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Colorectal cancer (CRC) exhibits significant genetic and epigenetic diversity, evolving into sub-clonal
populationswith variedmetastatic potentials and treatment responses. Predictingmetastatic disease
in CRC patients remains challenging, underscoring the need for reliable biomarkers. While most
research on therapeutic targets and biomarkers has focused on proteins, non-coding RNAs such as
long non-coding RNAs (lncRNAs) comprise most of the transcriptome and demonstrate superior
tissue- and cancer-specific expression. We utilised spatial transcriptomics to investigate lncRNAs in
CRC tumours, offering more precise cell-type-specific expression data compared to bulk RNA
sequencing. Our analysis identified 301 lncRNAs linked tomalignant CRC regions, whichwe validated
with public data. Further validation usingRNA–FISH revealed three lncRNAs (LINC01978,PLAC4, and
LINC01303) that are detectable in stage II tumours but not in normal epithelium and are upregulated in
metastatic tissues. These lncRNAs hold potential as biomarkers for early risk assessment of
metastatic disease.

Colorectal cancer (CRC) was the second most common cause of cancer
death in the United States in 2022 and made up 10% of all cancer deaths
globally1,2. In 2023, there were an estimated 153,000 new CRC cases in the
United States alone3, making clinical developments a priority for this
disease.

CRC can be divided into three major clinical subtypes based on their
genomic or epigenomic status. These are microsatellite instability (MSI)
status, chromosomal instability (CIN) status and CpG island methylator
phenotype (CIMP)4. A tumour with microsatellite stable (MSS) lesions
indicates that microsatellites remain stable and do not vary in length5.
Tumours with APC gene mutations (70–90%) are usually MSS6. Tumours
withMSI refer tomicrosatellite sequences that vary in length and have been
functionally associated with defects in the DNA mismatch repair
machinery7, resulting in a hypermutable phenotype5. The majority of CRC
lesions areMSSanddevelop throughCINpathways,wherewholeorparts of
chromosomes are duplicated or deleted8,9. Finally, CRC tumours can
develop following hypermethylation of CpG islands within tumour sup-
pressor genes, resulting in their loss of transcription and, thereby develop-
ment of CRC10.

With the clinical subtypes described above, as well as more recently
classified molecular subtypes11, tumour heterogeneity is a common factor

impacting the progression and prognosis of CRC. In addition, inter-tumour
variation (such as immune infiltration12) is commonly found between
patients. Intra-tumourheterogeneity of cellular populations is also currently
a barrier to curative treatment in CRC, as heterogeneous tumours are more
likely todevelop resistance to therapyor to result indisease recurrence13.The
five-year survival rate for stage IV CRC patients is just 10.5%, based on a
study of 26,170 patients in the USA Surveillance, Epidemiology, and End
Results (SEER) cancer database14.

Therefore, it is vital that optimal preventative treatment is given to
those patients most at risk of disease recurrence and metastasis while pre-
venting over-treatingpatients not at risk.Currently, following screening and
removal of polyps and cancers, a patientwill receive adjuvant chemotherapy
based on the staging of the tumour by amultidisciplinary team, including a
pathologist and radiologist. Adjuvant chemotherapy is generally recom-
mended in Stage III and IV patients following full surgical resection of
disease (including from metastatic sites)15. It may also be given to stage II
patients deemed by clinicians as high-risk (which has many contributing
factors), but not to stage II patients with deficiencies in their mismatch
repair machinery (associated with MSI), as they receive little benefit from
it16–18. Overall, disease staging is currently the most important factor when
deciding which patients will benefit from adjuvant chemotherapy, but for
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stage II disease, this can be ambiguous. Progression-free survival could be
improved if a highly specific prognostic marker was identified for risk of
disease recurrence or metastasis in stage II patients, where there is most
benefit for preventative treatment. Combining a risk-specific biomarker
with histopathologic disease staging would benefit clinical decision-making
substantially, presenting a unique opportunity to reduce patient progression
to stage IV disease, with the ultimate goal of reducing disease mortality.

Previous exploration of cancer therapeutics and biomarkers has largely
been directed towards protein-coding genes. Since the discovery that the
majority of the transcribed genome comprises non-coding RNAs
(ncRNAs)19, interest in the identification of ncRNA therapeutic targets and
prognostic markers has been growing20,21. The largest class of ncRNAs are
long non-coding RNAs (lncRNAs), which are defined as transcripts of >500
nucleotides in length that do not comprise a significant open reading
frame22. LncRNAs are primarily transcribed by RNA polymerase II, and so
are spliced, capped and polyadenylated22,23, making a large proportion of
them detectable using traditional polyadenylation-based mRNA sequen-
cing methods.

LncRNAs have been shown to play important roles in numerous
biological processes, including X-chromosome inactivation24, epigenetic
regulation of gene expression25, and post-transcriptional regulation26. Dys-
regulation of lncRNA expression can result in disease, with lncRNAs
characterised as drivers of a variety of cancers27–31, including CRC32–40.
LncRNAs are highly suited as oncology targets due to their superior tissue-
and cancer-specific expression compared to protein-coding genes41–43. They
have the potential to serve as clinically relevant biomarkers to improve
diagnosis, prediction of recurrence, therapeutic targeting, treatment
response, and/or diseasemonitoring. An example of this isPCA3, a lncRNA
biomarker which has been clinically implemented as a diagnostic test for
prostate cancer44. PCA3 was found to be specifically elevated 34-fold in
prostate cancer (but not benign prostate hyperplasia), a significant and
measurable increase compared to normal prostate tissue45. The PCA3 test
for prostate cancer was highly accurate in comparison to its protein coun-
terpart, prostate-specific antigen46,47, indicating the potential of lncRNAs as
clinically significant biomarkers. Other lncRNAs have also been identified
that may be translated into diagnostic clinical cancer biomarkers in the
future, with some prominent examples being H19 in gastric cancer48,
HOTAIR in oral squamous cell carcinoma49,UCA1 in bladder cancer50 and
HULC in hepatic metastasis of CRC51.

