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Abstract

Circulating tumor cells (CTCs) are shed into the bloodstream from primary tumors, but only a
small subset generates metastases. We conducted an /7 vivo genome-wide CRISPR activation
screen in breast cancer patient-derived CTCs to identify genes that promote their distant metastasis
in mice. Genes coding for ribosomal proteins and regulators of translation were enriched in this
screen. Overexpression of RPL15, which encodes a component of the large ribosomal subunit,
increased metastatic growth in multiple organs and selectively enhanced translation of other
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ribosomal proteins and cell cycle regulators. RNA-sequencing of freshly-isolated CTCs from
breast cancer patients revealed a subset with strong ribosome and protein synthesis signatures;
these CTCs expressed proliferation and epithelial markers and correlated with poor clinical
outcome. Therapies targeting this aggressive subset of CTCs may merit exploration as potential
suppressors of metastatic progression.

Circulating tumor cells (CTCs) shed into the bloodstream from primary tumors sustain
physical, oxidative and other environmental stresses before disseminating to distant organs,
where only a small subset may be competent to generate metastatic tumors (1, 2). For
hormone receptor-positive (HR+) breast cancer, which may recur at distal sites many years
after tumor resection and adjuvant therapy (3), defining the mechanisms that regulate
survival and proliferation of CTCs presents an opportunity to suppress such delayed
metastatic recurrence. Using a microfluidic platform to enrich viable CTCs from the blood
of patients with HR+ metastatic breast cancer, we generated a panel of ex vivo CTC cultures
that are highly tumorigenic when injected into the mammary fat pad of immunodeficient
NSG mice (4-7). After direct intravenous tail vein injection, however, CTCs that are trapped
in the lung fail to generate metastatic tumors for up to 6 months, in contrast to standard
human breast cancer cell lines, such as MDA-MB-231-LM2 (Fig. 1A).

The absence of blood-borne lung metastasis by patient-derived, tumorigenic breast cancer
cells provides an experimental system to identify genes in CTCs that promote metastases.
We therefore conducted a genome-wide CRISPR activation (CRISPRa) screen using the
synergistic activation mediator system; this system combines modified single guide RNAs
(sgRNAs) and a catalytically inactive Cas9 (dCas9) to localize protein transactivators to the
promoter of a target gene, resulting in gene-specific transcriptional activation (8). The screen
included 70,290 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 of sgRNAs and injected into mice via tail vein (Fig.
1B). Two months after tail vein injection, the mice were sacrificed, and, because of the low
background of metastatic burden in lungs in this model, bulk lung tissue from each mouse
was sequenced to identify enriched sgRNAs. The majority of SRNAs exhibited reduced or
no representation, while a small set showed significant enrichment compared to input
(Supplemental Data S1). Genes were scored using an algorithm calculating the level of
enrichment of corresponding sgRNAs 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 were established oncogenes or genes involved in
processes critical to cancer progression, including transcriptional and translational
regulation, cellular motility, and cell cycle progression (Fig. 1C), thus supporting the validity
of the screen. Among the protein synthesis-related hits were MTOR and RPS6KA5 and
several structural components of the large subunit of the ribosome, RPL15 (eL15), RPL35
(uL29), and RPL13 (el 13) [revised ribosomal protein nomenclature (9)], with RPL15
ranking tenth across the entire genome (Fig. 1D). These three structural ribosomal proteins
(RP) cluster on the solvent-exposed surface near the exit tunnel on the back of the 60S
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ribosome, and they physically interact with each other (10, 11) (Fig. 1E, fig. S1). Given their
unexpected link to metastasis, we chose these RPs for further study.

