This dephosphorylation is required 

to accumulate catalytically active cyclin E-CDK2 complexes at the G1-S transition, and RNAi-

mediated knockdown of PP2A-B56 complexes results in the increased degradation of the active 

pool of cyclin E. Interestingly, the activity of PP2A-B56 towards S384 is high in interphase but 

low in prometaphase. Thus, changes in phosphatase activity enable the accumulation of active 

cyclin E-CDK2 complexes during the periods of the cell cycle when cyclin E activity is most 

required and the turnover of these same complexes at points in the cell cycle when cyclin E 
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activity is detrimental. B56 subunits are also amplified in the same human cancers where 

aberrant cyclin E activity is thought to be a driving event in tumor formation, including breast 

and ovarian cancers. Therefore, while PP2A complexes are commonly thought of as acting as 

tumor suppressors, these data suggest that they could have context-specific oncogenic functions 

as well. 

4.1.2 Fbw7 mutations shift CRC cells toward oxidative metabolism 

There is a significant appreciation for the fundamental role that metabolic alterations have in 

tumorigenesis. While metabolic functions have been described for a number of Fbw7 substrates, 

the consequences of impaired Fbw7 activity itself have not been thoroughly investigated, 

particularly in regards to carcinogenesis. Using novel computational methods to analyze TCGA 

gene expression datasets, we identified mitochondrial and metabolic dysregulation as a highly 

conserved feature of Fbw7 mutations in a number of different tumor types.  

 We studied the role of Fbw7 specifically in colorectal cancer metabolism. Interestingly, 

cells with impaired Fbw7 function were rewired towards oxidative metabolism and there was no 

evidence for increased aerobic glycolysis, or Warburg metabolism. While several Fbw7 

substrates have been implicated in regulating either oxidative or glycolytic metabolism, or both, 

these data suggest that the net effect of Fbw7 mutations is to shift cells towards oxidative 

metabolism. Additional changes in other metabolic pathways, including amino acid and 

nucleotide biosynthesis, were also observed in Fbw7-/- cells, suggestive of widespread alterations 

in core metabolic pathways. 

 Metabolic changes often present therapeutic opportunities for the treatment of tumors 

harboring specific mutations. Utilizing a genetic knockout screen, we identified many genes 

whose activity may be required in cells with Fbw7 mutations, including dihydroorotate 
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dehydrogenase (DHODH), an enzyme in the pyrimidine biosynthetic pathway. This was 

validated using a specific inhibitor of DHODH, leflunomide, and Seahorse profiling showed that 

there was a specific effect of leflunomide on Fbw7-/- cells’ mitochondrial reserve capacity. 

Moreover, steady-state metabolomics data identified upregulation of both upstream (aspartate) 

and downstream (orotate) metabolites as specifically upregulated in Fbw7-/- cells. Together, these 

data connect phenotypic profiles of oxidative metabolism, steady-state metabolites, and inhibitor 

sensitivity to Fbw7 mutations in CRC cells, and suggest that additional explorations of metabolic 

deregulation in Fbw7-mutant tumors could lead to new therapeutic strategies. Moreover, given 

the prominence of Fbw7 as a tumor suppressor, understanding the changes in cancer cell 

metabolism upon its inactivation is a largely understudied aspect of the Fbw7 field. 

  

4.2 Future Directions 

4.2.1 Opposition of Fbw7 substrate degradation by dephosphorylation 

The finding that PP2A-B56 phosphatases oppose cyclin E degradation suggests numerous 

opportunities for future studies of the regulation of CPD phosphorylation. On a general level, it 

is interesting to speculate that degron dephosphorylation may be important for other Fbw7 

substrates beyond cyclin E, Myc, and Jun. This could represent a general mechanism controlling 

substrate recognition by Fbw7, and would provide an additional level of regulation to fine-tune 

the timing of substrate degradation. Interestingly, substrate CPDs are regulated by a variety of 

phosphatases: Myc is dephosphorylated by PP2A-B56α (although this was reported to stabilize 

the protein), Jun by PP2A-B55α (although this did not change steady-state Jun abundance), and 

cyclin E by PP2A-B55β and/or PP2A-B56 complexes. If CPD dephosphorylation is shown for 
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other substrates, it will be particularly interesting to see whether additional PP2A complexes—or 

even other serine/threonine phosphatases—perform this regulation. It is intriguing to imagine a 

situation where phosphorylation by GSK3-β primes a large network of Fbw7 substrates for 

degradation, but the differential actions of distinct phosphatases (which themselves could be 

regulated in a cell cycle- or localization-specific manner) dictates the substrate pool that is 

accessible to Fbw7. 