The potential for highly specific expression patterns, along with
straightforwarddetectionusingPCRorFISH,make lncRNAs favourable for
clinical implementation, as clear signals and accurate predictive qualities
directly translate to increased certainty for clinicians. Historically, bio-
markers and therapeutic targets have been identified usingmicroarrays and
bulk RNA sequencing (RNA-seq). However, these methods can result in a
bias towards genes that are expressed at high levels on a population average,
masking the expression of genes that have high expression in specific but
small subpopulations52. With some notable exceptions (like MALAT153,
NEAT154 and XIST55), lncRNAs are generally expressed at lower levels
within the cell compared to protein-coding genes41,56 and in a highly specific
fashion57, making their detection with bulk RNA-seq suboptimal. In addi-
tion, bulkRNA-seqmethods often contain amixture of cell types (including
tumour, stroma and adjacent normal tissue), confounding discovery ana-
lysis.We used spatial transcriptomics to resolve these issues by allowing for
the specific investigationofmalignant epithelial populations at anear single-
cell resolution, without losing the spatial architecture of the tumour and its
surrounding microenvironment58. Spatial transcriptomics is emerging as a
powerful tool to study cancers59. Because the spatial context of the tumour is
retained, we were able to precisely identify and characterise regions of the
tumour which will seed metastasis, guided by both the transcriptome and
the histopathology of the tissue.

In this study, we used spatial transcriptomics to identify 301 lncRNAs
specifically expressed inmalignant regions ofCRCpatient tissues compared
with adjacent normal colon epithelium. We cross-validated these
malignancy-associated lncRNAs in publicly available datasets60,61, and

prioritisedLINC01978, PLAC4 and LINC01303 for further characterisation.
We used the publicly available TCGA-COAD cohort61 to assess their cor-
relation with patient survival and expression in disease subtypes and used
hybridisation chain reaction (HCR) to amplify RNA fluorescent in situ
hybridisation (FISH) signal to evaluate their expression in an additional
cohort of patient tissues, including from stage II patients with matched
metachronous second primary (“disease recurrence”), from stage IV
patients with matched synchronous metastasis, and matched normal tissue
from surgical resection specimens distant from the primary tumour. We
found thatLINC01978,PLAC4 andLINC01303were associatedwith patient
survival as a signature, and LINC01303 was upregulated in MSI and CIMP
disease subtypes. Further, HCR–FISH confirmed all three lncRNAs had
negligible expression in normal colon tissue, and confirmed they were
detectable in stage II tumours, with elevated expression inmetastatic tissues.
This expression pattern suggests they may be useful markers for the
development of metastatic disease, and provides a premise for future in-
depthstatistical evaluationof prognostic sensitivity and specificity in a larger
cohort of patients.

Results
Spatial transcriptomics confirms the spatial architecture of cel-
lular tissue components
We set out to profile lncRNA expression in malignant lesions of CRC
tumours. We selected stage II (early stage) and stage IV (late stage) CRC
patients with fresh frozen, treatment naïve primary tumours, matched
metastasis (for stage IV patients) and matched normal tissue (resection
ends) from the Dunedin Colorectal Cancer Cohort (DNCRC), a long-
itudinal biobanking cohort based in Dunedin, New Zealand.We prioritised
two patients for characterisation using spatial transcriptomics. These
samples were Patient 1 stage II tumour (P1T), Patient 2 stage IV tumour
(P2T), andPatient 2ovarianmetastasis (P2M) (Fig. 1A).Additional samples
(normal colon from resection ends (P1N1, P1N2) and replicate sections
were taken (Supplementary Fig. 1A–E). We annotated general features of
the tissue sections prior to collecting gene expression information (Fig. 1B).
This was carried out as it would be routinely performed in the clinic, with
pathologists (authors CRR and TOH)manually reviewing theH&E stained
tissue sections. We observed areas with increased numbers of nuclei (red
arrows), which correspond to malignant lesions within the tumours.
Adjacent normal tissue (blue arrows) was also present in both tumours.
Tissue necrosis was noted in P1T and P2M (yellow arrows), with desmo-
plastic stroma also observed in P2M (green arrow). No normal ovary tissue
was identified in P2M.

Following standard quality control and normalisation procedures, our
spatial gene expressionprofiles fromCRCpatient tumour tissue successfully
stratified pathologist-annotated sub-structures within each tumour, with
the Seurat v4 FindClusters algorithm classifying spots into clusters that
represented thehistologicalmorphologyof the tissue (Fig. 1C). FindClusters
uses the individual gene expression profile and location of each spot to
determinehow similar they are to other spots.While deep sequencing (up to
300,000 read pairs per tissue-covered spot) resulted in finer resolution of
cluster formation, even the minimum recommended sequence depth of
50,000 read pairs per tissue-covered spot was sufficient to identify a variety
of different cellular populations (Fig. 1C, Supplementary Fig. 1F). Because
CRC tumours contain densely packed cells, we observed expression signal
frommultiple cell types per spot. To overcome challenges presented by the
resolution of the spatial platform, we used a broader annotation of cell and
tissue types present in each of the clusters using GPT-4 as described byHou
and Ji62. For each cluster, we provided GPT-4 with a list of upregulated
canonical and non-canonicalmarkers and used it to predict which cell types
were present in that region of the tissue sample. Because this method used
both canonical and non-canonical markers present in the tissue (Supple-
mentary Fig. 2G), we paired GPT-4 cell type predictions with a literature
search to validate non-canonical markers. We predicted 9 cell and tissue
types across the tissues, including malignant epithelium, necrotic tissue,
cancer-associated fibroblasts (CAFs), mesenchymal stromal cells (MSCs),
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Fig. 1 | Spatial transcriptomics confirms the spatial architecture of cellular tissue
components. AOverview of methodology for identification and characterisation of
lncRNA markers with potential clinical relevance. B H&E staining of tumour sec-
tions used forVisium spatial gene expression profiling, with pathologist annotations.
Left = P1T, Middle = P2T, Right = P2M. Red arrows denote areas with high nuclei
density (malignant lesions). Blue arrows denote adjacent normal tissue. Yellow
arrows denote necrosis. Green arrows denote desmoplastic stroma (dense, fibrous
tissue with low cellularity). Scale bars = 1000 µm. CUnbiased clustering of spots for

