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Abstract

Background: Wnt signaling is an evolutionarily conserved developmental pathway that is frequently hyperactivated
in cancer. While multiple protein-coding genes regulated by Wnt signaling are known, the functional lncRNAs
regulated by Wnt signaling have not been systematically characterized.

Methods: We comprehensively mapped Wnt-regulated lncRNAs from an orthotopic Wnt-addicted pancreatic
cancer model and examined the response of lncRNAs to Wnt inhibition between in vivo and in vitro cancer
models. We further annotated and characterized these Wnt-regulated lncRNAs using existing genomic
classifications (using data from FANTOM5) in the context of Wnt signaling and inferred their role in cancer
pathogenesis (using GWAS and expression data from the TCGA). To functionally validate Wnt-regulated lncRNAs, we
performed CRISPRi screens to assess their role in cancer cell proliferation both in vivo and in vitro.

Results: We identified 3633 lncRNAs, of which 1503 were regulated by Wnt signaling in an orthotopic Wnt-
addicted pancreatic cancer model. These lncRNAs were much more sensitive to changes in Wnt signaling in
xenografts than in cultured cells. Our analysis suggested that Wnt signaling inhibition could influence the co-
expression relationship of Wnt-regulated lncRNAs and their eQTL-linked protein-coding genes. Wnt-regulated
lncRNAs were also implicated in specific gene networks involved in distinct biological processes that contribute to
the pathogenesis of cancers. Consistent with previous genome-wide lncRNA CRISPRi screens, around 1% (13/1503)
of the Wnt-regulated lncRNAs were found to modify cancer cell growth in vitro. This included CCAT1 and
LINC00263, previously reported to regulate cancer growth. Using an in vivo CRISPRi screen, we doubled the
discovery rate, identifying twice as many Wnt-regulated lncRNAs (25/1503) that had a functional effect on cancer
cell growth.

Conclusions: Our study demonstrates the value of studying lncRNA functions in vivo, provides a valuable resource
of lncRNAs regulated by Wnt signaling, and establishes a framework for systematic discovery of functional lncRNAs.
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Background
Long noncoding RNAs (lncRNAs) play key roles in di-
verse biological processes, ranging from development,
such as XIST for dosage compensation [1] and H19 for
imprinting [2], to different diseases including cancer [3].
lncRNAs have been shown to play important roles in
fundamental biological signaling pathways regulated by
P53, Notch, and TGF-β [4–6]. lncRNAs can contribute
to the development of cancer through aberrant expres-
sion or mutation, altering their normal physiological
functions in signaling pathways [7]. Advancements in
transcriptomics have greatly expanded the number of
lncRNAs annotated in the human genome [8, 9], but
only a small fraction have been characterized at a func-
tional level.
Wnt/β-catenin signaling is an important evolutionarily

conserved signaling pathway that is crucial for embry-
onic development and tissue regeneration [10]. After
Wnt ligands bind to Frizzled and other co-receptors on
the cell surface, β-catenin is stabilized and translocates
into the nucleus, where it interacts with TCF/LEF tran-
scription factors in a context-dependent manner to
regulate the expression of multiple protein-coding genes
such as MYC and AXIN2. Dysregulation of Wnt signal-
ing is found in multiple cancers. The most common mu-
tations activating Wnt/β-catenin signaling occur in
colorectal cancer, where truncations of APC cause ab-
normal stabilization of β-catenin and constitutive tran-
scriptional activation [11–13]. A different class of
mutations confers cancer dependency on Wnt ligands.
For example, RNF43 and RPSO3 mutations cause in-
creased abundance of Wnt receptors on the cell surface,
making the cancer cells addicted to Wnt signaling [14–
16]. RNF43 mutations are found in 5–10% of pancreatic
cancers, while RPSO3 translocations are found in 10% of
colorectal cancers [16–20].
Wnt addiction in cancer presents a therapeutic opportun-

ity [21]. All Wnts require palmitoleation in the endoplasmic
reticulum by the enzyme PORCN for their secretion and
function [22]. Small molecule PORCN inhibitors block this
modification and hence the activity of all Wnts. We and
others have demonstrated that PORCN inhibitors such as
ETC-159 can effectively suppress Wnt signaling and the
growth of Wnt-addicted cancers in multiple preclinical
models [14, 23, 24]. Due to its efficacy, the PORCN inhibi-
tor ETC-159 has advanced to clinical trials [25]. ETC-159 is
also a useful research tool to study Wnt-dependent genes.
We found that more than 75% of the transcriptome
responded to PORCN inhibition by ETC-159 in Wnt-
addicted cancers, with significantly more genes changing
in vivo than in vitro [24, 26]. Thus, PORCN inhibition is a
powerful tool to study Wnt-regulated genes, and these
Wnt-regulated genes are best studied in vivo in the pres-
ence of the appropriate microenvironment.

To date, only a few individual lncRNAs have been
linked to Wnt signaling. For example, MYU (VPS9D1-
AS1) is a target of Wnt/c-Myc signaling involved in the
proliferation of colon cancer cells by upregulation of
CDK6 [27]. Wnt-regulated lncRNA WiNTRLINC1 pro-
motes proliferation and survival of colon cancer cells by
regulating its genomic neighbor ASCL2 through long-
range chromosomal looping [28]. In addition, lncRNA
ASBEL is a target of Wnt/β-catenin signaling. ASBEL
forms a complex with TCF3, which is required for the
tumorigenicity of colorectal cancer cells through tran-
scriptional repression of ATF3 [29]. However, currently,
there are no systematic studies on functional lncRNAs
regulated by Wnt signaling in vivo. Here, we compre-
hensively mapped Wnt-regulated lncRNAs from an
orthotopic Wnt-addicted pancreatic cancer model and
determined their wider roles in other cancers. To func-
tionally validate the Wnt-regulated lncRNAs, we per-
formed CRISPRi screens both in vitro and in vivo.
Notably, we found multiple Wnt-regulated lncRNAs that
had functional effects on cancer cell growth only in a
xenograft model, demonstrating the value of studying
lncRNA functions in vivo. This study provides a valuable
resource of functional lncRNAs regulated by Wnt signal-
ing. It also establishes a framework that can be broadly
adapted for systematic discovery and functional annota-
tion and validation of lncRNAs in vivo.

Methods
De novo lncRNA discovery
The polyA+ RNA-seq dataset contains the transcrip-
tional response to PORCN inhibitor ETC-159 treatment
at seven time points (0, 3, 8, 16, 32, 56, and 168 h) using
an orthotopic model of RNF43-mutant pancreatic
adenocarcinoma (HPAF-II). The data was previously
published under accession number GSE118041 [26].
RNA-seq reads were assessed for quality with FASTQC.
Reads originating from mouse genome (mm10) were re-
moved with Xenome [30]. All the reads among replicates
from each time point were pooled to achieve deep cover-
age for novel lncRNA discovery. Each time point gener-
ated between 160 million to 237 million reads. The
reads were aligned to hg38 (Ensembl version 79) using
TopHat v2.0.10 [31]. De novo transcriptome assembly
was performed separately for each time point with Cuf-
flinks v2.1.1 [32]. Transcriptome assemblies at each time
point were merged and compared with Ensembl build
79 as reference, using Cuffmerge. The novel transcripts
were selected using Cuffcompare class code for novel
intergenic and novel antisense transcripts. All the novel
transcripts were then merged with Ensembl build 79 to
establish a full reference transcriptome. RNA-seq reads
from each sample were also individually aligned to hg38
(Ensembl version 79) using TopHat v2.0.10 [31]. Gene-
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level read counts for each sample were computed with
HTSeq 0.6.0 [33], which were then converted to gene
expression in Transcripts per Million (TPM). To identify
putative novel lncRNAs transcripts, the novel transcripts
were filtered using the following criteria: length longer
than 200 bp and estimation to be non-protein coding
based on three methods: CPAT with threshold less than
0.364 [34], CPC with threshold less than 0 [35], and
Slncky defined as “lncRNA” [36]. Known lncRNAs from
Ensembl build 79 were obtained based on their tran-
script biotype: “lincRNA,” “antisense,” “sense_intronic,”
and “sense_overlapping”. All the genes were also filtered
based on their expression to make sure that the median
expression level of each gene at every time point had
TPM > 1. This analysis yielded 16,160 genes, including
12,527 protein-coding genes, 2846 annotated lncRNAs,
and 787 novel lncRNAs that were expressed in RNF43-
mutant pancreatic adenocarcinoma (HPAF-II).

Identification of Wnt-regulated lncRNAs
To identify genes regulated by Wnt signaling, DESeq2
[37] was used to perform differential expression analysis
on 16,160 genes across time points by likelihood ratio
test (LRT). Adjusted P value < 0.05 was used to select
genes significantly responded to Wnt inhibition across
time points. This led to 10,554 Wnt-regulated genes, in-
cluding 9051 protein-coding genes and 1503 lncRNAs
(1178 annotated lncRNAs and 325 novel lncRNAs, Add-
itional file 2: Table S1).

Comparison of lncRNAs response to Wnt inhibition across
models
Two RNA-seq datasets contain transcriptional response
of in vitro model (48 h ETC and 48 h Veh) and subcuta-
neous model (0 h and 56 h) of RNF43-mutant pancreatic
adenocarcinoma (HPAF-II) to PORCN inhibitor ETC-
159 treatment. The data was previously published under
accession number GSE118190 and GSE118179, respect-
ively [26]. RNA-seq reads from these datasets were
assessed for quality with FASTQC (https://www.bio-
informatics.babraham.ac.uk/projects/fastqc/). Reads ori-
ginating from mouse genome (mm10) were removed
with Xenome [30] and aligned to hg38 (Ensembl version
79) using TopHat v2.0.10 [31] for each sample. Gene-
level read counts were computed with HTSeq 0.6.0 [33].
DESeq2 [37] was used to perform differential gene ex-
pression analysis on 16,160 genes between the time
points with Wald test for each of the models, namely
in vitro model (48 h ETC and 48 h Veh), subcutaneous
model (0 h and 56 h), and orthotopic model (0 h and 56
h). An adjusted P value < 0.1 was used to select genes
that significantly responded to Wnt inhibition between
the two time points.

Wnt-regulated lncRNA co-expression with protein-coding
genes (PCGs)
The degree of co-expression between Wnt-regulated
lncRNAs and either all PCGs or their nearest PCG in re-
sponse to Wnt inhibition in the orthotopic HPAF-II can-
cer model was calculated by cor function (Spearman
correlation) in R. The TAD data from the PANC-1 cell
line mapped to hg38 was downloaded from the 3D Gen-
ome Browser [38]. The Wnt-regulated lncRNA and
nearest PCG pair was classified into two groups, the pair
in the same TAD versus the pair in different TADs
based on the PANC-1 TAD information. The correlation
distributions between the two groups were tested for dif-
ference by the nonparametric two-sample Mann–Whit-
ney U test using the R function wilcox.test.