 One of the more interesting findings from this work was that B56 subunits are amplified 

in a number of different cancers—including those for which aberrant cyclin E activity is thought 

to be driving tumorigenesis. This runs counter to the prevailing thinking that PP2A complexes 

are tumor suppressors and suggests that they could have oncogenic functions in certain contexts. 

Because CCNE1 and B56 amplifications are nearly mutually exclusive with one another, it is 

tempting to speculate that they are acting in the same pathway, and therefore performing similar 

functions during transformation. Future work will need to determine whether tumors or cell lines 

that harbor amplifications of B56 subunits have increased cyclin E activity and protein stability, 

thereby increasing the CDK activity of the cell. If true, it would further highlight the oncogenic 

role of cyclin E in those cancers, and could perhaps provide new ways of thinking about how to 

therapeutically target those tumors.  

4.2.2 Phenotypic consequences of Fbw7 mutations in tumors 

 Colorectal cancer is both a common and relatively lethal cancer, with an estimated total 

of over 1,000,000 annual new cases and over 600,000 annual deaths worldwide (185). A 

significant proportion of these tumors contain Fbw7 mutations (Table 1.2); therefore, 

mechanistic insights leading to novel treatment strategies—such as our work with the DHODH 

inhibitor leflunomide—could have the opportunity to help a large number of patients. Moreover, 
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other cancers, including T-ALL, also contain a substantial fraction of Fbw7 mutations. 

Therefore, it will be important to perform similar studies of metabolic regulation in other tumor 

types to achieve a comprehensive, tissue-specific, understanding of the effects of Fbw7 

mutations on cancer cell metabolism. 

 Perhaps the most important finding from this work was the increased sensitivity of Fbw7-

mutant cells to leflunomide. The widespread metabolic changes in Fbw7-mutant CRC cells 

suggests that simultaneous targeting of other metabolic pathways could synergize with 

leflunomide treatment to specifically eliminate Fbw7-mutant cells. One obvious candidate for 

this approach is the serine biosynthetic pathway. Serine was specifically elevated in a number of 

Fbw7-deficient cells, also has roles in nucleotide biosynthesis, and small molecule inhibitors of 

PHGDH—the first enzyme in the serine synthesis pathway—have recently been described 

(186,187). A second possibility for combinational therapy is to determine if leflunomide 

synergizes with S-phase poisons, such as the DNA polymerase inhibitor aphidicolin or the 

ribonucleotide reductase inhibitor hydroxyurea. Our lab and others have shown that 

inappropriately high CDK2 activity during S-phase results in remarkable sensitization to these 

inhibitors, and Fbw7-mutant cells have elevated levels of cyclin E. Thus, unbalanced nucleotide 

pools created by low doses of leflunomide could generate enough replication stress that, in 

combination with elevated levels of cyclin E-associated kinase activity, could result in a larger 

therapeutic window when combined with S-phase poisons.  

Finally, an important next step towards understanding the full effects of Fbw7 mutations 

on tumor metabolism will be to undertake in vivo studies in GEMMs. Tissue culture systems are 

able to provide important insights into the metabolic deregulation caused by Fbw7 mutations. 

However, they fail to model all of the in vivo constraints and demands of metabolism, including 
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limited oxygen and nutrient availability. Studying CRC in vivo also recapitulates the complex 

interplay of the gut epithelium with the intestinal microbiome, including the sharing of metabolic 

byproducts such as short-chain fatty acids (188). Thus, in vivo studies will likely be necessary to 

fully understand how Fbw7-mediated changes in metabolic regulation contribute to the 

development of CRC. 
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