P1T, P2T and P2M using the FindClusters algorithm (Seurat v4), with assigned cell
or tissue types based on transcriptomic profile. Missing spots = removed during the
QC process. D Tumour purity analysis based on cell type clusters from C. Adjacent
normal = “Colon epithelium” and “Colon epithelium in EMT”. Tumour = all other
cell types. EDistribution of cell and tissue types in each tissue, calculated as the sum
of spots associated with each cluster, per tissue. F Percentage of total spots associated
with each tissue. Image created with Biorender.com.
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SAMHD1+ stromal cells, desmoplastic stroma, tumour leading edge, colon
epithelium undergoing epithelial–mesenchymal transition (EMT) and
adjacent normal colon epithelium (Fig. 1C). Tumour purity was evaluated
by determining the percentage of spots not covered by adjacent normal
colon epithelium (including colon epithelium undergoing EMT) for each
sample (Fig. 1D). Each of the samples had at least 80% purity. We also
investigated the distribution of cell and tissue types across each sample.
Unsurprisingly, this differed based on the patient and tissue, with P1Tbeing
the most complex sample and P2M being the least complex (Fig. 1E). We
also observed that the two primary tumours, P1T and P2T accounted for
50% of tissue-covered spots, while P2M accounted for the remaining 50%
due to its large size (Fig. 1F). Importantly, we were able to precisely identify
malignant epithelium within each of the patient samples for further
characterisation.

Spatial transcriptomics detects spatially distinct expression
patterns for mRNAs in patient tissue
We observed spatially distinct expression patterns for various mRNAs
across the patient tissues (Fig. 2A, Supplementary Figs. 2–4). In P1T, we
observed MMP1 expression specifically in the leading edge of the
tumour (Fig. 2A, row 1).Matrixmetalloproteinases (MMPs) are a family
of endopeptidases, with MMP-1 acting as a collagenase63. MMP1
expression has been correlated with poor prognosis in CRC, and
described as a marker for hematogenous metastasis64. We also observed
SPP1 expression in stromal regions of P1T, with the majority expressed
in predicted MSCs (Fig. 2A, row 1). SPP1 encodes osteopontin, a pro-
inflammatory cytokine65.While it has been shown that SPP1 is expressed
by tumour cells (as reviewed in ref.66), it can also be expressed in
macrophages67. In CRC, SPP1+macrophages have been associated with
FAP+ fibroblasts in an interaction which may play a role in the for-
mation of desmoplastic stroma, thereby increasing resistance to immune
therapies60. Since SPP1 expression is localised outside of the malignant
epithelium in P1T, it is possible that there is an immune hotspot in the
stroma where SPP1+ macrophages are localised.

We observed IGLC2 expression in specific parts ofmalignant epithelial
regions in P1T and P2T (Fig. 2A, rows 1 and 2). IGLC2 encodes the light
chain 2 component of immunoglobulins, which are antibodies secreted by
B-cells. In normal intestinal mucosa, B-cells respond to dietary antigen
challenges68. In CRC, tumour-infiltrating B-cells have been less studied,
however, one study profiled the immune environment of CRC patient
tumours using single-cell sequencing and found that B-cells expressing
IGLC2 correlated with poor prognosis69. Overall, P1T showed higher
expression of IGLC2, suggesting high numbers of tumour-infiltrating B-
cells present in the tissue.

In P2T and P2M, we observed COL1A1 expression in stromal regions
of the tumour (Fig. 2A, rows 2 and 3).COL1A1 encodes amajor component
of type I collagen and has been shown to promote metastasis in CRC70.
While lower in P2T, expression of COL1A1 was very high in the desmo-
plastic stromaof P2M, aswould be expected from tissue of this type.We also
observedPIGR expression in theP2T regionwherenormal colon epithelium
was undergoing EMT (Fig. 2A, row 2). PIGR encodes the polymeric
immunoglobulin receptor and has been shown to have a potential tumour-
suppressive effect in CRC71. In our data, this would suggest a possible anti-
tumour response in this region of the tissue.

In P2M, we observed expression of CKB and FABP1 in the malig-
nant lesions of the tumour (Fig. 2A, row 3).CKB encodes creatine kinase
B, a part of the creatine shuttle72. While the mechanism for CKB’s
involvement in cancer is unclear, it is upregulated at metastatic foci, and
its expression has been associated with high tumour grade72. This con-
curred with our own findings (Supplementary Fig. 3B). Meanwhile,
FABP1, encoding fatty acid binding protein 1, has been shown to be a
marker of enterocytic differentiation expressed in the absorptive cells of
CRC patient-derived organoids73. To our knowledge, its role in metas-
tasis has not been characterised.

Spatial transcriptomics detects spatially distinct expression
patterns for lncRNAs in patient tissue
We also investigated the spatially distinct expression of several well-
characterised lncRNAs in our spatial data (Fig. 2B, Supplementary Figs. 2–4).
In all three tissues, the most highly expressed lncRNA was MALAT1.
MALAT1 is a regulatory lncRNA which has demonstrated oncogenic
involvement inmultiple cancers, includingCRC, as reviewed in refs. 74 and 75.
In P1T, MALAT1 expression was localised outside of the B-cell infiltrated
region of the tumour (designated by IGLC2 expression described above)
(Fig. 2B, row 1). This expression pattern wasmarked in P1T only, withmore
ubiquitous, but lower expression overall observed in P2T and P2M (Fig. 2B,
rows 2 and 3), suggesting a degree of patient specificity to this pattern.

