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Abstract

Most cancer deaths are due to metastatic dissemination to distant organs. Bone is the most
frequently affected organ in metastatic prostate cancer and a major cause of prostate cancer
deaths. Yet, our partial understanding of the molecular factors that drive bone metastasis has
been a limiting factor for developing preventative and therapeutic strategies to improve patient
survival and well-being. Although recent studies have uncovered molecular alterations that occur
in prostate cancer metastasis, their functional relevance for bone metastasis is not well understood.
Using genome wide CRISPR activation and inhibition screens we have identified multiple
drivers and suppressors of prostate cancer metastasis. Through functional validation, including
innovative organ-on-a-chip invasion platform for studying bone tropism, our study identifies

the transcriptional modulator CITED2 as a novel driver of prostate cancer bone metastasis and
uncovers multiple new potential molecular targets for bone metastatic disease.
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INTRODUCTION

Metastasis is the ultimate cause of death in most solid tumor cancers, including prostate
cancer. A better understanding of the molecular mechanisms that drive its development may
lead to more effective therapies. In prostate cancer, the major site of metastasis is bone

[1, 2]. Yet, bone metastasis has been particularly challenging to study given difficulties in
generating model systems in which these metastases develop spontaneously in the whole
organism [3, 4].

In the past decade, multiple studies have documented the molecular landscape of prostate
cancer primary tumors and metastases [5-9]. Among the many genomic alterations that have
been described, relatively few are more frequently observed in metastasis versus primary
tumors, and even fewer have been functionally linked to metastasis [10]. Moreover, given
that most metastatic patients receive treatment before any biopsy has been obtained for
molecular analysis, it remains difficult to discern whether the observed genomic alterations
are relevant for promoting metastasis or arise as a consequence of treatment. Given that
multiple transcriptomic and epigenetic differences have been observed between metastases
and primary tumors, their functional modeling can be relevant to identify drivers of
metastasis.

New technologies have recently emerged that allow transcriptional modulation of gene
expression from the endogenous loci of genes, bypassing potential limitations imposed by
the expression of exogenous genes. Indeed, the CRISPR/Cas9 system with a catalytically
dead Cas9 enzyme (dCas9) coupled to transcriptional co-activators or co-repressors allows
specific sgRNAS to be targeted to a particular promoter of interest, to achieve gene activation
(CRISPRa) or inhibition (CRISPRI), respectively [11, 12]. The generation of genome-scale
sgRNA libraries has further allowed multiple unbiased screening approaches to study the
molecular drivers of complex phenotypes, including metastasis [13]. Although potentially
very powerful, such screening approaches have had limited applicability on the genome
scale /n vivo, given the large numbers of tumor cells that need to be infected to maintain
their adequate representation in libraries, as well as the complex subclonal dynamics that
occur /n vivothat may lead to significant variability of the relative distribution of SgRNAS
[13-17].

In this study we have taken advantage of the relatively large size of the mouse prostate

that allows for implantation of large numbers of cells and engineered human non-metastatic
prostate cancer cell lines for activation or inhibition of gene expression to perform unbiased
epigenetic genome-wide, forward /n vivo screens of treatment-naive tumors to identify the
drivers and suppressors of metastasis. Our results indicate CITEDZ2 as a novel driver of bone
metastasis in prostate cancer.
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RESULTS

Generation of CRISPRa and CRISPRi non-metastatic human cell lines for infection with
genome-wide libraries.

In order to identify drivers of metastasis, we selected 22Rv1, which was originally

obtained from a primary prostatic carcinoma rather than metastatic tissue, as is the case

for most other prostate cancer cell lines. 22Rv1 is an AR-positive, castration-resistant
human prostate carcinoma cell line derived from the CWR22 xenograft [18, 19], that is
inherently non-metastatic and has not been reported to metastasize to distant organs when
implanted orthotopically into immunodeficient nude mice [20]. To account for potential
subclone variability, we generated two clonal sublines from 22Rv1 cells expressing the
necessary components for CRISPR-activation (CRISPRa) or CRISPR-inhibition (CRISPRi)
strategies, as previously described [11]. Briefly, the nuclease-dead Cas9 enzyme was stably
expressed along with a transcriptional activator complex (known as the sunCas9 system) for
CRISPRa, or a transcriptional repressor domain (dCas9-KRAB) for CRISPRi. We confirmed
the potential for transcriptional activation or inhibition of these cell lines by transducing
lentiviral constructs expressing previously validated sgRNAs targeting CXCR4 or GSK3B,
respectively (Figure 1A).

To confirm the inherently non-metastatic nature of the clonal CRISPRa/i derivatives, we
labeled these cells with a GFP-Luciferase lentiviral construct, infected them with a non-
targeting control sgRNA (sgControl) and implanted them into the prostates of nuade mouse
hosts. At the point of euthanasia (see Methods), mice were dissected and organs were
harvested and assayed for the presence of metastatic human cells using three independent
approaches.

We used ex-vivo fluorescence microscopy to visualize metastasis of GFP-expressing cells in
all organs and consistently did not observe any distant lung or bone metastases in any of the
mice injected with any of our cell line derivatives (Figure SLA-C, n=17 for CRa Clonel,;
n=24 for CRa Clone2; n=6 for CRi Clonel and n=6 for CRi Clone2). Local lymph-node
metastases were observed with varying frequencies in each of our cell line derivatives,
whereas metastasis to liver and pancreas were observed with low frequency in some cell
lines (Figure S1A).

We then employed ex-vivo bioluminescence imaging of multiple organs upon terminal
dissection of mice and confirmed that luciferase activity was largely confined to the
prostates of mice, with low levels sporadically detected at local lumbar lymph nodes but
not in lungs or bones (Figure S1B).

Finally, we used a sensitive qRT-PCR assay to amplify human Alu repeats [21] that also
confirmed the absence of human DNA at distant organs (Figure S1C), providing further
support that none of our cell line derivatives have the inherent ability to give rise to distant
metastasis.

Having confirmed that the sgControl infecfed CRISPRa/i prostate cancer lines do not
metastasize to distant sites, we sought to use these lines to identify genes that would
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promote the development of metastasis when implanted into the prostates of host mice
(Figure 1B). We used genome-wide libraries that would allow unbiased identification of
genes, rather than limiting our approach to libraries representing biological processes that
have been previously linked to metastasis. Specifically, we used genome-wide CRISPRa
libraries to identify genes whose overexpression would result in distant metastasis (therefore
defined as metastasis driver genes), as well as genome-wide CRISPRI libraries to identify
genes whose repression would result in metastasis (therefore defined as metastasis
SUppressor genes).

These CRISPRa and CRISPRi genome-wide v2 libraries [22] each contain 5 sgRNAs
targeting each of 18,915 genes (104,450 total sgRNAS) and 1895 non-targeting control
sgRNAs. The libraries were packaged into lentivirus and infected into target cell lines at a
low multiplicity of infection (0.3 — 0.5) such that the majority of the infected cells receive
no more than one sgRNA. CRISPRa and CRISPRI screens were each performed in triplicate
in each of the two independent 22Rv1-derived clones, totaling 12 replicate screens, n=6 for
CRISPRa and n=6 for CRISPRI.