Analysis of TCGA dataset
HTSeq-Counts data of all the TCGA cancers were
downloaded from the UCSC Xena platform [39]. Genes
with less than 10 reads mapped across the samples
within each cancer type were removed. The gene read
count tables were filtered to retain the tumor-normal
sample pairs for each cancer type. PCA analysis was per-
formed to select the cancer types with a clear separation
between the tumor and normal samples. The gene read
count and dispersion distribution were estimated and
used for statistical power estimation using RnaSeqSam-
pleSize package [40]. The statistical power was estimated
with two sets of parameters: using different FDR (1%, 5%
and 10%) while keeping the minimal fold change be-
tween two groups at 2; using different minimal fold
change between two groups (1.5, 2, 2.5) while keeping
the FDR at 5%. Differential expression analysis between
the paired tumor-normal samples for each cancer type
was performed using DESeq2 [37]. An adjusted P value
(FDR) < 0.05 was used to select genes significantly differ-
entially expressed between tumor and normal sample.
Sixty-eight significantly upregulated and 10 significantly
downregulated Wnt-regulated lncRNAs were found in
pancreatic cancer (Additional file 3: Table S2). Based on
the statistical power estimation, cancer types with less
than 5 tumor-normal pairs had low statistical power of
finding significantly differentially expressed genes be-
tween tumor and paired normal samples (Add-
itional file 1: Fig. S2A), so they were excluded from the
downstream analysis except for pancreatic cancer
(PAAD), due to its relevance and potential interest to
the study. This yielded 15 cancer types from the TCGA
dataset.

Integrative analysis of FANTOM5 dataset
Wnt-regulated lncRNAs were mapped to FANTOM5
lncRNA annotations as follows: (1) If the lncRNA was
annotated with the same Ensembl Gene ID in
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FANTOM5, it is considered the same lncRNA. (2) The
remaining lncRNAs were overlapped with FANTOM5
lncRNA assembly (hg38) to identify the corresponding
FANTOM5 CAT_geneID. Among the 1503 Wnt-
regulated lncRNAs, 1073 were also annotated in FAN-
TOM5 and 430 were novel previously unannotated
lncRNAs. The eQTL-linked lncRNA protein-coding
gene (PCG) pairs for these 1073 annotated Wnt-
regulated lncRNAs were extracted from FANTOM5 an-
notation eQTL_linked_lncRNA_mRNA_pair [8]. This
yielded 1486 lncRNA-PCG mRNA pairs linked by eQTL
SNPs involving 602 Wnt-regulated lncRNAs (Fig. 2a and
Additional file 4: Table S3). The gene expression profiles
of all the pairs in 1829 FANTOM5 samples were down-
loaded from the expression atlas FANTOM_CAT.ex-
pression_atlas.gene.lv3_robust.rle_cpm curated by
FANTOM5 [8]. The lncRNA-PCG pair was identified as
significantly co-expressed in FANTOM5 samples if it
passed the threshold used in [8], i.e., that their co-
expression is greater than 75th percentile of the matched
background correlation (binom_p < 0.05 compared to
the background). To identify the eQTL that are co-
localizing with GWAS SNP, eQTLs linking Wnt-
regulated lncRNA and protein-coding genes were first
mapped to SNP id using biomart in R. These SNPs were
overlapped with trait-associated SNPs curated by FAN-
TOM5 to select the SNPs associated with cancer by
GWAS. In total, 271 eQTL SNPs were found to be asso-
ciated with cancer by GWAS, linking 115 Wnt-regulated
lncRNA-PCG pairs involving 49 Wnt-regulated lncRNAs
(Additional file 5: Table S4).

eQTL-linked lncRNA-PCG co-expression
The co-expression of eQTL-linked Wnt-regulated
lncRNA-PCG pairs were examined in (1) FANTOM5,
(2) TCGA Pancreatic Cancers, and (3) in response to
Wnt inhibition in our system. Among the 1486 lncRNA-
PCG pairs, the expression profiles of 1396 pairs are
available in all three datasets (Additional file 6: Table
S5). The lncRNA-PCG pairs’ co-expression coefficients
and associated statistical significance in FANTOM5 were
extracted from eQTL_linked_lncRNA_mRNA_pair [8].
Gene expression HTSeq-FPKM data of all the TCGA
Pancreatic Cancers (PAAD) were downloaded from the
UCSC Xena platform [39]. Only tumor samples were se-
lected from the data, which yielded gene expression of
177 pancreatic cancer samples. The lncRNA-PCG pair
co-expression in pancreatic cancer was calculated using
the Spearman correlation rho on gene expression FPKM
across the 177 samples. The associated p value was also
calculated using cor.test function in R. The lncRNA-
PCG pair co-expression in response to Wnt inhibition
was calculated using the Spearman correlation rho on

gene expression TPM across time points. The associated
p value was also calculated using cor.test function in R.

Time-series clustering
Time-series clustering on 10,554 Wnt-regulated genes,
including 1503 Wnt-regulated lncRNAs and 9051 Wnt-
regulated PCGs, was performed using GPClust [41] as
previously described [26]. The clustering approach iden-
tifies both primary/early and secondary/late transcrip-
tome responses to Wnt inhibition. It is based on two
components—identification of a mean/covariance func-
tion for a specific cluster (using Gaussian processes) and
determining the optimal number of clusters that can
best model the data (using Dirichlet distribution) [41,
42]. Gene expression values were converted to z-scores,
and time points were square root transformed. Genes
were clustered with GPClust [41] using the Matern32
kernel with a length scale of 6 and a concentration
(alpha) parameter of 0.001, 0.01, 0.1, 1, and 10. Genes
were assigned to a cluster based on the highest probabil-
ity of being a member of that cluster. Clustering was
performed 10 times for a specified set of parameters,
with the best clustering result taken as the one with the
lowest distance to the other clustering results, i.e., the
most representative (Additional file 7: Table S6).

Functional enrichment analysis
Gene Ontology (GO) enrichment analysis was per-
formed by g:Profiler [43] using all the Wnt-regulated
protein-coding genes as background. Significantly
enriched GO terms were selected with FDR < 5% (Add-
itional file 7: Table S6).

Enrichment analysis for dysregulated genes from
different cancers
Genes significantly differentially expressed (adjusted P
value < 0.05) between tumor-normal pairs were defined
as dysregulated genes. To test whether the clusters were
enriched for dysregulated genes in each cancer type,
genes from each of the 63 clusters were tested for over-
lap against dysregulated genes from each cancer separ-
ately by carrying out a Fisher’s exact test. The gene
background used for the test was Wnt-regulated genes
that were expressed in the specific cancer. Upregulated
genes and downregulated genes were examined separ-
ately for enrichment. The Fisher exact test for overrepre-
sentation was performed using the fisher.test in R.
Nominal p values were adjusted for multiple testing
using the Benjamini-Hochberg method. Clusters signifi-
cantly enriched for dysregulated genes were selected
with FDR < 5%. The significance of the enrichment was
then combined for each cluster and its enriched cancer
type.
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CRISPRi sgRNA library design
CRISPRi single guide RNA (sgRNA) library was designed
to target the transcription start site (TSS) of each of the
Wnt-regulated lncRNAs. A total of 1503 Wnt-regulated
lncRNAs were selected for the CRISPRi screen, which
contained 3151 transcripts including different iso-
forms. To avoid redundancy of different TSSs located
in close proximity, if TSSs of transcripts belonging to
the same gene were within 100 bp, they were grouped
together. A total set of 2337 TSSs were obtained for
Wnt-regulated lncRNAs, which were then converted
to hg19 with the liftover function in R. These TSSs
were furthered refined with FANTOM based TSS an-
notation and 5 sgRNAs were designed to target each
of the TSS using hCRISPRi-v2.1 algorithm [44]. Since
some TSSs could not be uniquely targeted, in total
8560 sgRNAs were designed to target 1486 Wnt-
regulated lncRNAs. The sgRNAs were then divided
into 3 sub-libraries. Protein-coding genes whose TSSs
were within 10 kb of Wnt-regulated lncRNAs were se-
lected. sgRNAs targeting these protein-coding genes
were extracted from the hCRISPRiv2 library [44] to
constitute a 4th sub-library. For each sub-library, we
also included 55 sgRNAs targeting 11 genes (PCNA,
POLR2A, PSMA7, RPS27, SF3A3, CTNNB1, FZD5,
APC, AXIN1, CSNK1A1, PORCN) involved in cell sur-
vival and Wnt signaling as positive controls and 50
non-targeting controls (Additional file 8: Table S7).
The sgRNAs libraries were synthesized by CustomAr-
ray (Bothell, WA, USA).

sgRNA cloning and lentiviral packaging
The sgRNA libraries were cloned into pCRISPRia-v2
sgRNA expression vector [44] by Gibson assembly
(NEB). They were then amplified using electroporation
in Endura electrocompetent cells (Lucigen), to achieve
at least 250 colonies per sgRNA in the library. For
CRISPRi knockdown validation, sgRNAs targeting
VPS9D1-AS1 and XLOC_017401 were selected with
protospacer sequences: sgVPS9D1-AS1 (GAGCCAAG
TCGCCCTGACCC), sgXLOC_017401 (GTCTGCTG
CCAAGGAATCGG). The sgRNAs were cloned into
pCRISPRia-v2 sgRNA expression vector as previously
described [45]. The original pCRISPRia-v2 sgRNA expres-
sion vector contains protospacer sequence targeting GFP.
For CRISPRi screen validation, top 2 performing
sgRNAs targeting LINC00263 and SCD were selected
with protospacer sequences: sgLINC00263_1 (GACC
TCAGTCTGCCCTACCC), sgLINC00263_2 (GGGTA
GGGCAGACTGAGGTC), sgSCD_1 (GCTTGGCAGC
GGATAAAAGG), sgSCD_2 (GCACATTCCCAACTC
ACGGA). The sgRNAs were cloned into doxycycline-
inducible lentiviral sgRNA expression vector FgH1tUTG
as previously described [46]. The sgRNA plasmid was

packaged into lentiviral particles with psPAX2 and
pMD2.G packaging plasmids. The virus supernatant was
harvested 48 and 72 h after transfection, filtered through
0.45-μm filter, and stored at − 80 °C.

Cell lines
The HPAF-II cell line was obtained from the Duke Cell
Culture Facility. An HPAF-II stable cell line expressing
dCas9-KRAB was generated by lentiviral transduction
with pMH0001 plasmid (UCOE-SFFV-dCas9-BFP-
KRAB) [47] and sorting for the top 20–30% BFP ex-
pressing cells. HPAF-II-dCas9-KRAB cells that stably ex-
press GFP were generated by lentiviral transduction with
FUGW plasmid (Addgene plasmid # 14883) and sorting
for the top 20–30% GFP expressing cells. For individual
sgRNA knockdown using lentiviral sgRNA expression
vector pCRISPRia-v2, cells were infected with sgRNA
lentiviruses for 48 h, followed by 3 days of puromycin se-
lection (2 μg/mL) and 1-day recovery to generate stable
cell lines. For individual sgRNA knockdown using
doxycycline-inducible lentiviral sgRNA expression vector
FgH1tUTG, virally transduced cell lines were sorted for
the GFP-positive cell population as previously described
[46]. All cell lines were cultured in Eagle’s Minimum Es-
sential Medium (EMEM) supplemented with 10% FBS,
1 mM sodium pyruvate, 2 mM L-glutamine, and 10%
penicillin/streptomycin, maintained in 5% CO2. Cells
were regularly tested for mycoplasma.