Another lncRNA highly expressed in all three tissues was NEAT1,
which was expressed in a similar pattern toMALAT1, but at slightly lower
levels (Fig. 2B, rows 1–3). In CRC, upregulated expression of NEAT1 has
been shown to activate the Wnt/β catenin signalling pathway, promoting
the proliferation, migration and invasion of CRC cell lines in vitro and
in vivo76. Conversely, the lncRNA CYTOR was upregulated in the B-cell
infiltrated region of P1T, with low expression in other regions of the tumour
(Fig. 2B, row 1). CYTOR has been shown to promote disease progression
and metastasis in CRC via regulation of the NFkB signalling pathway77. Its
localisation inP1T agreeswith thisfinding, asNFkB signalling plays amajor
role in the regulation of inflammation (as reviewed in ref.78).

We also saw ZFAS1 expression in P2T and P2M, generally localised to
malignant regions, with some expression in stromal areas, but not adjacent
normal tissue (Fig. 2B, rows 2 and 3). ZFAS1 was also upregulated in P1T,
but not clearly localised to any specific region (Supplementary Fig. 2C).
ZFAS1 has previously been characterised as a major regulator of EMT and
carcinogenesis in CRC37.

To broadly understand the distribution of lncRNA expression within
the patient tissues, we investigated the percentage of spots where annotated
lncRNAs were expressed (normalised counts value > 0). We extracted this
expression information for all annotated lncRNAs using the GENCODE
v41 lncRNA subset annotation file19. We found that in both P1T and P2T,
approximately 50% of the tissue-covered spots captured annotated
lncRNAs, while in P2M, only approximately 8% of tissue-covered spots
captured lncRNAs (Fig. 2C, top panel). This is likely due to the large size of
the tissue and the correspondingly high number of spots covered by des-
moplastic stroma, which contains little to no gene expression information.

We found that the gene expression patterns for both total RNA and
lncRNAs followed non-normal distributions, where the majority of spots
captured expression between 100 and 1000 genes, with a long tail of spots
which captured expression of higher numbers of genes (Fig. 2C, middle
panels). We also observed different cell types within the tissues expressing
genes at different mean levels (Fig. 2C, bottom panel) depending on their
role in the tumour or tumour microenvironment.

Next, we further focused on spots covering malignant epithelium to
assess which lncRNAs were specifically upregulated in these regions of the
tissue. To identify a list of potential biomarkers, we compiled a list of
annotated lncRNAs expressed in the malignant epithelium and found 301
lncRNAs to be significantly upregulated compared to all other regions of the
tissues (>1.5-fold upregulation, padj < 0.05) (Fig. 3A, Step 1). We will refer
to this list as “Dunedin cohort lncRNAs” (DCLs).

Novel lncRNAs are associated with CRC patient disease and
survival
We cross-validated the identified DCLs against a publicly available dataset
of single-cell information for five CRC patients and spatial information for
four patients, from here on referred to as “Shanghai cohort lncRNAs”
(SCLs)60. We extracted lncRNA expression information as described pre-
viously, using the GENCODE v41 lncRNA annotation file, selecting upre-
gulated lncRNAs from cells and spots annotated as malignant (>1.5-fold
upregulation, padj < 0.05). We detected 204 upregulated SCLs, of which 86
lncRNAs were common between the two cohorts (Fig. 3B).
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Fig. 2 | Spatial transcriptomics detects spatially distinct expression patterns for
mRNAs and lncRNAs in patient tissue. A Spatial expression patterns for CRC-
associated mRNA transcripts. Top panels = P1T, middle panels = P2T, bottom
panels = P2M. Scale = normalised, scaled expression values. B Spatial expression
patterns for CRC-associated lncRNA transcripts. Top panels = P1T, middle
panels = P2T, bottom panels = P2M. Scale = normalised, scaled expression values

(P1T = 0–4. P2T, P2M = 0–2). C Gene expression metrics. Top panel = Percentage
of tissue-covered spots expressing lncRNAs in P1T, P2T and P2M. Middle
panels = Total genes and lncRNA genes captured per spot. Bottom panel =Mean
normalised expression levels, stratified by cell type. Image created with
Biorender.com.
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Fig. 3 | Novel lncRNAs are associated with CRC patient disease and survival.
A Prioritisation matrix of lncRNAs for further investigation. B Venn diagram of
lncRNAs identified from Dunedin cohort malignant tissue (DCLs) (yellow),
Shanghai cohort malignant cells (SCLs) (purple) and TCGA-COAD tumour tissue
(green). C Principal component analysis (PCA) plot of variance within the TCGA-
COAD bulk RNA-seq dataset (n = 473 tissues) and matched normal tissue (n = 41).
D LncRNA candidate expression in bulk TCGA-COAD RNA-seq data (two-tailed,
unpaired t-test, **** = p-value < 0.0001). EHigh expression (upper quartile) of the

three lncRNAs of interest as a signature was significantly correlated with poorer
overall survival compared to low expression (lower quartile, log-rank test).
F LINC01303 is expressed at significantly higher levels in microsatellite instability
(MSI) or CpG island methylator phenotype (CIMP) subtypes, compared to chro-
mosomal instability (CIN), an invasive phenotype (INV), or normal colon epithe-
lium (TCGA-COAD RNA-seq data stratified by clinical subtype, tested using an
ordinary one-way ANOVA, with Tukey’s post-hoc test for multiple comparisons,
*** = padj < 0.001, **** = padj < 0.0001). Image created with Biorender.com.
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To increase statistical power, we also analysed RNA-seq data from the
TCGA-COAD cohort61. We performed differential expression analysis of
genes upregulated in malignant (n = 473) vs. normal colon epithelium
(n = 41) usingDESeq2 (Fig. 3C), resulting in 1138 differentially upregulated
lncRNAs (log2FC > 2, padj < 0.05). Of these, 34 lncRNAs were also iden-
tified in eitherDCLs or SCLs and seven lncRNAs commonbetween all three

datasets. In total, we identified 120 lncRNAs present in two or more ana-
lysed datasets (“Combined cohort lncRNAs”, CCLs), which we char-
acterised further (Fig. 3A, Step 2).

