
Targeting the RB-E2F pathway in breast cancer

Jackie Johnson1, Bram Thijssen1, Ultan McDermott2, Mathew Garnett2, Lodewyk F.A. 
Wessels1, and René Bernards1,*

1Division of Molecular Carcinogenesis and Cancer Genomics Netherlands The Netherlands 
Cancer Institute Plesmanlaan 121 1066 CX Amsterdam The Netherlands. 2Wellcome Trust 
Sanger Institute, Cambridge, United Kingdom CB10 1SA

Abstract

Mutations of the retinoblastoma tumor suppressor gene (RB1) or components regulating the CDK-

RB-E2F pathway have been identified in nearly every human malignancy. Re-establishing cell 

cycle control through CDK inhibition has therefore emerged as an attractive option in the 

development of targeted cancer therapy. The most successful example of this today is the use of 

the CDK4/6 inhibitor palbociclib combined with aromatase inhibitors for the treatment of estrogen 

receptor-positive breast cancers. Multiple studies have demonstrated that the CDK-RB-E2F 

pathway is critical for the control of cell proliferation. More recently, studies have highlighted 

additional roles of this pathway, especially E2F transcription factors themselves, in tumor 

progression, angiogenesis and metastasis. Specific E2Fs also have prognostic value in breast 

cancer, independent of clinical parameters. We discuss here recent advances in understanding of 

the RB-E2F pathway in breast cancer. We also discuss the application of genome-wide genetic 

screening efforts to gain insight into synthetic lethal interactions of CDK4/6 inhibitors in breast 

cancer for the development of more effective combination therapies.
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Introduction

To maintain genome integrity, the mammalian cell cycle must be stringently regulated. In 

cancer, cell cycle regulation is perturbed through a variety of genetic mechanisms, including 

amplification, mutation and overexpression of the genes encoding the core components of 

the cell cycle machinery. These include the cyclins, cyclin dependent kinases (CDKs), CDK 

inhibitors (CKIs) and the retinoblastoma protein RB1, all of which contribute to activation 

of the downstream E2F transcription factors 3, 34. Activation of E2F in turn can cause 

unrestrained proliferation and ectopic cell divisions 14.
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E2Fs are an evolutionarily conserved family of transcription factors that have been 

extensively studied in the context of development and cancer 14. E2F comprises a family of 

ten proteins encoded by eight distinct genes, and they are most well known for their function 

in cell cycle regulation. Most studies to date have shown E2Fs 1, 2, and 3a to be the 

transcriptional activators, E2F3b, 4, and 5 the passive repressors, and E2F6, 7a, 7b, and 8 the 

active repressors, however these classifications are oversimplified and context dependent 14. 

Indeed, in certain molecular settings, including in the mouse intestine, E2Fs are not required 

for proliferation 15. In this setting, recent reports have shown that E2f and Myc function 

together to control cell cycles in normal and Rb-deficient cells 30. In this study, Myc and 

E2f1-3 were critical for the transcriptional program required for normal cell divisions at the 

S/G2 boundary but had little effect at G1/S. Further, in Rb-deficient cells, Myc and E2f3 are 

taken from the S/G2 program essential for normal cell cycles and recycled for a G1-S 

program. Whether these observations are context dependent remains unknown; however, it 

demonstrates that our understanding about the unification of cell cycle networks through 

E2F is not yet mature and there is still much to discover.