CRISPRi screens
The HPAF-II-dCas9-KRAB stable cell line was infected
with sgRNA lentiviral libraries at a multiplicity of infec-
tion (MOI) < 0.3 with 8 μg/ml polybrene. The infected
cells were selected with 2 μg/ml puromycin for 3 days
(T0 population). 3 × 106 cells from the T0 population
were harvested and stored as a cell pellet at − 20 °C for
sequencing. For the in vitro screen, cells from T0 popu-
lation were passaged with a seeding density of 3 × 106

cells at each passage to allow for 1000 times coverage of
each sgRNA and cultured for 2 weeks. 3 × 106 cells at
the end of the in vitro screen were harvested and stored
as a cell pellet at − 20 °C for sequencing. The in vitro
screen was performed in duplicates for each sub-library.
For the in vivo screen, NOD-scid gamma (NSG) mice

were purchased from InVivos, Singapore, or Jackson La-
boratories, Bar Harbor, Maine. Animal studies were ap-
proved by the Duke-NUS Institutional Animal Care and
Use Committee. Mice were housed in standard cages
and were allowed access ad libitum to food and water.
Cells from the T0 population were mixed with ice cold
50% Matrigel (BD Biosciences) in PBS and injected sub-
cutaneously into the flanks of NSG mice. 107 cells resus-
pended in 200 μl Matrigel/PBS were injected per flank to
allow for library coverage of 3000 cells/sgRNA at the
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time of implantation. A group of 3 mice were injected
per sub-library. Mice were sacrificed 3 weeks after injec-
tion. At sacrifice, tumors were resected and snap frozen
in liquid nitrogen at − 80 °C.
Genomic DNA from the frozen cell pellets and ho-

mogenized tumors was extracted with in-house high salt
precipitation protocol. The sgRNA region integrated into
the HPAF-II-dCas9-KRAB stable cell from the genomic
DNA was amplified by PCR. A second round of PCR
was performed to append Illumina sequencing adaptors
and barcodes for each sample. PCR products were puri-
fied and quantified with a Bioanalyzer and sequenced on
the Illumina MiSeq platform.

CRISPRi screens’ analysis
Reads from sequenced screening sgRNA libraries were
demultiplexed based on sample barcodes with FASTX-
Toolkit. The reads were then counted against individual
sub-libraries using MAGeCK count function [48] with
non-targeting control sgRNA for normalization (Add-
itional file 9: Table S8). sgRNA counts were used for
quality control using PCA and clustering analysis with
DESeq2 [37] to exclude outlier samples. Robust Rank
Aggregation analysis (RRA) was performed with
MAGeCK [48] test function to detect sgRNAs signifi-
cantly depleted or enriched from the screens. Gene-level
significance was calculated based on the performance of
all its sgRNAs compared to non-targeting controls, as
previously shown [48]. Each gene was also scored based
on the fold change of its second best performing sgRNA
[48]. We classified genes as hits if their associated FDR <
10% (Additional file 10: Table S9).

Individual sgRNA CRISPRi knockdown
For individual sgRNA knockdown using doxycycline-
inducible lentiviral sgRNA expression vector FgH1tUTG,
1 μg/ml doxycycline final concentration (dox) (from a
stock of 10mg/ml dissolved in DMSO) was used to induce
sgRNA expression from the system, while DMSO was
used as the control. After 48 h induction, total RNA was
isolated from the CRISPRi knockdown cells. RT-qPCR
was performed to assess the knockdown efficiency for
LINC00263 and SCD with HPRT gene as an internal con-
trol. RT-qPCR primers were as follows: LINC00263_For-
ward (AAAGATTGGGCAGTCACTGG), LINC00263_
Reverse (TGGGTCTTCAGCACCAAATG), SCD_For-
ward (TTCCTACCTGCAAGTTCTACACC), SCD_Re-
verse (CCGAGCTTTGTAAGAGCGGT). The effect of
CRISPRi knockdown on cell growth was assessed with in-
ternally controlled, relative growth assays. Cells were
seeded in duplicates and treated with either 1 μg/ml dox
or DMSO. Cells were counted every 3–4 days after the ini-
tial dox treatment. For individual sgRNA knockdown
using lentiviral sgRNA expression vector pCRISPRia-v2,

after generating stable cell line with sgRNA expression,
total RNA was isolated from the CRISPRi knockdown
cells. RT-qPCR was performed to assess the knockdown
efficiency for VPS9D1-AS1 and XLOC_017401 with ACTB
gene as an internal control. RT-qPCR primers were as
follows: VPS9D1-AS1_Forward (GTGTCTGGACACCA
GAGGAGT), VPS9D1-AS1_Reverse (GGGGCAGAGT
CACAAAGC), XLOC_017401_Forward (GCCAGGCA
CACAGCAGTTTCTCA), XLOC_017401_Reverse (CC
TAAGGAAGGTCCCGCCCCA). For CRISPRi valid-
ation using sgRNA to target GFP, the GFP levels were
measured from the parental HPAF-II-dCas9-KRAB cell
line, HPAF-II-dCas9-KRAB-GFP cell line, HPAF-II-
dCas9-KRAB-GFP stable cell line that express sgGFP,
and HPAF-II-dCas9-KRAB-GFP stable cell line that ex-
press non-targeting control sgRNA, by flow cytometry.

Results
Discovery of Wnt-regulated lncRNAs
The HPAF-II pancreatic cancer cells contain a RNF43
missense mutation that makes them addicted to Wnt
signaling. As previously reported, mice with established
orthotopic HPAF-II xenografts were treated with the
PORCN inhibitor ETC-159 for 7 days. Tumors were har-
vested for transcriptomic analysis at indicated time
points (0, 3, 8, 16, 32, 56, and 168 h) after starting ETC-
159 treatment. The data were previously analyzed with a
focus on protein-coding genes and splice variants [26,
49]. To demonstrate the specificity of ETC-159, we in-
vestigated the expression of 3 well-established Wnt tar-
get genes (AXIN2, NKD1, LGR5) in response to ETC-
159 in WT HPAF-II cells and HPAF-II cells that express
stabilized β-catenin (Additional file 1: Fig. S1A). All
three Wnt target genes were significantly downregulated
with ETC-159 treatment in HPAF-II cells; this inhibition
was rescued by the expression of stabilized β-catenin
(Additional file 1: Fig. S1A), demonstrating that the ef-
fect of ETC-159 is through inhibiting the Wnt/β-catenin
pathway.
To comprehensively identify Wnt-regulated lncRNAs

in pancreatic cancer in vivo, we reanalyzed this time-
course transcriptomic dataset (Fig. 1a). We first used de
novo assembly to comprehensively identify all the puta-
tive transcripts in this Wnt-addicted pancreatic xeno-
graft model. These transcripts were then compared with
the Ensembl build 79 transcriptome to identify putative
novel lncRNAs. The putative novel lncRNAs were fil-
tered based on their length (> 200 bp), and we eliminated
those with coding potential called by any of three com-
putational tools: CPAT [34], CPC [35], and Slncky [36]
(see the “Methods” section for details). The novel
lncRNAs were combined with previously annotated
lncRNAs from Ensembl build 79 to establish a compre-
hensive list of lncRNAs present in our RNA-seq dataset.
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Fig. 1 (See legend on next page.)
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We next selected all the lncRNA genes with TPM > 1.
Using these stringent criteria, we identified a set of 3633
lncRNAs in an orthotopic RNF43-mutant pancreatic
cancer model (Fig. 1a). Among these 3633 lncRNAs, we
found that the expression of 1503 lncRNAs changed
over time upon Wnt inhibition (false discovery rate
(FDR) < 5%); therefore, we refer to these lncRNAs as
“Wnt-regulated lncRNAs” (Additional file 2: Table S1).
Among the 1503 Wnt-regulated lncRNAs, 325 lncRNAs
were not annotated in Ensembl build 79. We further
compared these novel lncRNAs with FANTOM5
lncRNA annotations [8] and found 172 lncRNAs that
have not been previously annotated either in Ensembl or
FANTOM5 (Fig. 1b).
We found that twice as many lncRNAs were upregu-

lated (976 Wnt-repressed lncRNAs) than downregulated
(527 Wnt-activated lncRNAs) following PORCN inhibi-
tor treatment (Fig. 1c). Among them, 240 Wnt-repressed
and 85 Wnt-activated lncRNAs are not annotated in
Ensembl build 79. The 527 Wnt-activated lncRNAs
responded as early as 3 h after the first dose of ETC-159,
consistent with direct regulation by Wnt/β-catenin sig-
naling. Conversely, the 976 Wnt-repressed lncRNAs
responded more slowly to Wnt inhibition (Fig. 1c),
which could be due to indirect Wnt regulation. For ex-
ample, VPS9D1-AS1, a previously reported target of
Wnt/MYC signaling [27], was downregulated rapidly
after PORCN inhibitor treatment and the inhibition was
sustained for 7 days. Similarly, a previously unannotated
lncRNA XLOC_017401 was also downregulated shortly
after Wnt inhibition. In contrast, XLOC_045229, another
previously unannotated lncRNA, was upregulated after
ETC-159 treatment, but the effect was only observed
after 32 h of treatment (Fig. 1d). As we showed for well-
established Wnt target genes, we confirmed that the ef-
fect of ETC-159 on these Wnt-regulated lncRNAs is in-
deed through modulating Wnt/β-catenin signaling
(Additional file 1: Fig. S1). Taken together, we identified
1503 lncRNAs whose expression is regulated either dir-
ectly or indirectly by Wnt signaling in vivo in an RNF43-
mutant pancreatic cancer.
Genes that are important in cancer pathogenesis can be

regulated by multiple pathways. For example, the well-
known proto-oncogene MYC can be activated by patho-
logical Wnt signaling in Wnt-driven cancers and also by

diverse additional pathways in other cancers [50]. Simi-
larly, we postulated that if a specific Wnt-regulated
lncRNA is important in cancer, the same lncRNA might
also be dysregulated by other mechanisms in other cancer
types. To test this, we analyzed gene expression data from
TCGA [39], comparing tumors with their paired normal
samples. We found that many Wnt-regulated lncRNAs
were also dysregulated in different and Wnt-independent
types of cancers (Additional file 1: Fig. S2A). For example,
we identified that between 246 and 435 Wnt-regulated
lncRNAs were significantly upregulated in various cancer
types compared to their paired normal samples (Add-
itional file 1: Fig. S2A). We found only 68 significantly up-
regulated and 10 significantly downregulated Wnt-
regulated lncRNAs in pancreatic cancer (Additional file 1:
Fig. S1A, Additional file 3: Table S2); this low number is
because only 4 pairs of pancreatic cancer-normal samples
are present in the TCGA dataset, limiting the statistical
power (Additional file 1: Fig. S2B). We also found 248
Wnt-regulated lncRNAs exclusively upregulated or down-
regulated across different cancer types (Additional file 2:
Table S1). For example, VPS9D1-AS1, a known Wnt/
MYC target, was both Wnt-activated in our study and also
upregulated in 11 different types of cancers (Additional
file 1: Fig. S2C), consistent with its established role as a
lncRNA with oncogenic function [27]. Together, these
analyses suggest that a subset of Wnt-regulated lncRNAs
can act as mediators of oncogenic processes in both Wnt-
dependent and Wnt-independent cancers, and in multiple
cancer types beyond Wnt-addicted pancreatic cancer.