We next investigated the expression of the CCLs in healthy tissues
using the Genotype-Tissue Expression (GTEx) Project portal79, to prioritise
lncRNAswith a cancer-specific signal.We eliminated lncRNAs exhibiting a
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median expression of ≥10 transcripts per million (TPM) in any healthy
tissue type, narrowing down our candidate list to 26 lncRNAs (Fig.
3A, step 3).

We further filtered the CCLs by eliminating lncRNAs that overlapped
with other ncRNA or mRNA genes to ensure specific detection by in situ
hybridisation methods, narrowing down our dataset to 11 lncRNAs (Fig.
3A, step 4). Finally, we prioritised CCLs, which were previously unchar-
acterised in CRC to investigate further. This step resulted in three lncRNA
candidates with potential novel clinical relevance in CRC (“Prioritised
candidate lncRNAs”): ENSG00000262188.2 (LINC01978),
ENSG00000280109.3 (PLAC4) and ENSG00000250548.7 (LINC01303) (Fig.
3A, step 5). All three lncRNAswere significantly upregulated in the TCGA-
COAD dataset. LINC01978 and LINC01303 were also significantly upre-
gulated in the DCLs, while PLAC4 was also significantly upregulated in
the SCLs.

We performed further analysis on the TCGA-COAD cohort to more
deeply characterise the expression patterns and correlation with patient
survival for our top three lncRNAs. While their expression was low on a
population level (as couldbe expected for lncRNAsignal detectedusing bulk
RNA-seq), there was significantly higher expression in the tumour tissue
compared to normal colon tissue in all cases (Fig. 3D). In addition, high
expression (= upper quartile) of all three lncRNAs as a signature was sig-
nificantly correlated with poorer overall survival (Fig. 3E). We further
stratified the cohort by MSI status and observed that high expression of the
lncRNAs individually was correlated with survival. LINC01978 was sig-
nificantly correlated with poorer 5-year survival in patients with MSS
tumours (Supplementary Fig. 5). Conversely, high expression ofPLAC4was
significantly correlated with improved 5-year survival in patients withMSS
tumours, however, there was a trend towards poorer survival in MSI
tumours (Supplementary Fig. 5). LINC01303 expression was not correlated
with patient survival, however, when stratified by clinical subtype, it was
expressed at significantly higher levels inMSI or CIMP tumours, compared
to CIN tumours, those with an invasive phenotype (INV), or normal colon
epithelium (Fig. 3F).

Finally, we used theTCGA-COADcohort to investigate the prognostic
efficacy of the three lncRNAs as a signature, compared toMSS status, which
is known to correlate with a higher risk of recurrence80). We focused on
early-stage disease (= TMN tumour grades T1 and T2), as these patients
wouldmost likely benefit fromaprognosticmarker formetastatic disease. In
the absence of recurrence-free survival data, we evaluated the expression of
the lncRNA genes to predict overall survival status. While small cohort size
limited data interpretation, PLAC4 and LINC01303 individually, as well as
our 3-lncRNA signature, all performed better thanMSS status at predicting
patient survival (Supplementary Fig. 6).

Prioritised candidate lncRNAs are detectable in early-stage
disease
To investigate the potential of the prioritised candidate lncRNAs as pre-
dictors of metastatic disease, we further assessed their expression using
HCR-FISH. First, to assess expression in a model system, we performed

HCR-FISH in two commonly used epithelial CRC cell lines, HCT116 and
HT29. We observed similar expression levels of LINC01978 and PLAC4 in
both cell lines but saw that LINC01303 expression was higher in HCT116
cells compared to HT29 cells (Supplementary Figs. 7 and 8). This corre-
sponds with our findings in TCGA-COAD data (Fig. 3F), as HCT116 cells
are widely described as MSI positive (as reviewed in ref.81). PLAC4
expression appeared to localise to the outside edge of the nucleus in HT29
cells but notHCT116 cells, andwe detected diffuse signal with some areas of
more punctate expression in both cell lines for LINC01978.

To understand expression patterns in patient tissue, we selected a
second cohort of stage II and stage IV CRC patients (n = 7) from the
DNCRC, using formalin-fixed, paraffin-embedded (FFPE) samples from
the normal colon, primary tumour (including metachronous second pri-
maries), andmatchedmetastasis tissues (n = 17) (Fig. 4A).Due to the highly
specific nature of signal amplification achieved using HCR-FISH (Fig. 4B)
we were able to observe a range of expression levels in patient tissues (Fig.
4C–E, Supplementary Fig. 9). Overall, as is expected for lncRNAexpression,
abundancewas ~50 normalised spots per assessed tissue area, with a greater
number of spots observed in some tissue areas. However, PLAC4 appeared
to have very patient-specific expressionwithvery high levels in some stage II
tumours andmetastatic tissues. This correspondswell to the TCGA-COAD
data, where PLAC4 had a small group of patients with log2 fold change
values of 5–10.

We observed LINC01978 to be expressed in the muscularis mucosae
surrounding the crypts in patient 4’s stage IV caecal tumour (Fig. 4C), while
PLAC4 exhibitedmore diffuse expression in themetastatic omental tissue of
patient 2. LINC01303 was highly upregulated in some but not all cells of
patient 6’s metastatic liver tissue. Across all patients and tissues that were
analysed,we observed somevariation in expression (particularly forPLAC4,
as described above), but found that all three lncRNAs were detectable in
both stage II and metastatic tissues, and showed negligible expression in
normal colon tissues, confirming our findings from the transcriptomic
studies described above (Fig. 4F-H). Stage II tumours had higher expression
of LINC01978, PLAC4 and LINC01303 compared to stage IV and meta-
chronous second primaries (“disease recurrence”), however, lncRNA
expression was always highest in metastatic tissue.