Studies have further shown that RB1 cannot regulate all stages of the cell cycle alone. The 

p130 (RBL2) and p107 (RBL1) multi-subunit protein complex containing partner (DP), RB-

like, E2F and MuvB (DREAM) represses most if not all cell cycle gene expression during 

quiescence 47. These studies revealed that the RB-like p130 and p107, together with BMYB 

(MYBL2) and Forkhead box M1 (FOXM1), coordinate cell cycle dependent gene expression 

through a common pathway. When RB is active, E2F transcription modules are in a 

repressed state, which is associated with the recruitment of repressive chromatin marks, 

histone modifiers, and chromatin remodeling proteins. Upon mitogenic stimulation, the 

serine/threonine-specific CDKs initiate a phosphorylation cascade that inactivates the RB1 

protein and dissociates the entire repressive complex. This enables E2Fs to recruit 

transcriptional activators and alter transcription of genes involved in cell cycle progression, 

DNA synthesis and DNA replication. One of the more enigmatic findings in the field was 

the observation that mice lacking the E2f1 gene are prone to tumors in several organs 

including sarcomas, lung tumors, and lymphomas 62. This has highlighted E2F1 as both a 

tumor suppressor gene and an oncogene, depending on the context. Since E2F-RB1 

complexes are repressive, loss of E2Fs could also lead to de-repression of genes involved in 

cell cycle progression, potentially explaining why loss of E2F can contribute to 

oncogenesis 45.

CDKs together with their cognate cyclins regulate appropriate cell cycle stages. There are 

four distinct stages in the mammalian cell cycle that operate to duplicate and divide the 

genetic material between two nascent daughter cells: the G1 (Gap phase 1), S phase (DNA 

synthesis), G2 (Gap phase 2), and M phase (mitosis). Entry into the cell cycle from 

quiescence requires the concerted action of both CDK4 and CDK6 together with D-type 

cyclins34 and cyclin E/CDK2 complexes. Together, these kinase complexes can 

phosphorylate RB1 to the extent that E2Fs are released to mediate transition into S phase. 

CDK2/cyclin A and CDK2/cyclin E complexes are active in S phase and beyond, while 

CDK1/cyclin B complexes are responsible for the final push into mitosis. There is some 

degree of redundancy in the system. Studies have suggested that mammalian cells require at 

least five CDKs to regulate interphase: CDK2, CDK3, CDK4, and CDK6, and finally CDK1 
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in mitosis. However evidence from mouse models has challenged that notion, since mice 

lacking individual CDKs survive in the absence of interphase CDKs 6, 7, 33, 40. Additional 

studies on mice lacking multiple CDKs also support the notion that CDK1 can execute all 

the events necessary to drive cell division, suggesting that for many cell types it is the only 

essential CDK 49. This begs the question which CDK inhibitor compounds would be most 

efficacious as anti-cancer therapeutics.

Genomic aberrations in the CDK-RB1-E2F pathway are common in breast cancer. An 

analysis of approximately 1,100 breast cancer samples from The Cancer Genome Atlas 

shows that CCND1 (encoding cyclin D1) and CCNE1 (encoding cyclin E) are frequently 

amplified, while RB1 and CDKN2A are recurrently lost due to gene deletion or mutation 

(Table 1). The cyclin gene amplifications show a strong correlation with breast cancer 

subtype: CCND1 amplification is frequent in ER-positive and HER2-amplified breast 

cancer, while CCNE1 amplification instead occurs mainly in triple negative breast cancer. In 

this dataset, the E2F transcription factors are not recurrently mutated or focally amplified or 

deleted. They are however frequently altered as part of large-scale chromosome aberrations, 

such as the common loss of 16q, which contains E2F4.

While this pathway has garnered attention for its unquestionable role in cell cycle regulation, 

recent advances in bioinformatics, mouse models, and DNA/RNA sequencing approaches 

have revealed a role for this pathway in other biological processes such as apoptosis, 

authophagy, angiogenesis, epithelial-to-mesenchymal transition (EMT) and metastasis. 

Since these biological processes are required in advanced, aggressive cancers, it suggests 

that the same proteins that initiate the tumor are in fact the same proteins that drive the 

progression of the disease, a notion that we first put forward over a decade ago 5. This article 

will review the studies of the RB-E2F pathway in breast cancer progression, and the 

implications for therapeutic targeting.

