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CRISPR activation screening of circulating tumor cells identifies enhancers of  

blood-based metastasis 

 

Abstract 

Over ninety percent of cancer mortality is attributable to metastasis, most commonly 

due to the blood-borne dissemination of cancer cells from a primary tumor to secondary 

tissues. However, the vast majority of these cancer cells in the circulation, known as 

circulating tumor cells (CTCs), never go on to form clinically relevant metastases, 

instead dying or senescing in the circulation or at distant sites. As such, identification of 

factors that promote the metastatic ability of CTCs will shed light upon CTC biology, as 

well as suggest novel targets for therapeutic intervention to prevent or slow metastatic 

growth. We conducted in vivo genome-wide CRISPR activation screens to identify 

genes capable of accelerating distal metastasis by breast cancer patient-derived 

circulating tumor cells following direct intravascular inoculation in mice. From these 

screens, we identified and conducted follow-up studies on two classes of hits: ribosomal 

proteins, primarily RPL15, and transcriptional regulators, primarily ID3.  

 

Expression of RPL15, a component of the large ribosome subunit, is sufficient to 

increase metastatic growth in multiple organs. RPL15 overexpression selectively 

increases translation of cell cycle regulators and other ribosomal proteins. Unsupervised 

analysis of single-cell RNA sequencing of freshly isolated CTCs from breast cancer 
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patients identifies a subset with strong ribosomal and protein translation signatures, 

correlated with increased proliferative markers, CTC clusters and poor clinical outcome. 

Thus, ribosome protein expression identifies an aggressive subset of CTCs, whose 

therapeutic targeting may suppress metastatic progression. Expression of ID3, an 

inhibitor of bHLH transcription factors, is also sufficient to increase metastatic growth in 

multiple organs. siRNA screening of bHLH transcription factors inhibited by ID3 

identifies knockdown of ARNTL2, a transcription factor involved in circadian clock 

signaling, as able to increase CTC growth. Clinically, ID3 and ARNTL2 expression are 

correlated with worse and better outcome, respectively, in triple negative breast cancer, 

matching our in vitro and in vivo results. Thus, ID3 and ARNTL2 represent novel genes 

involved in breast cancer metastasis, and dysregulation of circadian clock signaling is 

implicated in progression through the metastatic cascade.  
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Introduction: 

Metastasis, the process of tumorigenic spread from a primary tumor to secondary sites, 

is responsible for the vast majority of cancer deaths, as metastatic disease is incurable in 

the vast majority of patients. Cancer cells progressing through the metastatic cascade 

which have entered into the bloodstream, known as circulating tumor cells (CTCs), 

represent an intermediate stage of metastasis and face cellular challenges unique to the 

vasculature, including shear and oxidative stresses and the lack of growth factors or 

cytokines. As such, the vast majority of CTCs die in the circulation. Those that survive 

and successfully exit the bloodstream need to be competent to proliferate at distant sites, 

but the vast majority of such disseminated tumor cells never form metastatic lesions. 

 

The low frequency of cancer cells being capable of forming metastases raises the 

question of the identity of genes and pathways that promote disseminated cells to 

successfully establish metastatic tumors. Identification of such metastasis-promoting 

genes and pathways or signaling nodes will shed light on biological pathways coopted by 

cancer and will identify targets for pharmacological intervention aimed at limiting 

metastatic spread. To that end, this thesis describes a genome-wide search for genes 

capable of enhancing the metastatic potential of CTCs and highlights two targets 

identified through that search. 

 

Chapter 1 reviews our current knowledge of the metastatic cascade, with a particular 

focus on the role of CTCs. Given the key role of bloodborne dissemination in the spread 
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of cancer, our group has focused on CTC biology for the last fifteen years, developing 

tools to isolate, analyze, and culture patient-derived CTCs. Chapter 1 also describes 

these tools, which are critical to the experiments described in later chapters. 

 

Chapter 2 describes the use of a novel in vivo CRISPR screening technology, a genome-

wide CRISPR activation (CRISPRa) screen, to identify novel mediators of metastasis of 

CTCs. These screens were carried out in vivo, with patient-derived CTC cultures that 

poorly colonize the mouse lung, and using increased distal metastasis following CRISPR-

mediated gene upregulation as the readout. Two distinct breast cancer CTC lines were 

screened, allowing for the identification of promoters of metastatic potential across 

different genetic backgrounds. The data from these screens were evaluated in both 

untargeted and targeted analyses (unfocused analysis across all genes and focused 

analysis of transcription factors and epigenetic modifiers), resulting in the identification of 

multiple, distinct classes of targets for follow-up studies. 

 

Chapter 3 describes the use of untargeted analysis of the CRISPRa screens to identify 

overexpression of several individual ribosomal proteins, predominantly RPL15, as 

capable of promoting the metastatic potential of CTCs. In validation studies, RPL15-

overexpressing CTCs (RPL15-CTCs) increase metastatic growth in multiple organs when 

introduced into the circulation of mice. Mechanistic studies involving ribosomal profiling 

show that overexpression of RPL15 results in selectively-increased translation of cell 

cycle regulators and other ribosomal proteins. RNA-sequencing analysis of CTCs freshly 
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isolated from breast cancer patients validates these findings with a subset of CTCs with 

increased expression of ribosomal proteins and proliferative markers predicting poor 

clinical outcome. In line with their increased translational and proliferative signatures, 

RPL15-CTCs demonstrate increased sensitivity to combined therapy targeting translation 

and proliferation. In total, this chapter defines ribosomal protein expression as a novel 

marker identifying aggressive CTCs, whose therapeutic targeting may suppress 

metastatic progression. 

 

Chapter 4 describes the use of targeted analysis of the CRISPRa screens to identify 

overexpression of several transcription and epigenetic regulators, predominantly ID3, a 

negative regulator of bHLH transcription factors, as being capable of promoting the 

metastatic potential of CTCs. In validation studies, ID3-CTCs increase metastatic growth 

in multiple organs when introduced into the bloodstreams of mice. Mechanistic studies of 

ID3-CTCs identify several bHLH transcription factors inhibited by ID3 within breast cancer 

CTCs and suggest that ID3-mediated inhibition of ARNTL2, a core component of the 

circadian clock, contributes to metastatic growth. Analysis of multiple publicly available 

datasets identifies ID3 and ARNTL2 as correlating with negative and positive patient 

outcome, respectively, validating our in vitro findings. In total, this chapter defines ID3 as 

a novel mediator of CTC metastasis and suggests circadian clock biology as potentially 

relevant to progression through the metastatic cascade. 
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Finally, Chapter 5 discusses future directions suggested by this thesis. The in vivo 

screening methods described in Chapter 2 may serve as a tool for future CRISPR 

screening studies across other areas of cancer biology, while the findings described in 

Chapters 3 and 4 present a compelling platform to address the biology of metastasis, as 

well as provide insight into opportunities for clinical intervention.  

Together, this thesis describes the use of genome-wide CRISPR screening technologies 

and physiologically relevant CTC models to identify and explore the relevance of multiple 

novel pathways in the metastatic cascade. 

 

The role of CTCs within the metastatic cascade 

Metastasis is responsible for over 90% of cancer-related deaths. The metastatic cascade 

is a complex process in which cancer cells must detach from a primary tumor, invade the 

vasculature, survive in the bloodstream, exit the vasculature at distant sites, and survive 

and proliferate in these sites. As cells that have exited the primary tumor and intravasated 

into the circulation, CTCs represent an important intermediate in the hematologic 

dissemination of cancer cells.  

 

CTCs, which can exist as single cells in the circulation or as clusters of cells, represent a 

rare population within the blood, on the order of 1-10 CTCs per mL of blood from patients 

with metastatic disease, and with half-lives of less than 30 minutes (Miller et al., 2010) 

(Aceto et al., 2014). At each stage of the metastatic cascade, the vast majority of cancer 

cells leaving the primary site perish, failing to go on to ultimately form clinically-relevant 
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metastases, and CTCs are no different. While primary tumors can daily shed thousands 

of cells into the circulation, pre-clinical models suggest that only as few as 0.01% of CTCs 

may give rise to distant metastases (Zhe et al., 2011). This is partially due to significant 

death of CTCs within the circulation, mediated by the physical effects of hemodynamic 

forces and fluid shear (Rejniak, 2016), buildup of intracellular oxidative stresses (Zheng 

et al., 2017), and deprivation of nutrients and basement membrane contact (Schafer et 

al., 2009), among other factors.  The vast majority of CTCs that survive in the circulation 

and are also able to extravasate into distant organs do not progress to form metastases. 

In experimental models, roughly 0.02% of disseminated tumor cells form proliferating 

metastatic lesions, with the rest of cells permanently entering dormancy, reaching an 

equilibrium between growth and death, or being cleared (Hedley and Chambers, 2009) 

(Klein, 2011) (Gomis and Gawrzak, 2017). Notably, disseminated tumor cells that have 

entered dormancy may retain the ability to exit dormancy and to enter active proliferation, 

and late relapse many years after initial diagnosis is not uncommon in breast and prostate 

cancer (Aguirre-Ghiso, 2007). 

  

Once disseminated tumor cells have begun to proliferate and form metastatic lesions, 

they are capable of generating secondary CTCs, released into the circulation from 

metastatic sites. The generation of CTCs from multiple sources, including the primary 

tumor and from multiple proliferating metastatic sites, contributes to heterogeneity within 

CTCs, as metastatic sites often have divergent genetic and transcriptomic backgrounds 

from the primary tumor and from each other (Gerlinger et al., 2012). As such, CTCs 

represent a global sampling of the proliferating tumor sites throughout the body, admixing 
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cells in different cellular states and with altered fitness for survival and proliferation in the 

blood or a given distant site.  

 

Isolation of CTCs 

Given the importance of CTCs in the metastatic cascade and their potential to be used 

as “blood biopsy”, researchers in the last couple of decades have spent considerable 

effort identifying ways to isolate CTCs. As previously mentioned, patients with metastatic 

disease have  1-10 CTCs per 10mL of whole blood, mixed with roughly 10 billion red 

blood cells (RBCs) and 10 million white blood cells (WBCs) (Nagrath et al., 2007). Basic 

efforts to isolate CTCs have relied on lysis of RBCs or size-based selection of CTCs; 

however, CTCs have significant size variability, often overlapping with WBCs, preventing 

efficient separation of CTCs from WBCs (Hensler et al., 2016).  

 

In order to isolate CTCs from WBCs, immunoaffinity-based separation techniques are 

now employed, separating CTCs and WBCs based on cell surface markers, using either 

“positive selection” or “negative depletion” approaches. In positive selection approaches, 

CTCs are defined a priori as cells that stain for epithelial cell surface markers, most 

commonly the cell surface protein epithelial cell adhesion molecule (EpCAM) (Cristofanilli 

et al., 2004). Magnetic beads coated with antibodies against EpCAM or other cell surface 

markers are used to label CTCs, and bulk magnetic enrichment allows for isolation of the 

CTCs. While effective at isolating CTCs expressing the predefined surface markers, this 

approach fails to capture CTCs which do not express the marker. This is especially 
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important in the case of EpCAM or other epithelial markers, as cancer cells undergoing 

epithelial-to-mesenchymal transition have reduced epithelial marker expression, and 

CTCs have been shown to occupy a range of epithelial and mesenchymal states (Yu et 

al., 2013). Such antibody-based positive selection approaches also are limited by the 

need to identify appropriate cell surface markers for cancers of different lineages. In 

negative depletion approaches, on the other hand, magnetic beads coated with 

antibodies against WBC-specific surface markers such as CD45 are used to label WBCs, 

and magnetic enrichment removes WBCs, leaving behind a population enriched for 

CTCs. Negative depletion does not require prior assumptions about the surface markers 

present on CTCs, other than that they do not overlap with WBC-specific markers, and the 

process yields CTCs that are neither tagged nor manipulated. 

 

In order to isolate CTCs, our group has developed the CTC-iChip, a microfluidic device 

which combines size-based separation and negative depletion to remove RBCs and 

WBCs from patient samples, respectively (Ozkumur et al., 2013). The CTC-iChip has 

been shown to successfully enrich for CTCs across multiple tumor types (Miyamoto et 

al., 2015) (Jordan et al., 2016), and CTCs derived from the CTC-iChip are viable, 

unbiased, and unaltered, allowing them to be used in a variety of downstream diagnostic 

and biological assays.  

 

Prominent among these downstream assays has been the bulk and single cell 

transcriptomic analysis of primary CTCs. In particular, single-cell RNA sequencing has 
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allowed for determination of the full transcriptome of individual CTCs, allowing for the 

identification of distinct CTC subpopulations. Such single-cell RNA sequencing 

approaches have been used across several different tumor types, resulting in the 

description of CTC subpopulations with varied transcriptomic states within pancreatic, 

breast, and prostate cancer (Ting et al., 2014) (Jordan et al., 2016) (Miyamoto et al., 

2015). In addition to identifying CTC subpopulations, analysis of RNA sequencing data 

allows for the expression of a particular gene or genes to be correlated to clinical outcome, 

identifying genes necessitating further biological and clinical study. RNA analysis of 

patient CTCs can also be used for a variety of diagnostic and prognostic purposes. 

Targeted RNA analysis has been shown to detect metastatic disease, predict response 

to therapeutics, and monitor disease progression, across multiple tumor types, and as 

disease- and response-specific transcripts become better-defined, the sensitivity and 

specificity of these approaches will continue to improve (Kalinich et al., 2017) (Miyamoto 

et al., 2018) (Hong et al., 2018) (Kwan et al., 2018).  

 

In addition to transcriptomic analyses, the advent of new single-cell “omics” modalities 

will allow for new information to be gleaned from isolated patient CTCs. Earlier this year, 

genome-wide single-cell DNA methylomics performed in a small population of breast 

cancer single CTCs and CTC clusters identified transcription factor binding sites 

specifically hypomethylated in CTC clusters (Gkountela et al., 2019). Additional emerging 

single-cell technologies, such as single-cell ATAC-seq and single-cell mass cytometry, 

will continue to shed further light on CTC biology and identify potential clinical targets to 

limit blood-borne metastasis. 
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In addition to diagnostic and biological assays described above, viable CTCs enriched 

using the CTC-iChip can be cultured and expanded ex vivo, allowing for the creation and 

study of physiologically-relevant patient-derived cancer models in the lab. Our group has 

derived several such CTC cultures, across several different tumor types, including breast 

and lung cancer and melanoma. Notably, these CTC cultures share many of the same 

cytologic, genetic, transcriptomic, and resistance profiles as the primary CTCs from which 

they were derived (Yu et al., 2014), and they also demonstrate cell state plasticity 

observed in patient samples (Jordan et al., 2016), both of which validate their use as 

unique models of metastasis. Several of these CTC cultures, recently cultured from the 

blood of patients with metastatic breast cancer, serve as the biological tools with which 

the work described in this thesis was conducted. 