Library-infected cell lines were selected for 72 hours in puromycin to remove uninfected
cells and 10 million cells per mouse were implanted into the prostates of 6-10 nude

mice per experiment, in three independent experiments. This resulted in 700-840X library
coverage, a desirable coverage for /n vivoscreens [11, 13]. Tumors were allowed to grow
until mice developed signs of illness (see Methods), at which point they were euthanized,
metastases were identified by ex-vivo fluorescence microscopy and primary and metastatic
tumors were harvested. We paid particular attention to bones, carefully removing muscle and
connective tissue surrounding the skeleton and fluorescent regions (as in Figure 1D) were
macrodissected.

The primary tumor weights were not different between sgControl- or sgLibrary-infected
cells in any of the screens performed (Figure S1D, two-tailed t-test), indicating that infection
of the different libraries had no overall impact on tumor growth. Kaplan-Meier curves
showed marginal differences in survival, with only CRISPRa libraries in Clone2 and
CRISPRiI libraries in Clonel cells having significantly decreased overall survival of mice
compared to sgControl infected cells (Figure S1F, P< 0.05 log-rank test).

The most notable observation in mice injected with either the CRISPRa or CRISPRi infected
cells was the presence of bone or lung metastases, with variable frequencies (Figure 1C,D,
Figure S1E). In particular, CRISPRa library infection of CRa-Clonel cells resulted in bone
metastasis in 8% of mice (n= 2/24) and in lung metastasis in 17% of mice (n= 4/24),
whereas injection of CRa-Clone2 cells resulted in lung metastasis in 18% of mice (n=

5/28). Infection of CRISPRI libraries in CRi-Clonel cells resulted in bone metastasis in

9% of mice (n=2/23) and lung metastasis in 26% of mice (n=6/23), whereas infection

of CRi-Clone2 cells resulted in bone metastasis in 5% of mice (n=1/21). These results

show that infection of CRISPRa or CRISPRI libraries into tumor cells that are inherently
non-metastatic leads to the development bone or lung metastasis.
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Identification of enriched sgRNAs in CRISPRa and CRISPRi metastasis screens.

Next, we sought to identify the metastasis driver and suppressor genes from the screens
described above by next-generation sequencing of the sgRNAs present in bone and lung
metastases. To this end, we extracted genomic DNA from macrodissected bone and lung
metastases, and from whole primary tumors, and amplified the sgRNAs from each sample
using a nested PCR approach that added sample barcodes and sequencing adaptors to allow
for pooled sequencing.

Of all the sgRNAs present in our libraries, 38-80% were still detectable in primary
tumors at the end of each replicate experiment, suggesting a high but variable conservation
of sgRNAs during tumor growth and consistent with previous studies showing loss of
SgRNA representation as tumors grow /7 vivo [13]. In contrast, we detected 0.1-5.1% of
sgRNAs in metastases (Figure S2A), showing high rates of selection compared to primary
tumors. We confirmed that over 99% of all the sgRNAs were present in both the initial
plasmid library used to generate lentivirus as well as in the infected cell lines prior to
orthotopic implantation (“t0 cells”) (Figure S2B), with the distribution of sgRNAs being
highly correlated between both samples (Pearson r= 0.78, P<0.001). The correlation of
read distributions between replicate experiments was low both in primary tumors and

in metastasis, as shown for the CRa Clonel experiment in Figure S2C, suggesting high
variability of subclonal growth dynamics.

Whereas most of the sgRNAs in primary tumors were homogeneously represented at low
levels (<5% of total reads per sample) (Figure 2B, Figure S2B), in metastases we identified
1-6 sgRNAs that represented more than 5% of all reads in a particular metastatic sample
(“top-represented” sgRNAS) (Figure 2B, C—F), suggesting that metastasis was driven by
only a few genes in each experiment. Indeed, none of the 1895 non-targeting SgRNA
controls that were present in each library were detected at these levels in metastatic samples,
suggesting that the identification of sgRNAs in metastases represent true ‘hits” and are

not due to chance. The identity of these hits is shown in Figure 2C—F along with their
representation in each replicate experiment.

We next compared the distribution of each sgRNA in bone or lung metastases to primary
tumors using the Mageck-RRA computational analysis tool [23]. This analysis identified
hundreds of significantly enriched sgRNAs (FDR p<0.001) (Table S3, Figure S2D) for
every condition. Importantly, 28 of the 32 top-represented sgRNAS in metastases were

also enriched in metastases compared to primary tumors (Figure S2D), implying that their
selection was not due to overrepresentation in the primary tumor. The exception to this was
noted in CRa Clone2 lung metastases, where four out of the six top-represented sgRNAS in
lung metastasis (ie, targeting ARF3, B3GAT3, FBX0O33and SCRTI) were not differentially
enriched compared to metastases.

While we observed little overlap between the identified SgRNAs in different experiments
(Figure 2G), in CRa Clonel 31% of significant SgRNAs in bone metastasis were also
significant in lung metastasis (Figure 2G) and one of these (targeting C/TEDZ2) was also
significantly enriched in lung metastases from Clone 2. Moreover, gene-level analysis
considering all 5 sgRNAs targeting every gene also identified C/TEDZ2as a significant hit,
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with 3 of the 5 sgRNAs significantly enriched in the CRa Clonel Bone metastasis screen
(Figure 2H, FDR-adjusted p=0.0025). We thus decided to focus our validation studies on
CITED2.

CITED2 drives bone metastasis in prostate cancer.

To validate CITED?2 as a potential driver bone metastasis in our CRISPRa screens, we
analyzed the consequences of CITED2 expression in bone metastasis using ex vivoand

in vivo approaches. First, we used novel organ-on-a-chip assays to study invasion of cell
lines into bone [24]. In these assays, primary tumor cells are introduced into a chip

where a circulating flow is separated from a chamber containing engineered bone by
engineered vascular barriers. Cells are cultured in this system, allowed to migrate through
the endothelium lining into the bone chamber, and the resulting invading cells are quantified
by their fluorescence emission (Figure 3A, see Methods).

In addition to the 22Rv1-CRa Clone 1 cells used for our screen, we overexpressed CITED2
cDNA in a second human prostate cancer cell line, LNCaP. Further, given the scarcity

of human models derived from primary tumors, we also used mouse cell lines derived

from non-metastatic primary tumors of the NP (Akx3—ICTERTZ: prarflithy and NPM (NP-
HiMyc) genetically engineered mouse models of prostate cancer (Figure S3A,B) [25, 26].
After 4 weeks of culture in this system, invasion of cells into the bone compartment

was significantly higher in all CITED2-overexpressing cells compared to their respective
controls (Figure 3A, p<0.05 two-tailed t test), indicating that CITED2 has a functional

role in promoting invasion to bone. Representative histological sections of the invaded
engineered bones from 22Rv1-CRa Clone 1 cells are shown in Figure 3A.

We further tested whether CITED2 would favor growth of tumor cells in bone by intratibial
implantation of 22Rv1-CRa Clonel CITED2 cells into SCID mice. Indeed, tumors with
CITED2 overexpression grew significantly larger than controls after 6 weeks growth

as shown in Figure 3B (p=0.0079, two-tailed Mann Whitney test, n=5). Representative
histological sections of the resulting tumors are shown in Figure S3C.

We confirmed that individual expression of CITED2 into non-metastatic 22Rv1 cells is
sufficient for development of bone metastasis by orthotopic implantation of 22Rv1-CRa
Clonel CITED2 cells into nude mice. Indeed, three out of eight injected mice showed
histologically confirmed bone metastasis in the spine compared to none of 12 sgControl
injected tumors (Figure 3C, p=0.049, two-tailed Fisher’s Exact test), despite no difference
in primary tumor growth (Figure S3D). Representative sections of the resulting tumors are
shown in Figure 3C and Figure S3D.