RB-E2F-pathway in breast cancer metastasis

The progression of cells to a more aggressive, metastatic state involves the upregulation of 

genes involved in angiogenesis, survival, tissue remodeling/invasion, and migration. Many 

studies have sought to identify specific transcription factors responsible for induction of 

these transcriptional changes and indeed, E2Fs have been identified in various cancer types 

as factors in tumor progression. In a study of HRAS-dependent invasion in breast cancer, 

E2Fs1-3 were shown to mediate invasion 64. E2Fs1-3 transcriptionally induce the expression 

of the β4 integrin subunit, which in turn enhances invasion mediated by the α6β4 integrin. 

In triple negative, basal-like breast tumors, there is often an epithelial to mesenchymal 

transition (EMT), associated with increased expression of mesenchymal genes and other 

EMT markers and hyperproliferation. This EMT utilizes a latent embryonic transcriptional 

program, thereby reprogramming an epithelial cell to a more motile, and aggressive state. 

The retinoblastoma protein controls the proliferation, differentiation, and survival of cells, 

and there is a central role for RB1 activity in the biology of stem and progenitor cells 48. 

Loss of RB1 function in stem or progenitor cells is a key event in the initiation of cancer. In 

a panel of breast cancer cell lines with inactive RB1, the mesenchymal phenotype and 

expression of genes involved in EMT has been observed 2. Further, this phenotype could be 
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completely rescued following depletion of ZEB1, a transcriptional repressor of epithelial-

cadherin. Studies in non small-cell lung cancer have shown that E2Fs can also 

transcriptionally upregulate the mesenchymal genes fibronectin, vimentin, and certain 

matrix metalloproteinase genes directly, though it is still unknown if this is a tissue-specific 

effect 26, 41. Finally, using an immortalized epithelial breast cancer line, MCF10A, 

Witkiewicz et al. found that loss of RB1 in the presence of ERBB2 overexpression altered 

key molecules needed for proper cellular organization and cell-to-cell adhesion60. Similar 

effects were observed in DCIS samples, where the loss of RB1 was associated with an 

increased risk of invasion.

Distant metastasis of breast cancer is one the leading causes of death for patients. Elegant 

studies from the Massague laboratory have revealed novel gene sets that mediate breast 

cancer metastasis to specific locations, albeit that we still do not fully understand which 

pathways govern this cascade 9, 27, 36. To study the role of the RB-E2F pathway in breast 

cancer, in vivo mouse models have recently been established. To determine which pathways 

are activated during Myc-induced mammary tumors, pathway activation predictions were 

generated focusing on activator E2f activity 22. Mice lacking various activator E2fs were 

crossed with mice expressing mammary-driven expression of the Myc oncogene (MMTV-

Myc). E2f2 and E2f3 loss caused a significant delay in tumor onset. Further, gene expression 

analysis revealed that loss of E2f2 resulted in fewer tumors with EMT. This correlated with 

human breast cancer samples, where low probability of E2F2 activation was associated with 

increased relapse-free survival time. These data compliment other studies linking E2f2 to 

Myc-driven cancers 39.

This group later found that the MMTV-Myc transgenic mice crossed with E2f2 knockout 

mice had an increased percentage of lung metastasis 65. MDA-MB-231 cells with 

knockdown of E2F2 had increased migration and increased lung colonization in vivo. When 

tumors from MMTV-Myc and MMTV-Myc;E2f2-/- were compared with lung metastases 

samples, the authors identified PTPRD as a mediator of migration and lung colonization. 

Taken together, although the loss of E2f2 delays tumor onset, it results in increased 

metastasis in breast cancer, potentially functioning through a PTPRD dependent mechanism. 

This confounds the notion that inhibitors of the CDK-RB-E2F pathway will be useful for all 

breast cancers driven by different oncogenes and highlights the context dependency of E2F 

function.