In summary, we have outlined methods for specific detection of
lncRNAs associatedwithmalignant tissue using spatial transcriptomics.We
have demonstrated the use of GPT-4 for solving challenges to cell-type
deconvolution for spatial data from archival tissues. We identified 301
lncRNAs from our spatial transcriptomics data that were specifically
upregulated in themalignant epithelium and cross-validatedwith a publicly
available single cell and spatial dataset and the TCGA-COAD cohort. We
prioritised 3 lncRNAs from a pool of 120, which were expressed in two or
more of the datasets, and usedHCR-FISH to show that LINC01978, PLAC4
and LINC01303 are observable in stage II disease and have high expression
in metastatic tissues, indicating their potential as prognostic markers. This
work establishes spatial transcriptomics as a powerful method to identify
relevant cancer-associated lncRNAs and presents three lncRNAs which
have the potential to be clinically relevant predictors of metastatic disease.

Fig. 4 | Prioritised candidate lncRNAs are detectable in early-stage disease.
A Overview of patient cohort for HCR-FISH. Patient 1 = Sigmoid colon primary
tumour (stage IIA at first diagnosis), metachronous second primary in ascending
colon with associated synchronous metastasis to right lung, upper lobe. Patient
2 = Sigmoid colon primary tumour (stage IVa), synchronous metastasis to para-
aortic lymph node. Patient 3 = Recto-sigmoid colon primary tumour (stage IIA at
first diagnosis), metachronous second primary in descending colon with associated
synchronous metastasis to right lung, middle lobe. Patient 4 = Rectal tumour (stage
IIA), metachronous metastasis to the left lung, lower lobe. Patient 5 = Ascending
colon primary tumour (stage IV), synchronous metastasis to retroperitoneum.
Patient 6 =Mid-ascending colon primary tumour (stage IVb), synchronous metas-
tasis to omentum. Patient 7 = Caecal primary tumour (stage IVa), synchronous
metastasis to Liver segments 5 and 6. B Overview of amplification of FISH signal
using HCR.C Representative HCR–FISH signal for LINC01978 in Patient 7 primary

tumour (left panel = DAPI nuclear staining, left-middle panel = RNA–FISH signal,
right-middle panel =MALAT1 positive control expression, right panel = merge).
DRepresentativeHCR–FISH signal forPLAC4 in Patient 2 omentummetastasis (left
panel = DAPI nuclear staining, left-middle panel = RNA-FISH signal, right-middle
panel =MALAT1 positive control expression, right panel = merge). E Representative
HCR-FISH signal for LINC01303 in Patient 6 liver metastasis (left panel = DAPI
nuclear staining, left-middle panel = RNA–FISH signal, right-middle panel =
MALAT1 positive control expression, right panel = merge). F Quantification of
HCR-FISH signal for LINC01978.GQuantification of HCR-FISH signal for PLAC4.
H Quantification of HCR-FISH signal for LINC01303. Scale bar = 100 µm for all
images. DAPI stain denotes nuclei. Met =Metastasis. Rec = Disease recurrence
(second metachronous primary). Error bars = mean ± SEM. Tested using a
Kruskal–Wallis test for non-parametric data, with Dunn’s post-hoc test for multiple
comparisons. * = padj < 0.05. Image created with Biorender.com.
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Discussion
In this paper we have demonstrated for the first time the potential of using
spatial methods to identify lncRNAs with potential clinical relevance in
CRC. We used the Visium spatial gene expression platform to characterise
patient CRC tissues, and annotated tumours based on both histo-pathology
and transcriptomic signature. We identified 301 lncRNAs specifically
upregulated in malignant regions and cross-validated their expression in
publicly available datasets. We further examined the expression patterns of
four prioritised lncRNAswith specific expression inmalignant tissue across
a larger cohort of patient tissues using HCR–FISH.

Our spatial analysis showed good correspondence between
pathologist-annotated regions of interest and transcriptome-characterised
malignant regions. Use of spatial transcriptomics instead of single cell or
bulk sequencing ensured that we were able to select specifically which
tumour regions to characterise, and focus on lncRNA expression in
malignant epithelium, while also being able to capture information about
the tissue architecture as a whole.

A limitation of the spatial platform used here is the spot resolution
currently available. We observed that in CRC tumours, there can be more
cells per spot than the 1–10cells per spot generally expected.However, using
GPT-4 to provide a reference-free estimation of cell types beneath spots, we
were able to reveal a layer of depthwhich is not delivered by histology alone.
This tool was particularly useful in resolving challenges posed by the use of
archival tissues, where the gradual loss of transcriptomic complexity over
timemay result in the loss of canonicalmarkers. Thiswould usually result in
a loss of information if traditional cell-type classificationmethodswere used
or biases if manual classification was used. GPT-4 was able to predict cell
types based on both canonical and non-canonical markers in an unbiased
fashion. We acknowledge that despite the accuracy described by Hou and
Ji62, the use of GPT-4 for cell type prediction is still in its infancy, and
therefore highly recommend validating predictions against published
literature.

We compared lncRNA expression lists between another single cell and
spatial dataset and the TCGA-COAD cohort and found only seven
lncRNAs common between all three datasets. While the single cell and
spatial datasets showed reasonable comparability, there was less overlap
with the TCGA-COAD cohort, and only seven lncRNAs common between
all three datasets. While this is a very small percentage of the total TCGA-
COAD differentially upregulated lncRNAs, this discrepancy may have
arisen from differences in the chemistry of bulk sequencing compared to
single and spatial methods or due to the much larger nature of the cohort.
However, bulk RNA-seq served as a valuable additional validation of
lncRNAs identified in single-cell and spatial data.