 

Factors promoting the metastatic spread of CTCs 

Given the complexity of metastatic cascade, it is not surprising that there are many factors 

that affect the ability of CTCs to go on to form metastatic tumors. Over the last decade, 

several classes of determinants of metastatic spread of CTCs have emerged, including 

access to the bloodstream; CTC heterogeneity; presence of single CTCs or CTC clusters; 

epithelial plasticity; interaction with platelets; interaction with immune cells; ability to 

extravasate; and interaction with the microenvironment at distant sites (Micalizzi et al., 

2017). Particularly relevant to this thesis are CTC heterogeneity, presence of single CTCs 

or clusters, and epithelial plasticity. 
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CTC heterogeneity  

As CTCs can be shed into blood from multiple metastatic tumors growing in different distal 

sites, CTCs more accurately represent intra-patient tumor heterogeneity and can also 

serve as a tool to define the dynamic shifts in these tumor populations during treatment 

and disease progression, at the genomic, transcriptomic and proteomic levels.  

 

At the genomic level, CTCs from the same patient have been identified with differing 

acquired mutations in key oncogenes, including PIK3CA and EGFR. That these mutations 

do not always match those in the primary tumor suggests that these CTCs  represent 

tumor cells that have evolved to support secondary growth (Pestrin et al., 2015) 

(Sundaresan et al., 2016). Multiple clinical studies are in progress, seeking to use CTCs, 

as well as other blood-based diagnostics, such as cell free DNA, to track tumorigenesis 

or response to therapeutics.  

 

At the transcriptomic level, as previously described, single-cell RNA sequencing has 

identified distinct subpopulations of patient CTCs (Ting et al., 2014) (Miyamoto et al., 

2015) (Jordan et al., 2016). Several other studies have identified specific transcriptomic 

states associated with increased metastatic potential. Upregulation of β-hemoglobin has 

been shown to increase the ability of breast CTCs to tolerate oxidative stress, allowing 

for increased survival in the circulation and thereby enhancing the metastatic potential of 

CTCs (Zheng et al., 2017). In a study of brain metastasis, a small subpopulation of CTCs 

that were Her2+/EGFR+/HPSE+/Notch1+/EpCAM- was found to have particular propensity 
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to metastasize to the brain, suggesting transcriptomic-based organ tropism of CTCs 

(Zhang et al., 2013). In a study of cultured breast cancer CTCs, cells were found to be 

able to interconvert between a fast-growing, chemotherapeutic-sensitive Her2+/Notch1- 

state and a slow-growing, chemotherapeutic-resistant Her2-/Notch1+ state (Jordan et al., 

2016). Notably, the combination of chemotherapy and γ-secretase inhibitors was much 

more effective than either drug alone at limiting growth of the CTCs in vivo, demonstrating 

the importance of inhibiting multiple transcriptomic states. Taken together, these studies 

demonstrate the contributions of individual genes to the metastatic ability of CTCs and 

suggest that clinical intervention that is rationally-designed to target these genes and 

pathways can have increased efficacy in curtailing the metastatic potential of CTCs.  

 

Single CTCs versus CTC clusters  

CTCs can exist as single cells in the circulation or as clusters, ranging in size from two to 

dozens of cells. CTC clusters, which are estimated to have shorter half-lives in the 

circulation than single CTCs (6-10 minutes for CTC clusters; 25-30 minutes for single 

CTCs), are a much rarer population of CTCs in the circulation. In a mouse model, clusters 

represent <3% of detected CTCs, and in the majority of patients with metastatic breast or 

prostate cancer and detectable single CTCs, clusters were not detected (Aceto et al., 

2014). However, despite their rarity, CTC clusters have been observed to have 

significantly increased metastatic potential compared with single CTCs, partially due to 

increased resistance to apoptosis. In another breast cancer model, the polyclonal 

composition of CTC clusters has been shown to contribute to increased metastatic 

potential, with expression of the epithelial cytoskeletal protein keratin 14 in a subset of 
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the cells in a cluster enhancing the ability of the cluster to form metastatic colonies 

(Cheung et al., 2016). More recently, as mentioned previously, CTC clusters have been 

found to have hypomethylation of binding sites for stemness- and proliferation-associated 

transcription factors; this hypomethylation could be reversed by the dissociation of the 

CTC clusters into single cells (Gkountela et al., 2019). Interestingly, in several breast 

cancer models, cluster formation was dependent on expression of JUP, an important 

component of desmosomes and adherence junctions, suggesting that certain surface 

junction genes, such as JUP, may influence metastatic potential by influencing the ability 

of CTCs remain as clusters (Aceto et al., 2014). Taken together, these findings suggest 

CTC clusters as promoters of CTC metastatic potential through multiple, potentially 

independent mechanisms.  

 

Epithelial plasticity 

In the early stages of the metastatic cascade, epithelial cancer cells must detach from the 

primary tumor, losing cell-cell and cell-extracellular matrix interactions and invading into 

the vasculature. This process, termed epithelial-to-mesenchymal transition (EMT), often 

involves full or partial loss of epithelial cell surface proteins and the acquisition of 

mesenchymal proteins. Cancer cells undergoing EMT have a variety of altered properties 

beyond increased invasion, including increased tumor-initiating ability (Mani et al., 2008), 

resistance to chemotherapeutics (Arumugam et al., 2009), and genomic instability 

(Comaills et al., 2016). CTCs co-exist within a wide range of epithelial or mesenchymal 

states in each patient, and patients often have CTCs that are fully epithelial, fully 

mesenchymal, or that express mixed ratios of epithelial and mesenchymal markers (Jolly 
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et al., 2015). In breast cancer patients, the ratio of epithelial to mesenchymal markers on 

CTCs correlates with clinical subtype, with CTCs from primary hormone receptor positive 

breast cancer having more epithelial markers and from primary triple negative breast 

cancer having more mesenchymal markers, matching expression of these markers on 

the primary tumor. Notably, however, the breakdown of epithelial versus mesenchymal 

CTCs detected in patients is altered upon treatment with various therapeutic interventions 

(Yu et al., 2013). Heterogeneity of CTCs for epithelial and mesenchymal markers has 

been reported in other cancers as well, including pancreatic and prostate cancer (Ting et 

al., 2014) (Ruscetti et al., 2015). While EMT has been suggested as a key process by 

which cancer cells detach from a primary tumor and invade the vasculature, the opposite 

process, mesenchymal-to-epithelial transition (MET), has been suggested as being 

critical to the formation of metastatic tumors once cells reach distal sites. This hypothesis 

is supported by experimental findings of increased epithelial markers, including E-

cadherin and cytokeratins, in metastatic foci (Chao et al., 2010) (Wells et al., 2008). This 

reversion to a more-epithelial state has been postulated to increase growth rates of 

metastatic foci, reduce apoptosis, or facilitate proliferation-promoting interactions with 

surrounding stroma (Yao et al., 2011). That the process of MET may contribute to the 

ability of disseminated tumor cells to form metastatic foci suggests that cancer cells with 

increased plasticity between epithelial and mesenchymal states may have inherent 

advantages in driving metastasis. As such, the ratio of epithelial to mesenchymal markers 

on CTCs may be an important indicator of epithelial plasticity and subsequently defining 

the ability to form metastases. Taken together, it is clear that epithelial and mesenchymal 
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markers are important markers of CTC states, and future work is needed to further 

elucidate the roles of EMT and MET in CTC metastatic potential. 

 

Overall, CTC heterogeneity, cluster status, and epithelial plasticity all highlight factors that 

promote the metastatic potential of CTCs, each largely driven by expression of particular 

metastasis-promoting genes. Identification of novel metastasis-promoting genes within 

CTCs is the key goal of this thesis, with subsequent mechanistic characterization of how 

such novel genes are functioning.  
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Abstract:  

To identify genes enhancing the metastatic potential of circulating tumor cells, we 

conducted genome-wide screens using novel in vivo CRISPR activation screening 

libraries. These screens were conducted in two CTC lines which, at baseline, do not form 

lung metastases, allowing for the formation of lung metastases after gene activation to be 

used as a readout. While the vast majority of genes in the screens did not lead to 

metastatic outgrowth and were not enriched in the screen, a small subset of targets was 

significantly enriched in each of the CTC lines. The data derived from the screens were 

analyzed in two different ways, one untargeted and one targeted towards transcription 

factors and epigenetic modifiers. Novel hits from both of these analyses were validated 

in vivo, and follow-up studies from the untargeted analysis are described in Chapter 3 of 

this thesis, while follow-up studies from the targeted analysis are described in Chapter 4. 

Thus, genome-wide in vivo CRISPR screens to identify novel genes that promote the 

metastatic potential of CTCs led to the identification of targets that increase the efficiency 

of metastasis. 

 

Introduction: 

Originally developed as an integral part of the prokaryotic immune system, the CRISPR 

(clustered regularly interspaced short palindromic repeat) and Cas9 system has been 

coopted as a powerful tool for genome editing in molecular biology. Within prokaryotes, 

CRISPR/Cas9 serves as a form of learned immune response, protecting cells from repeat 

viral infections. Specifically, CRISPR DNA sequences are derived from viral DNA 
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previously introduced into the cell. Using RNA from these CRISPR sequences as a guide, 

the endonuclease Cas9 (CRISPR-associated protein 9) is able to identify and cleave DNA 

complementary to the CRISPR sequences, thereby protecting the prokaryote from repeat 

infection. In the early 2010s, the CRISPR/Cas9 system was adapted for use as a 

programmable system of targeted DNA cleavage in vitro. This programmable system 

makes use of Cas9 and a single guide RNA (sgRNA) complementary to a specific DNA 

sequence of interest. Cas9 is guided by the sgRNA to its complementary DNA sequence 

within the cell and induces a double-strand break (DSB) at that site. The DSB is generally 

repaired via non-homologous end joining, frequently resulting in nucleotide insertions or 

deletions and subsequent frame shifts or early stop codons. As such, this system can be 

used to permanently and completely eliminate expression of target genes in vitro.  

 

After the establishment of CRISPR/Cas9 as a tool for knocking out genes (CRISPRko), 

researchers began retooling the system for other functions, such as gene activation or 

inactivation. Specifically, a catalytically dead Cas9 (dCas9) can be used as a scaffold and 

is fused to other effectors, such as transcriptional activators or repressors. As in canonical 

CRISPR/Cas9 knockout, the dCas9 scaffold is directed to a particular DNA site by a 

sgRNA, but because the dCas9 is catalytically inactive, DSBs are not introduced, and the 

only activity observed is that of the fused effectors. The first reported CRISPR activation 

(CRISPRa) system used a dCas9 fused to a VP64 activation domain, finding that sgRNA 

targeting of this fusion protein to the promoter or gene body of a target gene resulted in 

upregulation of that gene, with greatest upregulation found by targeting the system to the 

promoter of a target gene (Maeder et al., 2013). This system was improved by modulation 
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of the sgRNA structure, resulting in additional transcriptional activators being directed to 

target sites. Specifically, RNA aptamers were introduced into the sgRNA structure, 

allowing for binding of MS2 bacteriophage coat proteins fused to p65 and HSF1 activation 

domains. As such, VP64, p65, and HSF1 activation domains are directed to the target 

site, resulting in increased transcriptional activation as compared to VP64 alone. This 

system was termed the synergistic activation mediator (SAM) (Konermann et al., 2015). 

At the same time, additional systems for CRISPRa were developed; however, all build 

upon the general principle of using dCas9 as a scaffold for targeting activation domains 

to the promoter of a target gene.  

 

In addition to activation, the CRISPR/Cas9 system can be retooled for gene knockdown 

rather than gene knockout. Similar to CRISPRa, CRISPR inactivation (CRISPRi) exploits 

the use of a dCas9 directed to the promoter or body of a target gene. The original 

CRISPRi systems utilized steric hindrance, with the dCas9 blocking DNA binding of RNA 

polymerase II or its progression along the target gene. Recently developed CRISPRi 

systems, however, are dependent on the use of transcriptional repressors, fusing 

heterochromatinization domains, such as the Krüppel associated box (KRAB) domain, to 

dCas9 and resulting in efficient, reversible target gene repression.  

 

The CRISPR/Cas9 tools described above were rapidly developed for use as large-scale 

screening tools. In these screening systems, pooled sgRNA-expressing lentiviruses are 

used to infect a population of cells, which is then subjected to a particular screening 
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condition. Each individual sgRNA carries its own barcode, allowing for counting of the 

number of cells harboring it in the input and the output via next-generation sequencing. 

Such screens can be used to identify single-gene transcriptional changes that enhance 

or reduce the fitness of a cell in a particular screening condition, known as positive or 

negative selection screens, respectively, and they can be scaled up to cover the entire 

genome. The first genome-wide CRISPR/Cas9 screens were carried out as CRISPRko 

screens, identifying genes which, when knocked out, enhance resistance to particular 

drugs in vitro (Shalem et al., 2014) (Wang et al., 2014). Shortly after these first in vitro 

screens, in vivo screens were reported, taking cells that had been infected with 

CRISPRko libraries in vitro and introducing them into in vivo settings (Chen et al., 2015). 

Since these early genome-wide CRISPRko screens, many such CRISPRko screens have 

been conducted, both in vitro and in vivo, shedding light into many biological processes.  

 

While CRISPRko screening has become established and commonplace, many fewer 

CRISPRa and CRISPRi screens have been reported. Fewer than 10 genome-wide 

screens have been reported for either CRISPRa or CRISPRi, and all have been 

conducted in vitro (Kampmann, 2018). This is despite the recent development of 

CRISPRa and CRISPRi screening libraries with sgRNAs optimized to maximize target 

transcriptional modulation and to minimize off-target effects (Sanson et al., 2018). As 

such, in vivo genome-wide CRISPRa and CRISPRi screens represent an unexplored 

area for identifying genes relevant to physiological processes.  
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In particular, such in vivo screens are required to explore certain complex physiological 

and pathophysiological processes that cannot be modeled well in vitro, such as the 

dissemination, survival, and growth of CTCs as distant metastases. In this Chapter, I 

describe the use of the SAM CRISPRa screening system to conduct in vivo genome-wide 

CRISPRa screens in CTCs, aimed at identifying genes which, when activated, promote 

the ability of CTCs to efficiently disseminate and form metastases in mice. These screens 

were carried out in two different breast cancer CTC lines, and they represent the first 

reported in vivo genome-wide CRISPRa screens.  

 

Materials and Methods: 

CTC cell culture: CTCs were grown in suspension in ultra-low attachment plates 

(Corning) in tumor sphere media, consisting of RPMI-1640 with GlutaMAX supplemented 

with EGF (20ng/mL), FGF (20ng/mL), 1X B27, and 1X antibiotic/antimycotic (Life 

Technologies), in 4% O2, as previously described (Jordan et al., 2016) (Yu et al., 2014). 

CTC lines were routinely checked for mycoplasma (MycoAlert, Lonza), and were 

authenticated by RNA-seq and DNA-seq. 

 

Lentivirus production: HEK293T cells were grown in high-glucose DMEM 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. For CRISPR 

activation library production, cells were transfected at ~80% confluency in T225 flasks. 

For each flask, 15.3µg pMD2.G, 23.4µg psPAX2, and 30.6µg pooled library plasmid were 

transfected using 270µL Lipofectamine 2000 and 297µL PLUS reagent, as previously 

described (Joung et al., 2017). 24h after transfection, the media was changed. Virus 
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supernatant was harvested 48h post-transfection, filtered through a 0.45µm PVDF filter, 

concentrated with Lenti-X Concentrator (Clontech), aliquoted, and stored at -80°C. 