LncRNAs respond to Wnt inhibition more robustly in vivo,
especially in orthotopic xenograft model
Tumor microenvironment is important for tumor patho-
genesis [51–53]. To examine how the response of
lncRNAs to Wnt inhibition is affected by the stromal
microenvironment, we compared the effect of ETC-159
on lncRNAs expression in HPAF-II orthotopic or sub-
cutaneous xenografts (in vivo) and in cultured cells
(in vitro). Nearly twice as many lncRNAs responded to
the PORCN inhibitor treatment in the subcutaneous
xenograft (541/3633) compared to those that responded
in vitro (341/3633) (Fig. 1e). A further increase in the
number of lncRNAs responding to Wnt inhibition was
observed in the orthotopic xenografts (1191/3633)

(See figure on previous page.)
Fig. 1 Identification of Wnt-regulated lncRNAs from orthotopic RNF43-mutant pancreatic cancer model. a Computational pipeline to identify 1503
Wnt-regulated lncRNAs from orthotopic RNF43-mutant pancreatic cancer. b Comparison of Wnt-regulated lncRNAs with Ensembl build 79 and
FANTOM5 lncRNA annotations. c Expression profiles of 1503 Wnt-regulated lncRNAs across time points after Wnt inhibition. d Gene expression of
selected Wnt-regulated lncRNAs, including annotated lncRNAs (VPS9D1-AS1 and ABHD11-AS1) and novel lncRNAs (XLOC_017401 and
XLOC_045229). TPM, transcripts per million. e–g Fold change of lncRNAs after Wnt inhibition compared across models. More lncRNAs respond to
Wnt inhibition in the HPAF-II subcutaneous (e) and orthotopic models (f) than in HPAF-II cells cultured in vitro. FC, fold change. g More lncRNAs
respond to Wnt inhibition in HPAF-II orthotopic model than in the subcutaneous model
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(Fig. 1f). This is consistent with our previous observation
that Wnt-regulated gene expression changes are more
robust in vivo [26]. Interestingly, between the two
in vivo models, many more lncRNAs responded to Wnt
inhibition in the orthotopic than subcutaneous xenograft
(Fig. 1g). This is consistent with our previous observa-
tion that the overall changes in gene expression follow-
ing Wnt inhibition were most marked in the orthotopic
model [26]. Taken together, this indicates that in vivo
models can substantially enhance the discovery of Wnt-
regulated genes, including lncRNAs.

A subset of Wnt-regulated lncRNAs are co-expressed with
their nearest protein-coding gene in the same TAD
Most of the Wnt-regulated lncRNAs identified here have
not previously been described or functionally character-
ized. Since lncRNAs can be important regulators of
nearby genes [54–56], we set out to explore their poten-
tial cis functions. If a lncRNA and its nearby protein-
coding gene (PCG) are positively co-expressed after Wnt
inhibition, it suggests that the lncRNA and its PCG
neighbor could be functionally linked. To test this, we
analyzed the expression changes of lncRNAs and PCGs
in response to PORCN inhibitor treatment. We found
that on average, Wnt-regulated lncRNAs exhibited
stronger co-expression with their nearest PCG after Wnt
inhibition compared to their co-expression with all
PCGs (Additional file 1: Fig. S3A). This stronger co-
expression can be partially explained by the fact that
some of the Wnt-regulated lncRNA–nearest PCG pairs
are within the same topological associated domain
(TAD) (Additional file 1: Fig. S3B), where they may
functionally interact with each other more frequently, as
previously suggested [57]. Interestingly, for these Wnt-
regulated lncRNA–nearest PCG pairs encoded within
the same TAD, the PCGs were significantly enriched for
Gene Ontology (GO) biological processes such as organ
development and cell fate specification (Additional file 1:
Fig. S3C). This suggests that these highly co-expressed
Wnt-regulated lncRNAs that are proximal to PCGs and
co-localized within the same TAD are likely to be in-
volved in the same cellular processes.

Influence of Wnt inhibition on the co-expression
relationship of lncRNAs and eQTL-linked protein-coding
genes
Expression quantitative trait loci (eQTLs) analysis, which
links DNA sequence variation with changes in gene ex-
pression, has been a powerful approach for understand-
ing the functional effects of common SNPs [58]. The
underlying regulatory mechanisms of the eQTL SNPs on
gene expression depend on the genomic functional
element perturbed by the genetic variant. For example,
an eQTL SNP within a lncRNA might modify its

interaction with transcription factors or epigenetic modi-
fiers, thereby altering the expression of nearby PCGs
[59]. SNPs within lncRNA loci that are associated with
the mRNA abundance of nearby genes (< 1 Mbp apart),
i.e., cis-acting regulation, have been systematically anno-
tated by the FANTOM5 consortium to establish
lncRNA-mRNA pairs linked by these eQTL SNPs [8].
This lncRNA-mRNA interaction mediated by an
eQTL suggests that these lncRNAs loci might poten-
tially regulate the expression of nearby mRNAs. The
FANTOM5 dataset contains genome-wide transcrip-
tome profiles of 1829 samples from more than 173
human primary cell types and 174 tissues across the
human body, 276 cancer cell lines, and 19 time
courses of cellular treatment. If the eQTL-linked
lncRNA-mRNA are co-expressed in FANTOM5 sam-
ples, it further suggests a functional association be-
tween the lncRNA and its eQTL-linked mRNA. Here,
to identify Wnt-regulated lncRNAs with potential
regulatory effects on nearby PCG mRNAs, we over-
lapped 1503 Wnt-regulated lncRNAs with all of the
lncRNA-mRNA pairs annotated by the FANTOM5
consortium. We found 1486 lncRNA PCG mRNA
(lncRNA-PCG) pairs linked by eQTL SNPs involving
602 Wnt-regulated lncRNAs. (Some of the lncRNAs
were linked to multiple PCGs (Fig. 2a and Additional
file 4: Table S3).) Among them, 587 lncRNA-PCG
pairs were also significantly co-expressed (p < 0.05) in
FANTOM5 samples. This global co-expression rela-
tionship across FANTOM5 samples suggests that the
Wnt-regulated lncRNA and its eQTL-linked PCG
could be functionally linked broadly across cell types
and tissues.
We then investigated the diseases associated with the

Wnt-regulated lncRNA-PCG pairs linked by eQTLs,
with a focus on cancer. eQTLs that co-localize with dis-
ease risk loci identified by genome-wide association
studies (GWAS) are candidates for the regulation of
complex traits and diseases, including SNPs associated
with cancer susceptibility by GWAS [60]. We examined
the eQTL SNPs overlapping with the Wnt-regulated
lncRNAs loci and matched these SNPs with those cu-
rated by FANTOM5 for 56 cancer GWAS traits. Among
the 1486 eQTL-linked Wnt-regulated lncRNA-PCG
pairs, a subset of 115 pairs involving 49 Wnt-regulated
lncRNAs were linked by eQTL SNPs that colocalize with
cancer GWAS loci (Fig. 2b, Additional file 5: Table S4).
For example, AC068282.3 was linked to ERCC3 through
4 distinct ERCC3 eQTL SNPs that were also associated
with leukemia by GWAS (Additional file 5: Table S4). In
addition, AC068282.3 showed global co-expression with
ERCC3 in FANTOM5 across cell types and tissues (p =
6.41e−7) (Fig. 2d). This might suggest that AC068282.3
is involved in susceptibility to leukemia through its
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Fig. 2 Influence of Wnt inhibition on the co-expression relationship of lncRNAs and their eQTL-linked protein-coding genes. a Wnt-regulated
lncRNAs are linked to their nearby protein-coding genes (PCGs) if the eQTL SNP of a PCG overlaps with a lncRNA locus, as annotated by
FANTOM5 consortium [8]. b 115 Wnt-regulated lncRNA-PCG pairs are linked by eQTL SNPs that also colocalize with cancer GWAS loci. c Wnt-
regulated lncRNA VPS9D1-AS1 and its eQTL-linked PCG FANCA are co-expressed in both FANTOM5 and TCGA pancreatic cancer. They are also co-
expressed after Wnt inhibition, suggesting their co-expression is not directly influenced by Wnt signaling inhibition. CPM, counts per million.
FPKM, fragments per kilobase of transcript per million. d Co-expression of Wnt-regulated lncRNA AC068282.3 and its eQTL-linked PCG ERCC3 is
observed in both FANTOM5 and TCGA pancreatic cancer and is influenced by Wnt signaling, as they are no longer co-expressed after Wnt
inhibition in our system. e Wnt-regulated lncRNA LINC00482 and its eQTL-linked PCG C17orf89 are not co-expressed in either FANTOM5 or TCGA
pancreatic cancer but become co-expressed in response to Wnt inhibition. f, g Influence of Wnt inhibition on the co-expression relationship of
Wnt-regulated lncRNAs and their eQTL-linked PCGs observed in FANTOM5 (f) or TCGA pancreatic cancer (g). Red, co-expression of lncRNA-PCG
pairs observed in FANTOM5 (f) or TCGA pancreatic cancer (g) are not directly influenced by Wnt inhibition; blue, co-expression of lncRNA-PCG
pairs observed in FANTOM5 (f) or TCGA pancreatic cancer (g) are influenced by Wnt inhibition; yellow, co-expression of lncRNA-PCG pairs are
uncovered after Wnt inhibition; gray, lncRNA-PCG pairs are neither co-expressed in response to Wnt inhibition nor in FANTOM5 (f) or TCGA
pancreatic cancer (g)
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regulation of ERCC3. Integrating eQTL-linked Wnt-
regulated lncRNA-PCG pairs with cancer GWAS data
suggests that 3% (49/1503) of the Wnt-regulated
lncRNAs may confer cancer susceptibility through their
cis-regulation of eQTL-linked PCGs [59, 61].
Our time-series data on gene expression change in re-