Lastly, we explored whether targeting CITED2 could be a feasible strategy to inhibit bone
metastasis by knocking down CITED2 using CRISPRIi in cell lines derived from our
highly bone metastatic, syngeneic NPK mouse model (Figure S3A,B). We then injected
sgControl and sgCITED?2 infected cells intracardially into immunodeficient nude and
immunocompetent C57/BI6 mice and identified bone metastasis by ex vivo epifluorescence
imaging two weeks after injection. Indeed, knockdown of CITED2 resulted in significant
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inhibition of bone metastasis in both nude and C57 mice, as shown in Figure 3D, suggesting
that CITED2 may be both necessary and sufficient for bone metastasis in prostate cancer.

CITED2-driven transcriptional profiles differ in primary and metastatic prostate cancer.

We then studied whether expression of CITED2 was associated with metastasis in human
prostate cancer tissues. We first confirmed that CITED2 is expressed in clinical samples

of prostate cancer bone metastasis by immunohistochemical staining. Notably, as shown

in Figure S4A, CITED2 was ubiquitously expressed in prostate cancer epithelium of

both bone metastasis (n=4) and primary tumors (n=10, radical prostatectomies). CITED2
MRNA expression in publicly available datasets [9] was also not different in metastases
and primary tumors, although higher levels of expression can be observed in a subset of
both soft tissue and bone metastases (Figure S4B). Given that many factors may confound
gene expression analysis in human tissues, including prior exposure to different treatment
modalities, we also analyzed CITED2 expression in the NPK genetically engineered mouse
model of spontaneous, bone metastatic, treatment-naive mCRPC [26]. Remarkably, in this
context Cited2is expressed at higher levels in bone metastasis than in primary tumors or
other metastatic sites (Figure S4C, p<0.0001, one-way ANOVA with Dunnett’s multiple
comparisons test, compared to prostate). We then assessed whether mRNA levels in tumors
were associated with patient survival. As had been shown before [27], CITED2 expression
was significantly associated with worse overall survival in the cancer genome atlas cohort
(TCGA [5]) of primary tumors (Log-rank test P=0.0245, Figure S4D), although not with
disease-free survival or with overall survival in metastatic patients from the stand up to
cancer (SU2C) cohort [9](Figure S4D). Overall, our data implies that CITED2 expression
may be highly expressed in a subset of metastases and potentially associated with survival in
a subset of primary tumors.

CITED?2 is a transcriptional co-regulator that does not bind DNA directly but is able to
modulate transcriptional programs [28-31]. Therefore, we hypothesized that modulation

of its transcriptional ‘activity’ (rather than overall expression levels) may be associated

to development of bone metastasis in prostate cancer. To assess whether CITED2-driven
transcriptional profiles were altered in bone metastasis compared to primary prostate
tumors, we inferred CITED2 activity by performing genome-wide correlation of mRNA
expression to CITED2 mRNA levels in metastatic (SU2C, FHCRCJ7]) or primary tumor
(TCGA, DFKZ[32]) human prostate cancer patient datasets. We ranked all genes according
to Spearman correlation coefficients and performed preranked GSEA analysis using the
Hallmarks gene sets, to thus identify pathways significantly associated with CITED2
expression levels in these two clinical scenarios (Figure 4A). Interestingly, the pathways
associated with CITED2 expression levels in metastatic datasets were similar to each other
but markedly different, even opposite, from primary tumors datasets, indeed suggesting that
CITED?2 activity may be different between metastases and primary tumors.

To study transcriptional programs regulated by CITED?2 in human prostate cancer cells,
we next performed RNAseq on 22Rv1 CRa Clonel cells infected with sgCITED2 and
sgControl. We also included cDNA overexpression on LNCaP cells, another human cell
line that does not develop distant metastasis when injected in nude mice [33] (Figure 4B—
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D, S4E-H). Our analysis identified 38 upregulated and 39 downregulated genes in 22Rv1
cells and 165 upregulated and 392 downregulated genes in LNCaP cells, with minimal
overlap in both cell lines despite similar levels of CITED2 overexpression (LFC>0.3 and
Padj<0.01, Figure S4E). Individual expression of differentially expressed genes in 22Rv1
cells is shown for metastatic datasets (SU2C and FHCRC) in Figure S4F. We then compared
these gene signatures in both cell lines to the top 200 differentially expressed genes in

a patient-derived gene signature comparing bone metastases (SU2C, n=74) to primary
tumors (TCGA, n=497) using GSEA. Remarkably, upregulated genes in metastases were
significantly positively enriched with CITED2-regulated genes in 22Rv1 cells (NES 1.99,
FDR<107°), but significantly negatively enriched with those of LNCaP cells (NES -1.7,
FDR<5x1074). Downregulated genes in metastases were significantly positively enriched
with CITED2-regulated genes in LNCaP cells (NES 1.65, FDR<107°) and not significantly
changed in 22Rv1.

We next performed GSEA using the c2-¢8 (Figure 4C, S4G) and Hallmarks (Figure

4D) gene sets from the MSigDB database to identify the signaling pathways associated

to CITED2 overexpression in 22Rv1 and LNCaP cells (FDR <0.1). Notably, Hallmarks
pathways differentially expressed in metastasis were consistent with pathways altered in
22Rv1 cells (Figure 4D, first two columns) and opposite to those altered in LNCaP cells
(Figure 4D, columns one and three), with E2F targets and G2/M checkpoint standing

out as top pathways. Moreover, most gene sets containing the term “metastasis” in the

c2-c8 MSigDB pathway database were enriched in 22Rv1-CITED2 cells, whereas the
opposite occurred in LNCaP-CITED?2 cells (Figure 4C). Given that our organ-on-a-chip
studies (Figure 3A) had showed that CITED2 overexpression promoted invasion to bone

in LNCaP cells, we hypothesized that CITED2 could impact later stages of metastasis (ie,
dormancy or colonization) that could explain the inverse correlation to metastasis signatures.
We thus searched the c2-c8 database for pathways containing the term ‘quiescence’ and
indeed observed that CITED2 overexpression in LNCaP cells favored quiescence signatures,
which were conversely repressed in 22Rv1 cells (Figure S4G). We further included a
dormancy signature derived by Kim et al [34] to confirm the opposite effects of CITED2

in these cell lines, and show that genes associated with dormancy were inversed by

CITED?2 overexpression in 22Rv1 cells (both upregulated and downregulated genes in the
signature), whereas in LNCaP cells CITED2 significantly repressed downregulated genes
of the dormancy signature (Figure S4G). Furthermore, although LNCaP-CITED2 cells grew
steadily in culture, colony formation assays of cells plated at low density confirmed that
CITED2 overexpression repressed cell proliferation in LNCaP cells, and conversely favored
proliferation in 22Rv1 cells (Figure 4E and Figure S4H). We also tested whether CITED2
could alter proliferation upon standard of care enzalutamide treatment, although we did not
observe any changes in both treatment-resistant 22Rv1 cells and treatment-sensitive LNCaP
cells (Figure S4H).

Overall, our results show that CITED2 overexpression has distinct transcriptional effects on
different cells lines, with effects on 22Rv1 resembling those observed in metastatic datasets
and those on LNCaP cells resembling primary tumors.
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CITED2 and E2F1 co-expression identify a subset of prostate tumors with worse survival.