 

Lentiviral transduction: 5x105 CTCs were transduced with lentivirus in 6-well plates in 

2mL media supplemented with 6µg/mL Polybrene. 24h after infection, media was 

changed. 72h after infection, cells were selected using blasticidin (10µg/mL) or 

hygromycin (400µg/mL) for 7 days. Lentiviral titers were determined by infected cells with 

6 different volumes of lentivirus and counting the number of surviving cells after 7 days of 

selection.  

 

CRISPR activation screen: Brx-82 and Brx-142 cells stably expressing GFP, luciferase, 

and MS2-P65-HSF1 (Addgene #89308) were transduced with the human CRISPR/Cas9 

SAMv2 pooled library (Addgene #1000000078) as described above, at a MOI of 0.3, and 

fully selected with blasticidin. Immediately following selection, for each cell line, 8 female 

NSG (NOD. Cg-Prkscid Il2rgtm1Wjl/SzJ) mice were injected with 3x106 cells each, via 

the tail vein. Mice were anesthetized with isoflurane, and a 90-day release 0.72mg 

estrogen pellet (Innovative Research of America) was implanted subcutaneously behind 

the neck of each mouse. One Brx-142 mouse died during this process, resulting in an 

average screening coverage of ~350 cells/guide in Brx-82 and of ~300 cells/guide in Brx-

142. At the same time, DNA from 21x106 cells (300 cells/guide) was isolated as an input 

baseline distribution of guides. After two months, mice were sacrificed, and whole lungs 

were harvested. Lungs were divided into 25µg chunks and homogenized using a 

TissueLyser II (Qiagen), and DNA was extracted using NucleoSpin Tissue DNA extraction 
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columns (Macherey-Nagel). PCR of the guides was performed using NEBNext High 

Fidelity 2X Master Mix (New England Biolabs) in parallel reactions in a single-step 

reaction of 35 cycles, using primers as previously described (Joung et al., 2017). PCR 

productions from all reactions were pooled, purified using the QIAquick PCR Purification 

columns (Qiagen), and sequenced on the Illumina MiSeq platform. All mouse handling 

was completed in compliance with ethical regulations and approved in IACUC animal 

protocol 2010N000006. 

 

NGS and screen hits analysis: Guide counts for each sample were normalized to the 

total counts for that sample. Guide distribution for each mouse was compared to the input 

distribution of guides, resulting in a fold change value for each guide for each mouse. 

Fold change was averaged across all mice to yield an average fold change for each guide 

for each cell line.  

 

In the untargeted screen hit analysis, for each cell line, the most enriched guide for each 

gene was determined, and corresponding genes were rank-ordered based on 

enrichment, with a rank of 1 denoting most enriched. Gene rank was averaged between 

the Brx-82 and Brx-142 screens and normalized to the lowest average gene rank to 

generate a combined screen score value for each gene.  

 

In the targeted screen hit analysis, for each cell line, the STARS gene-ranking algorithm 

was used, with threshold percentage of 5 and including the first ranking perturbation (Luo 
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et al., 2008). Most enriched transcription factors and epigenetic modifiers in the outputs 

for each cell line were identified and selected for further study. 

  

Results: 

Establishment of the CTC tail vein assay 

Using a microfluidic platform to enrich viable CTCs from the blood of women with HR+ 

metastatic breast cancer, we had previously generated a panel of ex vivo CTC cultures 

which are highly tumorigenic upon inoculation into the mammary fat pad of 

immunodeficient NSG mice (Ozkumur et al., 2013) (Karabacak et al., 2014) (Yu et al., 

2014) (Jordan et al., 2016). However, following direct intravenous tail vein injection, 

virtually all CTCs are initially trapped in the lung, but remarkably, they fail to generate 

metastatic tumors for up to 6 months (Figures 2.1-2.2). The absence of blood-borne lung 

metastasis by patient-derived, tumorigenic breast cancer cells provides a unique 

experimental system to identify genes capable of promoting the initiation of metastases 

by CTCs.  
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Figure 2.1: CTC lines do not grow out in the lung over many months. Whole body 

luminescence monitoring of NSG mice injected via tail veils with GFP-luciferase tagged 

CTC lines or MDA-MB-231-LM2 cells. 

 

Figure 2.2: CTCs injected via tail vein persist as disseminated cells in the lungs. 
Representative images of the bioluminescent signal at day 22 and corresponding lung 

histologic sections stained with anti-GFP to identify tumor cells. Scale bar: 100μm.  
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Use of the CTC tail vein assay for CRISPR activation screening 

We therefore conducted a genome-wide CRISPR activation (CRISPRa) screen, using the 

synergistic activation mediator (SAM) system, which combines modified sgRNAs and a 

catalytically inactive Cas9 (dCas9) to localize protein transactivators to the promoter of a 

target gene, resulting in gene-specific transcriptional activation (Konermann et al., 2015). 

The screen included 70,290 single guide RNAs (sgRNAs), covering all 23,430 human 

coding isoforms in the RefSeq database. Two different patient-derived breast cancer CTC 

lines (Brx-82, Brx-142) were each infected with the lentiviral library, at a multiplicity of 

infection calculated to minimize the incidence of cells infected with more than one 

construct and to ensure at least 300 CTCs per sgRNA (Figure 2.3). Two months after tail 

vein injection of pooled CRISPRa CTCs, mice were sacrificed, and bulk lung tissue from 

each mouse was sequenced to identify enriched sgRNAs. The majority of sgRNAs 

exhibited reduced or no representation, while a small set showed significant enrichment 

compared to input (Figure 2.4).  

 

Figure 2.3: Diagram of in vivo CRISPR activation screening in CTCs.  
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Figure 2.4: A small subset of genes enhances metastatic potential in the CRISPRa 
screens. Average enrichment for the most enriched sgRNA for each gene in the 

genome in the CRISPRa screens for Brx-82 (left) and Brx-142 (right). Dotted line 

represents average enrichment of 25. 

 

Identification of targets for further study 

In order to identify targets for further study, we analyzed the data in two different ways—

one untargeted and one targeted—leading to two different follow-up studies.  

 

The first, untargeted analysis focused on the individual guides most capable of enhancing 

the metastatic potential of CTCs. In this analysis, genes were scored using an algorithm 

calculating the level of enrichment of corresponding guides in the two independent breast 

CTC lines, allowing for the identification of genes broadly capable of enhancing metastatic 

potential. Many of the highest scoring genes in this analysis encode established 

oncogenes or are involved in key cellular processes known to be critical to cancer 

progression, including transcriptional and translational regulation, cellular motility, and 
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cell cycle progression (Figure 2.5), supporting the validity of the in vivo CRISPRa screen 

and this analysis.  

Figure 2.5: Top hits from the screens are involved in cellular processes relevant 
to cancer. Classification of known functions of the top 250 genes identified in the 

combined screen ranking. 

 

Among the protein translation-related hits are the activators of translation MTOR and 

RPS6KA5, and more surprisingly, several structural components of the large subunit of 

the ribosome, RPL15, RPL35, and RPL13 (with RPL15 ranking tenth among the entire 

genome) (Figure 2.6). Remarkably, these three structural ribosomal proteins (RP) cluster 

on the solvent-exposed surface near the tRNA exit E site of the 60S ribosome and they 

physically interact with each other (Figure 1E) (Klinge et al., 2012) (Ben-Shem et al., 

2011). Given their novelty as metastasis-promoting genes, we chose these ribosomal 

proteins for further study, as described in Chapter 3 of this thesis.  

 



33 
 

Figure 2.6: Ribosomal proteins are enriched in the CRISPRa screens. Distribution 

of combined screen scores, demonstrating that only the top few hundred genes are 

enriched. Top genes related to translation are highlighted. 

 

Figure 2.7: Enriched ribosomal proteins are in close proximity on the large 
subunit of the ribosome. Crystal structure of the large and small subunits of the 

eukaryotic ribosome (Ben-Shem et al., 2011) highlighting the locations of RPL13, 

RPL15, and RPL35 as well as direct RPL13:RPL35 and RPL15:RPL35 interactions. 

 

The second, targeted analysis focused on transcription factors and epigenetic modifiers 

enriched in either of the two breast CTC lines. In this analysis, we used the RIGER 
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algorithm with stringent cutoffs, identifying genes with enrichment of multiple guides and 

thereby increasing confidence in the ability of target genes to promote metastasis. From 

the list of RIGER targets enriched in either CTC line, eight transcription factors and 

epigenetic modifiers were identified and selected for further study (Table 2.1), as 

described in Chapter 4 of this thesis.  

 

Table 2.1: Particular transcription factors and epigenetic modifiers are enriched in 
the CRISPRa screens. Transcription factors and epigenetic modifiers identified via 

RIGER analysis. Listed are the screens (Brx-82 and/or Brx-142) for which each gene 

was enriched.  
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Abstract:  

Regulators of translation including ribosomal proteins were prominent among the targets 

identified through untargeted analysis of the in vivo genome-wide CRISPR activation 

screens described in Chapter 2. In particular, expression of RPL15, a component of the 

large ribosome subunit, was sufficient to increase metastatic growth in multiple organs. 

RPL15 overexpression selectively increased translation of cell cycle regulators and other 

ribosomal proteins. Unsupervised analysis of single-cell RNA sequencing of freshly 

isolated circulating tumor cells (CTCs) from breast cancer patients identified a subset with 

strong ribosomal and protein translation signatures, correlated with increased proliferative 

markers, CTC clusters and poor clinical outcome. Thus, ribosome protein expression 

identifies an aggressive subset of CTCs, whose therapeutic targeting may suppress 

metastatic progression.   

 

Introduction: 

Protein synthesis, via mRNA translation, is the most energy-consuming cellular process 

(Bhat et al., 2015). Involving a complex set of interactions between many components, 

translation is normally tightly controlled. However, translational dysregulation is prevalent 

in cancer, and many oncogenic pathways eventually interact with translational pathways.  

 

The normal translational process can be divided into three carefully-regulated phases: 

initiation, elongation, and termination (Figure 3.1). In the initiation phase, the mRNA is 

bound by the eIF4F complex, which recruits a ribosome small subunit and a methionyl 
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tRNA, forming a multifactorial 48S initiation complex containing many eIFs (Bhat et al., 

2015). This complex travels along the mRNA until it finds an initiation codon, at which 

point the eIFs are released from the complex, leaving the small subunit of the ribosome 

and the methionyl tRNA, and a ribosomal large subunit is recruited to form a mature 

ribosome. In the elongation phase, tRNAs pass through three ribosomal sites for tRNA 

binding, known as the A (aminoacyl), P (peptidyl), and E (exit) sites. For each new amino 

acid added to the growing peptide chain, a tRNA pairs with the bases of the mRNA codon 

present in the A site of the ribosome and the polypeptide chain attached to the tRNA in 

the P site is transferred to the tRNA in the A site, thereby adding the new amino acid to 

the chain. The ribosome then translocates 3 bases along the mRNA, which results in 

transfer of the tRNA in the P site into the E site and the tRNA (with polypeptide chain) in 

the A site into the P site (Cooper, 2010). Upon binding of a new tRNA to the empty A site, 

the tRNA in the E site is released, and the cycle continues. Finally, in the termination 

phase, the ribosomal A site is filled with a stop codon (UAA, UAG, or UGA) in the mRNA, 

and a release factor binds the stop codon instead of a tRNA. The release factor stimulates 

hydrolysis of the full-length polypeptide from the tRNA in the P site, and the polypeptide 

is released from the ribosome. After release of the polypeptide, the ribosomal subunits 

and mRNA template dissociate (Cooper, 2010).  
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Figure 3.1: Overview of the initiation, elongation, and termination phases of 
translation. Adapted from (Cooper, 2010).   

 

Though each phase in translation is normally tightly regulated, dysregulation frequently 

occurs in cancer. This is perhaps best exemplified by the frequent amplification or 

overexpression of translation initiation factors. Classical studies have demonstrated that 

the translation initiation factors eIF4A, eIF4E, and eIF4G are amplified in many cancers 

(including, but not limited to, lung, cervical, breast, liver, prostate, bladder, stomach, and 

head and neck), and that their amplification can drive transformation, tumorigenesis, and 

metastasis (Robichaud et al., 2015) (Robichaud et al., 2018) (Lazaris-Karatzas et al., 

1990) (Avdulov et al., 2004). More recent studies have identified dysregulation of many 
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other initiation factors (including, but not limited to, 4E-BP1, PDCD4, eIF5a, eIF6, and 

eIF3a-f) as correlated with poor prognosis in a wide variety of cancers, as well (Bhat et 

al., 2015). In addition to dysregulating proteins directly involved in the phases of 

translation, cancer often deregulates pathways modulating translational activity. Most 

notably, activity through the mechanistic target of rapamycin (mTOR) pathway is often 

modulated in cancer. mTOR is a serine/threonine kinase that is a key component of the 

mTOR complex 1 (mTORC1). mTORC1 integrates a variety of cellular growth cues to 

signal for increased translation, by promoting the assembly of the eIF4F complex, 

transcription of rRNA and tRNA, and translation of ribosomal proteins (Saxton and 

Sabatini, 2017). As a downstream effector for many pathways, mTORC1 activity can 

become hyperactive through many different misregulated upstream pathways, including 

PI3K/Akt or Ras/Raf/Mek/Erk activation or TP53 or LKB1 inactivation. In addition, mTOR 

binding partners or mTOR itself can become amplified or mutated, leading to aberrant 

activity (Tian et al., 2019). Based on the frequent deregulation of mTORC1, mTOR 

inhibitors, including temsirolimus and everolimus, have been developed for clinical use. 

These inhibitors have not proven to be highly efficacious in the clinic, next-generation 

mTOR inhibitors are being developed. In addition to mTOR, several other oncogenes 

have been shown to promote translation, including MYC and the MAPK-interacting 

kinases. MYC has been shown to promote the transcription of eIF4E, eIF4A, and eIF4G, 

as well as ribosome and tRNA biogenesis (Bhat et al., 2015). Interestingly, the eIF4F 

complex has a particular affinity for MYC mRNA, creating a feed-forward loop when 

aberrantly regulated. The MAPK-interacting kinases, operating downstream of MEK/ERK 

and p38 MAPK, regulate translation through phosphorylation of eIF4E. While this 
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phosphorylation does not significantly affect global translation, it results in increased 

translation of a subset of genes that promote tumorigenesis (Bhat et al., 2015). 

 

Though much work has been done studying the tumorigenic roles of translational initiation 

factors and of ribosome biogenesis signaling from upstream regulators like mTOR, little 

has been reported about the role of the individual ribosomal proteins themselves in 

tumorigenesis. Comprising 4 rRNAs and roughly 80 core ribosomal proteins, the 

ribosome has long been thought of as a singular molecular machine, and most studies 

have primarily focused on the oncogenic drivers of ribosome biogenesis. Recently, 

however, ribosomes were shown to not have equal preference for all transcripts, leading 

to selectively altered translation of oncogenic transcripts after changes in total 

translational activity (Cheng et al., 2019) (Manier et al., 2017). Moreover, several recent 

studies have demonstrated that individual ribosomal proteins can have roles that extend 

beyond their regular function. Altered levels of individual RPs has been shown to result 

in ribosomes with heterogenous composition resulting in altered translational efficiency 

of specific transcripts (Shi et al., 2017). Individual RPs have also been shown to have 

extra-ribosomal functions, including binding and sequestration of MDM2 or Myc (Warner 

and McIntosh, 2009). Additionally, levels of individual RPs are altered in some cancers 

(de Las Heras-Rubio et al., 2014) (Wang et al., 2006) (Wang et al., 2001). A better 

understanding of the consequence of aberrant ribosomal activity in promoting 

tumorigenesis and metastasis is needed. 
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Materials and Methods: 

CTC cell culture: CTCs were grown in suspension in ultra-low attachment plates 

(Corning) in tumor sphere media, consisting of RPMI-1640 with GlutaMAX supplemented 

with EGF (20ng/mL), FGF (20ng/mL), 1X B27, and 1X antibiotic/antimycotic (Life 

Technologies), in 4% O2, as previously described (Jordan et al., 2016) (Yu et al., 2014). 