To exclude sgRNA- or CRISPR-specific effects, we first validated the effects of RP
expression on metastasis using a cytomegalovirus (CMV) promoter-driven, lentiviral
encoded vector to ectopically express these proteins in CTCs, followed by tail vein injection
of the cells (fig. S2). Three-fold ectopic expression of RPL15 in a cultured CTC line
(RPL15-CTCs) dramatically increased metastatic burden in mice as determined by total
body bioluminescence (Fig. 2A). Consistent with its lower sgRNA enrichment, RPL35 also
increased metastatic burden, but to a lesser extent than RPL15. In contrast, RPL8 (uL2),
which was not a top hit in our screen, did not increase metastatic burden, indicating that the
pro-metastatic phenotype is not a general property of all RPs. Histological analysis of the
lungs from RPL15-CTC inoculated mice showed an increase in the number of metastatic
lesions, with a strong shift from single cells to multicellular foci (p = 0.0299) (Fig. 2, B and
C). Mice injected with RPL15-CTCs also developed massive ovarian metastases, compared
with small nodular ovarian lesions in control animals (Fig. 2B). A similar increase in the
number and size of metastatic lesions was observed in mice injected with RPL35-CTCs (fig.
S3). The increased tumor burden correlated with increased proliferation (Ki-67), rather than
reduced apoptosis (cleaved caspase-3) (Fig. 2D and fig. S4). To extend these observations
beyond direct intravascular inoculation of CTCs, we tested the effect of RPL15
overexpression after orthotopic tumor formation in the mammary fat pad. RPL15-CTCs
generated primary tumors of similar size as control, but their spontaneous lung metastases
were strikingly increased in number (average 8.2-fold increase in the number of metastatic
foci, p = 0.0088), consistent with strongly enhanced metastatic potential (Fig. 2, E and F).
Together, these findings establish RPL15 as a potent positive regulator of /n vivo metastatic
potential in breast cancer CTCs.

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 (12). Altered
expression of an individual component, such as RPL15, may alter ribosome translational
efficiency, either globally or for specific subsets of mRNAs (13). We performed ribosomal
profiling in control and RPL15-CTCs to determine the global ribosome occupancy of
mMRNA transcripts, identify changes in translational preference, and calculate the
translational efficiency for any given transcript (ratio of ribosome-bound mRNA to total
mRNA) (14) (Fig. 3A and fig. S5). Consistent with ectopic expression, RPL15-CTCs
showed an 8-fold increase in total RPL15transcripts and a 12-fold increase in ribosome-
protected RPL15transcripts. 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 < 0.05). Gene Set Enrichment Analysis (GSEA) of these ribosome-
protected transcripts identified other RP genes and regulators of translation as the most
highly enriched ribosome-protected signatures in RPL15-CTCs (Fig. 3B).

Virtually all 76 core ribosomal proteins, from both the large and small subunits, were
markedly increased (mean 1.6-fold) among the ribosome-protected transcripts (Fig. 3C),
suggesting that overexpression of RPL15 leads to coordinate translational upregulation of
the core RPs (Fig. 3D). While a conserved 5 UTR (untranslated region) element in the RP
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genes is known to drive the stoichiometric coordination of RPs (15, 16), the ability of a
single RP to drive translation of all other RPs is unexpected. To validate these ribosome-
protection experiments, we conducted polysome profiling and found that, compared with
control CTCs, RPL15-CTCs had an increased proportion of RP transcripts within the
polysome fractions (fig. S6A). Polysome profiling also identified a significant increase in the
global polysome-to-monosome ratio in RPL15-CTCs (fig. S6, B and C), indicating a global
enhancement in the proportion of ribosomes found within polysomes, in addition to the
specific enrichment for RP transcripts. Indeed, RPL15-CTCs had increased total RNA, a
reflection of increased ribosomal RNA (rRNA) content, which accounts for the majority of
cellular RNA (17) (fig. STA). Finally, RPL15-CTCs had increased global translational
activity, as measured by O-propargyl-puromycin (OP-Puro) and L-Azidohomoalanine (L-
AHA\) incorporation, two orthogonal measures of total cellular translation (Figure S7B-C).

In addition to the RP genes, GSEA of ribosome-protected transcripts from RPL15-CTCs
identified cell proliferation pathways, including downstream targets of the transcription
factor E2F, as highly enriched among ribosome-protected signatures (Fig. 3E). The absence
of E2F pathway enrichment by total cellular RNA-sequencing confirmed that upregulation
of this proliferative program represents increased translational efficiency (Fig. 3, F to G).
Quantitative proteomic analysis of E2F targets identified a positive correlation between
ribosomal occupancy of E2F target mRNAS and protein level, confirming a functional effect
of RPL15-induced increased translational efficiency (fig. S8). The RPL15-induced
proliferative signature is not correlated with increased £RBBZ2 expression and therefore is
independent of the previously-reported heterogeneity of Her2 protein expression in breast
CTCs (7). Together, these findings demonstrate that overexpression of the ribosomal
structural protein RPL15 augments global protein translation, with a selectively enhanced
impact on translation of transcripts encoding other RPs and proliferation programs.