This study used patient tissues from a New Zealand CRC cohort. To
increase the power of the study. we used expression data (including
lncRNAs) from the TCGA-COAD cohort61 and a second single-cell and
spatial CRC dataset60, from which we extracted SCLs. The TCGA-COAD
cohort originates from the United States, while the SCLs dataset contains
patient data of Chinese origin. Having datasets frommultiple global regions
increases the likelihood of the findings being generalisable to a larger cohort
of patients, and reduces the likelihood of systematic error originating from
use of a biased cohort, however does introduce the possibility of collecting
ethnicity specific expressionprofiles. Another limitation to be aware of is the
potential for confounding in the use of CRC samples.While still classified as
a single instance of disease, colon and rectal cancers can have differences in
molecular carcinogenesis and treatment, which may impact the gen-
eralisability of findings to one instance or another6,77.

Our HCR-FISH results showed that LINC01978, LINC01303 and
PLAC4 were upregulated in metastatic tissue while also being detectable in
early-stage disease. Because CRCs are highly heterogeneous, and this
expression pattern is observable across three candidate lncRNAs and seven
patients, we hypothesise that it may be of significance. Previous work has
shown quantitative evidence that CRC tumours often seed early82. We
hypothesise that these three lncRNAs may be involved in early seeding and
metastatic disease establishment, which would explain their raised levels in

stage II and metastatic tissues, but not stage IV tissues. Validation across a
larger patient cohort, paired with mechanistic studies, would need to be
conducted to confirm this hypothesis. In addition, further work is required
to assess the sensitivity and specificity of these lncRNAs. Thiswill determine
whether they can be classified as clinically useful biomarkers for risk of
disease progression. Our careful selection process for lncRNA candidates
(using spatial transcriptomics to selectively characterise malignant epithe-
lium) is likely to result in good statistical sensitivity metrics (the ability to
detect a disease in patients in whom the disease is truly present), however,
statistical specificity (the ability to rule out the disease in patients in whom
the disease is truly absent) is equally as important83, and will need assess-
ment. Expression of these candidate lncRNAmarkers should be analysed in
stage II patient tissues that did not have disease recurrence or progression to
assesswhether the three lncRNAs are specific to increased risk of recurrence
and progression.

LINC01978 has been identified in a list of differentially expressed,
glycolysis-related lncRNAs in pancreatic ductal adenocarcinoma84. Repro-
gramming of energymetabolism occurs when cancer cells exchange aerobic
metabolism for anaerobic, glycolytic metabolism, even in the presence of
oxygen85. The possibility that LINC01978 plays a role in the glycolytic
fuelling of the tumour fits with the survival data observed in the TCGA-
COAD cohort, as the glycolytic fuelling process benefits the tumour as it
grows and develops a hypoxic core (as reviewed in ref.86).

Prior to anupdate of Ensembl annotations in 2017which classified it as
a lncRNA, PLAC4 was described as a placenta-specific mRNA87. Cancer
cells can often show embryonic-like plastic, multipotent phenotypes con-
tributing to invasiveness and tumorigenicity (as reviewed in ref.88). Its high
expression in placental tissue as well as CRC tumours suggests that PLAC4
may be involved in the de-differentiation and reprogramming of
tumour cells.

LINC01303 has been described by several papers as acting as a sponge
formicroRNAs (miRNAs).However, there is conflicting information about
which miRNAs it binds, and what effect this may have89–91. Further char-
acterisation of the mechanism of action for LINC01303 is warranted.

In the landscape of current testing, lncRNA biomarkers have the dis-
tinct advantage of being easily implementablewith current standard-of-care
clinical tests. Due to their rapid and easy targeting with specific probes and
primers, lncRNA biomarkers can be detected both in patient tissue con-
currently with immunohistochemistry testing for mismatch repair (MMR)
protein status, or during PCR testing concurrently with microsatellite
instability tests. LINC01978, PLAC4 and LINC01303 are able to be specifi-
cally targeted and, due to their similar expression patterns across disease
stages described above, could, therefore, be implemented as a panel for early
triaging of metastatic disease. The benefit of this approach is that the
lncRNA expression levels are traceable over time, as opposed to a binary
MSI-status test result.

The future of testing for lncRNA biomarkers in plasma is also pro-
mising, with evidence that lncRNAs can be exported out of the cell into
extracellular vesicles92. There is potential for their detection in patient
plasma, as demonstrated inpancreatic adenocarcinomabyYuet al.93. Future
studies should investigate whether LINC01978, PLAC4 and LINC01303 are
detectable in patient plasma, with their cytoplasmic localisation indicating
that they could potentially be exported. In addition, in this study, we
investigated lncRNAs expressed inmalignant epithelium, and future studies
will focus on identifying and characterising lncRNAs in the tumour
microenvironment. Specifically, lncRNAs in tumour-associated immune
cells might serve as promising new biomarkers and/or potential new drug
targets and should be explored further in the context of immune-
modulatory treatments such as checkpoint inhibitors94–96. Finally, lncRNA
expression canbeheterogeneous across subpopulationsofmalignant cells as
the tumour evolves, therefore, amore in-depth characterisation of epithelial
clonality using single cell sequencing could be performed.

Due to the current lack of predictive and prognostic markers for CRC,
further investigation of LINC01978, LINC01303 and PLAC4 as potential
biomarkers is justified in order tomeet clinical need, and could have impact
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on outcomes for patients if further studies confirm their ability to predict
risk of metastatic disease.

Methods
Sample Identification
Researchonhuman samples in this studywasperformed in accordancewith
the Declaration of Helsinki. This study was approved by the New Zealand
Health and Disability Ethics Committee (HEDC; reference number: 14/
NTA/33/AM07, study title: Dunedin Colorectal Cohort). All participants
provided informed consent.

Patients from the DNCRC with Stage II disease, or Stage IV disease
with distant metastasis and matched normal colon were selected. Archival
fresh-frozen tissue samples from two DNCRC patients were retrieved as
described in Table 1 and embedded in Tissue-Tek O.C.T. Compound
(Sakura, 4583).