CTC lines were routinely checked for mycoplasma (MycoAlert, Lonza), and were 

authenticated by RNA-seq and DNA-seq.  

 

Lentivirus production: HEK293T cells were grown in high-glucose DMEM 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were 

transfected with pMD2.G, psPAX2, and target plasmid using Lipofectamine 2000. 24h 

after transfection, the media was changed. Virus supernatant was harvested 48h post-

transfection, filtered through a 0.45µm PVDF filter, concentrated with Lenti-X 

Concentrator (Clontech), aliquoted, and stored at -80°C. 

 

Lentiviral transduction: 5x105 CTCs were transduced with lentivirus in 6-well plates in 

2mL media supplemented with 6µg/mL Polybrene. 24h after infection, media was 

changed. 72h after infection, cells were selected using blasticidin (10µg/mL) or puromycin 

(3µg/mL) for 7 days. Lentiviral titers were determined by infected cells with 6 different 

volumes of lentivirus and counting the number of surviving cells after 7 days of selection. 

 

Validation mouse studies: Lentiviral expression constructs for RPL13 (Accession: 

BC014167), RPL15 (Accession: BC071672), and RPL35 (Accession: BC000348) were 
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obtained from the CCSB-Broad Lentiviral Expression Library. CTCs expressing GFP and 

luciferase were infected with these plasmids or with empty vector (Addgene #25890) as 

described above. After full selection, 5x105 cells expressing target genes or empty vector 

were injected into the tail veins of 4 female NSG mice per sample. Mice were anesthetized 

with isoflurane, and a 90-day release 0.72mg estrogen pellet (Innovative Research of 

America) was implanted subcutaneously behind the neck of each mouse. Metastatic 

growth was measured bi-weekly via in vivo imaging using the IVIS Lumina II 

(PerkinElmer) following intraperitoneal injection of D-luciferin (Sigma). Mice were 

sacrificed at 20 weeks, and lungs, ovaries, and femurs were harvested into 10% formalin 

for 24h for fixation prior to immunohistochemistry. For orthotopic injections, 2.5x105 cells 

expressing RPL15 or empty vector were mixed into 1:1 Growth Factor Reduced Matrigel 

(Corning), and cell media and injected into each of the fourth mammary fat pads of 4 

female NSG mice per sample. For cardiac injections, 1x106 cells expressing shRPL15 or 

shControl were injected into each of the left ventricles of 4 female NSG mice per sample 

(shRPL15-1: CATTCCATAAAGCTATCAGAA; shRPL15-2: 

CCAAGCAAGGTTACGTTATAT; shControl: CAACAAGATGAAGAGCACCAA [SHC002, 

Sigma]). 

 

Histology and Immunohistochemistry:  Tumors and multiple organs were fixed in 10% 

formalin overnight, then preserved in 70% ethanol. The tissue was embedded in paraffin 

and cut in 5-µm sections. For histologic analysis, sections were stained with hematoxylin 

and eosin or immunohistochemical staining was performed. Tissues were permeabilized, 

and antigen retrieval was performed in 1× citrate buffer (pH 6) for 15 min. Slides were 
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washed and blocked for 30 min with 5% goat serum. Sections were incubated with 

primary antibodies against GFP (1:250; Abcam ab183734), Ki-67 (1:50; Life Technologies 

180192Z), Cleaved caspase-3 (1:1000; Cell Signaling Technology 9664S), or HLA Class 

1 (1:100; Abcam ab70328) for 1 hour at room temperature. Slides were incubated with 

HRP anti-rabbit antibody (DAKO) for 30 min. After washing with PBS, the sections were 

incubated in 3,3′ -diaminobenzidine (Vector Laboratories) for 10 min. Cells were 

counterstained with Gill’s #2 haematoxylin for 10–15s. 

 

Stained tissue sections were digitized using the Aperio CSO (Leica Biosystems). Tumor 

foci in the lungs were quantified by counting on at least 3 independent sections and tissue 

area calculated using Imagescope software.   

 

Western blot analysis: Western blot analysis was performed on whole cell extracts 

prepared with RIPA buffer. Proteins were separated on 4-15% polyacrylamide gradient-

SDS gels (Bio-Rad), and transferred onto Nitrocellulose membrane (Invitrogen). 

Immunoblots were visualized with Enhanced Chemiluminescence (Perkin-Elmer). 

Primary antibodies were used against GAPDH (1:2000; Millipore ABS16), and V5 tag 

(1:1000, Life Technologies R96025). 

 

Quantitative Realtime PCR: Total RNA was isolated using RNeasy Mini Kits (Qiagen). 

RNA was reverse transcribed using Superscript III First Strand Synthesis Supermix 

(Invitrogen). TaqMan probe and primer sets for RPL15 and GAPDH were used 
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(ThermoFisher Biosciences). Values represent the ratio of the relative quantity of RPL15 

to the relative quantity of GAPDH.   

 

Ribosome Profiling: Ribosome profiling was performed as previously described (Ingolia 

et al., 2012). Briefly, 10 million RPL15- or control-expressing Brx-142 cells were treated 

with 0.1 mg/ml cyclohexamide for 1 minute, washed with cold PBS containing 

cycloheximide and lysed. RNase I (Thermofisher) treatment was performed and the 

monosomes were isolated by gel filtration MicroSpin S-400 HR Columns (GE Healthcare). 

After RNA extraction using RNA Clean & Concentrator-25 kit (Zymo Research), rRNA 

was depleted (Ribo-Zero Gold rRNA Removal Kit, Illumina), and ribosome-protected 

fragments were purified by PAGE. The fragments were end-repaired with PNK (NEB). 

Libraries were prepared using a TruSeq small RNA Library Prep Kit (Illumina) and 

sequenced on a NextSeq 500 Illumina (50 bp single-end reads). Reads were mapped to 

the sense strand of the entire human RefSeq transcript sequence library. 

 

Patient Selection, CTC Isolation and Single Cell Amplification and Sequencing: 

Patients with a diagnosis of ER and/or PR positive metastatic breast cancer provided 

informed consent for de-identified blood collection, as per institutional review board 

approved protocol (DF/HCC 05-300) at Massachusetts General Hospital. Approximately 

6-12 mL of fresh whole blood was processed through the microfluidic CTC-iChip as 

previously described (Karabacak et al., 2014) within 4 hours from the blood draw.  Before 

processing, whole blood samples were incubated with biotinylated antibodies against 

CD45 (R&D Systems, clone 2D1), CD66b (AbD Serotec, clone 80H3) and followed by 
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incubation with Dynabeads MyOne Streptavidin T1 (Invitrogen) to achieve magnetic 

labelling of white blood cells. This mixture was processed through the CTC-iChip. To 

identify CTCs, the CTC-enriched product was stained with Alexa Fluor 488–conjugated 

antibodies against EpCAM (Cell Signaling Technology, #5198), Cadherin 11 (R&D 

Systems, FAB17901G), and HER2 (BioLegend, #324410). To identify contaminating 

white blood cells the product was stained with TexasRed-conjugated antibodies against 

CD45 (BD Biosciences, BDB562279), CD14 (BD Biosciences, BDB562334), and CD16 

(BD Biosciences, BDB562320). The stained product was viewed under a fluorescent 

microscope where single CTCs were identified based on intact cellular morphology, Alexa 

Fluor 488-positive staining and lack of TexasRed staining.  Cells of interest were 

individually micromanipulated with a 10 mm transfer tip on an Eppendorf Transfer-Man 

NK 2 micromanipulator and lysed. Single cell amplification and sequencing was 

performed as previously described (Aceto et al., 2018). 

 

Drug Treatments: 2000 CTCs were seeded in tumor sphere media in 96-well ultra-low 

attachment plates (Corning) in triplicate wells 24h before the addition of omacetaxine 

(Fisher Scientific) and palbociclib (Selleckchem). Cell viability was assayed 5d after drug 

treatment with CellTiter-Glo (Promega) and was normalized to untreated cells.    

 

Statistical Analysis: RNA counts and RPM were computed as in (Aceto et al., 2014) for 

the cohort of 135 CTCs or CTC-clusters and as in (Jordan et al., 2016) for the independent 

cohort of 109 CTCs and for total mRNA of the RPL15-CTCs and controls. Counts and 

RPM for ribosome protected mRNA were computed as follows. Trim_galore was used to 
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remove adapters and low-quality base-calls with quality set to 20, stringency set to 3, and 

length set to 25. Bowtie2 was used to attempt to align the resulting reads to the 

hg19_rmsk rRNA FASTA file from the UCSC table browser. Reads that aligned were 

discarded and the others were aligned to the hg19 refGene transcriptome from UCSC 

with additions for ERCC92 and RGC spike-ins using tophat with the no-novel-juncs option 

set. Only uniquely aligned reads were kept and then duplicates were removed using 

samtools rmdup. Read counts for all the genes were then created using htseq-count. 

 

To identify differentially expressed genes, we used edgeR with common-dispersion set 

to 0.12 to estimate fold-change and FDR. Genes that had fold-change greater than 2 and 

FDR less than 0.1 were considered differentially expressed. 

 

To determine gene set enrichment, we used the hypergeometric test with the universe of 

genes set to all genes for which counts had been determined. The resulting p-values were 

then submitted to the Benjamini-Hochberg algorithm to estimate FDR. We used gene sets 

from version 6.0 of the Broad Institute’s MSigDB. 

 

For the unsupervised clustering in Figure 3.8A, we began with 176 CTCs or CTC-clusters 

from 52 patients. We removed samples for which the number of reads uniquely mapped 

to genes was less than 105. We then removed samples for which the log10(RPM + 1) for 

PTPRC or FCGR3A is above 0.4 due to suspicion that they might be white blood cells. 

That left us with 135 samples from 45 patients. We then kept the 2000 rows with the 
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highest variance and then median polished the resulting expression matrix. We then used 

agglomerative hierarchical clustering with average linkage and metric equal to one minus 

the Pearson correlation coefficient. The clustering in Figure S6 and S8 was done using 

only the expression of the core ribosomal genes, which are shown in those figures. We 

used agglomerative hierarchical clustering with average linkage and Euclidean metric. 

The column ordering and dendrogram determined for Figure 3.9 was also used for Figure 

3.8C. P-values given in Figures 3.8C, 3.9, and 3.11 are two-sided and are computed 

either by the Wilcoxon test for continuous valued variables or the Fisher’s exact test for 

categorical values. For Figure 3.11 we started with 195 samples from 41 patients. We 

removed samples with too few reads mapped to genes and samples that might be white 

blood cells as was done in (Jordan et al., 2016). This left us with 109 samples from 33 

patients. 

 

The survival analysis in Figure 3.8E begins with computing the average log10(RPM + 1) 

gene expression for the core ribosomal proteins for each CTC or CTC-cluster. These are 

then averaged for all the CTCs or CTC-clusters from a particular blood draw from a 

particular patient. The resulting values are divided into high and low groups by Otsu’s 

method. The time to death or loss of follow-up is computed from the date of the blood 

draw. 
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Results:  

Validation of ribosomal proteins identified through the CRISPR activation screens 

To exclude sgRNA- or CRISPR-specific effects, we first validated the effects of RP 

expression on metastasis. RPL13, RPL15, and RPL35—all targets identified via our 

screens--were cloned into CMV promoter-driven, lentiviral encoded vectors, and Brx-142 

CTCs ectopically expressing each of the proteins were inoculated into mice through tail 

vein injection (Figure 3.2).  

Figure 3.2: RPL15 overexpression. (A) Western blot for V5-tagged RPL15 in RPL15-

CTCs and control. GAPDH as a loading control. (B) RT-qPCR for RPL15 in RPL15-

CTCs and control. Data is presented as the mean +/- standard deviation. 

   

RPL15-overexpressing CTCs (RPL15-CTCs) dramatically increase metastatic burden in 

mice as determined by total body bioluminescence (Figure 3.3A). Consistent with its lower 

sgRNA enrichment, RPL35 also increases metastatic burden, but to a lesser extent than 

RPL15. Histological analysis of the lungs from RPL15-CTC inoculated mice shows an 

increase in the number of metastatic lesions, with a strong shift from single cells to 

multicellular foci (p = 0.0299) (Figure 3.3B-C). Mice injected with RPL15-CTCs also 
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develop massive ovarian metastases, compared with the small nodular ovarian lesions in 

control animals (Figure 3.3B). A similar increase in the number and size of metastatic 

lesions was observed in mice injected with RPL35-CTCs (Figure 3.4). The increased 

tumor burden correlates with increased proliferation (Ki-67), rather than reduced 

apoptosis (cleaved caspase-3) (Figure 3.3D, Figure 3.5). To extend these observations 

beyond direct intravascular inoculation of CTCs, we tested the effect of RPL15 

overexpression following orthotopic tumor formation in the mammary fat pad. RPL15-

CTCs generate primary tumors of moderately increased size compared to control, but 

their spontaneous lung metastases are strikingly increased (average 8.2-fold increase in 

metastatic foci, p = 0.0088), consistent with strongly enhanced metastatic potential 

(Figure 3.3E, Figure 3.6). Finally, to test the consequences of RPL15 knockdown, we 

used intracardiac injection, a route that results in considerably more baseline metastases 

by unmodified CTCs than tail vein injection. RPL15 knockdown, using two independent 

shRNA constructs, dramatically reduces metastatic burden (Figure 3.3F, Figure 3.7). 

Together, these findings establish RPL15 as a potent positive regulator of in vivo 

metastatic potential in breast cancer CTCs. 