sponse to Wnt inhibition is unique in that only Wnt sig-
naling is perturbed in this system. This allowed us to
examine how the lncRNA-PCG pair co-expression is af-
fected by Wnt inhibition in a temporal manner. We fur-
ther examined if Wnt signaling inhibition influenced the
co-expression relationship of Wnt-regulated lncRNAs
and their eQTL-linked PCGs. To do this, we compared
their co-expression detected in response to Wnt inhib-
ition to their global co-expression observed in the FAN-
TOM5 dataset (1829 samples) across cell types and
tissues or their co-expression observed in TCGA pancre-
atic cancer (177 samples). First, we found 246 lncRNA-
PCG pairs that were significantly co-expressed in both
FANTOM5 and our dataset, irrespective of Wnt signal-
ing status (Fig. 2f, Additional file 6: Table S5). We found
more (427) lncRNA-PCG pairs that were significantly
co-expressed in TCGA pancreatic cancer and the co-
expression remained after Wnt inhibition (Fig. 2g, Add-
itional file 6: Table S5). One illustrative example of this
consistent co-expression pattern is VPS9D1-AS1
(lncRNA) and FANCA (eQTL-linked PCG) in Fig. 2c.
Here, the lncRNA-PCG co-expression was significant
(p < 0.05) and had the same direction, i.e., positive in re-
sponse to Wnt inhibition in our system and positive in
FANTOM5 samples and TCGA pancreatic cancer sam-
ples. In this set of lncRNA-PCG pairs, their co-
expression relationships were not directly influenced by
Wnt signaling inhibition. Second, there were 309 and
590 lncRNA-PCG pairs significantly co-expressed in the
FANTOM5 dataset and TCGA pancreatic cancer, which
were either not significantly co-expressed or co-
expressed in the opposite direction after Wnt inhibition
(Fig. 2f, g, Additional file 6: Table S5). For example,
AC068282.3 and ERCC3 were significantly co-expressed
in both FANTOM5 samples and in TCGA pancreatic
cancer (p < 0.05), but in response to Wnt inhibition, they
were no longer co-expressed (p = 0.26) (Fig. 2d). This
suggests that the co-expression relationship observed ei-
ther globally or in TCGA pancreatic cancer could be in-
fluenced by Wnt signaling inhibition. Finally, a third
group of Wnt-regulated lncRNA-PCG pairs (Fig. 2f and
g, Additional file 6: Table S5), although linked by eQTL
SNPs, were not significantly co-expressed across FAN-
TOM5 samples (375 pairs) or TCGA pancreatic cancer
(154 pairs). However, they became significantly co-
expressed in a temporal manner responding to Wnt in-
hibition. For example, LINC00482 and C17orf89 were
not correlated in either FANTOM5 or TCGA pancreatic

cancer, but they became co-expressed in response to
Wnt inhibition (Fig. 2e). Thus, the co-expression rela-
tionship of these lncRNAs and PCGs could be uncov-
ered after Wnt inhibition. Taken together, these analyses
suggest that Wnt signaling inhibition could influence the
co-expression relationship of Wnt-regulated lncRNAs
and their eQTL-linked PCGs. Therefore, Wnt signaling
is important for both the regulation and the potential cis
function of a subset of Wnt-regulated lncRNAs.

Wnt-regulated lncRNAs and protein-coding genes form
gene networks that are dysregulated in cancers
Beside cis regulatory functions, lncRNAs can also par-
ticipate in gene networks that regulate diverse biological
processes [62, 63]. Most of the Wnt-regulated lncRNAs
have not previously been functionally characterized. By
associating these lncRNAs with known protein-coding
genes from the same gene network, we can infer their
potential biological functions. To investigate which gene
networks the various Wnt-regulated lncRNAs may be
involved in, we performed time-series clustering of the
differentially expressed Wnt-regulated lncRNAs and
PCGs. This analysis closely paralleled a similar time-
series clustering of PCGs that we reported previously,
which allowed us to differentiate between primary/early
and secondary/late transcriptional responses to Wnt in-
hibition [26]. The lncRNAs and PCGs fell into 63 dis-
tinct clusters based on their pattern of expression
change following Wnt inhibition (Additional file 1: Fig.
S4A, Additional file 7: Table S6). The similar and coher-
ent dynamic response of each cluster to Wnt inhibition
suggests the presence of a common regulatory process
within each cluster [64].
As many Wnt-regulated lncRNAs and PCGs were also

dysregulated in different types of cancers as determined
by differential expression between tumors and their
paired normal samples in the TCGA dataset [39] (Add-
itional file 1: Fig. S2A), we tested if the lncRNA-PCGs’
clusters were enriched for dysregulated genes in different
cancer types. This helped us to prioritize the clusters
that are more relevant to cancer. We also investigated
the biological processes that are enriched in these clus-
ters and then focused on the clusters that are enriched
for processes related to Wnt signaling inhibition. We
found that 48 out of the 63 clusters are enriched (FDR <
5%) for genes dysregulated in at least one type of cancer
(Additional file 1: Fig. S4B). In addition, a number of
clusters (clusters 1, 5, 7, 9, 12 and clusters 2, 3, 6, 11, 24)
(Fig. 3a, b) are enriched for genes up- or downregulated
in the majority of cancer types, suggesting that these
gene networks play a broad role in the pathogenesis of
cancer. For example, cluster 9 contained 67 Wnt-
activated lncRNAs and 357 PCGs, including well-
established Wnt target genes (e.g., NKD1, AXIN2, LGR5,
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MYC, BMP4, FGF9) (Fig. 3e, Additional file 7: Table S6).
This cluster was enriched for genes upregulated in 6
cancer types and genes downregulated in pancreatic can-
cer (Fig. 3a, b). It was significantly enriched for ncRNA
metabolic process, Wnt signaling, and cell differentiation
(Fig. 3c, e). Many of the genes associated with ncRNA
metabolic process (e.g. NOP56, METTL1, RRP1, AIMP2,
EXOSC5) were also overexpressed in multiple cancers
(Fig. 3e). With a few notable exceptions such as lncRNA
LINC00511 [65], most of the lncRNAs in this cluster do
not have established biological functions. One the other
hand, cluster 2 contained mainly Wnt-repressed genes,
the majority of which were downregulated in eight can-
cer types (Fig. 3b, Additional file 7: Table S6). The PCGs
from this cluster were enriched for processes related to
vesicle organization, vesicle transport, and immune re-
sponse (Fig. 3d, f). This last finding is consistent with re-
cent studies demonstrating that Wnt signaling prevents
anti-tumor immunity and suppresses immune surveil-
lance [66, 67]. Although most of the lncRNAs from clus-
ter 2 have not been characterized before, LINC00910
was previously identified as a lncRNA highly connected
to other gene promoter regions and was proposed to be
involved in lymphocyte activation [68]. Taken together,
this lncRNA-PCG network analysis suggests specific
Wnt-regulated lncRNAs in gene networks are involved
in distinct biological processes that contribute to the
pathogenesis of cancers.

CRISPRi screens identify Wnt-regulated lncRNAs that
modify HPAF-II cell growth in a context-dependent
manner
Our analysis identified multiple Wnt-regulated lncRNAs,
a subset of which might be important in cancer progres-
sion. To specifically identify the lncRNAs that play func-
tional roles in the pathogenesis of RNF43-mutant
pancreatic cancer in vivo, we performed CRISPRi
screens. This approach utilizes dCas9-KRAB, where a
catalytically inactive Cas9 is fused to a Krüppel-associ-
ated box (KRAB) transcriptional repressor domain [69].
dCas9-KRAB is recruited to the transcription start site
(TSS) of lncRNAs by single guide RNAs (sgRNAs) to

repress the transcription of the lncRNA of interest. CRIS
PRi screens have been demonstrated to be an efficient
and specific approach for genome-wide loss-of-function
studies of lncRNAs [45], which cannot reliably be inacti-
vated by indels introduced by the standard CRISPR-Cas9
system.
We chose to perform this CRISPRi screen in vivo

because we have shown that both lncRNAs and PCGs
respond to Wnt inhibition more robustly in vivo
(Fig. 1e-g and [26]) and that in vivo screening identi-
fies dependencies not seen in tissue culture [70]. To
capture the difference of Wnt-regulated lncRNA func-
tions in vivo and in vitro, the CRISPRi screen was
conducted both using xenograft tumor in vivo as well
as cultured cells in vitro (Fig. 4a).
We designed five sgRNAs to target the TSS of each of

the 1503 Wnt-regulated lncRNAs [44]. We divided the
sgRNAs into 3 lentiviral sub-libraries to allow for full
representation of the sgRNAs throughout the in vivo
screen, due to the limited number of cells that can be
implanted and engrafted in each tumor. For each sub-
library, we also included 55 sgRNAs targeting 11 genes
involved in cell survival or Wnt signaling as positive
controls, and 50 non-targeting controls (Additional file
8: Table S7). To assess the efficacy of this CRISPRi sys-
tem for gene suppression, we first selected sgRNAs tar-
geting two Wnt-regulated lncRNAs, including an
annotated lncRNA VPS9D1-AS1 and a novel lncRNA
XLOC_017401. We found that the CRISPRi system sup-
pressed VPS9D1-AS1 expression by ~ 85% and XLOC_
017401 expression by ~ 70% (Additional file 1: Fig. S5A).
We also generated HPAF-II-dCas9-KRAB cells that sta-
bly expressed GFP and confirmed in these cells that a
specific sgRNA was able to knock down GFP expression
(Additional file 1: Fig. S5B).
We transduced the HPAF-II cell line stably expressing

dCas9-KRAB with the lentiviral sgRNA sub-libraries at a
low multiplicity of infection (MOI < 0.3) to ensure that
each cell was only infected by one virus with a single
sgRNA. The transduced cells were selected with puro-
mycin for 3 days (T0 population) and then maintained in
culture for 2 weeks (the in vitro screen) with ≥ 3 × 106

(See figure on previous page.)
Fig. 3 Wnt-regulated lncRNA and protein-coding genes form gene networks that are dysregulated in different cancer types. a Clusters enriched
for genes upregulated in different cancer types. The top 5 clusters, clusters 1, 5, 7, 9, and 12, are enriched with the most number of cancers for
genes upregulated. Normalized gene expression of these 5 clusters with number of PCGs and lncRNAs from each cluster are shown (left). b
Clusters enriched for genes downregulated in different cancer types. The top 5 clusters, clusters 2, 3, 6, 11, and 24, are enriched with the most
number of cancers for genes downregulated. Normalized gene expression of these 5 clusters with number of PCGs and lncRNAs from each
cluster are shown (left). c, d GO Biological Processes enrichments (FDR < 5%) of the top 5 clusters enriched for genes upregulated (c) or
downregulated (d) in different cancer types. The top 3 significantly enriched GO terms for each cluster are shown. e Wnt-regulated lncRNAs are
part of gene networks that are upregulated in different cancers. PCGs from cluster 9 are enriched for ncRNA metabolic processes, negative
regulation of cell differentiation, and positive regulation of Wnt signaling. Wnt-regulated lncRNAs from cluster 9 are shown in the inner circle. f
Wnt-regulated lncRNAs are part of gene networks that are downregulated in different cancers. PCGs from cluster 2 are enriched for immune
response, vesicle-mediated transport, and vesicle organization. Wnt-regulated lncRNAs from cluster 2 are shown in the inner circle
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cells to allow for 1000-fold coverage of each sgRNA
throughout the in vitro screen. Alternatively, the trans-
duced cells were injected subcutaneously into immuno-
compromised mice. To get a good representation of
each guide in the subcutaneous tumor, a total of 107

cells were injected per mouse flank to allow for 3000-
fold coverage of each sgRNA. The tumors were har-
vested after 3 weeks (the in vivo screen). Integrated
lentiviruses encoding sgRNAs (i.e., barcodes) from the
T0 population, the in vitro screen end population,