Among the top pathways enriched in 22Rv1-CITED2 cells (Figure 4D) and in metastasis
versus primary tumors (Figure 4D) was the E2F targets gene set, a known regulator of

cell proliferation. We thus analyzed which E2F1 family members could be associated

with CITED?2 regulation of metastasis by studying their differential expression on 22Rv1
and LNCaP cells, and upon CITED2 overexpression. We found that £2F1 was not

only significantly lower in LNCaP cells compared to 22Rv1 cells, but that CITED2
overexpression repressed £2F1 mRNA expression only in the former (Figure S4H). Western
blot analysis was consistent with these results, showing that CITED2 overexpression could
repress E2F1 in LNCaPs and conversely stimulate E2F1 in 22Rv1 cells (Figure 4F). Thus,
since CITED2 overexpression has opposite effects on metastasis-associated signatures and
on E2F1 expression in 22Rv1 and LNCaP cells, we hypothesized that E2F1 expression
could be used to distinguish survival outcomes in patient datasets. We thus analyzed patient
survival in publicly available datasets by stratifying cases into CITED2-low and -high
expression as well as into E2F1-low and -high. Our results show that high E2F1 expression
was significantly associated with worse disease-free survival in TCGA primary tumors and
with overall survival in SU2C metastases only in CITED2-high, but not in CITED2-low
cases (Figure 4G). Thus, these results are consistent with E2F1 as a mediator and/or
biomarker of the pro-metastatic effects of CITEDZ2, which are observed upon overexpression
in 22Rv1, but not in LNCaP, cells.

DISCUSSION

Whereas localized prostate cancer has a favorable prognosis, metastatic disease is invariably
lethal [35]. The main site of metastasis from prostate cancer is bone and yet progress in

our understanding of bone metastasis has been hampered by the lack of model systems that
recapitulate this phenotype [3].

In this study, we have undertaken an unbiased approach to identify drivers and suppressors
of prostate cancer metastasis, leveraging /7 vivo screens and genome-wide activation and
inhibition of gene expression from endogenous loci. By engineering two clonal derivatives
of a non-metastatic human prostate cancer cell line, we observed that expression of

both activation and inhibition libraries leads to metastasis to bone or lungs with variable
frequencies. Our screens identified several driver sgRNAs and most notably highlight
CITED? as a novel driver of bone metastasis for prostate cancer, which we propose has
different transcriptional activity between metastasis and primary prostate tumors that can be
distinguished by concomitant high expression of E2F1. Furthermore, we used state-of-the-
art bone engineering models as part of our functional validation strategy, showcasing a novel
approach to study invasion of tumor cells into humanized bone.

In our screens, the correlation of sgRNA distributions was low in all tumor samples, likely
reflecting a highly variable subclonal growth in /n vivo conditions. This can account for both
the variable frequencies of distant metastases as well as for the little overlap of the identity
of individual sgRNAs present in metastatic samples, across replicates, clonal derivatives and
organ sites. Given that library coverage was high in the initial implantation of tumors as well
as (in many cases) after 2—-3 months of /n vivo growth, our results suggest that factors other
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than cell number at implantation can influence the metastasis outcomes of /n vivo screens.
Of note, CITED2 overexpression resulted in bone metastasis with incomplete penetrance,
highlighting the inefficient nature of metastasis even when cell intrinsic drivers of metastasis
are present, as has also been observed in other prostate bone metastasis models reported by
us and others [26, 36].

Moreover, cell-extrinsic factors such as interaction with different host cells as well as
positional cues such as proximity to blood vessels, lymph vessels, nerves or hypoxic regions
might also influence the efficiency of metastasis and therefore screen outcomes [37, 38].
Taken together, these results suggest that genome-wide /17 vivo screens have the potential to
identify genes that are biologically relevant to metastasis, although they may not necessarily
lead to the identification of all possible metastasis drivers and suppressors.

Our results align with prior reports showing that CITED2 can promote metastasis [27,

39, 40]. We show that CITED2 may act at multiple levels of the metastatic cascade

[41] since its overexpression in 22Rv1 cells: i) results in higher invasion to bone in
state-of-the-art organ-on-a-chip assays, ii) shows higher proliferation in bone by intratibial
assays, and iii) is sufficient for the occurrence of bone metastasis in orthotopic prostate
xenografts. Moreover, inhibiting CITED?Z in a highly metastatic mouse model can impair
bone metastasis, proposing that CITED2 can serve as a promising therapeutic target.

CITED?2 is a transcriptional modulator that may regulate many pathways that are crucial

for cancer development and progression, including p53 [31], Myc [29], TGF-B [30] and
hypoxia [28] signaling pathways. Here we provide evidence that the transcriptional activity
of CITED2, but not its overall expression, is different in prostate cancer metastasis than in
primary tumors. In tumors like the 22Rv1 cell line, CITED2 overexpression mimics gene
and pathway alterations enriched in metastasis versus primary prostate cancer specimens,
whereas in tumors like LNCaP cells, CITED2 mimics primary tumors. We further show

that activation of the E2F pathway underlies at least in part these differential effects on
metastatic propensity, and that combined high CITED2 and high E2F1 expression may
identify such tumors associated with poorer patient survival. Indeed, opposite effects of
CITED?2 on the E2F pathway have been reported in different cell types. CITED2 can
stimulate MY C/E2F-regulated proliferation in lung cancer [29], but repress the E2F pathway
in hematopoietic stem cells, favoring their quiescence[42]. Thus, identifying the factors that
mediate these opposing effects will be important to further understand the role of CITED2 in
cancer progression.

In a previous study [27], Shin et al showed that CITED2 may promote metastasis of
prostate cancer through activation of the nucleolin-Akt pathway. CITED2 expression was
higher in prostate cancer than in the benign prostate, correlated with Gleason grade and
was associated with worse survival outcomes. Other studies have showed that CITED?2
may mediate bone metastasis of breast cancer, through modulation of the NFKB pathway
[39, 40]. Our study complements these findings and, to our knowledge, is the first to

report both expression of CITED2 in human specimens of bone metastasis from prostate
cancer, and a direct role for CITEDZ2 in mediating prostate cancer metastasis into bone.
This is important given that bone metastasis from different cancer types may have different
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molecular underpinnings [43]. Identifying shared mechanisms may thus lead to more
broadly applicable therapeutic strategies.

In summary, our genome-wide /7 vivo screens have identified a subset of all possible drivers
and suppressors of metastasis and established a functional role for CITED2 in enabling
prostate cancer metastasis to bone.

MATERIALS AND METHODS

Cell lines and generation of CRISPRa/i derivatives.

22Rv1 (ATCC, Manassas, VA CRL-2505) and LNCaP (ATCC, CRL-1740) cells were
grown and maintained in RPMI 1640 (ATCC maodification, Thermo-Fisher A1049101)
supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO, F0392), whereas HEK-293FT
(Invitrogen Waltham, MA, R700-07) were cultured in DMEM-10%FBS (Thermo Fisher
Scientific, Waltham, MA,11-995-073). Cell lines were authenticated by STR profiling,
passaged twice-weekly, used within 30 passages and tested negative for Mycoplasma using
Universal Mycoplasma Detection Kit (ATCC #30-1012K).