53 
 

 



54 
 

Figure 3.3: RPL15 overexpression increases the metastatic potential of CTCs. (A) 

Left panel: Whole body luminescence monitoring of NSG mice injected via tail vein with 

CTCs overexpressing RPL13, RPL15, or RPL35. Right panel: Representative images of 

the bioluminescent signal one month after injection. (B) Representative sections of lung 

(left and middle panels) and ovarian (right panel) histology after staining with anti-GFP 

antibody (brown) and counter-stained with hematoxylin. Average long axis diameter of 

ovarian metastases in mice injected with RPL15-CTCs vs control: 9.1mm vs 2.4 mm 

respectively. Scale bars: Left panel 200μm; Middle panel 50μm; Right panel 2mm. (C) 

Quantitation of the number and size of tumor foci per cm2 identified by anti-GFP staining 

of lung histologic sections from mice injected with RPL15-CTCs or control. (D) 

Quantitation of the number of cells positive for Ki-67 or cleaved caspase-3 per high 

powered field by immunohistochemical staining of ovarian histologic sections. (E) 

Quantitation of the number of tumor foci per cm2 identified by anti-GFP staining of lung 

histologic sections from mice after orthotopic injection of RPL15-CTCs or control. (F) 

Whole body luminescence monitoring of luciferase-labelled, shRPL15 or shControl 

CTCs after intracardiac injection. Values represent the average of two independent 

shRNAs targeting RPL15. Error bars represent SEM in A and F. Error bars represent 

SD in C, D and E. ***: p<0.001, **: p<0.01 *: p<0.05, NS: p>0.05. 
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Figure 3.4: RPL35 overexpression increases the metastatic potential of CTCs.  
(A) Representative sections of lung (left and middle panels) and ovarian (right panel) 

histology after staining with anti-GFP antibody (brown) and counter-stained with 

hematoxylin from mice injected with RPL35-CTCs or control. Scale bars: Left panel 

200μm; Middle panel 50μm; Right panel 2mm. (B) Quantitation of the number and size 

of tumor foci per cm2 identified by anti-GFP staining of lung histologic sections from 

mice injected with RPL35-CTCs or control. Error bars represent SD. *: p<0.05 by two-

tailed unpaired Student’s t test. 
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Figure 3.5: RPL15 overexpression increases proliferation without affecting 
apoptosis. Representative sections of ovarian histology after staining with anti-Ki-67 

(top) or anti-cleaved caspase-3 (bottom) antibody (brown) and counter-stained with 

hematoxylin from control and RPL15-CTC mice. Scale bars: 50μm. 
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Figure 3.6: RPL15 overexpression modestly increases orthotopic tumor growth. 
Orthotopic tumor luminescence monitoring of luciferase-labelled RPL15-CTCs or control 

injected orthotopically into the mammary gland of NSG mice. Each data point 

represents mean luminescence from at least 4 tumors and is presented as mean and 

SEM. Curves were fit using the least squares fit.  **: p<0.01 by extra sum of squares F 

test. 

 

Figure 3.7: RPL15 knockdown. RT-qPCR for RPL15 in cells with small hairpin 

knockdown of RPL15. Data presented as the mean and standard deviation.   
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RPL15 overexpression increases translation of E2F targets and other RPs 

As components of large and complex structures, RPs are reported to have highly 

coordinated expression to ensure the fidelity of ribosome subunit biogenesis and 

assembly (Pelletier et al., 2018). Altered expression of an individual component, such as 

RPL15, may alter ribosome translational efficiency, either globally or for specific subsets 

of mRNAs (Cheng et al., 2019). We performed ribosomal profiling in RPL15-CTCs to 

determine the global ribosome occupancy of mRNA transcripts, identify changes in 

translational preference, and calculate the translational efficiency for any given transcript 

(ratio of ribosome-bound mRNA to total mRNA) (Ingolia et al., 2012) (Figure 3.8A). 

Compared with control, RPL15-CTCs show an 8-fold increase in total RPL15 transcripts 

and a 12-fold increase in ribosome-protected RPL15 transcripts. In total, 183 genes were 

significantly enriched for ribosome-protected fragments in RPL15-CTCs, while 250 genes 

were significantly depleted (fold change > 2.0; FDR < 0.10). GSEA of these ribosome-

protected genes identifies the E2F cell proliferation pathway as the most highly enriched 

ribosome-protected signature (Figure 3.8B). The absence of E2F pathway enrichment by 

total RNA-sequencing confirms that upregulation of this proliferative program occurs at 

the translational level and represents increased translational efficiency (Figure 3.8C-D). 

Remarkably, GSEA of ribosome-protected transcripts from RPL15-CTCs also identifies 

other RP genes and regulators of translation (Figure 3.8E). Virtually all 76 core ribosomal 

proteins, from both the large and small subunits, are markedly increased (average 1.6-

fold) among the ribosome-protected transcripts (Figure 3.8F), suggesting that 

overexpression of RPL15 leads to coordinate translational upregulation of the core 

ribosomal proteins (Figure 3.8G). While a conserved 5’ UTR element in the RP genes is 
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known to drive the stoichiometric coordination of ribosomal proteins (Robledo et al., 2008) 

(Yamashita et al., 2008), the ability of a single ribosomal protein to drive expression of all 

other ribosomal proteins is unexpected.  

 

Figure 3.8: RPL15 overexpression results in preferential translation of E2F 
pathway targets and core ribosomal proteins. (A) Schema illustrating ribosome 

profiling of control CTCs or RPL15-CTCs. (B) Gene Set Enrichment Analysis of 

transcripts preferentially bound by ribosomes in RPL15-CTCs. The most enriched 

Hallmarks of Cancer gene sets from the Broad Molecular Signatures Database and 

most enriched cell cycle related Gene Ontology (GO) gene sets, and associated FDR 
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(Continued) values are shown. (C) Heat map representing fold change of RPL15-CTCs 

relative to control for each gene within the Hallmark E2F Targets gene set for total RNA 

sequencing and ribosome profiling. Genes were categorized according to their function 

and ordered based on the fold change in the ribosome profiling. (D) Scatter plot 

representing the translational efficiency of individual transcripts within the Hallmark E2F 

Targets gene set. The y-axis represents the log2(fold change in RNA sequencing), and 

the x-axis represents the log2(fold change in ribosome profiling). The shaded region 

represents transcripts that have increased translational efficiency relative to the level of 

the transcript. (E) Gene Set Enrichment Analysis of genes preferentially bound by 

ribosomes in RPL15-CTCs. The most enriched ribosomal/translational GO gene sets 

and associated FDR values are shown. (F) Heat map representing the fold change of 

RPL15-CTCs relative to control for each RP gene for total RNA sequencing and 

ribosome profiling. Upper panel represents RPL proteins and lower panel represents 

RPS proteins. (G) Scatter plot representing the translational efficiency of individual RP 

gene transcripts. The y-axis represents the log2(fold change in RNA sequencing), and 

the x-axis represents the log2(fold change in ribosome profiling). The shaded region 

represents transcripts that have increased translational efficiency relative to the level of 

the transcript. 

 

Ribosomal proteins are overexpressed in a subset of aggressive patient CTCs  

To study the clinical relevance of RP expression in cancer metastasis, we analyzed 

single-cell RNA-sequencing data of individual breast cancer CTCs that we had freshly 

isolated following microfluidic enrichment from peripheral blood samples (Karabacak et 

al., 2014) (Aceto et al., 2014). In total, we acquired RNA-sequencing profiles for 135 

single CTCs or CTC-clusters from 45 women with HR+ metastatic breast cancer. 

Unsupervised clustering based on the 2000 most variant genes clearly reveals a subset 

of CTCs with strikingly increased expression of multiple RP genes (Figure 3.9A). GSEA 



61 
 

of the genes driving this subset clustering demonstrates highly significant enrichment for 

RP genes and genes involved with translational regulation (FDR ranging from 10-25 to  

10-35) (Figure 3.9B). To better define RP gene expression across the cohort, we 

performed supervised clustering of the CTCs based on expression of RP genes. This 

analysis confirms coordinate expression of the core ribosomal proteins and allows 

division of the clinical dataset into CTCs with RP-high (33% of all patient-derived CTCs) 

and RP-low gene expression (67%) (Figure 3.10). Remarkably consistent with our in vitro 

findings demonstrating increased translation of the E2F target genes, RP high versus low 

expression in primary patient-derived CTCs is highly correlated with expression of E2F 

targets (p = 9.2 x 10-13) and a proliferation signature (p = 8.1 x 10-4) (Whitfield et al., 2002) 

(Figure 3.9C, Figure 3.11). To validate these findings, we interrogated a second, 

independent cohort of single-cell RNA sequencing data that we had previously derived 

from 109 CTCs individually isolated from 33 patients with metastatic breast cancer 

(Jordan et al., 2016). As in our first cohort, expression of RP genes clearly identifies a 

distinct RP-high CTC subset (44% of all CTCs) and an RP-low CTC subset (56%), with 

high RP expression again correlated with E2F target gene expression (p = 9.2 x 10-14) 

(Figure 3.12-3.13).  

 

Clinical outcome data were available for the first cohort of metastatic breast cancer 

patients, making it possible to interrogate the single-cell CTC RNA sequencing data for 

markers correlated with patient survival (Data S2). Using a Cox proportional hazards 

model, we identified 765 genes associated with worse Overall Survival (OS) (Hazard 

Ratio (HR): 1.25, FDR: 0.25) (Figure 3.14A). These genes overlapped significantly with 
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genes associated with adverse outcomes in multiple published datasets (Table 3.1). 

GSEA of these adverse outcome genes reveals highly significant enrichment of pathways 

involved in translation and ribosomes (e.g. FDR = 3.98 x 10-72 for Reactome: Translation) 

(Figure 3.9D, Figure 3.14B). Focusing specifically on RPs, patients with a high mean 

expression of RP genes across all isolated CTCs had significantly worse OS than those 

with lower RP expression (HR: 3.4, p = 0.0078) (Figure 3.9E). Extending our analysis 

from CTCs to primary breast tumors, we surveyed RP expression in a publicly available 

dataset (Mihaly et al., 2013), observing a significant correlation between RP transcript 

levels and reduced Progression Free Survival (PFS) (RPL (large subunit): HR 1.34, p = 

0.00023; RPS (small subunit): HR 1.34, p = 0.00057) (Figure 3.15). Recent findings have 

demonstrated that the presence of multi-cellular clusters of CTCs in the circulation 

correlates with worse outcome in breast cancer patients (Aceto et al., 2014) (Gkountela 

et al., 2019). Interestingly, compared with single CTCs, CTC clusters are significantly 

enriched for the RP-high subset (68% of clusters are RP-high versus 23% of single cells) 

(p = 0.0002) (Figure 3.9C and 3.9F upper panels); however, the majority of RP-high CTCs 

(57%) are single cells, indicating that CTC clustering alone is not driving the high RP 

expression (Figure 3.9F lower panels).  

 

RPL15-CTCs are sensitive to combined inhibition of proliferation and translation  

Modulation of protein translation has been shown to enhance tumorigenesis (Pelletier et 

al., 2018) (Robichaud et al., 2019) (Robichaud et al., 2015) (Robichaud et al., 2018) 

(Petroulakis et al., 2009), leading to the suggestion that targeting protein translation may 

be selectively toxic to malignant cells (Bhat et al., 2015) (Devlin et al., 2016). The direct 
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translational inhibitor omacetaxine is an FDA-approved drug that targets translational 

output and is being tested for efficacy in cancer patients (O'Shaughnessy et al., 2018) 

(Rosshandler et al., 2016). We tested omacetaxine in combination with the CDK4/6 

inhibitor palbociclib, which suppresses cell cycle progression and is commonly used as 

part of combination therapy in the treatment of metastatic breast cancer (Turner et al., 

2015). Omacetaxine/palbociclib (Figure 3.9G-H) showed significantly increased efficacy 

against RPL15-CTCs compared to control cells. Thus, simultaneous targeting of both 

translation and proliferation pathways may have improved efficacy in suppressing the 

aggressive subset of CTCs with high expression of RP genes, raising the possibility of 

molecularly designed therapeutics.       
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Figure 3.9: High ribosomal protein expression in CTCs correlates with worse 
prognosis in patients and may be inhibited by translational and proliferation 
inhibitors. (A) RNA sequencing from CTCs enriched from whole blood with the iChip 

microfluidic device and isolated as single cells or clusters. Expression values represent 

log10(RPM+1), and the dataset was median polished. Dendrogram represents 

unsupervised clustering of primary single CTCs or CTC clusters for the 2000 most 

variant genes within the dataset. Color bar identifies individual patients. Highlighted box 

represents a subset of CTCs with coordinately expressed RP genes. (B) GSEA for 

Reactome and KEGG gene sets of the genes found in the highlighted box in part A. (C) 

Heat map of the expression level of selected E2F target genes. Dendrogram represents 

supervised clustering of the CTC samples based on RP gene expression. OS bar 

indicates whether patient was alive one year after CTC sample collection. Cluster bar 
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(Continued) represents whether the CTC was a single cell or cluster. Color bar 

illustrates metagene analysis of core RPs, a proliferation signature, and E2F targets, 

and associated p values. (D) GSEA of genes that correlate with worse overall survival. 

Upper diagram represents the -log10(Cox2 proportional hazard ratio p value) for each 

gene found within the gene sets listed in the lower panel. (E) Kaplan-Meier analysis of 

the overall survival for patients with high average RP gene expression versus low 

average RP gene expression. The RP-high and RP-low subgroups were determined 

based on average RP gene expression for each patient blood draw. P value determined 

by log rank test. (F) Proportion of single CTCs or CTC Clusters within the RP-high and 

RP-low Subsets (upper panels) and proportion of RP-high or RP-low CTCs that are 

single CTCs or clusters (lower panels). P values calculated using a binomial test. (G) 

Heat map representing relative cell number for RPL15-CTCs and control treated with 

increasing doses of palbociclib and omacetaxine. (H) Dose response curve for RPL15-

CTCs and control treated with increasing doses of palbociclib and omacetaxine. Shaded 

region represents the difference between RPL15-CTCs and control across tested 

concentrations of palbociclib. Error bars represent SD. ***: p<0.001, **: p<0.01, *: 

p<0.05, NS: p>0.05. 
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Figure 3.10: Ribosomal protein expression is coordinate in the first CTC cohort. 
Supervised clustering of breast CTC samples based on RP gene expression. RP genes 

are listed in order of decreasing variance in expression across the entire dataset. 
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Figure 3.11: RP-high CTCs have increased proliferation and E2F target 
expression in the first CTC cohort. Dot plot analysis of the mean log10(RPM +1) for all 

genes included in the indicated gene set: (A) core ribosomal proteins, (B) proliferation 

signature, (C) Hallmarks of Cancer E2F targets. 
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Figure 3.12: Ribosomal protein expression is coordinate in the second CTC 
cohort. Heat map of the expression level of RP genes and selected E2F target genes. 

Dendrogram represents supervised clustering of the CTC samples based on RP gene 

expression. Color bar illustrates metagene analysis of core ribosome proteins, E2F 

targets, and associated p values. 
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Figure 3.13: RP-high CTCs have increased E2F target expression in the second 
CTC cohort. Dot plot analysis of the mean log10(RPM +1) for all genes included in the 

indicated gene set: (A) core ribosomal proteins, (B) proliferation signature, (C) 

Hallmarks of Cancer E2F targets. 
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Figure 3.14: Ribosomal proteins are correlated with worse patient outcome. (A) 

Volcano plot of the log2(hazard ratio) versus the -log10(FDR) demonstrating genes 

correlating with better or worse overall survival. Highlighted are genes with hazard ratio 

>1.25 and FDR <0.25. (B) GSEA demonstrating enrichment for structural constituents of 

the ribosome. 

 

Table 3.1: Overlap Between Genes Correlating with Poor Prognosis in the CTC 
Dataset and Publicly Available Datasets 
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Figure 3.15: Ribosomal protein expression correlates with poor prognosis in 
primary tumors. Progression free survival of breast cancer patients with high or low 

average RPL (A) or RPS (B) expression from the KM Plotter website. High and low 

expression is defined as above or below the median expression value. 