The CTC-iChip microfluidic device (4) enables isolation of rare viable CTCs directly from
whole blood specimens of patients with cancer, with RNA quality compatible with single-
cell RNA sequencing (RNA-seq) (18-20). We interrogated RNA-seq profiles of 135 freshly
isolated single CTCs or CTC-clusters from 45 patients with HR+ metastatic breast cancer:
unsupervised clustering based on the 2000 most variant genes revealed a subset of CTCs
with strikingly increased expression of multiple RP genes (Fig. 4A). GSEA of the genes
driving this subset clustering demonstrated highly significant enrichment for RP genes and
genes involved with translational regulation (FDR ranging from 1072° to 1073%) (Fig. 4A).
Supervised clustering of CTCs based on expression of RP genes confirmed coordinate
expression of the core RPs, allowing division of the clinical dataset into CTCs with RP-high
(33% of all patient-derived CTCs) and RP-low gene expression (67%) (fig. S9). RP-high
versus RP-low expression in patient-derived CTCs was again highly correlated with
expression of E2F targets (p = 9.2 x 10713) and a proliferation signature (p = 8.1 x 1074) (21)
(Fig. 4B and fig. S10). To validate these findings, we interrogated a second, independent
cohort of single-cell RNA-seq data that we had previously derived from 109 CTCs
individually isolated from 33 patients with metastatic breast cancer (7). As in our first
cohort, expression of RP genes clearly identified 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 = 9.4 x 10713) (fig. S11 and fig. S12).
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Primary CTCs exhibit heterogeneous expression of epithelial and mesenchymal markers
(22), and among these cells, the RP-high subset had significantly increased epithelial
markers and decreased mesenchymal markers (Fig. 4B). To explore the link between
epithelial-to-mesenchymal transition (EMT) and protein translation, we assessed
translational changes in the canonical EMT model of transforming growth factor-p (TGF-B)
treatment in MCF10A breast epithelial cells (23). Indeed, EMT induction by TGF-f in these
cells suppressed global translational activity and rRNA expression (fig. S13, A to B).
Polysome profiling revealed depletion in gene sets related to RPs and translation (fig. S13C).
The coordinated and pronounced suppression in translation of RP transcripts (89% of RPs
translationally downregulated, median downregulation of 1.25-fold) was accompanied by a
smaller decrease in total RP mRNA content (76% of RPs transcriptionally downregulated,
median downregulation of 1.06-fold), suggesting that EMT primarily mediates translational
downregulation of RPs (fig. S13, D to E). Thus, in cancer cells circulating in the blood,
persistent epithelial cell fate is associated with higher protein translation and proliferative
potential.

Clinical outcome data were available for the first cohort of patients, making it possible to
interrogate CTC single-cell RNA-seq data for markers correlated with patient survival
(Supplemental 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) (fig.
S14A). These genes overlapped significantly with genes associated with adverse outcomes
in multiple published datasets (table S1). GSEA of these adverse outcome genes revealed
highly significant enrichment of protein synthesis pathways and of the RPs themselves (e.g.
FDR = 3.98 x 10772 for Reactome: Translation) (fig. S14, B to C). High mean expression of
all RP genes was associated with significantly worse OS (HR: 3.4, p = 0.0078) (Fig. 4C), as
was elevated expression of RPLI5itself (HR: 3.4, p = 0.011) (fig. S15). Consistent with the
contribution of RPL15 to cellular heterogeneity in advanced metastatic phenotypes, this
correlation was less evident within bulk primary breast cancer tissues, although in one
dataset (24), high RP expression was correlated with reduced Progression Free Survival
(PFS) (RPL (large subunit): HR: 1.34, p = 0.00023; RPS (small subunit): HR: 1.34, p =
0.00057) (fig. S16).