Other studies have utilized the polyomavirus middle T oncoprotein (PyMT) model, which 

has been shown to activate multiple signaling pathways with relevance to human breast 

cancer 20. To identify pathways associated with the progression of breast cancer in this 

model, a number of gene expression data sets from genomic signaling signatures were 

analyzed 24. Although the tumors analyzed had a high degree of heterogeneity, nearly all 

samples had predicted E2f1 activity. When MMTV-PyMT mice were crossed with mice 

lacking E2f activators, E2f3 heterozygous mice had a significant delay in tumor onset. Gene 

expression studies revealed that E2f loss resulted in changes in genes critical to 

angiogenesis, ECM remodeling, tumor cell survival, and cell-cell interactions, suggesting 

that the major changes required for metastasis in the MMTV-PyMT model require E2f 

proteins.
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Since ErbB2- and Ras-mediated mammary tumorigenesis in mice is dependent of cyclin D1, 

a known regulator of E2F activity, Wu et al. assessed whether E2f activators were also 

required in such mouse models 61. Using mice with epithelium-specific overexpression of 

ErbB2 or Myc, oncogenes that are overexpressed in up to 30% of human breast cancers, the 

authors created intercrosses with E2f1, E2f2, or E2f3 knockout mice that harbor the whey 

acidic protein (Wap) promoter to specifically delete E2f3 from the mammary epithelium 

(Wap-cre). Consistent with the results discussed above, loss of either E2f1 or E2f3 again 

significantly delayed tumor onset in both breast cancer models.

To further study the role of E2fs in in vivo mouse models, mice were created with ErbB2 
expression driven by the MMTV promoter 1, which were subsequently crossed with mice 

lacking E2f activators. Contrary to the study from Wu et al., this study found that loss of any 

E2f delayed ErbB2-induced tumor onset. Tumors lacking E2f1 or E2f2 had a reduced 

metastatic capacity and E2f2 knockouts had fewer circulating tumor cells. Overall, these 

studies reveal the pivotal role of the cyclin D-RB-E2F regulatory pathway in proliferation, 

intravasation, survival in the bloodstream, and finally metastatic colonization of breast 

cancer cells in vivo. Moreover, these findings highlight the notion that the very same genetic 

lesions that drive the initial stages of tumor development can contribute to the later stages of 

tumor progression also.

Elegant work from Trikha et al highlights a role for E2f3 as a key transcription factor in 

tumor-associated macrophages (TAMs), which influences the tumor microenvironment and 

tumor cell metastasis 54. In this study the specific ablation of E2f3 in TAMs, but not in 

tumor epithelial cells, attenuated lung metastasis without affecting primary tumor growth. 

Though the loss of E2f3 had no impact on growth or survival of TAMs, this aberration 

significantly affected cytoskeleton rearrangements, cell migration and adhesion. Notably, the 

E2f3 TAM gene expression signature was sufficient to predict cancer recurrence and overall 

survival of estrogen receptor (ER)-positive breast cancer patients. This is the first study that 

explores the role of specific E2Fs in the tumor microenvironment of breast cancers.

RB-E2F in breast cancer differentiation, prognosis and therapy response

Breast cancer is a heterogeneous disease both in terms of intra- and intertumor 

heterogeneity. At least six distinct molecular subtypes have been identified on the basis of 

gene expression profiling, which include luminal A, luminal B, HER2-enriched, basal-like, 

claudin-low tumors, as well as a normal breast-like group 43. In recent years, a model has 

been proposed to explain intratumor heterogeneity, known as the cancer stem cell (CSC) 

model. In this model, a specific subpopulation of cells can drive progression of breast 

cancer. Moreover, cells have the capacity for self-renewal and phenotypic plasticity that is 

accompanied by the acquisition of mesenchymal characteristics at later stages 63. It should 

be noted that the finding that global breast cancer gene expression signatures (which 

measure the average patterns of gene expression in a tumor) can predict outcome, argues 

against this model 8, 23, 55, 56, 59. After all, if only a small subset of tumor cells would be 

capable of metastasis, such cells would not affect the global gene expression pattern of a 

breast tumor and it would consequently be impossible to predict outcome from the global 

gene expression pattern. A model that reconciles these seemingly conflicting data is that 
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breast tumors with a “high risk” gene signature are less differentiated and that within such a 

tumor cell population de-differentiation to a breast cancer stem cell-like cell occurs more 

readily than in a more differentiated breast tumor having a “low risk” gene signature.