 

Discussion: 

Using two independent genome-wide analyses—an in vivo CRISPRa screen for pro-

metastatic genes in a mouse model as well as unsupervised clustering of single-cell RNA 

sequencing of freshly isolated CTCs from breast cancer patients—we demonstrate that 

coordinated RP overexpression is a critical determinant of CTC proliferation and 

metastasis. These findings are consistent with the deregulation in cancer of the mTOR 

and MAPK oncogenic signaling pathways which regulate global translation (Mamane et 

al., 2006) (Topisirovic and Sonenberg, 2011). In the same vein, classical studies 

demonstrate that the translation initiation factors eIF4A, eIF4E and eIF4G are amplified 

in cancer, and that their activation can drive oncogenic transformation and metastasis 
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(Robichaud et al., 2015) (Robichaud et al., 2018) (Lazaris-Karatzas et al., 1990) (Avdulov 

et al., 2004). MTOR scored as a hit in our CRISPRa screen, but the initiation factors were 

not enriched, possibly reflecting the fact that our in vivo CRISPRa screen may not have 

been saturating. Genome-wide in vivo CRISPRa screening has not been previously 

reported, and the complexity of using metastatic propensity as a readout may have limited 

the ability to achieve saturation. In addition to known regulators of translation, the 

production of specific tRNA pools has been associated with proliferation and 

transformation (Gingold et al., 2014). However, the potent effect of structural RP 

deregulation on tumorigenesis and metastasis is unexpected. Inherited defects in these 

genes, termed ribosomopathies such as Diamond-Blackfan anemia, lead to failure of 

hematopoiesis (Mills and Green, 2017), and altered expression of individual RPs has 

been reported in some cancers (de Las Heras-Rubio et al., 2014) (Wang et al., 2006) 

(Wang et al., 2001). The mechanisms whereby increased expression of a single RP, 

RPL15, can lead to selectively increased translation of other structural RPs and 

transcripts mediating proliferative programs remain to be defined. Potential hypotheses 

include altered concentration of ribosome levels combined with transcript-specific 

differences in translational efficiency, as observed in yeast (Cheng et al., 2019) and in a 

model of Diamond-Blackfan anemia (Khajuria et al., 2018), alterations in ribosome 

composition which shift the translational preference of those ribosomes (Shi et al., 2017), 

or extra-ribosomal functions of RPs (Warner and McIntosh, 2009). Finally, while standard 

pre- and post-surgical adjuvant therapies can reduce metastatic breast cancer 

recurrence, this remains a major clinical challenge in high risk breast cancer, including 

HR+ breast cancer that can recur after an exceptionally long disease-free interval (Pan 
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et al., 2017). The identification of a well-demarcated subset of CTCs associated with an 

adverse prognosis and marked by high ribosomal content and potential susceptibility to 

the combination of cell cycle and translational inhibitors raises the possibility of targeting 

metastatic-competent cancer cells in circulation. 

 

Future studies dictated by these findings focus on understanding the mechanism by which 

individual RPs alter translation and on targeting RP-high CTCs in vivo. Mechanistically, 

polysome profiling and ribosome immunoprecipitation will illuminate whether RP 

overexpression leads to increased ribosomal affinity for particular mRNA transcripts or 

the formation of alternative ribosomes, respectively. Clinically, drug regimens, potentially 

combining translational and proliferation inhibitors, should be tested for ability to inhibit 

RP-high cells with increased metastatic potential in preclinical, in vivo models of CTCs 

and disseminated tumor cells. We are already pursuing some of these future directions, 

as described in Chapter 5, with the hope of further exploring the novel roles of ribosomal 

proteins in promoting metastasis.  
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Abstract:  

Several transcription factors and epigenetic modifiers were identified in the targeted 

analysis of the in vivo genome-wide CRISPR activation screens described in Chapter 2. 

Among these, expression of ID3, a negative regulator of bHLH transcription factors, was 

able to efficiently increase metastatic growth in multiple breast cancer CTC models. 

Knockdown of 10 bHLH transcription factors potentially inhibited by ID3 identifies several 

targets whose loss phenocopy ID3 overexpression, including ARNTL2, a transcription 

factor involved in circadian clock signaling. Consistent with these findings, ID3 and 

ARNTL2 expression correlate with negative and positive clinical outcome, respectively, 

in triple negative breast cancer, suggesting that clinical intervention targeting these genes 

and downstream pathways may suppress metastasis in this aggressive breast cancer 

subtype.  

 

Introduction: 

Aberrant transcriptional activity is a hallmark of cancer. Altered transcriptional programs 

promote the ability of cancer cells to excessively proliferate, resist death, evade the 

immune system, invade the vasculature, and induce angiogenesis, among many other 

tumorigenic behaviors (Hanahan and Weinberg, 2011). As such, identification of the 

molecular regulators of deregulated transcription will provide greater insight into pathways 

involved in tumorigenesis and suggest novel targets for clinical intervention.  
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Two key classes of proteins leading to aberrant transcriptional regulation are the 

transcription factors themselves, which bind to specific DNA consensus sequences in the 

genome and either promote or inhibit gene expression, and epigenetic modifiers, which 

modify histones to make the genome more or less accessible to the transcription factors 

and the RNA polymerases. These processes are tightly regulated and defects in their 

activity has the potential to cause  broad changes in gene expression which contribute to 

various stages of tumorigenesis (Lee and Young, 2013). Such transcriptional changes 

are particularly important in the metastatic cascade, during which a tumor cell must 

acquire (and, in some cases, then lose) new phenotypes to survive in the new 

environments of the blood and of colonized distal sites. Of particular interest are 

transcriptional changes that occur in disseminated tumor cells (DTCs), allowing these 

cells to grow out at distant sites and form metastatic lesions. While the vast majority of 

DTCs do not ever go on to form metastatic lesions, others can enter a proliferative state, 

sometimes many years after dissemination. That DTCs can cause recurrence after many 

years suggests activation of transcriptional pathways promoting growth and survival; 

indeed, oncogenic kinases, such as Src and MEK1/2, have previously been shown to 

promote DTC outgrowth via activation of their downstream transcription factors (El Touny 

et al., 2014), while particular transcription factors, such as NR2F1, can inhibit DTC 

outgrowth by inducing dormancy (Borgen et al., 2018). Given the potential to inhibit late 

metastatic recurrence, identification of additional gene regulators capable of promoting 

DTC outgrowth remains an area of active interest. However, evaluating the transcriptional 

profiles of the either circulating tumor cells (CTCs) or DTCs has been limited by the rarity 
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of these cells and the lack of robust technologies to enrich them intact in a viable state to 

culture them ex vivo.  

 

ID proteins 

Basic Helix-Loop-Helix (bHLH) proteins represent a large family of transcriptional 

regulators, most of which are transcription factors. As their name suggests, bHLH proteins 

have two primary domains: the HLH domain, which mediates dimerization with other HLH 

proteins, and the basic domain, which binds specific DNA sequences. To promote 

downstream signaling, bHLH proteins must homo- or hetero-dimerize via their HLH 

domains, thereby bringing two basic domains together to identify and bind target regions 

of the DNA. With more than 100 members, the bHLH superfamily comprises transcription 

factors responsible for signaling for a wide array of downstream pathways, including, but 

not limited to, cell type differentiation, proliferation, metabolism, stem cell maintenance, 

and circadian clock patterning (Jones, 2004). 

 

The Inhibitor of DNA-binding (ID) proteins represent a unique class of the bHLH proteins 

which functions by limiting bHLH activity. Each of the four ID family members (ID1-ID4) 

lacks a basic domain, preventing DNA binding. As such, ID-bHLH binding serves to 

sequester the bHLH protein in question, and ID proteins act as negative regulators of 

other bHLH proteins. The most well-described ID partners are the E proteins (E12/47 

(TCF3), E2-2 (TCF4), and HEB (TCF12)), which comprise a class of bHLH proteins with 

ubiquitous expression, and canonically, ID inhibition of E proteins induces increased 
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progression through the cell cycle and decreased senescence signaling (Wang and 

Baker, 2015). However, ID proteins can inhibit other bHLH proteins as well, and while all 

four ID proteins have strong binding interactions with E proteins, the individual ID proteins 

have interactions of varying strength with other bHLH proteins. 

 

Given their ability to regulate the diverse downstream functions of bHLH transcription 

factors, the ID proteins have long been implicated in tumorigenesis, primarily in an 

oncogenic role (Lasorella et al., 2014). ID expression has been correlated to advanced 

stage and poor prognosis within many cancers, and often, specific members of the ID 

family are correlated to specific cancer types (Lasorella et al., 2014). Moreover, ID 

members, particularly ID1 and ID3, have also been linked to promoting metastasis. 

Several studies have shown that breast cancer cells with enhanced metastatic propensity 

in the lungs have increased levels of ID1, and silencing of ID1 or ID3 reduces metastasis 

to the lungs (Minn et al., 2005) (Gupta et al., 2007). Additionally, ID proteins have been 

shown to promote a more epithelial state in cells. One mechanistic explanation for this 

phenomenon is via inhibition of the E protein E47, a direct repressor of E-cadherin (Bolos 

et al., 2003) (Xu et al., 2009). Additionally, ID1 has been shown to inhibit the bHLH protein 

Twist1, whose signaling promotes a more mesenchymal state, resulting in increased 

outgrowth of breast cancer DTCs (Stankic et al., 2013). Beyond these findings, however, 

little else has been reported on the molecular mechanisms whereby ID proteins may 

induce progression through the metastatic cascade. 
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Circadian Clock Proteins 

One class of bHLH proteins comprises transcription factors that are components of the 

circadian clock. The circadian clock is an autoregulatory feedback loop which cycles with 

some periodicity, canonically roughly 24 hours. The core features of the circadian clock 

include activators, which signal for, among other targets, repressors, which limit activity 

of the activators. Notably, the canonical activators, CLOCK, NPAS2, BMAL1, and 

ARNTL2, are all bHLH proteins. Heterodimerization of CLOCK (or NPAS2) with BMAL1 

(or ARNTL2) allows for DNA binding and transcriptional activation. While the downstream 

transcriptional activity of the possible heterodimers is not perfectly redundant, all signal 

for some combination of the repressor proteins: Per1, Per2, Per3, Cry1, and Cry2 (Sasaki 

et al., 2009). Besides the clock repressors, the circadian clock heterodimers regulate a 

wide range of cellular processes, including progression through the cell cycle, apoptosis, 

DNA repair, metabolism, and immunological response (Sasaki et al., 2009). 

 

Though circadian clock genes have diverse downstream targets, little work has been 

done exploring the role of circadian clock genes in cancer. Clock genes have been 

reported as dysregulated in several cancer types, including colorectal, ovarian, and 

breast, with decreased expression of clock genes correlating with tumor progression in 

each of these cases (Sasaki et al., 2009) (Mazzoccoli et al., 2011) (Yeh et al., 2014) 

(Cadenas et al., 2014). Mechanisms for this decreased expression have included 

mutations in clock genes and epigenetic silencing via promoter hypermethylation 

(Alhopuro et al., 2010) (Yeh et al., 2014), and in breast cancer patient samples, decreased 

clock gene expression was associated with increased expression of proliferative genes, 
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suggesting that loss of clock control may result in deregulated cell growth (Cadenas et 

al., 2014). Notably, in addition to dysregulation at the genetic and epigenetic levels, the 

bHLH clock proteins may be regulated at the protein level, with ID1, ID2, and ID3 (though 

not ID4) being able to bind and inhibit clock bHLH proteins (Ward et al., 2010). Given the 

correlation between low clock gene expression and cancer, further study into mechanistic 

roles of these genes in tumorigenesis is of great interest, especially given the involvement 

of clock genes in myriad pathways known to be related to tumorigenesis and progression 

through the metastatic cascade. 

 

Materials and Methods: 

CTC cell culture: CTCs were grown in suspension in ultra-low attachment plates 

(Corning) in tumor sphere media, consisting of RPMI-1640 with GlutaMAX supplemented 

with EGF (20ng/mL), FGF (20ng/mL), 1X B27, and 1X antibiotic/antimycotic (Life 

Technologies), in 4% O2, as previously described (Jordan et al., 2016) (Yu et al., 2014). 

CTC lines were routinely checked for mycoplasma (MycoAlert, Lonza), and were 

authenticated by RNA-seq and DNA-seq.  

 

Lentivirus production: HEK293T cells were grown in high-glucose DMEM 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were 

transfected with pMD2.G, psPAX2, and target plasmid using Lipofectamine 2000. 24h 

after transfection, the media was changed. Virus supernatant was harvested 48h post-

transfection, filtered through a 0.45µm PVDF filter, concentrated with Lenti-X 

Concentrator (Clontech), aliquoted, and stored at -80°C. 
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Lentiviral transduction: 5x105 CTCs were transduced with lentivirus in 6-well plates in 

2mL media supplemented with 6µg/mL Polybrene. 24h after infection, media was 

changed. 72h after infection, cells were selected using blasticidin (10µg/mL) or puromycin 

(3µg/mL) for 7 days. Lentiviral titers were determined by infected cells with 6 different 

volumes of lentivirus and counting the number of surviving cells after 7 days of selection. 

 

Validation agar studies: Lentiviral expression constructs for ID3 (Accession: 

BC003107), SIRT1 (Accession: BC012499), SIX4 (Accession: EU446844), SMYD2 

(Accession: BC098305), SMYD4 (Accession: BC035077), STAT5A (Accession: 

BC027036), TAF2 (Accession: BC146379), ZIC2 (Accession: BC172274), and ARNTL2 

(Accession: BC125062) were obtained from the CCSB-Broad Lentiviral Expression 

Library and the CCSB Human ORFeome Collaboration. Above ORFs in Gateway Entry 

vectors were transferred into empty lentiviral vector with V5 tag (Addgene #25890) or with 

stop codon (Addgene #41390) using LR Clonase II enzyme mix (Invitrogen). CTCs 

expressing GFP and luciferase were infected with these plasmids or with empty vector as 

described above. 4,000 Brx-82 or 2,000 Brx-142 CTCs for each condition were seeded 

in soft agar 6-well plates containing 0.35% SeaPlaque agarose (Lonza) in tumor sphere 

media. Additional sphere media was added to wells every 3 days. After 1 month, low-

power images of each well were taken, and tumor sphere growth was quantified by 

automated script. 

 



87 
 

Validation mouse studies: 5x105 cells expressing ID3 or empty vector were injected into 

the tail veins of 4 female NSG mice per sample. Mice were anesthetized with isoflurane, 

and a 90-day release 0.72mg estrogen pellet (Innovative Research of America) was 

implanted subcutaneously behind the neck of each mouse. Metastatic growth was 

measured bi-weekly via in vivo imaging using the IVIS Lumina II (PerkinElmer) following 

intraperitoneal injection of D-luciferin (Sigma). Mice were sacrificed at 20 weeks, and 

lungs, ovaries, and femurs were harvested into 10% formalin for 24h for fixation prior to 

immunohistochemistry. For orthotopic injections, 2.5x105 cells expressing ID3 or empty 

vector were mixed into 1:1 Growth Factor Reduced Matrigel (Corning) and cell media and 

injected into each of the fourth mammary fat pads of 4 female NSG mice per sample.  