Clonal cell derivatives capable of target gene overexpression by CRIPSRa or repression

by CRISPRi were generated as previously described [11]). Briefly, to generate 22Rv1-

CRa derivatives, parental cells were first transfected with lentivirus generated using the
pHRdASV40-dCas9-10xGCN4_v4-P2A-BFP plasmid (Addgene, Watertown, MA #60903),
and sorted for blue-fluorescence using a BD FACS Avria Il sorter (BD Biosciences, Franklin
Lakes, NJ). Next, sorted cells were infected with lentivirus generated using the pHRdSV40-
sCFv-GCN4-sfGFP-VP64-GB1-NLS plasmid (Addgene #60904), and sorted for blue and
green-fluorescence. The resulting cells were plated as isolated clones in 96-well plates and
multiple clonal derivatives were expanded, infected with sgCXCR4 (positive control [12])
or sgControl lentivirus and selected with 2ug/ml puromycin (Sigma-Aldrich) for 7 days.
After 7 days, clones were dissociated in 10 mM EDTA/PBS and stained in PBS/10% FBS
for 1 hr at room temperature with APC labeled anti-CXCR4 antibody (Anti-Mouse CD184
(CXCR4) APC, (eBioScience San Diego, CA)). The clones showing >15-fold expression of
endogenous CXCR4 levels in >85% cells were selected for further use.

To generate 22Rv1- and NPK-CRi derivatives, parental cells were transfected with lentivirus
generated using the pHR-SFFV-KRAB-dCas9-P2A-mCherry plasmid (Addgene #60954),
sorted for mCherry-fluorescence and plated as isolated clones in 96-well plates. Cells were
infected with sgGSK3B or sgControl cells and treated as for CRISPRa derivatives and at

14 days after puromycin selection, clones showing >75% inhibition of endogenous GSK3B8
MRNA levels (measured by gRT-PCR) were selected for further use.

CRISPRa/i derivatives were engineered to express luciferase by lentiviral transduction of the
pHAGE PGK-GFP-IRES-LUC-W plasmid (Addgene #46793) and sorted for GFP-positive
cells by flow cytometry.

Mouse NP cell lines were derived from primary tumors of Nkx3-1CTeERTZ: ppepflox/flox mice
as described in [25] whereas NPM cells were derived from Nkx3-1CTeERTZ: pyapflox/flox:
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Pb-HiMyc, R26CAG-LSL-EYFP mice [26] and NPK cells from Nkx3—1CreERT2: prapflox/flox.
Krast-SLG12D: RpgCAG-LSL-EYFP mice [26]. All of these cells were grown in RPMI 1640
supplemented with 10% FBS.

RNA extraction and qRT-PCR analysis

RNA from cell lines was extracted with TRIZOL reagent (Thermo Fisher, 15-596-026),
reverse-transcribed with SuperScript™ 111 First-Strand Synthesis SuperMix (Thermo Fisher
11-752-050), and RNA expression measured by quantitative real time PCR (gRT-PCR)
using the QuantiTect SYBR Green PCR kit (Qiagen, Germantown, MD, 2045). Sequences
of all primers used in this study are provided in Table S1.

Amplification of sgRNA libraries

Genome-wide libraries (CRISPRa and CRISPRi v2 libraries with top5 sgRNAs/gene,
Addgene #83978 and # 83969, respectively) were a kind gift from Dr Jonathan Weissman
and were amplified by electroporation of 100ng DNA into Endura electrocompetent

cells (Lucigen Corporation, Middleton, W1 #60242) using an Amaxa Nucleofector |1
device (Lonza, Cologne, Germany) and Fisherbrand #FB101 electroporation cuvettes. After
shaking at 225rpm for 1 hour at 37°C in recovery media, cells were transferred to 500ml
LB medium supplemented with 50 ug/ml carbenicillin (Sigma-Aldrich) and grown for 14
hours at 32°C. Pellets were harvested and plasmid DNA purified using NucleoBond® Xtra
Maxi EF (Macherey-Nagel Inc, Allentown, PA #740426). High transformation efficiency
(>1011 colony forming units/ug) was confirmed using serial dilutions into LB-agar plated
supplemented with 50ug/ml ampicillin (Sigma-Aldrich).

Cloning of CRISPRa, CRISPRI and lentiviral overexpression constructs

For individual sgRNA expression, the pU6-sgRNA EF1Alpha-puro-T2A-BFP vector
(Addgene #60955) was digested with BstXI and Blpl enzymes (NEB, New England
Biolabs, Ipswich, MA) and ligated to 100nM annealed oligonucleotides carrying the sgRNA
sequence of interest with Mighty Mix DNA Ligation Kit (Takara Bio, San Jose, CA).

For this purpose, sense (5° ttg[X]gtttaagagc 3”) and antisense (5’ ttagctcttaaac[Y]caacaag
3") oligonucleotides were synthesized, where [X] corresponds to the target sgRNA
sequence and [Y] to its reverse complementary sequence, and 10uM sense and antisense
oligonucleotides were annealed and phosphorylated with T4 PNK enzyme (NEB).

Lentiviral expression vectors for CITED2 were generated by Gibson cloning (NEBuilder®
HiFi DNA Assembly Cloning Kit, NEB E5520S). Human CITED2 cDNA was cloned into
the PLX304 constitutive expression plasmid (Addgene #25890) with an N-terminal V5 tag
or into the RFP-shRNA locus of the inducible pTRIPZ vector, with an HA tag. Inducible
expression was achieved by using 0.5ug/ul doxycycline (Sigma-Aldrich, D9891).

Lentivirus production and transduction

HEK-293FT cells were plated at ~90% confluency into 150mm dishes 24 hours before
transfection, in DMEM-10%FBS culture media. 30ug lentiviral vector (pU6-sgRNA
EF1Alpha-puro-T2A-BFP, Addgene #60955 expressing different sgRNA sequences, see
Table S1), 24ug psPAX2 (Addgene #12260) and 12ug pMD2.G (Addgene #12259)

Oncogene. Author manuscript; available in PMC 2024 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arriaga et al.

Page 13

packaging plasmids were diluted in OPTIMEM-I media (ThermoFisher) and mixed with
60ug/ml polyethilenimine (Sigma-Aldrich) for transfection into HEK-293FT cells. After
overnight incubation, the media was replaced with DMEM-1%FBS for 48hours, centrifuged
at 300g for 5 minutes and filtered through a 0.45um filter to obtain the virus supernatant
that was mixed with 0.8 ug/ml polybrene (Sigma-Aldrich) to infect target cells. For pooled
CRISPRa/i library transfection, cells were infected at 30-40% infection rate in order to
achieve a multiplicity of infection of 0.3 — 0.5, such that most cells would receive no

more than one sgRNA. For antibiotic selection, the media was changed 48 hours after viral
infection to RPMI-10%FBS supplemented with 2ug/ml puromycin and selected for 72 hours
(for genome-wide infected cells) or for 7 days for individual plasmid infection. Individual
CRISPRa and CRISPRi sgRNAs were evaluated for target gene activation or repression,
respectively, at >10 days after virus infection.

Mouse studies

All experiments using animals were performed according to protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at Columbia University Irving
Medical Center. 6-8-week-old male athymic nude-Foxn1™ mice were purchased from
Envigo (Boyertown, PA). Since the focus of the study is prostate cancer, only male mice
were used. All mice were housed in pathogen-free barrier conditions under 12-h light—dark
cycles and with temperature and humidity set points at 20-25 °C and 30-70%, respectively.
For orthotopic implantation mice were anaesthetized by intraperitoneal injection of ketamine
(100mg/kg) and xylazine (16mg/kg) (Patterson Vet Supply, Greely, CO) and an incision was
made in the lower abdomen under IACUC approved protocols.