A bioinformatics approach found that histologically poorly differentiated tumors 

overexpressed genes normally enriched in embryonic stem (ES) cells, collectively called the 

ES signature, combined with preferential repression of PRC2 regulated genes 4. Among 

these transcriptional regulators were factors associated with proliferation, including E2F1, 
MYC, and FOXM1, and polycomb factors EZH2 and EED. An independent study found that 

cis-regulatory motifs bound by ELK1, E2F, NRF1 and NFY positively correlated with 

malignant progression of breast cancer 37. It was later shown that E2F activity and EZH2 

could repress the polycomb repressive complex 2 (PRC2) in aggressive triple negative breast 

tumors 38.

The identification of signaling pathways that contribute to breast cancer progression has 

been greatly enhanced by advances in bioinformatics methods. Genomic signatures that 

identify poor prognosis breast cancer have been developed, and by applying these signatures 

to study activation of signaling pathways, pathways can be identified that contribute to 

metastasis 8, 23, 55, 56, 59. For instance, the MammaPrint 70 gene profile measures the mRNA 

of 70 genes and stratifies these patients into low-risk or high-risk groups. These and other 

subsequent prognostic methods have further highlighted the heterogeneity of human breast 

cancers. Network analysis of the 70 gene MammaPrint signature showed highly 

interconnected networks that center around known cancer-related genes including TP53, 
RB1, MYC, JUN, and CDKN2A 52. This finding is in agreement with the notion that 

components of the RB pathway are driving many facets of breast tumor progression by 

promoting a more stem cell-like phenotype within the tumor.

In patients with ER positive breast cancer, the ER antagonist tamoxifen is the primary 

therapeutic used in the clinic, despite the fact that nearly 50% of patients with metastatic 

disease do not respond. In addition, those patients who have an initial response will almost 

inevitably experience relapse 25. Microarray gene expression profiling of ER positive breast 

tumors has been used to identify gene signatures for prediction of clinical outcome of 

patients treated with tamoxifen. To better understand the mechanisms of tamoxifen 

resistance, these data sets were systematically analyzed 13, 25, 31, 32. In the case of tamoxifen 

resistant tumors, target genes for the transcription factors TFDP1, TFDP2, E2F1, and E2F4 
were significantly enriched 25. Further, tamoxifen resistant tumors where enriched for genes 

involved in proliferation, DNA replication, and G1/S transition—all biological processes 

regulated by the RB-E2F pathway. In another study using modified DNA methylation-

specific digital karyotyping and digital gene expression combined with massive parallel 

sequencing, four tamoxifen resistant cell lines and one parental cell line were used to study 

tamoxifen resistance. High expression of SOX2, and alterations of other SOX, E2F, and RB 
gene family members, were found in the tamoxifen resistant cells 29. Together, these studies 

highlight the potential role of the RB-E2F pathway in resistance to hormonal therapy in 

breast cancer.
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The activity of transcription factors can be altered, resulting in changes in expression of their 

target genes. Zhu et al developed a method, named REACTIN, which integrates transcription 

factor binding data with gene expression data to identify transcription factors with 

differential activity between disease and normal samples 66. When REACTIN was applied to 

normal and malignant breast epithelial samples, combined with ChIP-seq data from 

ENCODE, several transcription factors were identified as having higher activity in breast 

cancer samples, including E2F1 and E2F4. Furthermore, Cox proportional hazard models 

showed that although gene expression of E2F4 itself was not associated with patient survival 

in breast cancer, there was a significant correlation between the inferred regulatory activity 