Fig. 4 CRISPRi screens identify Wnt-regulated lncRNAs loci that modify cell growth in a context-dependent manner. a Schematic representation
of CRISPRi screens conducted using xenograft tumors in vivo and in cultured cells in vitro to identify functional Wnt-regulated lncRNAs in RNF43-
mutant pancreatic cancer. b Comparison of FDR from in vivo and in vitro screens. The dashed lines represent the threshold (FDR = 10%) for
calling hits by gene-associated FDR. lncRNA hits are colored based on their FDR from both in vivo and in vitro screens. c Comparison of sgRNA
fold change after in vivo and in vitro screens. Each gene is colored based on hits calling from B. d sgRNAs targeting LINC00263 are significantly
depleted from both in vivo and in vitro screens. e sgRNAs targeting ABHD11-AS1 are significantly enriched only from the in vivo screen. f sgRNAs
targeting AP000487.1 are significantly enriched only from the in vitro screen. The normalized counts of 5 sgRNAs targeting the TSS of LINC00263,
ABHD11-AS1, and AP000487.1 are shown before and after both screens in d–f. g sgRNAs targeting the TSS of LINC00263 reduce the expression of
LINC00263 and SCD. h sgRNAs targeting LINC00263 reduce HPAF-II cell growth in vitro. Cell numbers were counted at days 6, 10, 14, and 16 after
seeding and normalized to the seeding density. i sgRNAs targeting SCD reduce HPAF-II cell growth in vitro. sgNTC does not affect cell growth.
Cell numbers were counted at days 6, 10, and 14 after seeding and normalized to the seeding density. NTC, non-targeting control
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and the in vivo screen end population were then re-
covered by PCR and quantified by next-Gen sequen-
cing (see the “Methods” section for additional details,
Additional file 9: Table S8).
We first assessed the technical quality of the CRISPRi

screen. There was a high correlation of sgRNA frequen-
cies between independent experimental replicates (Add-
itional file 1: Fig. S6), suggesting the robustness of the
screen. We used the MAGeCK algorithm [48] to analyze
the in vitro and in vivo screens, using the non-targeting
control sgRNAs for normalization. The statistical deter-
mination that a lncRNA gene regulated cancer prolifera-
tion was calculated based on the performance of all its
sgRNAs compared to the non-targeting controls, as pre-
viously reported [48]. Each lncRNA gene was also scored
based on the fold change of its second best performing
sgRNA [48]. We classified a gene as a hit if its associated
FDR was less than 10% (Fig. 4b). First, our screen was
able to identify important positive controls as gene hits.
For example, 4 out of 5 sgRNAs targeting POLR2A
(RNA polymerase II subunit A) were depleted in both
in vitro and in vivo screens, consistent with its essential
role for cell growth (Additional file 1: Fig. S7). As ex-
pected for a Wnt-addicted cancer, all 5 sgRNAs target-
ing CTNNB1 were also depleted in both in vitro and
in vivo screens (Additional file 1: Fig. S7). Thus, the
screen appears to function well both in vitro and in vivo.
We next compared the lncRNA hits from the in vivo

and in vitro screens. We identified 4 Wnt-regulated
lncRNA loci as hits in both screens, 21 lncRNA loci as hits
only in the in vivo screen and 9 lncRNA loci as hits only
in the in vitro screen (Fig. 4b and c, and Table 1). Since
CRISPRi acts within a 1-kb window around the targeted
TSS to repress gene expression [71], we also included in
our sgRNA library guides designed to suppress the expres-
sion of the protein-coding genes that also had a TSS
within 1 kb of the TSS of lncRNA hits. We found that for
6 lncRNA hits, protein-coding genes were nearby that
could be suppressed by CRISPRi in the screen. However,
CRISPRi suppression of these protein neighbors did not
produce a phenotype in a separate screen library (Add-
itional file 10: Table S9). This indicates that the lncRNA
hits identified through CRISPRi screen are likely due to
the functions of lncRNA loci themselves. Taken together,
around 1% (13/1503) of the Wnt-regulated lncRNAs can
modify cancer cell growth in the in vitro screen, which is
consistent with previous genome-wide CRISPRi screens
for functional lncRNAs in cell lines [45]. Notably, using
the in vivo CRISPRi screen, we identified twice as many
Wnt-regulated lncRNAs (25/1503) that had a functional
effect on cancer cell growth.
We found that the four Wnt-regulated lncRNA loci

that were hits in both screens were essential for HPAF-
II cancer cell growth (Fig. 4b, c). For example, 3 out of 5

sgRNAs targeting LINC00263 were depleted in both
screens, suggesting that it was an essential lncRNA for
HPAF-II growth both in vivo and in vitro (Fig. 4d).
Interestingly, LINC00263 has previously been reported
to be a cell type-specific lncRNA essential for the growth
of U87 cells but not K562, HeLa, or MCF7 cells [45].
Twenty-one Wnt-regulated lncRNA loci were hits only
in the in vivo screen and would not have been identified
in an in vitro screen. Of these, 2 lncRNAs can promote
cancer cell growth, while 19 lncRNAs appear to have
suppressive effects on cell proliferation in vivo. For ex-
ample, 4 sgRNAs targeting ABHD11-AS1 were only
enriched at the end of the in vivo, but not the in vitro
screen (Fig. 4e). Among the 9 Wnt-regulated lncRNA
loci that were hits only in the in vitro screen, we found 3
of them promoted, while 6 suppressed HPAF-II prolifer-
ation in culture. For example, all 5 sgRNAs targeting
AP000487.1 were enriched at the end of the in vitro
screen; however, none of the 5 sgRNAs showed signifi-
cant change after the in vivo screen (Fig. 4f). This sug-
gests that AP000487.1 may have tumor suppressive
function only in vitro. Taken together, using CRISPRi
screens both in vivo and in vitro, we identified Wnt-
regulated lncRNA loci that modify HPAF-II growth in a
context-dependent manner. It also suggests that a subset
lncRNA loci identified in vitro may not have important
functions in vivo.
To further validate the CRISPRi screen results, we fo-

cused on LINC00263, which was an essential lncRNA
for HPAF-II cell growth both in vivo and in vitro
(Fig. 4d). We cloned the top two sgRNAs targeting
LINC00263 into doxycycline-inducible lentiviral sgRNA
vectors. We demonstrated that these sgRNAs can sup-
press LINC00263 expression by ~ 80% in the CRISPRi
system (Fig. 4g) and knocking down LINC00263 reduced
HPAF-II cell growth in vitro (Fig. 4h). Interestingly, we
found that knocking down LINC00263 also reduced the
expression of its nearest protein-coding gene stearoyl-
CoA desaturase (SCD) (Fig. 4g), similar to what was re-
ported in U87 cells [45]. To test if SCD regulates the
growth of HPAF-II cells, we next targeted the TSS of
SCD using CRISPRi with two independent sgRNAs.
Knockdown of SCD reduced SCD mRNA abundance
(Additional file 1: Fig. S8) and inhibited HPAF-II cell
growth similar to that observed after knockdown of
LINC00263 (Fig. 4i). However, sgRNAs targeting the
TSS of SCD did not reduce the expression of LINC00263
(Additional file 1: Fig. S8). Based on these results, we
hypothesize that LINC00263 is essential for HPAF-II cell
growth through cis-regulation of SCD.

Discussion
LncRNAs play important roles in diverse biological pro-
cesses. Here we present a systematic study to identify

Liu et al. Genome Medicine           (2020) 12:89 Page 15 of 22



Ta
b
le

1
W
nt
-r
eg

ul
at
ed

ln
cR
N
A
s
th
at

af
fe
ct

H
PA

F-
II
ce
ll
gr
ow

th
in

vi
vo

an
d
in

vi
tr
o

G
ro
up

En
se
m
b
l

G
en

e
ID

G
en

e
sy
m
b
ol

G
en

e
b
io
ty
p
e

lo
g
2F

C
a

(in
vi
vo

)
FD

Rb

(in
vi
vo

)
lo
g
2F

C
(in

vi
tr
o)

FD
R

(in
vi
tr
o)

W
nt
-

d
ep

en
d
en

ce
N
ea

re
st

PC
G

C
or
re
la
ti
on

(n
ea

re
st

PC
G
)c

p
va

lu
e
of

co
rr
el
at
io
n

ln
cR

N
A
-P
C
G

D
is
ta
nc

e
(b
p
)d

U
p
re
g
ul
at
ed

N
o.

ca
nc

er
se

D
ow

nr
eg

ul
at
ed

N
o.