 

Agar growth assays: 2,500 Brx-82, 1,000 Brx-142, or 1,000 Brx-330 CTCs for each 

condition were seeded in soft agar 96-well plates containing 0.35% SeaPlaque agarose 

(Lonza) in tumor sphere media. Additional sphere media was added to wells every 3 days. 

Growth was quantified using the CellTiter-Glo 3D cell viability assay (Promega). 

 

siRNA agar screening: siRNA pools containing 4 siRNAs against TCF3 (M-009384-00-

0005), ARNTL2 (M-009284-01-0005), TCF12 (M-006356-01-0005), AHR (M-004990-01-

0005), HES1 (M-007770-01-0005), CLOCK (M-008212-00-0005), SREBF2 (M-009549-

00-0005), ARNT (M-007207-01-0005), NCOA3 (M-003759-02-0005), or USF2 (M-

003618-00-0005) were obtained from Dharmacon, as well non-targeting siRNA pools #1 

(D-001206-13-05) and #2 (D-001206-14-05). Lipofectamine RNAiMAX (Thermo Fisher) 
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and siRNA were added to Brx-82, Brx-142, or Brx-330 CTCs, per manufacturer’s 

instructions. After 72 hours, 2,500 Brx-82, 1,000 Brx-142, or 1,000 Brx-330 CTCs for each 

condition were seeded in soft agar 96-well plates containing 0.35% SeaPlaque agarose 

(Lonza) in tumor sphere media. Additional sphere media was added to wells twice weekly. 

Additional Lipofectamine RNAiMAX and siRNA were added to cells every 7 days. Growth 

was quantified using the CellTiter-Glo 3D cell viability assay (Promega).  

 

Western blot analysis: Western blot analysis was performed on whole cell extracts 

prepared with RIPA buffer. Proteins were separated on 4-15% polyacrylamide gradient-

SDS gels (Bio-Rad), and transferred onto Nitrocellulose membrane (Invitrogen). 

Immunoblots were visualized with Enhanced Chemiluminescence (Perkin-Elmer). 

Primary antibodies were used against GAPDH (1:2000; Millipore ABS16) and ID3 

(1:1000, Biocheck BCH-4/17-3). 

 

Quantitative Realtime PCR: Total RNA was isolated using RNeasy Mini Kits (Qiagen). 

RNA was reverse transcribed using Superscript III First Strand Synthesis Supermix 

(Invitrogen). TaqMan probe and primer sets for ID3 and GAPDH were used 

(ThermoFisher Biosciences). Values represent the ratio of the relative quantity of ID3 to 

the relative quantity of GAPDH.  
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Results: 

Selection of ID3 for downstream studies  

As described in Chapter 2, we identified eight transcription factors for which multiple 

single guide RNAs were enriched in the CRISPR activation screens. 

We then sought to narrow down the list of targets for validation and for downstream 

mechanistic analyses. Of particular interest to us was the ability of a disseminated tumor 

cell to form a metastatic lesion, as the vast majority of disseminated tumor cells do not 

grow into metastases. Moreover, in breast cancer, dormant or slowly cycling 

disseminated tumor cells can reactivate many years after removal of a primary tumor, 

causing late metastatic relapse. In order to find an in vitro correlate to the ability of 

disseminated tumor cells to form tumors, we made use of 3D-agar growth experiments, 

reasoning that growth from single cells in agar is analogous to outgrowth from single 

disseminated cells in the lungs. To exclude sgRNA- or CRISPR-specific effects, we used 

a CMV promoter-driven, lentiviral encoded vector to ectopically express the eight 

transcription factors and epigenetic modifiers identified in Chapter 2 (ETV4, ID3, SIRT1, 

SIX4, SMYD2, SMYD4, STAT5A, ZIC2). Within agar, only overexpression of ID3 and 

STAT5A resulted in increased growth versus control (Figure 4.1). Overexpression of 

ETV4 resulted in non-viable CTCs, suggesting that high expression via the CMV promoter 

was toxic. That the other five targets did not result in increased growth in agar suggests 

that these targets promote a separate aspect of the metastatic cascade from outgrowth 

as a single disseminated cell. The relevance of STAT signaling to metastatic progression 

is well established (Thomas et al., 2015) and the magnitude of STAT5A-induced growth 

versus control was low, so we decided to focus on the role of ID3 in promoting metastasis. 
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Figure 4.1: ID3 or STAT5A overexpression leads to increased CTC agar growth. 
Agar growth of Brx-142 CTCs overexpressing transcription factors or epigenetic 

modifiers identified via CRISPR activation screen. Total growth was quantified one 

month after seeding cells. 

 

Validation of ID3 CRISPR activation screening results 

We first confirmed overexpression of ID3 in our CTCs, noting that both Brx-82 and Brx-

142 have undetectable levels of ID3 at baseline (Figure 4.2). We then tested ID3-

overexpressing CTCs (ID3-CTCs) in the tail vein injection model, finding that ID3 

overexpression led to significantly increased metastatic potential in both Brx-82 and Brx-

142, as determined by total body bioluminescence. This validated the ID3 results of the 

CRISPR activation screens, for which ID3 was a hit in both the Brx-82 and the Brx-142 
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screens (Figure 4.3). To extend these results beyond direct intravascular inoculation of 

CTCs, we tested the effect of ID3 overexpression on orthotopic tumor formation in the 

mammary fat pad. For both Brx-82 and Brx-142, ID3-CTCs generate primary tumors at 

similar rates as control cells (Figure 4.4). That ID3 overexpression in breast cancer CTCs, 

across multiple genetic backgrounds, greatly promotes the growth of CTCs injected into 

the vasculature without greatly promoting the growth of CTCs injected orthotopically 

suggests that ID3 specifically promotes the metastatic potential of CTCs. These in vivo 

findings, together with increased soft agar growth of ID3-CTCs, suggest that ID3 

promotes the outgrowth of disseminated tumor cells.  

Figure 4.2: ID3 overexpression. Western blot of ID3 expression in Brx-82 and Brx-142 

ID3-overexpressing CTCs. GAPDH as a loading control.  
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Figure 4.3: ID3 expression promotes metastasis. Whole body luminescence 

monitoring of NSG mice injected via tail vein with Brx-82 (left panel) or Brx-142 (right 

panel) CTCs overexpressing ID3. Each data point represents mean luminescence from 

at least 4 mice and is presented as mean and SEM. 

Figure 4.4: ID3 overexpression does not promote orthotopic mammary tumor 
growth. Luminescence monitoring of luciferase-labelled ID3-CTCs or control injected 

orthotopically into the mammary gland of NSG mice. Each data point represents mean 

luminescence from at least 4 tumors and is presented as mean and SEM. 
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ID3 knockdown in TNBC CTCs reduces colony formation  

Previous work has demonstrated that ID3 is elevated in triple negative breast cancer 

(TNBC) and that ID3 correlates with adverse outcome in TNBC (Gupta et al., 2007). At 

baseline, Brx-82 and Brx-142, which are derived from women with hormone-receptor 

positive (HR+) breast cancer, have undetectable levels of ID3. However, two recently-

derived TNBC CTC cultures, Brx-330 and Brx-401, have readily detectable levels of ID3. 

Knockdown of ID3 expression in both Brx-330 and Brx-401 reduces growth in agar 

(Figure 4.5), suggesting that ID3 is necessary for TNBC growth, complementing the 

results observed with ID3 overexpressing HR+ CTCs which show increased tumor 

formation. ID3 overexpression promoting the growth of HR+ CTCs and its knockdown 

inhibiting the growth of TNBC CTCs in agar suggests that ID3 is necessary for CTC agar 

outgrowth. 
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Figure 4.5: Suppression of ID3 inhibits agar growth in TNBC CTCs.  
(A) Quantification of knockdown of ID3 using two different small hairpins against ID3 in 

Brx-330 (left panel) and Brx-401 (right panel). (B) Colony formation in soft agar of the 

TNBC CTC cultures Brx-330 (left panel) and Brx-401 (right panel) following ID3 

knockdown. 

 

Identification of potential bHLH transcription factors inhibited by ID3   

ID3 functions as a negative regulator of bHLH transcription factors, inhibiting bHLH 

downstream transcriptional signaling. In the absence of ID3, bHLH transcription factors 

dimerize, bringing together two DNA binding domains which then may bind to target DNA 

sites. ID3 is able to dimerize with bHLH transcription factors; however, ID3 lacks a DNA 

binding domain, and the ID3-bHLH dimer is unable to bind to DNA. Interestingly, unbound 
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bHLH transcription factors are ubiquitinated and degraded by the proteasome, but ID3-

bound bHLH transcription factors are protected from proteasomal degradation, leading to 

accumulation (Trausch-Azar et al., 2004). As such, we reasoned that ID3 overexpression 

promotes metastasis via binding to particular bHLH proteins and that ID3-mediated 

sequestration would result in higher levels of these bHLH proteins than in control cells. In 

order to identify candidate bHLH targets bound to ID3, we evaluated proteomics and 

RNA-sequencing data derived from ID3- CTCs, specifically interrogating for bHLH 

transcription factors whose expression is elevated in these cells compared with the 

control cells. 23 bHLH transcription factors are detected by both proteomics and RNA-

seq in ID3-CTCs. Of these, 12 bHLH transcription factors have at least 30% increased 

protein levels in ID3-CTCs, while 0 have at least 30% decreased protein levels; the 

remaining 11 have protein level changes less than 30% in either direction from control 

(Table 4.1). RNA-sequencing data did not demonstrate altered levels of these targets, 

indicating that their regulation may be at the protein level, consistent with ID3 

sequestration preventing degradation of these targets. 
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Table 4.1: Protein levels of bHLH transcription factors rise after ID3 
overexpression. Fold change of bHLH transcription factors detected by both proteomics 

and RNA-seq in Brx-142 ID3-CTCs. Fold change represents protein or RNA expression 

in ID3-CTCs divided by expression in control cells. 
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siRNA screening identifies ARNTL2 as an inhibitor of CTC colony formation 

Because ID3 overexpression results in increased CTC metastatic growth and because 

ID3-bHLH binding results in inhibition of the bound bHLH transcription factor, we 

reasoned that knockdown of relevant bHLH proteins would result in increased CTC 

growth, mimicking inhibition by ID3. In order to identify such bHLH proteins relevant to 

the ID3-induced pro-metastatic phenotype, we conducted siRNA screens on bHLH 

proteins identified via our proteomics analysis. Specifically, we selected the top 10 most 

enriched bHLH proteins in ID3-CTCs versus control, knocked down expression of these 

targets using siRNA pools against each gene in both Brx-82 and Brx-142, and measured 

subsequent CTC growth in agar. The screens demonstrate that knockdown of any of 

several targets, including ARNTL2, NCOA3, and ARNT, increases growth compared with 

controls in both CTC lines, with ARNTL2 emerging as the top bHLH growth-inhibiting 

transcription factor (Figure 4.6). To extend these results to TNBC, we applied the same 

siRNA pool targeting ARNTL2 to the Brx-330 CTC line, finding that ARNTL2 knockdown 

again resulted in increased growth versus controls (Figure 4.7). Notably, ARNTL2 

knockdown was more efficacious in enhancing TNBC growth in cells which also had small 

hairpin knockdown of ID3 than in control cells expressing a nontargeting shRNA, 

consistent with an inhibitory role of ID3 on ARNTL2 activity. ARNTL2 is a poorly studied 

bHLH transcription factor previously shown to be involved in circadian clock signaling and 

hypoxia. The results of our siRNA screens suggest that ARNTL2 inhibits CTC agar 

growth, representing a novel role for ARNTL2 as a gene involved in the inhibition of 

progression through the metastatic cascade.  
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Figure 4.6: siRNA screening identifies ARNTL2 knockdown as able to increase 
HR+ CTC growth in soft agar. Soft agar growth of Brx-82 (left panel) or Brx-142 (right 

panel) CTCs after siRNA knockdown of bHLH transcription factors.  

 

Figure 4.7: Knockdown of ARNTL2 increases TNBC CTC growth in soft agar. Soft 

agar growth of Brx-330 previously expressing shRNA against a nontargeting sequence 

(left panel) or ID3 (right panel) after siRNA knockdown of ARNTL2.  

 

ID3 and ARNTL2 correlate with patient outcome in TNBC 

In order to examine the clinical relevance of ID3 and ARNTL2, we surveyed their 

expression in the Genome Data Commons TCGA breast cancer cohorts. Within this 
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dataset, high ID3 expression predicts reduced overall survival (OS) (p = 0.001) (Figure 

4.8A). Matching previous reports, ID3 expression is slightly higher in estrogen receptor 

negative (ER-) samples than in ER+ samples (p = 0.045) (Figure 4.9), and restricting the 

analysis to ER- patients results demonstrates that high ID3 expression in ER- patients 

continues to predict decreased OS (p = 0.015) (Figure 4.8B). ARNTL2, on the other hand, 

does not predict reduced OS across the entire dataset (p = 0.618) (Figure 4.10A). 

However, ARNTL2 expression is strikingly higher in ER- samples (p = 5.039 x 10-23) 

(Figure 4.11), and restricting the analysis to ER- patients demonstrates that high ARNTL2 

expression in ER- patients predicts increased OS (p = 0.028) (Figure 4.10B). In a second 

publicly available breast cancer dataset, though neither ID3 nor ARNTL2 was correlated 

to relapse free survival (RFS) across all patients, we observed that among ER- patients, 

high ID3 expression predicts reduced RFS (p = 0.011) while high ARNTL2 expression 

predicts increased RFS (p = 0.002) (Figure 4.12). Taken together, these results suggest 

that in ER- breast cancer, ID3 expression predicts negative clinical outcome, while 

ARNTL2 expression predicts positive clinical outcome, matching our in vitro and in vivo 

data. 
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Figure 4.8: ID3 expression predicts negative prognosis in breast cancer. Overall 

survival data of breast cancer patients with high or low average ID3 expression from all 

tumors (A) or restricted to ER- tumors (B) in the Genome Data Commons TCGA breast 

cancer cohort. High and low expression is defined as above or below the median 

expression value. 

Figure 4.9: ID3 expression is higher in ER- tumors than ER+ tumors. ID3 

expression in ER+ or ER- tumors in the Genome Data Commons TCGA breast cancer 

cohort.   
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Figure 4.10: ARNTL2 predicts positive prognosis in ER- tumors. Overall survival 

data of breast cancer patients with high or low average ARNTL2 expression from all 

tumors (A) or restricted to ER- tumors (B) in the Genome Data Commons TCGA breast 

cancer cohort. High and low expression is defined as above or below the median 

expression value. 

Figure 4.11: ARNTL2 expression is higher in ER- tumors than ER+ tumors. 
ARNTL2 expression in ER+ or ER- tumors in the Genome Data Commons TCGA breast 

cancer cohort. 
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Figure 4.12: A second clinical dataset mirrors ID3 and ARNTL2 correlative 
findings from TCGA. Progression free survival of ER- breast cancer patients with high 

or low average ID3 (A) or ARNTL2 (B) expression from the KM Plotter website. High 

and low expression is defined as above or below the median expression value. 