of E2F4 and survival outcomes. Khaleel et al integrated additional ChIP-seq data for E2F4, 

as well as a larger set of gene expression and survival data from more than 1900 breast 

tumor samples 28. They showed that the inferred E2F4 regulatory activity remains 

prognostic independent of clinicopathological variables, clinical risk scores, Oncotype DX 

stratification and differences in treatment strategies. Intriguingly, E2F4 was also a prognostic 

factor across colon, glioblastoma, and bladder cancer. Together these studies and others 

highlight the importance of E2F4 activity in breast cancer and that this activity is robustly 

prognostic for patient survival over a variety of clinical contexts 44.

Publically available data sets have dramatically increased the richness of data for scientific 

research. Using eight publicly available gene expression data sets, Thomassen et al 
conducted a meta-analysis that used gene set enrichment with a subset of significantly 

differentially regulated genes, called GenMAPP, to rank pathway gene sets in metastasizing 

breast tumors compared to non-metastasizing tumors 51. They observed an up-regulation of 

genetic pathways involved in cell cycle regulation, glucose metabolism, cellular migration, 

proteasome, immune system, angiogenesis, and DNA repair in metastasized tumors. E2F, 

NFY, and YY1 were identified as the transcription factors responsible for upregulation of 

these pathways—again linking E2F to metastasis regulation in breast cancer.

Targeting the CDK-RB-E2F pathway in breast cancer

The frequent activation of the cell cycle through perturbations in the CDK-RB-E2F pathway 

in cancer has led to efforts to block this pathway pharmacologically. Kinase inhibitors are 

the furthest along in drug development, although several compounds targeting other 

components of the pathway are at various stages of development as well 50. Early CDK 

inhibitors, such as flavopiridol and roscovitine were effective at inhibiting the cell cycle and 

inducing cell death, yet have a wide range of biochemical targets. Flavopiridol targets CDKs 

1, 2, 4, 6, 7 and 9. Despite this broad range of targets, it displays limited efficacy in a wide 

range of tumors 10. Further, the inhibition of CDK9 is likely the dominant effect, as studies 

have shown that inhibiting CDK9 can inhibit transcription and result in cellular 

toxicity 11, 12, 34, 57.

The most promising new drugs in the CDK inhibitor repertoire are undeniably the CDK4/6 

inhibitors. These compounds are designed to target the ATP binding site of the CDK4-

cyclinD and CDK6-cyclin D complexes. Over a decade after its initial synthesis by Pfizer in 

2001, palbociclib is now the most advanced drug in its class 19, 21, 53. The success of 

palbociclib is attributed to the specificity of the compound; it inhibits CDK4 and CDK6 in 
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the nanomolar range in a broad range of cell lines. Association analysis of genomic and drug 

profiles derived from the GDSC1000 (Sanger Cell line panel) highlights the importance of 

an intact RB1 gene for cells to be sensitive to palbociclib (Figure 1). Given that loss of 

CDKN2A (p16INK4A) could not stratify patient responses to palbociclib in the PALOMA-1 

clinical trial or in breast cancer cell lines (Figure1), RB1 remains the only unequivocal 

biomarker of response.

Upon treatment with palbociclib, breast cancer cell lines have a range of sensitivities, where 

sensitive cell lines have decreased levels of RB1 phosphorylation at serine 780 and 795 after 

treatment 18. In this study, cell lines that are luminal estrogen receptor-positive (ER+) 

subtype (including those that are HER2 amplified) were most sensitive, while non-luminal/

basal subtypes were most resistant. RB1 and cyclin D1 were elevated and CDKN2A was 

decreased in the most sensitive lines, which correlated with G0/G1 arrest. Interestingly, 

palbociclib was synergistic with tamoxifen and trastuzumab in ER+ and HER2-amplified 

cell lines. Palbociclib enhanced sensitivity to tamoxifen in cell lines with conditioned 

resistance to ER blockade. Given that the cylinD1 promoter is a bona fide estrogen-regulated 

gene, there is a sound rationale for the combination of ER signaling blockade with CDK4/6 

inhibitors 46. In this situation, cells undergo therapeutic modulation by lowering the 

expression of cyclin D1 through inhibition of ER function, followed by CDK4/6 inhibition 

by palbociclib, which cooperate to reduce CDK4/6 kinase activity to inhibit proliferation.