ca
nc

er
sf

in
vi
tr
o
an
d
in

vi
vo

EN
SG

00
00
02
76
13
1

RP
11
-

48
1J
2.
3

an
tis
en

se
−
4.
42

0.
00

1
−
1.
76

0.
00

1
W
nt
-

A
ct
iv
at
ed

G
IN
S3

0.
67

3.
65
E−

06
97
,7
26

6
0

in
vi
tr
o
an
d
in

vi
vo

EN
SG

00
00
01
88
82
5

LI
N
C0
09
10

lin
cR
N
A

−
1.
99

0.
02

7
−
1.
22

0.
04

5
W
nt
-

Re
pr
es
se
d

AR
L4
D

0.
39

1.
40
E−

02
97
59

1
4

in
vi
tr
o
an
d
in

vi
vo

EN
SG

00
00
02
35
82
3

LI
N
C0
02
63

lin
cR
N
A

−
1.
85

0.
02

9
−
2.
67

0.
00

1
W
nt
-

Re
pr
es
se
d

SC
D

0.
54

4.
04
E−

04
26
,4
90

6
1

in
vi
tr
o
an
d
in

vi
vo

EN
SG

00
00
02
47
84
4

CC
AT
1

lin
cR
N
A

−
1.
20

0.
00

1
−
0.
99

0.
03

3
W
nt
-

A
ct
iv
at
ed

M
YC

0.
80

3.
42
E−

08
51
6,
34
5

9
3

in
vi
vo

EN
SG

00
00
02
30
17
7

RP
5-

11
12
D
6.
4

an
tis
en

se
−
0.
69

0.
09

6
−
0.
75

0.
99
1

W
nt
-

Re
pr
es
se
d

KI
AA

19
19

−
0.
24

1.
29
E−

01
18
,5
83

10
0

in
vi
vo

EN
SG

00
00
02
30
26
6

XX
YL
T1
-A
S2

an
tis
en

se
1.
77

0.
09

8
−
0.
46

0.
47
1

W
nt
-

Re
pr
es
se
d

XX
YL
T1

−
0.
13

4.
24
E−

01
12
3,
29
5

1
7

in
vi
vo

EN
SG

00
00
02
33
89
5

RP
1-

12
2P
22
.2

lin
cR
N
A

−
1.
65

0.
01

5
−
1.
18

0.
15
8

W
nt
-

Re
pr
es
se
d

RI
N
2

0.
63

2.
36
E−

05
12
8,
81
2

0
10

in
vi
vo

EN
SG

00
00
02
59
14
6

RP
1-

26
1D

10
.2

an
tis
en

se
0.
22

0.
06

3
0.
12

0.
54
1

W
nt
-

A
ct
iv
at
ed

SI
PA
1L
1

0.
45

3.
79
E−

03
13
64

2
5

in
vi
vo

EN
SG

00
00
02
59
98
5

RP
11
-

54
9B
18
.1

an
tis
en

se
0.
60

0.
06

3
0.
22

0.
32
9

W
nt
-

A
ct
iv
at
ed

B4
G
AL
T6

0.
81

2.
04
E−

08
18
0

6
4

in
vi
vo

EN
SG

00
00
02
61
66
2

RP
5-

10
42
I8
.7

se
ns
e_

ov
er
la
pp

in
g

0.
30

0.
01

8
−
0.
45

1.
00
0

W
nt
-

Re
pr
es
se
d

N
O
TC
H
2

0.
40

1.
19
E−

02
15
9,
01
2

1
9

in
vi
vo

EN
SG

00
00
02
33
91
2

AC
02
62
02
.3

an
tis
en

se
0.
66

0.
06

3
0.
29

0.
29
5

W
nt
-

A
ct
iv
at
ed

AR
L8
B

−
0.
23

1.
52
E−

01
65
,1
08

2
7

in
vi
vo

EN
SG

00
00
02
62
90
3

RP
11
-

23
5E
17
.6

an
tis
en

se
0.
48

0.
06

3
−
0.
01

1.
00
0

W
nt
-

Re
pr
es
se
d

CT
N
S

−
0.
12

4.
61
E−

01
21
,6
23

8
1

in
vi
vo

XL
O
C_

05
28
99

XL
O
C_

05
28
99

no
ve
l_
ln
cR
N
A
s

0.
66

0.
06

3
0.
43

0.
81
3

W
nt
-

Re
pr
es
se
d

TM
EM

16
1B

0.
68

2.
75
E−

06
39
3,
25
8

N
A

N
A

in
vi
vo

EN
SG

00
00
02
34
47
7

AC
00
42
31
.2

an
tis
en

se
0.
96

0.
01

8
0.
09

0.
97
4

W
nt
-

Re
pr
es
se
d

KR
T2
3

0.
74

2.
93
E−

07
16
,2
03

5
2

in
vi
vo

EN
SG

00
00
02
25
96
9

AB
H
D
11
-

AS
1

an
tis
en

se
0.
79

0.
01

8
0.
04

0.
84
9

W
nt
-

Re
pr
es
se
d

AB
H
D
11

0.
69

1.
75
E−

06
38
28

9
3

in
vi
vo

EN
SG

00
00
01
96
42
1

LI
N
C0
01
76

lin
cR
N
A

0.
57

0.
06

3
0.
25

0.
82
3

W
nt
-

A
ct
iv
at
ed

ZN
F5
12
B

0.
09

5.
76
E−

01
14
,4
13

10
0

in
vi
vo

EN
SG

00
00
02
72
37
9

RP
1-
25
7A
7.
5

lin
cR
N
A

0.
75

0.
06

3
0.
49

0.
29
5

W
nt
-

Re
pr
es
se
d

TB
C1
D
7

−
0.
13

4.
30
E−

01
38
,0
92

1
1

in
vi
vo

XL
O
C_

00
11
41

XL
O
C_

00
11
41

no
ve
l_
ln
cR
N
A
s

0.
81

0.
06

3
−
0.
24

1.
00
0

W
nt
-

A
ct
iv
at
ed

D
EP
D
C1

0.
08

6.
35
E−

01
30
,9
39

N
A

N
A

in
vi
vo

XL
O
C_

02
26
55

XL
O
C_

02
26
55

no
ve
l_
ln
cR
N
A
s

0.
67

0.
08

4
0.
20

0.
81
3

W
nt
-

A
ct
iv
at
ed

D
IS
3L

0.
77

1.
09
E−

07
42
,9
03

N
A

N
A

in
vi
vo

EN
SG

00
00
02
32
53
6

RP
11
-7
4C
1.
4

se
ns
e_
in
tr
on

ic
0.
63

0.
01

8
0.
18

0.
54
1

W
nt
-

Re
pr
es
se
d

TU
FT
1

0.
40

1.
08
E−

02
21
0

5
2

in
vi
vo

EN
SG

00
00
02
62
46
8

LI
N
C0
15
69

lin
cR
N
A

0.
56

0.
06

3
0.
62

0.
16
0

W
nt
-

A
ct
iv
at
ed

TF
AP
4

0.
74

3.
28
E−

07
19
,2
85

9
1

in
vi
vo

EN
SG

00
00
01
84
22
4

C1
1o
rf7
2

lin
cR
N
A

0.
52

0.
06

3
0.
36

0.
27
2

W
nt
-

N
D
U
FV
1

0.
11

5.
10
E−

01
14
5

3
2

Liu et al. Genome Medicine           (2020) 12:89 Page 16 of 22



Ta
b
le

1
W
nt
-r
eg

ul
at
ed

ln
cR
N
A
s
th
at

af
fe
ct

H
PA

F-
II
ce
ll
gr
ow

th
in

vi
vo

an
d
in

vi
tr
o
(C
on

tin
ue
d)

G
ro
up

En
se
m
b
l

G
en

e
ID

G
en

e
sy
m
b
ol

G
en

e
b
io
ty
p
e

lo
g
2F

C
a

(in
vi
vo

)
FD

Rb

(in
vi
vo

)
lo
g
2F

C
(in

vi
tr
o)

FD
R

(in
vi
tr
o)

W
nt
-

d
ep

en
d
en

ce
N
ea

re
st

PC
G

C
or
re
la
ti
on

(n
ea

re
st

PC
G
)c

p
va

lu
e
of

co
rr
el
at
io
n

ln
cR

N
A
-P
C
G

D
is
ta
nc

e
(b
p
)d

U
p
re
g
ul
at
ed

N
o.

ca
nc

er
se

D
ow

nr
eg

ul
at
ed

N
o.

ca
nc

er
sf

Re
pr
es
se
d

in
vi
vo

EN
SG

00
00
02
77
69
2

RP
11
-

35
8N

2.
2

lin
cR
N
A

0.
50

0.
06

3
−
0.
27

1.
00
0

W
nt
-

Re
pr
es
se
d

AS
XL
1

−
0.
36

2.
43
E−

02
32
90

3
3

in
vi
vo

EN
SG

00
00
02
50
41
3

RP
11
-

44
8G

15
.1

an
tis
en

se
0.
43

0.
06

3
0.
03

0.
84
9

W
nt
-

Re
pr
es
se
d

SL
C2
A9

0.
25

1.
14
E−

01
48
,4
53

2
9

in
vi
vo

EN
SG

00
00
02
24
66
0

SH
3B
P5
-A
S1

an
tis
en

se
0.
57

0.
01

8
0.
45

0.
17
7

W
nt
-

Re
pr
es
se
d

SH
3B
P5

−
0.
36

2.
44
E−

02
87
,1
83

0
6

in
vi
tr
o

EN
SG

00
00
02
33
93
0

KR
TA
P5
-A
S1

an
tis
en

se
−
0.
09

0.
79
4

−
0.
50

0.
03

6
W
nt
-

A
ct
iv
at
ed

D
U
SP
8

0.
55

2.
69
E−

04
56
6

7
2

in
vi
tr
o

XL
O
C_

03
34
78

XL
O
C_

03
34
78

no
ve
l_
ln
cR
N
A
s

−
0.
28

0.
79
4

−
0.
85

0.
00

9
W
nt
-

A
ct
iv
at
ed

ID
2

0.
28

8.
11
E−

02
79
7,
50
1

N
A

N
A

in
vi
tr
o

XL
O
C_

00
59
71

XL
O
C_

00
59
71

no
ve
l_
ln
cR
N
A
s

0.
58

0.
83
4

−
0.
82

0.
03

6
W
nt
-

A
ct
iv
at
ed

N
SL
1

0.
02

8.
94
E−

01
68
,6
36

N
A

N
A

in
vi
tr
o

EN
SG

00
00
02
49
04
2

CT
D
-

20
15
H
6.
3

an
tis
en

se
−
0.
21

0.
64
0

0.
55

0.
01

5
W
nt
-

A
ct
iv
at
ed

ZF
YV
E1
6

0.
46

3.
21
E−

03
80
,0
49

6
4

in
vi
tr
o

EN
SG

00
00
02
46
88
9

AP
00
04
87
.5

an
tis
en

se
−
0.
73

0.
68
2

0.
66

0.
00

1
W
nt
-

A
ct
iv
at
ed

CT
TN

−
0.
24

1.
36
E−

01
83

8
3

in
vi
tr
o

XL
O
C_

03
67
43

XL
O
C_

03
67
43

no
ve
l_
ln
cR
N
A
s

−
0.
49

0.
72
9

0.
48

0.
06

6
W
nt
-

Re
pr
es
se
d

LG
AL
SL

0.
30

5.
87
E−

02
78
,2
30

N
A

N
A

in
vi
tr
o

EN
SG

00
00
02
64
30
1

LI
N
C0
14
44

lin
cR
N
A

−
0.
43

0.
90
8

0.
76

0.
07

0
W
nt
-

Re
pr
es
se
d

RN
M
T

−
0.
07

6.
58
E−

01
1,
24
3,
80
7

2
0

in
vi
tr
o

EN
SG

00
00
02
15
25
6

D
H
RS
4-
AS
1

an
tis
en

se
0.
28

0.
56
9

0.
63

0.
07

0
W
nt
-

A
ct
iv
at
ed

D
H
RS
4L
2

0.
29

6.
64
E−

02
18
,9
64

2
5

in
vi
tr
o

EN
SG

00
00
02
24
04
6

AC
00
50
76
.5

an
tis
en

se
0.
36

0.
13
2

0.
85

0.
00

1
W
nt
-

A
ct
iv
at
ed

D
M
TF
1

−
0.
38

1.
64
E−

02
58

2
5

a l
og

2F
C
:t
he

en
ric
hm

en
t/
de

pl
et
io
n
of

sg
RN

A
s
ta
rg
et
in
g
a
ln
cR
N
A
,c
al
cu
la
te
d
ba

se
d
on

lo
g2

tr
an

sf
or
m
ed

fo
ld

ch
an

ge
of

re
ad

co
un

ts
of

th
e
se
co
nd

be
st

sg
RN

A
ta
rg
et
in
g
th
e
ln
cR
N
A
.P

os
iti
ve

FC
m
ea
ns

sg
RN

A
ta
rg
et
in
g

in
cr
ea
se
d
ce
ll
gr
ow

th
in

th
e
sc
re
en

;n
eg

at
iv
e
FC

m
ea
ns

sg
RN

A
ta
rg
et
in
g
de

cr
ea
se
d
ce
ll
gr
ow

th
in

th
e
sc
re
en

b
FD

R,
fa
ls
e
di
sc
ov

er
y
ra
te
,c
al
cu
la
te
d
ba

se
d
on

th
e
fo
ld

ch
an

ge
of

al
ls
gR

N
A
s
ta
rg
et
in
g
th
e
ln
cR
N
A
co
m
pa

re
d
to

th
e
no

n-
ta
rg
et
in
g
co
nt
ro
ls
;F
D
R
<
10

%
is
hi
gh

lig
ht
ed

in
bo

ld
(s
ee

M
et
ho

ds
)

c C
or
re
la
tio

n
(n
ea
re
st

PC
G
):
Sp

ea
rm

an
co
rr
el
at
io
n
co
ef
fic
ie
nt

of
W
nt
-r
eg

ul
at
ed

ln
cR
N
A
w
ith

its
ne

ar
es
t
PC

G
in

re
sp
on

se
to

W
nt

in
hi
bi
tio

n
in

th
e
or
th
ot
op

ic
H
PA

F-
II
ca
nc
er

m
od

el
d
ln
cR
N
A
-P
C
G
di
st
an

ce
(b
p)
:t
he

di
st
an

ce
in

ba
se

pa
ir
be

tw
ee
n
th
e
TS
S
of

W
nt
-r
eg

ul
at
ed

ln
cR
N
A
an

d
its

ne
ar
es
t
PC

G
;d

is
ta
nc
e
le
ss

th
an

1
kb

is
hi
gh

lig
ht
ed

in
ita

lic
,a
s
th
e
PC

G
m
ay

be
su
pp

re
ss
ed

by
sg
RN

A
ta
rg
et
in
g

th
e
ln
cR
N
A

e U
pr
eg

ul
at
ed

N
o.