The enhancement of tumorigenesis by eukaryotic initiation factors (elFs) and other
functional regulators of translation (12, 25-28) has led to the suggestion that targeting the
translational machinery may be selectively toxic to malignant cells (29, 30). The FDA-
approved translational inhibitor omacetaxine prevents the initial elongation step of protein
synthesis by occupying the A-site cleft and preventing proper aminoacyl-tRNA positioning
(31, 32). We found that omacetaxine inhibited global translation in breast cancer CTCs (fig.
S17A). In combination with the cyclin-dependent kinase (CDK) 4/6 inhibitor palbociclib,
which suppresses cell cycle progression and is used in breast cancer treatment (33),
omacetaxine showed significantly increased efficacy against RPL15-CTCs compared to
parental CTCs /n vitro (Fig. 4D and fig. S17B). To extend these results to an /7 vivo mouse
model, we used intracardiac injections to maximize mouse metastatic burden. In this model,
omacetaxine-palbociclib treatment showed dramatically increased efficacy against
metastases derived from RPL15-CTCs compared to parental CTCs (Fig. 4E). These early
results suggest that simultaneous therapeutic targeting of the cell translational machinery
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and cell proliferation pathways may merit investigation as a method to suppress an
aggressive subset of CTCs that are characterized by high expression of RP genes.

Based on two convergent lines of evidence—an /n vivo CRISPRa screen for pro-metastatic
genes in a mouse model and unsupervised clustering of single-cell RNA-seq from human
breast cancer CTCs—we propose a model whereby the epithelial state mediates translational
upregulation of RPs and regulators of cellular proliferation, thus contributing to the
metastatic propensity of CTCs. The direct role of structural RPs in this phenotype extends
the previously established contributions of mTOR and MAPK oncogenic signaling pathways
(34, 35), translation initiation factors elF4A, elF4E and elF4G (26, 27, 36, 37), and specific
tRNA pools (38). /n vivo genome-wide CRISPRa screening for a complex phenotype is
unlikely to be saturating for all genes modulating protein translation, but the identification of
hits in structural RP genes points to a previously unappreciated regulatory role of these
genes.

Enlarged nucleoli, resulting from aberrant ribosomal biosynthesis, were first observed in
cancer cells over 100 years ago (39) and germline mutations in RP genes, including RPL15,
cause the cancer-associated ribosomopathy Diamond-Blackfan anemia (DBA) (40).
Increased expression of some RPs has been reported in tumor specimens (41-43), although
its significance has been unclear. In addition to demonstrating the functional consequences
of RP expression on metastasis, our observation that RPL15 overexpression increases
ribosomal content and global translation has mechanistic implications. Ribosome biogenesis
is a highly coordinated process between rRNAs, RPs and assembly factors, with RPs
implicated as critical platforms for ribosome assembly (44). In yeast, both Rpl15 and Rpl35
are recruited by ribosome assembly factors, including Nop4, Nop7, and Erb1, to establish a
critical large subunit assembly platform, and both also bind rRNA at critical domain
interfaces during pre-60S assembly (45, 46), suggesting that Rpl15 and Rpl35 may be rate-
limiting for large subunit formation. Importantly, in both yeast and a model of DBA, altered
ribosome concentrations lead to transcript-specific differences in translational efficiency (13,
47). While our data point to a RPL15-dependent increase in total ribosomal content, we
cannot exclude the possibility of RPL15-specific effects leading to altered ribosome
composition or extra-ribosomal RP functions (48, 49).

Finally, while mesenchymal cell states are associated with cancer cell migration,
proliferative potential is correlated with epithelial phenotypes and the mesenchymal-to-
epithelial transition (MET) (50). Indeed, our work suggests that the increased ribosomal
content in epithelial cell fates may contribute to their enhanced metastatic potential. The
identification of a well-demarcated subset of breast cancer CTCs defined by high ribosomal
content and conferring an adverse prognosis raises the possibility of pharmacologic targeting
of metastatic-competent cancer cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. In vivo genome-wide CRISPR activation screen.
(A) Left panel: Whole body bioluminescence monitoring of NSG mice injected via tail vein