For the genome-wide screen experiments, tumor cells were resuspended in 50% Matrigel
(Thermo Fisher) in PBS and 10 million cells were injected into the anterior prostates, using
50ul and a 30-gauge ¥z inch needle on a Hamilton syringe. For validation experiments, 1
million cells were used. The incision site in the muscle layer was then closed with surgical
suture (Ethicon J385H Vicryl absorbable suture, size 5-0) and the skin incision by wound
clips.

Tumors were allowed to grow for 2 to 4 months, until their body condition score [44]

was <1.5, showed signs of genitourinary occlusion or signs of distress. Tumor growth was
monitored /n vivo and metastatic dissemination ex vivo by bioluminescence imaging using
an VIS Spectrum Optical Imaging System (Perkin Elmer, Waltham, MA). Ten minutes
prior to imaging, mice were injected intraperitoneally with 150mg/kg D-luciferin (Perkin
Elmer) for /n vivo analysis, whereas for ex vivo analysis luciferin was used at 300ug/ml.
Images were generated and quantified using Living Image Software (Perkin Elmer). At the
time of sacrifice, GFP-positive prostatic tumors and metastases were visualized by ex vivo
fluorescence using an Olympus SZX16 microscope (Ex490-500/Em510-560 filter).

Genomic DNA extraction, library preparation and targeted DNA sequencing

For isolation of genomic DNA, freshly dissected metastases and primary tumors from
tumor-bearing mice were macrodissected under ex vivo fluorescence microscopy, weighed
and genomic DNA then isolated using Zymo Quick gDNA MidiPrep kit (Thermo Fisher).
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Pooled sgRNA libraries were amplified with a nested PCR strategy using high-fidelity
Phusion Flash polymerase (Thermo). PCR#1 was performed using “Library Amplification
PCR1” primers (Table S1) using 25 cycles and annealing at 55°C for 5 seconds. Input DNA
was 1ug for samples obtained from metastases and 200ng for samples from primary tumors
or plasmid DNA. PCR#2 was used to add sample-specific barcodes as well as to prepare the
libraries for next-generation sequencing, using “Library Amplification PCR2” primers from
Table S1, 18 amplification cycles, annealing at 56°C for 5 seconds and 1/10t" volume of
PCR#1 as input.

In order to maintain 1000X coverage of every sgRNA (ie, n= 1x108 sgRNAs/library) at the
PCR amplification steps, assuming 6.6pg of DNA/cell [13], we estimated to need 660ug

of genomic DNA (gDNA) as input for every sample (ie, 660 PCRs using 1ug as input).

For primary tumors, gDNA extractions contained mostly tumor-derived DNA and therefore,
for every replicate experiment, gDNA was pooled from all primary tumors proportionally
to their individual tumor weights and 660ug were used directly as input for PCR#1. For
metastases, gDNA extraction would contain variable amounts of DNA from the host mouse
tissue and therefore the total amount of human-derived gDNA in a given sample was
estimated based on gPCR quantification of sgRNA abundance, using Library Amplification
PCR1 primers. For this purpose, a calibration curve was generated by spiking-in variable
amounts of sgControl-infected 22Rv1-CRa cells in a total of 1ug gDNA obtained from lung
tissue of a non-injected nude mouse. This yielded a linear detection range (R2=0.9525) from
1-200ng input DNA. Lung and bone metastasis derived gDNA was independently pooled
from all corresponding metastases in a given replicate experiment, and 660ug of estimated
human-derived gDNA were then amplified by PCR.

All final PCR2 products were visualized on a 2% agarose gel using SYBR-Safe stain
(Thermo Fisher) and DNA from positive samples was purified with SPRI beads (Beckman
Coulter Inc., Indianapolis, IN), quantified using a Qubit 4 fluorometer (Thermo Fisher) and
denatured in NaOH 0.1N before loading into an Hlumina® NextSeq® 500 system at 1.08pM
with 20% PhiX spike-in.

After sequencing, we used MAGeCK-RRA[23] (https://sourceforge.net/p/mageck/wiki/
Home/) to generate count tables (Table S2) and to perform differential expression of
sgRNA abundance using total read count normalization and pairwise comparisons between
metastasis and primary tumor replicates. This yielded both sgRNA- and gene-level
differential expression shown in Tables S3 and S4, respectively. Downstream statistical
analysis and figures were generated using normalized read counts in R v.3.6.3 and R-studio
1.3.959-1 or GraphPad Prism v9.

Histological Analysis and Immunohistochemistry

For histological analyses, tissues were fixed in 10% formalin (Fisher Scientific, Fair Lawn,
NJ) for 48hs. Bones were then decalcified for three weeks in 15% EDTA pH7.0 solution
(Sigma-Aldrich) and changed daily. Histopathological analyses were done using 3 um
paraffin sections and hematoxylin and eosin (H&E) staining. Immunohistochemistry was
performed with citrate-based antigen retrieval (Vector Labs, Newark, CA, H-330) using
the VECTASTAIN® Elite® ABC HRP Kit (Vector Labs, PK-6100). Antibodies used were
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anti-CITED2 mouse monoclonal (1/50, Invitrogen MA316523) and horse anti-mouse 1gG
(1/10.000, Vector Labs BA-2000).

Unpublished cohorts used anonymized human tissue specimens from Columbia University
Irving Medical Center (CUIMC), including radical prostatectomy samples from primary
tumors and 4 bone metastasis biopsies from patients with prostate cancer. All studies using
human tissue specimens were performed according to protocols approved by the Human
Research Protection Office and Institutional Review Board at CUIMC.

RNAsequencing

RNA was prepared from snap-frozen cell line pellets using the MagMAX-96 total RNA
isolation kit (Thermo Fisher Scientific). Total RNA was enriched for mMRNA using polyA
pull-down; only RNA samples having between >200 ng and 1 pg and with an RNA
integrity number >9 were used. Libraries were made using an lllumina TruSeq RNA
chemistry and sequenced using an Element AVITI at Columbia Genome Center at >20
million paired-end 75bp reads for each sample, in duplicate. We used bases2fastq version
1.1.0.593880262 for converting BCL to fastq format, coupled with adaptor trimming. We
performed a pseudoalignment to a kallisto index created from transcriptomes (Ensembl v96,
Human:GRCh38.p12) using kallisto (0.44.0). We tested for differentially expressed genes
using DESeq2.

Western Blotting

Total protein extracts were prepared by lysis of cells with 1X radioimmunoprecipitation
assay (RIPA) buffer (0.1% SDS, 1.0% deoxycholate sodium salt, 1.0% Triton X-100, 0.15 M
NacCl, 10 umol/L Tris-HCI (pH 7.5), 1 mmol/L EDTA) with fresh 1% protease inhibitor
(#1697498; Roche Basel), PMSF (10837091001, Sigma-Aldrich) and 1% phosphatase
inhibitor (#P2850; Sigma-Aldrich). Protein lysates (20 pg per lane) were resolved by SDS
page, followed by immunoblotting with primary antibodies (anti-CITED2 1/500, Invitrogen
MA316523, anti-V5 1/500, Thermo-Fisher R96025 and anti-B-actin 1/20000 Cell Signaling
€s4970, anti-E2F1 1/1000, Life Technologies, Grand Island NY 66515-1-1g), secondary
antibodies (anti-Rabbit IgG HRP Sigma NA934 or anti-mouse IgG HRP Sigma NA931,
1/10000) and visualized using an ECL Plus Western Blotting Detection Kit (Thermo-Fisher
RPN2232).