These promising preclinical data resulted in the first phase Ib study of palbociclib plus 

letrozole, an aromatase inhibitor used to treat hormone receptor-dependent breast cancers, 

versus letrozole alone. Following this small study, the cohort was expanded to a phase II 

study with 165 patients randomized to palbociclib plus letrozole or letrozole alone: the final 

analysis yielded an impressive 20.2 months versus 10.2 months: nearly doubling 

progression-free survival 19. The results of this trial led to the accelerated FDA approval of 

palbociclib; however, with the caveat that continued approval of palbociclib “may be 

contingent upon verification and description of clinical benefit in an ongoing confirmatory 

trial”. PALOMA-2, the Phase III trial, should report by the end of 2016. In addition, it is still 

unclear which molecular biomarkers can be used to further stratify patients who will benefit 

from CDK4/6 inhibitor treatment. In the PALOMA-1 study, patient selection based on cyclin 
D1 amplification or p16INK4A loss was not associated with improved outcome. Two other 

CDK4/6 inhibitors—one from Novartis (LEE 001) and one from Eli Lilly (LY 2835219)—

are also in clinical testing for breast tumors and other cancers 16.

The need for combination therapies

Until recently, the development of highly selective cancer therapeutics has remained an 

elusive goal. Compared to cytotoxic chemotherapies, which are used for the treatment of 

most solid tumors, targeted therapies provide a new opportunity: to eliminate only the cancer 

cells by targeting cancer-specific biochemical defects. In this new era of precision medicine, 

patients can be treated based on the specific oncogenic addictions and pathways that are 

required for tumor growth, angiogenesis, and eventual metastasis. As discussed here, it 

appears that the CDK-RB-E2F pathway is a driver of multiple hallmarks of breast cancer 

and consequently could be a good target for therapy in this disease.
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Although single agent targeted therapies have shown potent initial responses in the clinic, 

the emergence of acquired resistance to target therapy is inevitable. This has led to the 

realization that drug combinations will be required to control disease in a more effective 

manner. For example, activation of the phosphoinositide 3-kinase (PI3K) pathway occurs 

frequently in breast cancer; however, clinical effects of single-agent PI3K inhibitors are 

limited. Using a combinatorial drug screen on PIK3CA mutant cancers with resistance to 

PI3K inhibitors, CDK 4/6 inhibitors were shown to enhance sensitivity to PI3K inhibitors 58. 

Importantly, the combination of PI3K and CDK4/6 inhibitors overcomes intrinsic- and 

acquired resistance to these PI3K inhibitors.

To identify additional pathway dependencies that can be exploited to enhance the efficacy of 

CDK inhibitors for the treatment of breast cancer, the concept of synthetic lethality and 

genetic screening technologies can be applied. Synthetic lethality refers to a situation in 

which the inactivation of two genes (or pathways) individually is not lethal, but becomes 

lethal when combined. The first demonstration of synthetic lethality with potential clinical 

application was in breast cancer: BRCA1 mutant tumors become critically dependent on 

alternative DNA repair pathways that require the enzymes poly(ADP-ribose) polymerase 

(PARP) 1 and 2. Hence, such tumors are highly sensitive to PARP inhibitors 17. The recent 

approval of the PARP inhibitor olaparib in Europe for BRCA mutated ovarian cancer 

demonstrates the clinical utility of using this synthetic lethality approach. By analogy, one 

could also search for genes or pathways that are synthetic lethal with CDK4/6 inhibition in 

breast cancer. We have demonstrated recently the utility of functional genetic screens to 

show which drugs are most synergistic with BRAF inhibitors in BRAF mutant colon 

cancer 42. Using a similar approach, it should be possible to find the genes whose 

suppression is most synergistic with CDK4/6 inhibition in breast cancer. It will be 

particularly fruitful to carry out such synthetic lethality screens in triple negative breast 

cancer, as anti hormonal therapy will not show synergy with CDK4/6 inhibitors in this class 

of tumors.