 

Discussion: 

We have demonstrated that in vivo CRISPR activation screening for pro-metastatic genes 

identifies ID3 as capable of promoting metastatic potential of breast cancer CTCs, at least 

in part through dysregulation of a transcription factor known to be involved with circadian 

clock signaling. This finding is consistent with previous studies of ID3, demonstrating that 

ID3 is necessary for lung metastasis in breast cancer models (Minn et al., 2005) (Gupta 

et al., 2007). Our study builds upon those findings in suggesting that ID3 primarily 

promotes the outgrowth of disseminated tumor cells (DTCs), shedding light on a poorly-

understood aspect of the metastatic cascade. Moreover, our study identifies inhibition of 
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ARNTL2 by ID3 as a key determinant of this outgrowth, suggesting that inhibition of 

circadian clock signaling may promote metastasis. Several correlative studies have 

connected dysregulation of circadian clock signaling to tumorigenesis (Sasaki et al., 

2009) (Mazzoccoli et al., 2011) (Yeh et al., 2014) (Cadenas et al., 2014), but little 

functional work has been reported to better characterize this connection. In addition to 

demonstrating that inhibition of ARNTL2 promotes metastasis, we identify that this 

dysregulation may occur at the protein level, complementing previous studies identifying 

mutational and transcriptional dysregulation of the circadian clock genes and suggesting 

that circadian clock dysregulation may be more common than previously identified by 

genetic and transcriptomic studies. Circadian clock signaling affects many downstream 

pathways potentially relevant to tumorigenesis, including cell proliferation, metabolic 

status, survival, and invasion (Sasaki et al., 2009), and it remains to be determined which, 

if any, of these pathways contribute to metastatic suppression by clock signaling. Notably, 

clinical data from TCGA and other databases suggest that ID3 and ARNTL2 signaling are 

most relevant to triple negative breast cancer (TNBC), which has worse prognosis than 

other breast cancer subtypes and for which clinical interventions have proven less 

effective. As such, a deeper understanding of whether circadian clock pathways 

contribute to tumorigenesis is particularly important to the study of TNBC. Moreover, 

given the recent development of ID3 inhibitors for clinical use, our work suggests 

promising avenues for successful clinical intervention in TNBC. 

 

Future studies dictated by these findings focus on elucidating the role of circadian clock 

dysregulation in metastasis and on targeting ID3 in vivo. Transcriptomic, proteomic, and 
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epigenetic studies of tumor cells after modulation of circadian signaling will identify 

tumorigenic pathways regulated by the various members of the circadian clock, and in 

vitro and in vivo functional assays will illuminate the particular stages of tumorigenesis 

and the metastatic cascade affected by circadian clock signaling. Clinically, the recently-

developed ID1/ID3 inhibitors should be tested for ability to inhibit formation of metastasis 

in preclinical, in vivo models of CTCs and DTCs. We are already pursuing some of these 

future directions, as described in Chapter 5, with the hope of further exploring the 

contributions of circadian clock dysregulation in promoting metastasis. 
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Discussion: 

Given that metastasis accounts for the vast majority of deaths from cancer, it is clear that 

greater insight into molecular mechanisms contributing to cancer progression, including 

the various stages of the metastatic cascade, is necessary to improve therapeutic 

intervention. Progression through the metastatic cascade is a complex and challenging 

process for a cancer cell, and cellular pathways coopted for this process represent 

opportunities for clinical management of metastasis. In particular, circulating tumor cells 

(CTCs) offer a unique model to study the metastatic process, as they represent the subset 

of precursors which has successfully begun the process of spreading through the body.  

 

Recent advances in CTC isolation have allowed for the capture of intact and viable CTCs, 

enabling single cell transcriptomic analysis of CTCs as well as ex vivo culturing of CTCs 

representing tumor cells derived from early and late stages of metastasis. These ex vivo 

cultures, by harboring the mutations which have evolved through multiple courses of 

therapy and the gene expression modules representative of particular stages of the 

disease, provide an unprecedented tool to interrogate pathways involved in metastasis  

(Karabacak et al., 2014) (Ting et al., 2014) (Miyamoto et al., 2015) (Jordan et al., 2016). 

This has led to a rapid growth in our understanding of CTC biology, with the identification 

of deregulated genes in these metastatic precursors and the identification of 

heterogenous tumor cell populations which exhibit different molecular dependencies and 

therapeutic vulnerabilities. Using a negative depletion microfluidic approach, our 

laboratory has been able to  propagate ex vivo cultures of  CTCs from breast cancer and 

melanoma patients (Yu et al., 2014) (Jordan et al., 2016) (Hong et al., unpublished data). 



109 
 

These CTC lines, which represent physiologically-relevant models with which to study 

metastasis, have allowed for a wide range of in vitro and in vivo experiments studying 

patterns of CTC heterogeneity, proliferation, and resistance.  

 

Separate from recent advances in CTC biology, recent advances in CRISPR/Cas9 

technologies have allowed for the development of effective and specific tools to activate 

or inactivate transcription of target genes. Moreover, these tools have been used to build 

genome-wide lentiviral libraries, capable of identifying genes which affect target 

phenotypes in an unbiased way. These genome-wide CRISPR libraries have thus-far 

been used to effectively identify genes affecting many in vitro phenotypes, notably 

including genes mediating drug resistance in cancer cells (Shalem et al., 2014) (Wang et 

al., 2014) (Konermann et al., 2015) (Joung et al., 2017). However, few studies have been 

reported of use of any genome-wide CRISPR libraries in vivo, and those which have been 

reported have only used classical CRISPR knockout, rather than CRISPR activation or 

inactivation (Chen et al., 2015). As such, the application of these novel CRISPR screening 

technologies to complex phenotypes which can only be studied in vivo, such as 

metastasis, will advance our understanding of these complex phenotypes.  

 

Through the combination of physiologically-relevant CTC lines and novel genome-wide 

CRISPR screening technology, this thesis identified novel mediators of metastasis, as 

well as the molecular pathways coopted by these mediators. As described in Chapter 2, 

genome-wide CRISPR activation screens were carried out in vivo, allowing for the 
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identification of genes which enhance the metastatic potential of CTCs. These screens 

were carried out using two CTC lines derived from breast cancer patients, allowing for the 

identification of genes capable of enhancing metastatic potential across the varied genetic 

backgrounds of the two cell lines. Notably, these screens represent the first genome-wide 

CRISPR activation screens to be reported. As expected, the vast majority of genes did 

not enhance the metastatic potential of CTCs, with only a few hundred genes scoring 

highly in both cell lines. Among these genes are known oncogenes, validating the screen. 

Interestingly, however, some of the targets identified have not been implicated in 

metastasis and thus, represent novel genes capable of mediating progression through 

the metastatic cascade.  

 

A first group of top hits from the screens comprises individual ribosomal proteins (RPs), 

specifically RPL15, RPL35, and RPL13. As described in Chapter 3, overexpression of 

these RPs, especially RPL15, resulted in increased metastasis, with RPL15-

overexpressing CTCs (RPL15-CTCs) generating significantly more and significantly 

larger lung and ovarian metastases. Ribosomal profiling to understand mechanisms by 

which RPL15-CTCs may generate more metastases reveal that RPL15-CTCs have 

increased translation of both E2F family genes involved with proliferation and nearly all 

other ribosomal proteins, suggesting that RPL15 overexpression leads to increased 

creation of ribosomes and increased proliferative signals. Single-cell RNA-sequencing of 

breast cancer patient CTCs reveals a subset of primary CTCs with high expression of 

ribosomal proteins and high expression of proliferation genes, matching our in vitro 

ribosomal profiling studies. Notably, presence of CTCs with high ribosomal protein 
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content predicts poor clinical outcome, matching our in vivo studies. Finally, we find that 

RPL15-CTCs are more sensitive than control cells to combination therapy involving 

translation and proliferation inhibitors, suggesting the possibility of pharmacologically 

targeting highly metastatic CTCs. In sum, this study identifies ribosomal proteins as novel 

markers of CTCs with increased metastatic potential, suggests mechanisms by which 

high expression of RPs may contribute to metastasis, and identifies therapeutic 

opportunities to target this metastatic subset.  

 

A second group of top hits from the screens includes transcription factors and epigenetic 

modifiers, which may be particularly necessary for the ability of a cancer cell to 

interconvert between the various cell states necessary to progress through the metastatic 

cascade. As described in Chapter 4, notable among this group of targets is ID3, a 

negative regulator of bHLH transcription factors. CTCs overexpressing ID3 (ID3-CTCs) 

demonstrate increased soft agar growth in vitro and increased metastatic growth in vivo. 

Proteomic analysis of ID3-CTCs identifies several putative ID3-binding bHLH 

transcription factors, and siRNA screening suggests that inhibition of ARNTL2, a 

transcription factor involved with circadian clock signaling, can increase metastatic 

growth. Clinically, in triple negative breast cancer, high expression of ID3 predicts 

negative outcomes and high expression of ARNTL2 predicts positive outcomes, matching 

our in vitro data. In sum, this line of study identifies ID3 expression as promoting the 

metastatic potential of CTCs and identifies inhibition of ARNTL2, and perhaps subsequent 

inhibition of circadian clock signaling, as a novel mechanism by which CTCs may gain 

increased metastatic potential.  
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Next steps 

The findings described in each chapter of this thesis suggest novel avenues for additional 

study. Some of these next experiments have already been begun by me or by others in 

our group, and completion of these studies will surely expand upon both the breadth and 

depth of work described in this thesis.  

 

Successful completion of the genome-wide CRISPR activation screens described in 

Chapter 2 suggests several additional directions for expansion of CRISPR screening in 

CTCs. First, as mentioned, the CRISPR activation screens conducted in this study 

screened a minimum of 300 cells per single guide RNAs (sgRNAs) in the screening 

library, a common minimum screening threshold. However, considering both the 

heterogeneity inherent within our CTC lines and the additional noise present in vivo 

versus in vitro, it is highly likely that the screens were not saturating. As such, there are 

likely other mediators of metastatic potential in CTCs that were detected as hits in only 

one of the two CTC lines or that were not detected at all. Repeating these screens with 

expanded numbers of cells so as to account for the increased noise in our system would 

allow for increased progress towards saturation and towards a more comprehensive 

identification of genes capable of promoting metastasis. Second, since the completion of 

the described CRISPR activation screens, additional genome-wide CRISPR activation 

screening libraries have been described (Sanson et al., 2018). sgRNA design and 

targeting within these newer libraries have been optimized to take advantage of the most 

current knowledge of CRISPR activation technology to maximize gene activation and 

minimize off-target effects. As such, these new screening libraries represent more 
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powerful tools to conduct such genome-wide screens, and they should be used to more 

effectively screen the whole genome. Third, in addition to CRISPR activation, CRISPR 

inactivation can be used to identify genes which, when knocked down, increase the 

metastatic potential of CTCs. Such genome-wide CRISPR inactivation screening would 

complement the work described in this thesis, identifying genes with metastasis-

suppressing functions. Indeed, I have already completed analogous genome-wide 

CRISPR inactivation screens using the same two breast cancer CTC lines and identified 

several transcription factors and epigenetic modifiers which inhibit CTC metastatic 

potential, though mechanistic studies to understand the molecular underpinnings of this 

inhibition are still in their infancy.  

 

The finding that deregulation of RP expression and translation promotes breast cancer 

metastasis, as described in Chapter 3, leads to several interesting avenues of 

downstream study, both mechanistic and clinical. Mechanistically, a clear route for 

additional study is to develop a deeper understanding of how a single RP can lead to 

increased translation of additional RPs and proliferative genes. Several possibilities, as 

described in Chapter 3, include the creation of additional ribosomes and subsequently 

increased translation (with preference for particular transcripts); creation of alternative 

ribosomes, each of which has differential preference for particular transcripts; or extra-

ribosomal function of RPs. Interestingly, it has been shown that RPL15 and RPL35 are 

nucleating factors for the assembly of the large subunit of the ribosome, suggesting that 

availability of these factors may be a rate-limiting step in ribosomal assembly (Granneman 

et al., 2011) (Sanghai et al., 2018). We are currently conducting polysome profiling and 
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total translation studies to determine whether RPL15-CTCs have increased ribosomal 

content or translational activity; additional studies could include immunoprecipitation of 

ribosomes followed by mass spectrometry to identify alternative ribosomes or non-

ribosomal bound proteins. Clinically, more exploration is warranted towards 

pharmacological targeting of RP-high CTCs, as they appear to be more correlated with 

metastasis. We show that combination therapy with translational and proliferation 

inhibitors is more effective against RPL15-CTCs in vitro; next steps involve translating 

these findings in vivo and identifying drug concentrations which achieve maximal 

efficaciousness with minimal toxicity from therapy. Additionally, identification of additional 

drugs and drug combinations capable of targeting RP-high CTCs, both in vitro and in vivo, 

will shed mechanistic light on the increased metastatic potential of these cells, as well as 

expand our arsenal against them.  

 

The findings that ID3 promotes metastasis and that ARNTL2 inhibits metastasis, as 

described in Chapter 4, also lead to mechanistic and clinical avenues for future study. 

Mechanistically, while the work described in this thesis describes the results of ID3 

expression, it does not identify the mechanisms whereby ID3 may be upregulated in 

CTCs, and the signals and transcriptional pathways activating ID3 (or other ID family 

members) are yet to be elucidated. Perhaps more interestingly, there is much to learn 

about the contribution of circadian clock signaling to tumorigenesis and metastasis. 

Deeper studies to identify which circadian clock bHLH transcription factors, like ARNTL2, 

suppress metastatic potential, as well as what pathways are coopted by these factors are 

needed. Considering the small body of literature connecting the circadian clock to 
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tumorigenesis, there is much to study in terms of mechanisms of circadian clock 

dysregulation as well as the downstream pathways that are activated or inactivated as a 

result of this dysregulation. Initial approaches to this can involve “omics” studies after 

modulation of clock genes, including RNA-seq, proteomics, and ChIP-seq, in CTCs or 

other cells of interest. Clinically, an inhibitor of ID1 and ID3 has recently been described, 

and this inhibitor, known as AGX-51, should be explored in metastasis models. AGX-51 

operates via binding to the HLH domain of ID1/ID3 and sequestering ID1/ID3, in much 

the same way that ID1/ID3 bind to and sequester bHLH transcription factors. In recent 

pre-clinical studies, AGX-51 has demonstrated efficacy when used in combination with 

paclitaxel at reducing metastatic burden in mice (Garland et al., 2013). The work 

described in this thesis supports these findings and suggests that AGX-51 or derivatives 

may be useful in the targeting or suppression of both CTCs and disseminated tumor cells. 

Additional studies to determine the effects of AGX-51 treatment on circadian clock 

signaling are also warranted in order to determine whether its anti-metastatic effects are 

due, at least in part, to restoration of circadian signaling.  

 

Conclusion 

The data described in this thesis demonstrate our approach as a successful way to 

identify novel mediators of metastasis via the careful merging of physiologically-relevant 

CTC models and novel genome-wide CRISPR screening technology. Moving forward, we 

envision that widespread adoption of such physiologically-relevant models and expansion 

of the quality and versatility of such CRISPR screening technologies will allow for the 

identification of additional genes and pathways critical to survival in the blood, 
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extravasation, and survival and growth at distant sites, as well as to many other oncogenic 

phenotypes. Taken together, such findings will expand our understanding of the complex 

process by which a tumor cell passes through each step of the metastatic cascade. More 

importantly, these findings will suggest novel opportunities for therapeutic intervention 

aimed at targeting cancer cells in the process of metastasizing.  
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