Organ-on-a-chip Invasion Assay

Engineered bone tissues were made from bovine calf metacarpals (Lampire Biological
Laboratories, 19D24003) that were sectioned into rectangular scaffolds (4 mm wide x

8 mm long x 1 mm thick) and fully decellularized as detailed previously [24, 45] The
decellularization process removed all bovine cellular components, leaving just the bone
extracellular matrix and bone architecture. The bones were lyophilized and the only bone
scaffolds weighing between 12 and 18 mg/scaffold were included, resulting in the starting
material with uniform porosity for engineering bone tissue. After sterilization in 70%
ethanol overnight and 24 hours of incubation in Dulbecco’s Modified Eagle Medium
(DMEM) the bone scaffolds were seeded with human cells.
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Human bone-marrow derived mesenchymal stem cells (MSCs) (Lonza) were infused into
the bone scaffolds (4 x 10° cells per scaffold) by suspending the cells in 40 zL of
medium (DMEM supplemented with 10% (v/v) HyClone fetal bovine serum (FBS), 1%
penicillin/streptomycin, and 1 ng/mL of basic fibroblast growth factor, bFGF), and letting
the cells attach for 2 hours before adding additional media (2 mL per well). To support
the differentiation of the MSCs into osteoblasts within the engineered bone matrix, the
MSC seeded bone was cultured in osteogenic medium consisting of low glucose DMEM
supplemented with 1 M dexamethasone (Sigma-Aldrich), 10 mM B-glycerophosphate
(Sigma-Aldrich), and 50 zM L-ascorbic acid-2-phosphate (Sigma-Aldrich).

The osteogenic differentiation process continued for three weeks, with media changes
three times a week. To create osteolytic bone, we then infused primary monocytes

into the osteoblastic bone scaffolds [45]. CD14+ monocytes were obtained by negative
selection (EasySep Human Monocyte Isolation Kit, Stem Cell Technologies, 19359) from
peripheral blood mononuclear cells (PBMC) isolated from buffy coats of human blood
(fully deidentified samples obtained from the New York Blood Center) via density gradient
centrifugation with Ficoll-Paque PLUS (GE Healthcare, 17-1440-02). Purified monocytes
were seeded into the engineered bone tissues (4 x 10° cells per scaffold) by suspending the
cells in 40 w4 of osteolytic medium for two hours. The engineered bone tissues were then
cultured for a week in 2 mL of osteolytic media (Minimum Essential Medium Eagle Alpha
modification (a-MEM, Sigma, M4526) supplemented with 10% (v/v) heat-inactivated
HyClone FBS, 1% penicillin/streptomycin, I-Glutamine (Gibco, 25030-081), 20 ng mL™1
Recombinant Human M-CSF (PeproTech, 300-25) and 40 ng mL~1 Recombinant Human
SRANK Ligand (PeproTech, 310-01)), with media changes and fresh cytokines every three
days.

The engineered bone tissues were then placed into a chip designed for inter-organ
communication that we recently developed [24]. Briefly, engineered vascular barriers are
formed by seeding 1.5 x 10° MSC cells and 4 x 10° human umbilical venous endothelial
cells (HUVEC) on custom made transwell inserts. After the cells attached to the transwell
barrier and formed a confluent monolayer, they were placed into the 1-tissue multi-organ
chip and exposed to increasing levels of shear stress (0.31 dynes cm~2 for 12 hours, 0.63
dynes cm~2 for 24 hours, 1.88 dynes cm~2 for 24 hours). The ramping of shear creates a
confluent and quiescent vascular barrier lining the bottom of the chamber with engineered
bone. After the engineered bone is added to the chamber (directly above the vascular
barrier), circulating primary tumor cells were introduced into the vascular reservoir and
allowed to circulate underneath the vascular barrier at a hydrodynamic shear stress of 1.88
dynes cm™32).

The cancer cells were labelled (LuminiCell Tracker 670, Sigma-Aldrich) to enable
downstream tracking and allowed to circulate for 4 weeks. Media changes occurred every
other day by replacing 1 mL of medium from the vascular reservoir with fresh vascular
medium (EGM-2, Lonza) and 1 mL of medium from the engineered bone tissue reservoir
with osteolytic medium specified above.
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Intravasation of circulating cancer cells within the bone tissues was tracked using the

IVIS Spectrum Optical Imaging System (Perkin-Elmer) in Columbia University’s Oncology
Precision Therapeutics and Imaging Core. The chips with engineered tissues were placed
next to one another in the same field of view and imaged using an IVIS 200 Spectrum
device. The corresponding VIS Spectrum software (Perkin-Elmer) was used to analyze

the images by converting the signal to the normalized Radiant Efficiency (Emission light
[photons/sec.cm? str]/Excitation light [uW/cm?2]). We measured the fluorescence of the
labelled cancer cells within the engineered bone tissues by selecting the same region of
interest for each tissue and quantifying the sum of the radiant efficiency of all fluorescent
pixels within the region of interest.

Intratibial and intracardiac implantation studies

For monitoring tumor growth in bone, 22Rv1-CRa sgCITED2 and sgControl cells (1

x 10 cells in 10 pl of PBS) were injected into the tibiae of male NOD-SCID mice
(NOD.CB17-Prkdcscid/J, strain 001303, Jackson Laboratories). A small longitudinal skin
incision was made across the knee capsule, the tip of a scalpel was used to drill a hole

into which cells were injected, sterile surgical bone wax (CP Medical, Norcross, GA)

was used to seal the hole and the skin was then closed with wound clips. Tumor growth
was monitored biweekly by bioluminescence imaging using an IVIS Spectrum Optical
Imaging System (PerkinElmer), following intraperitoneal injection of 150 mg /kg d-luciferin
(PerkinElmer). Images were quantified using Living Image Software (PerkinElmer). For
intracardiac metastasis assays, mouse NPK bone metastatic cells (30) (1 x 105 cells in 100
ul of PBS) were injected percutaneously into the left heart ventricle of immunodeficient
NCr nude mice (male, Taconic) or immunocompetent C57BL/6J mice (male, Jax strain #
000664). Mice were euthanized 12-14 days after injection.

Colony Formation Assays

One-thousand cells were plated in triplicate in 6-well plates and allowed to grow for two
weeks before fixation in 10% formalin and staining with 0.5% crystal violet. Enzalutamide
(10uM) or vehicle (DMSO) were added one day after plating. Colonies were quantified
with ImageJ software (https://imagej.nih.gov/ij/) using the ‘Analyze particle’ tool with
size 50-infinity and circularity 0.4 — 1.0. Assays were performed with a minimum of two
independent biological replicates.

Statistical Analysis

Statistical analyses were performed using MAGECK-RRA (Robust Rank Analysis) [23]
for CRISPRa/I screens and two-sample two-tailed t-test, one-way ANOVA with multiple
comparison testing or Fisher’s exact test as indicated in each figure legend. Kaplan—Meier
survival analysis was conducted using GraphPad Prism software and analyzed with the
log-rank test.