ca
nc
er
s:
nu

m
be

r
of

TC
G
A
ca
nc
er

ty
pe

s
th
e
ln
cR
N
A
is
up

re
gu

la
te
d,

as
de

te
rm

in
ed

by
di
ff
er
en

tia
le

xp
re
ss
io
n
(F
D
R
<
5%

)
be

tw
ee
n
tu
m
or
s
an

d
th
ei
r
pa

ire
d
no

rm
al

sa
m
pl
es

f D
ow

nr
eg

ul
at
ed

N
o.

ca
nc
er
s:
nu

m
be

r
of

TC
G
A
ca
nc
er

ty
pe

s
th
e
ln
cR
N
A
is
do

w
nr
eg

ul
at
ed

,a
s
de

te
rm

in
ed

by
di
ff
er
en

tia
le

xp
re
ss
io
n
(F
D
R
<
5%

)
be

tw
ee
n
tu
m
or
s
an

d
th
ei
r
pa

ire
d
no

rm
al

sa
m
pl
es

Liu et al. Genome Medicine           (2020) 12:89 Page 17 of 22



and functionally assess lncRNAs regulated by Wnt sig-
naling. Using an orthotopic Wnt-addicted pancreatic
cancer model treated with a potent and effective
PORCN inhibitor, we identified 1503 lncRNAs regulated
by Wnt signaling in vivo. Many of these lncRNAs were
also dysregulated in different cancer types and may func-
tion through gene networks that contribute to the
pathogenesis of cancers. Our eQTL-lncRNA interac-
tions’ analysis identified Wnt-regulated lncRNAs that
may regulate nearby protein-coding genes. Using CRIS
PRi screens, we found that 34 Wnt-regulated lncRNAs
could modify cell growth in a context-dependent man-
ner with a higher hit rate in the in vivo model. This
pipeline for lncRNA discovery and functional validation
may be broadly applicable.
We previously reported that Wnt-regulated protein-

coding genes were more robustly regulated in an ortho-
topic model than in cultured cells. We find that this
holds true for lncRNAs as well. More than twice as
many lncRNAs responded to Wnt inhibition in the
in vivo xenografts than in cells cultured in vitro. These
differences in the number and magnitude of gene ex-
pression changes will be influenced by a variety of local
and experimental factors including tumor microenviron-
ment, culture conditions, doubling times in different en-
vironments, local nutrients versus culture medium
ingredients, the presence of stromal and other host cells,
and variations in extracellular matrix. Overall, our find-
ings are consistent with the large body of literature
showing that the expression of genes is regulated by
interaction with the relevant environment [72].
Cancer cells show differential dependencies on

protein-coding genes for their growth and survival
in vivo versus in vitro [51, 70, 73, 74]. Our CRISPRi
screen results indicate that cancer cells also have differ-
ent requirements for lncRNAs when grown in vivo vs
in vitro conditions. Multiple lncRNAs exhibit different
phenotypes when studied in cell culture compared to
animal knock-out models and in vivo systems [75–79].
Our results highlight the importance of studying
lncRNAs in vivo with the relevant microenvironment in
order to better understand their functions in cancer
pathogenesis. This has implications for the identification
of lncRNAs as potential therapeutic targets for cancer
treatment. For instance, it has been shown that drugs
identified through high-throughput screening of cell cul-
ture in vitro have limited success in patient care [80, 81].
The same might be true for drugs identified to target
lncRNAs.
Despite the large number of lncRNAs annotated in the

human genome [8, 9], only a very small fraction of them
have been either validated or characterized at a func-
tional level. This is due to the complex nature of the
lncRNA loci and a prior lack of tools to study them at a

large scale [63, 75]. In recent years, CRISPR screens have
been shown to be an efficient and specific approach to
investigate lncRNA functions genome-wide in cultured
cells [45, 82–85]. In this study, we perform a CRISPRi
screen not only in cultured cells, but also in xenograft
tumors to assess the ability of 1503 Wnt-regulated
lncRNAs to influence cancer cell proliferation. Validat-
ing this approach, among the 4 Wnt-regulated lncRNAs
that we found to be functional both in vivo and in vitro,
3 were identified to promote cell growth in prior CRIS
PRi screens [45]. Furthermore, consistent with what has
been reported for genome-wide lncRNA CRISPRi
screens in cell lines [45], 1% (13/1503) of the Wnt-
regulated lncRNAs in our in vitro screen modified can-
cer cell growth. Notably, our in vivo CRISPRi screen
identified twice as many Wnt-regulated lncRNAs (25/
1503) that had a functional effect on cancer cell growth.
Twenty-one Wnt-regulated lncRNAs had functional ef-
fects on cancer cell growth only in the xenograft model
and would not have been identified in an in vitro screen,
demonstrating the value of studying lncRNA functions
in vivo. This is also demonstrated in a recent study that
an in vivo system is essential for understanding the bio-
logical role of a human lncRNA in metabolic regulation
that cannot be recapitulated in vitro [79].
The CRISPR-based approach can produce different re-

sults than those based on RNA interference. LINC00176,
found in our screen as a functional Wnt-regulated
lncRNA locus, has also been identified in four other
publications. Two groups used different CRISPR ap-
proaches (paired-sgRNAs [84] or sgRNA targeting splice
site [85]) and found, as we did, that LINC00176 has a
tumor-suppressive effect in vivo. Two additional studies
used RNA interference and concluded, conversely, that
LINC00176 has a pro-proliferative role in ovarian and
hepatocellular carcinoma cell lines [86, 87]. These differ-
ences could be due to variations in cell type or experi-
mental approach, as RNA interference is known to
suffer from significantly more off-target effects com-
pared to the CRISPR approach and is less effective for
targeting nuclear lncRNAs [88, 89]. Together, the com-
parisons reported here further support the identification
of Wnt-regulated lncRNA loci that can modify cancer
cell growth and the importance of choosing a loss-of-
function strategy to characterize lncRNAs.
Nevertheless, there are some limitations to using CRIS

PRi to target lncRNAs. First, recruiting dCas9-KRAB to
the TSS of a lncRNA can suppress the transcriptional
activity and local regulatory sequence (enhancer) of the
lncRNA locus; second, it results in decreased production
of the lncRNA transcript, inhibiting potential cis or trans
function of the lncRNA transcript [45]. Both the repres-
sive effect on chromatin and the lack of lncRNA tran-
scripts can cause biological consequences that cannot be
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differentiated by CRISPRi knock-down alone. In
addition, due to the nature of CRISPRi screens, it is not
possible to know how effectively each of the designed
sgRNAs suppresses the expression of the target lncRNA,
so there is the possibility of false negatives. As with all
screens, additional studies are needed to verify the results
and to further dissect how the Wnt-regulated lncRNA loci
identified in our screen regulate cell proliferation.
GWAS studies have identified thousands of common

genetic variants that are associated with complex traits
and diseases, but 90% of these fall into noncoding re-
gions of the genome [90]. This has made it difficult to
dissect the underlying molecular mechanisms. eQTLs
that co-localize with GWAS SNPs suggest the effect of
the SNPs on diseases and traits is mediated by changes
in gene expression. lncRNAs overlapping with these
GWAS-associated cis-eQTL SNPs are potential candi-
dates to explain the underlying mechanisms of risk loci
because lncRNAs can be important cis regulators of
nearby genes [54–56]. When we mapped Wnt-regulated
lncRNAs-mRNA pairs linked by eQTL SNPs using the
annotation from FANTOM5 [8], we found previously
unappreciated regulatory effects of Wnt-regulated
lncRNAs in disease. For example, Wnt-regulated
lncRNA LINC00339 was linked to CDC42 through five
eQTL SNPs, suggesting the LINC00339 locus may regu-
late the expression of CDC42. Supporting this,
knocking-down LINC00339 expression has been re-
ported to increase CDC42 expression [91]. Consistent
with the importance of Wnt regulation, LINC00339 and
its linked gene CDC42 are involved in both endometri-
osis and bone metabolism [91, 92], two Wnt-regulated
biological processes [93, 94]. Thus, identifying eQTL-
linked Wnt-regulated lncRNA-PCG pairs helps to
prioritize the potential cis-regulatory targets of Wnt-reg-
ulated lncRNAs. Further integrating the disease risk infor-
mation based on GWAS SNPs co-localizing with eQTL,
the Wnt-regulated lncRNA-PCG pairs may help explain
the underlying mechanisms of risk loci in the context of
disease, which is potentially affected by Wnt signaling. We
also examined the eQTL-linked Wnt-regulated lncRNA-
PCG pair co-expressions both globally in FANTOM5
dataset across cell types and tissues and specifically in
TCGA pancreatic cancer. We observed that more
lncRNA-PCG pairs were significantly co-expressed in the
pancreatic cancer (1070 pairs) than globally across cell
types and tissues (555 pairs), which could be due to the
tissue-specific functions of lncRNAs [95].
Although the 1503 Wnt-regulated lncRNAs were dis-

covered in the orthotopic RNF43-mutant pancreatic can-
cer xenograft model, many of them were also
dysregulated in different types of cancers in TCGA
(Additional file 1: Fig. S2A). A total of 248 Wnt-
regulated lncRNAs were exclusively upregulated or

downregulated across different cancer types (Additional
file 2: Table S1). This suggests the fundamental role of
Wnt-regulated lncRNAs in cancer pathogenesis in a
broader context beyond Wnt-addicted pancreatic cancer.
For example, CCAT1, identified as a Wnt-activated
lncRNA, was also upregulated in 9 cancer types, includ-
ing pancreatic cancer (Additional file 2: Table S1, Add-
itional file 3: Table S2). Our CRISPRi screens indicated
that it is an essential lncRNA both in vivo and in vitro
(Table 1). This suggests that CCAT1 is a Wnt-activated
lncRNA with oncogenic function, which is consistent
with previous studies showing that CCAT1 can promote
the progression of different types of cancers [96–98]. In-
tegrating Wnt-regulated lncRNAs with their expression
profiles in TCGA and CRISPRi functional screens can
better distinguish their oncogenic or tumor suppressive
functions in cancer pathogenesis.

Conclusions
This study comprehensively identified 1503 lncRNAs reg-
ulated by Wnt signaling in vivo and determined their
wider roles in other cancers. We found more than twice
as many lncRNAs responded to Wnt inhibition in the
in vivo xenografts than in cells cultured in vitro. With
CRISPRi screens both in vivo and in vitro, we found two
fold (21/1503) as many Wnt-regulated lncRNAs have
functional effects on cell growth only in vivo, suggesting
the importance of studying lncRNA function with relevant
microenvironment. Thus, this study provides a valuable
resource of functional Wnt-regulated lncRNAs in vivo. It
also establishes a framework for integrating orthogonal
transcriptomics dataset with functional CRISPRi screening
which can be broadly adapted for systematic discovery,
functional annotation, and validation of lncRNAs in vivo.
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