Conclusions

Since the isolation of the RB1 gene in 1986 and the subsequent cloning of the first E2Fs in 

1992, we have gained profound insights into the roles of the CDK-RB-E2F pathway in 

cancer. Indeed, we now know that in virtually all human malignancies this pathway is 

deregulated one way or the other, making this pathway an attractive target for cancer 

therapy. It has taken significant time before the first selective CDK inhibitors reached the 

clinic and the challenge will be how to best use these drugs. The logic to combine CDK4/6 

inhibition with inhibitors of estrogen receptor signaling is obvious, as the gene encoding 

cyclin D1, which activates CDK4/6, is responsive to estrogen. In this sense, the combination 

therapy approach chosen for palbociclib is similar to other successful combination therapies 

in which two drugs are used to hit the same pathway at multiple levels, such as the use of 

BRAF and MEK inhibitors in BRAF mutant melanoma. However, synthetic lethal 

interactions of CDK4/6 inhibition may occur with hitherto unexplored signaling pathways 

and it will be a worthwhile effort to search in a systematic fashion for such synthetic lethal 

interactions in breast and other cancers. Finally, the notion discussed here that E2Fs 

contribute to later phases of the metastatic spread of breast cancer makes the case for using 
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CDK4/6 inhibitors early on in the treatment of breast cancer to reduce not only proliferation, 

but also dissemination.
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Figure 1. Genomic biomarkers of sensitivity to palbociclib
The Wellcome Trust Sanger Institute’s cell line drug sensitivity screen (GDSC1000) 

provided drug sensitivity estimates for palbociclib for 867 cell lines. Of these, 45 are breast 

cancer cell lines. We stratified these cell lines based on mutation or amplification status and 

tested whether the drug sensitivities differed between the groups using two-sided t-tests. In 

breast cancer, loss of RB1 shows the strongest correlation with palbociclib resistance.
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Figure 2. Therapeutic targeting of the CDK-RB-E2F pathway
There are numerous strategies currently under investigation as anti-cancer therapies that 

target cell proliferation. Breast cancers are particularly dependent on this pathway. Current 

evidence suggests that targeting this pathway could inhibit initial tumor growth and also 

late-stage metastasis.
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Table 1
Recurrent genomic alterations in RB/E2F-related genes stratified by breast cancer 
subtype

From The Cancer Genome Atlas, we gathered copy number (SNP6), and gene expression (RNA sequencing) 

data from 1,089 invasive breast carcinoma samples, and mutation data (DNA sequencing) from 993 samples. 

We selected the focally, recurrently amplified or deleted genes in the RB/E2F-pathway as identified by the 

RUBIC and GISTIC2 algorithms 35 (http://ccb.nki.nl/software/rubic/), and verified that they had a significant 

correlation between copy number with gene expression. For these recurrently altered genes, we tested whether 

the frequency in each subtype was significantly different using Fisher’s exact test. For RB1, we also compared 

the truncating mutation frequency, which includes nonsense mutations and frame shift insertions or deletions.

Gene Alteration Frequency in subtype P-value

ER-positive / HER2-normal HER2-amplified Triple-negative

CCND1 Amplification 22.1% 25.9% 2.9% 6.1 · 10−13

CCNE1 Amplification 2.1% 5.2% 16.3% 4.0 · 10−12

RB1 Deletion 2.7% 2.2% 4.4% 0.39

RB1 Truncating mutation 1.3% 2.1% 2.6% 0.41

CDKN2A Deletion 3.0% 3.7% 7.5% 0.019
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