In box plots, the boxes show the 25th—75th percentile, center lines show the median and
whiskers show the minimum-maximum values. In all bar graphs and dot-plots means are
represented and error bars show the standard deviation unless specifically stated.
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The sample size for mouse cohorts for library screens was determined a priori based on
maintaining an estimated 1000X representation of each sgRNA library at initial inoculation
of cells. For functional validation studies, sample size for intratibial and orthotopic
injections was determined based on the maximum cage density allowable by IACUC (n=5
mice) for each condition, and no a priori assessment was made. Orthotopic experiments
were performed in duplicate. No randomization was performed, and investigators were not
blinded to experimental groups. GraphPad Prism v9 or R v.3.6.3 and R-studio 1.3.959-1
were used for statistical calculations and data visualization. In all graphs, asterisks were used
to indicate significant P values according to the following thresholds: * for P<0.05, ** for
P<0.01, *** for P<0.001, and **** for P<0.0001.

Gene set enrichment analysis (GSEA) was performed with GenePattern software[46] using
gene signatures preranked by Spearman’s coefficient or T-statistic and the Hallmarks Gene
Sets from MSigDB (https://www.gsea-msigdb.org/gsea/msigdb), where NES and P values
were estimated using 1,000 gene permutations, with FDR p<0.1 considered significant. For
metastasis and dormancy pathways, c2-c8 Gene sets were analyzed. Gene sets containing
the word “metastasis” and both Up- and Down-regulated gene sets were selected for

the metastasis category. Gene sets containing “quiescent” were selected for dormancy
categories, and the dormancy signature from Kim et al [34] was further included.

Genome-wide correlation and survival analysis was performed using data downloaded
directly from cBioportal from the TCGA firehose legacy and DFKZ [32] (primary tumors)
and SU2C/PCF dream team (SU2C [9]) and FHCRC [7] (metastasis) datasets. A median
cutoff was used to group samples into CITED2 or E2F1 Low or High groups.
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is available at https://sourceforge.net/p/mageck/wiki/Home/. RNAseq data was deposited in
GEO, accession number GSE253815.
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Figure 1:

In vivo genome-wide screening for activation and inhibition of gene expression results in
metastasis of prostate cancer cells. (A) Engineering of 22Rv1 cell line derivatives to activate
or inhibit gene expression of validated sgRNAs (sgCXCR4 and sgGSK3B, respectively), as
measured by gRT-PCR. (B) Schematic outline of screen design. (C) Number and percentage
of mice that developed metastasis following sgControl or sgLibrary infection of cell lines.
(D) Representative ex-vivo bright-field (bottom row), epifluorescence (middle) and merged
(top) images of bones and lungs showing presence or absence of GFP-labeled metastatic

tumor cells

after each screen. The arrow points to one example metastasis. Panels A and B

were created with BioRender.com.
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Figure 2:

Identification and analysis of metastasis hits in all genome-wide screens. (A) Schematic

of samples sequenced to identify sgRNASs. (B) Scatter plots showing the representation

of individual sgRNAs (shown as percentage of reads for each sgRNA over all reads in a
sample) in metastasis (left) and their corresponding primary tumors (right). The dashed line
shows the cutoff used for panels C-F. (C-F) Stacked bar graphs highlighting the identity

of the “top-represented sgRNAs” (more than 5% of all reads in a particular metastatic
sample) for each individual screen replicate. (G) Venn diagrams showing the overlap
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between significantly enriched sgRNAs in each metastasis compared to primary tumors,
after Mageck-RRA analysis (FDR-corrected P<0.001). An arrow highlights CITED2 as the
only overlapping sgRNA in CRISPRa screens. (H) Volcano plot of gene-level Mageck-RRA
analysis in bone metastasis of the 22Rv1- Clone 1 - CRa screen highlighting C/TEDZ2 as the
only significant hit (FDR-adjusted P=0.0025). Panel A was created with BioRender.com.
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Figure 3:

Functional validation of CITED2 as a driver of prostate cancer bone metastasis. (A)
Schematic of the organ-on-a-chip invasion assay. Bar graphs showing the relative invasion
of CITED2-overexpressing cells compared to their corresponding controls after four weeks
culture, as measured by fluorescence emission on the bone side of cultures. P<0.05 by
two-tailed t-test. Representative H&E stains of invaded engineered bones after culture
with 22Rv1-CRa cells infected with sgControl or sgCITED2. Example areas of invasion
are shown with arrows. (B) Intratibial injection assays of 22Rv1-CRa cells infected with
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sgCITED2 or sgControl. Quantification of final tumor weights, measured by whole tibiae
weights. P<0.01 by two-tailed t-test. Ex-vivo epifluorescence images of injected tibiae
showing GFP-expressing tumors. (C) Orthotopic injection assays of 22Rv1-CRa cells
infected with sgCITED2 or sgControl. Stacked bar graphs showing the percentage of mice
in which bone metastases were observed. P value is shown for two-tailed Fisher’s exact
test. Representative ex-vivo epifluorescence images of bones as well as H&E staining and
CITED2 expression. (D) Intracardiac injection assays of bone metastatic NPK-CRi cells
infected with sgControl or sgCITED2, into immunodeficient nude and immunocompetent
C57/BI6 mice (n=4 each). Scatter plot showing total numbers of bone metastasis observed
per mouse. P<0.05 by two-tailed t-test. Representative ex-vivo brightfield (top) and
epifluorescence (bottom) images of bones are shown. Scale bars represent 50um for
histological sections and 0.1cm for epifluorescence images. Schematics were created with
BioRender.com.
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Transcriptional outcome of CITED2 overexpression and relevance to human prostate cancer
patients. (A) Bubble plots showing differentially enriched pathways upon inferred CITED2
transcriptional activity (genome-wide mRNA correlation with CITED2 mRNA levels) in
different human prostate cancer datasets, shown in each row. The top two rows are
metastasis and the bottom two are primary tumor datasets. Hallmark pathways from the
Molecular Signatures Database (MSigDB) datasets available from the Broad Institute are
shown. Bubbles are colored by NES and sized by FDR p-value as shown in the legend,
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plotting only significant pathways (FDR <0.1). NES and P values were estimated using
1,000 gene permutations. (B) GSEA of genes preranked by differential expression upon
CITED?2 overexpression in 22Rv1 (left) and LNCaP (right), using as query the top 200
upregulated (red curve) or downregulated (blue curve) genes in bone metastases of the
SU2C cohort (n=74) versus primary tumors of the TCGA cohort (n=497) (ie, ‘SU2C vs
TCGA’). (C) Stacked bar graphs showing metastasis pathway enrichment by GSEA upon
CITED?2 overexpression in 22Rv1 and LNCaP cells. All c2-¢8 pathways with the term
“metastasis” are shown. Only significant (FDR P<0.1) normalized enrichment scores (NES)
are shown, with positive and negative values meaning positive and negative enrichment,
respectively, upon CITED2 overexpression. Upregulated gene sets in each pathway are
shown in red and downregulated gene sets in blue. (D) Bubble plots showing differentially
enriched pathways upon SU2C vs TCGA (first column) and CITED2 overexpression in
22Rv1 (second column) and LNCaP cells (third column). Pathways, statistics, and scale as
in (A). (E) Colony formation assays and (F) western blot analysis of E2F1 expression on
22Rv1 and LNCaP cells upon CITED2 overexpression. Quantification of colonies in (E)
is shown in Figure S4H. (G). Kaplan-Meier survival curves of E2F1-low and E2F1-high
patient groups. Graphs are shown for CITED2 -low (left) and CITED-high (right) cases in
TCGA primary tumors (top) and in SU2C metastases (bottom).
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