with GFP-luciferase tagged CTC lines or MDA-MB-231-LM2 cells (n = 3 mice per cell
line). Right panel: Representative images of the bioluminescent signal at day 22 and
corresponding lung histologic sections stained with anti-GFP to identify tumor cells. Scale
bar: 100um. (B) Diagram of /in vivo CRISPR activation screening in CTCs. (C)
Classification of known functions of the top 250 genes identified in the combined screen
ranking. (D) Distribution of combined screen scores, demonstrating that only the top few
hundred genes are enriched. Top genes related to translation are highlighted. (E) Crystal
structure of the large and small subunits of the eukaryotic ribosome (11) highlighting the
locations of RPL13, RPL15, and RPL35 as well as direct RPL13:RPL35 and RPL15:RPL35
interactions. Ribosome structural features indicated include the central protuberance (CP),
exit channel and L1 stalk.
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Fig. 2. Validation of pro-metastatic effect of RPL 15 overexpression.
(A) Left panel: Whole body luminescence monitoring of NSG mice injected via tail vein

with CTCs overexpressing RPL8, RPL13, RPL15, or RPL35 (n =4 mice per group). Curve
fit by least squares method. P values calculated by the extra sum-of-squares F test. 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 200um; Middle panel 50pum;
Right panel 2mm. (C) Quantitation of the number and size of tumor foci per cm? identified
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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) Fold
change in tumor bioluminescence after mammary fat pad injections of RPL15-CTCs or
control at the terminal time point of day 78 (n = 4 mice per group, 2 tumors per mouse). (F)
Quantitation of the number of tumor foci per cm? identified by anti-GFP staining of lung
histologic sections from mice after orthotopic injection of RPL15-CTCs or control. Error
bars represent SEM. P values calculated by two-tailed unpaired Student’s t test. ***:
p<0.001, **: p<0.01 *: p<0.05, NS: p>0.05.
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Fig. 3. RPL 15 overexpression promotestranslation of coreribosomal proteinsand E2F pathway

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 ribosomal/translational GO gene sets and associated FDR values are shown.
(C) Heat map representing the fold change of RPL15-CTCs relative to control for each RP

Ribosome Protected

gene for total RNA sequencing and ribosome profiling. Upper panel represents RPL proteins
and lower panel represents RPS proteins. (D) Scatter plot representing the translational

efficiency of individual RP gene transcripts. The y-axis represents the log,(fold change in

RNA-seq), and the x-axis represents the logy(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 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 values are shown. (F) Heat map representing fold

change of RPL15-CTCs relative to control for each gene within the Hallmark E2F Targets
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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.
(G) Scatter plot representing the translational efficiency of individual transcripts within the
Hallmark E2F Targets gene set. The y-axis represents the logy(fold change in RNA-seq), and
the x-axis represents the logy(fold change in ribosome profiling). The shaded region
represents transcripts that have increased translational efficiency relative to the level of the
transcript. Ribosome profiling was performed in duplicate.
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Fig. 4. Heterogeneity of RP expression in primary patient CTCs correlateswith wor se clinical
outcome and sensitivity to trandlational and cell cycle inhibition:

(A) Upper panel: RNA-seq from CTCs enriched from whole blood with the iChip
microfluidic device and isolated as single cells or clusters. Expression values represent
log;19(RPM+1), and the dataset was median polished. Dendrogram represents unsupervised
clustering of 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. Lower panel: GSEA for KEGG and Reactome gene sets of the genes found in the
highlighted box. (B) Heat map of the expression level of selected E2F target genes, epithelial
markers and mesenchymal markers. 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. Color bar illustrates metagene analysis of core RPs, a
proliferation signature, E2F targets, and an EMT signature and associated p values. (C)
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
calculated by log rank test. (D) Dose response curves 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. (E)
Whole body luminescence monitoring of NSG mice after intracardiac injection with RPL15-
CTCs or control and treatment with placebo or a combination of palbociclib and
omacetaxine (n = 4-5 mice per condition). Error bars represent SEM. Curve fit by least
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squares method. P values calculated by the extra sum-of-squares F test. ***: p<0.001, **:
p<0.01, NS: p>0.05.
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