Visium sample preparation, optimisation and imaging
In total, 10 µm sections were taken from OCT-embedded tissues using a
cryostat set at −22 °C and placed on the Tissue Optimisation slide (10×
Genomics, 1000193) following the manufacturer’s instructions. Tissue
optimisation was performed, and the slide was imaged as described in the
manufacturer’s instructions (Technical note CG000241). Briefly, imaging
was performed on a Nikon Eclipse Ti2 microscope using the 10× magni-
fication at 0.73 µm/pixel capture resolution, with a 200ms exposure time.
TheTRITC filter cubewas usedwith 75%Sola pad. Apermeabilisation time
of 12min was selected. Next, 10 µm sections were taken from OCT-
embedded tissues using a cryostat set at −22 °C and placed on the Visium
Spatial Gene Expression slide (10×Genomics, 1000187). The tissue sections
were stained using Mayer’s Hematoxylin—Lillie’s Modification (Agilent,
S30930-2), and Eosin Y solution (Agilent, CS70130-2) following manu-
facturer’s instructions (User Guide CG000160). Each capture area was
imaged at 20× magnification using Brightfield settings on a Nikon Eclipse
Ti2 microscope, with a 2.18 µm/pixel capture resolution, an exposure time
of 10ms, andwith the stitch function enabled. Imageswere annotatedbyCR
and TH, and highly malignant regions were identified.

Visium spatial RNA-seq
Spatial gene expression libraries were constructed following the manu-
facturer’s instructions (User Guide CG000239). Briefly, the tissue was
permeabilised for 12min, followed by reverse transcription, second strand
synthesis and denaturation steps to convert the RNA into cDNA. Next, the
cDNA was amplified using PCR (Cq = 16 cycles). The number of cycles to
amplify for was determined using qPCR, selecting the Cq value at 25% of
peak fluorescence per manufacturer recommendations. Adaptors were
ligated, and index IDs for each tissuewere assignedusing theDual IndexKit
TT Set A (10× Genomics, 1000215). Sequencing was performed on a
NovaSeq 6000D× with an SP 200 flowcell following 10× instructions for
read depth per library (50,000 read-pairs/spot). Raw data from 11,950 spots
across two patients and eight tissue sections was processed using 10×
Genomics SpaceRanger 1.2.2. following the Spatial GEX pipeline for fresh
frozen tissue. Expression data was visualised primarily using 10×Genomics
Loupe Browser 6.3.0, followed by an analysis of spatial expression patterns
using Seurat 4.097. Briefly, low quality spots were filtered out (spots with a
mitochondrial content of >20%, and spots with <200 reads, with the

exception of P1N, which filtered out spots with <100 reads due to the lower
complexity of the sample).Normalisation and scalingwere performedusing
the SCTransform function, with regression of spots with a high mito-
chondrial content. Dimensionality reduction was performed, and the first
10principal componentswere selected for all samples exceptP1N, forwhich
the first 20 components were selected. These principal components were
selectedas they captured themajority of the variationwithin thedata. Spatial
clustering was performed on each tissue dataset individually using the
FindNeighbours andFindClusters tools.Differentially expressed geneswere
identified for each cluster using the FindAllMarkers tool. Next, due to the
number of cells per spot in our tissues, we used GPT-4 to predict multiple
tissue or cell types per spot based on their gene expression profiles, as
described by Hou and Ji62, and guided by pathologist annotations (by co-
authors CR and TH). Briefly, we accessed GPT-4 through a premium
subscription to OpenAI at chat.openai.com (now chatgpt.com). We used
the prompt “From this list of markers only, identify possible cell types
present in human colorectal tissue. Do not make predictions if the marker
list is inconclusive.” In this way, we were able to select spot clusters con-
taining malignant cells based on their transcriptome profile, paired with
annotations of highly malignant regions as described above. The GEN-
CODE v4198 lncRNA subset annotation file was used to identify lncRNAs
which were specifically expressed in the malignant regions, and a list was
compiled of upregulated lncRNAs specific to these clusters (>1.5 fold
upregulation, p < 0.05). Where additional sample aggregation was per-
formed, the SpaceRanger aggr pipeline was used, and the same analysis was
performed on the aggregated data.

Analysis of publicly available data
Data from a Visium and single-cell RNA-seq experiment in CRC were
analysed60. This dataset included transcriptomic information from a single-
cell experiment (54,103 cells from 5 patients) and a spatial experiment
(8705 spots from 4 patients). Significant differentially expressed genes from
major and minor cell types were collected (log2FC > 2, padj < 0.05).
LncRNAs were identified from the “malignant cells” cluster (Provided as
“Supplementary data 3, Supplementary data 4”60) using theGENCODEv41
lncRNA subset annotation file. This list is referred to as Shanghai cohort
lncRNAs (SCLs). Next, bulk gene expression count data from the TCGA-
COAD cohort (n = 473) and matched normal tissue (n = 41 patients) were
downloaded using the TCGAbiolinks package99. Differential gene expres-
sion analysis between tumour and matched normal tissue was performed
using DESeq2100, and significantly upregulated lncRNAs (log2FC > 2,
padj < 0.05) were identified. Significantly upregulated lncRNAs in the SCLs
and TCGA-COAD datasets were compared with the DCLs list and com-
mon lncRNAs identified (common cohort lncRNAs, CCLs). All CCLs were
assessed for expression in healthy tissues using GTEx (version 8), and any
with expression >10 transcripts per million (TPM) were excluded from
further analysis. The genomic position was investigated, and those whose
genomic position overlapped completely with other mRNA or ncRNA
genes were excluded, leaving only lncRNAs which were specifically
targetable.

Cell culture
HCT116 (ras-mutant epithelial colorectal adenocarcinoma) (ATCC: CCL-
247) and HT29 (ATCC: HTB-38) (epithelial colorectal adenocarcinoma)

Table 1 | Patient tissue sample information for spatial transcriptomics

Patient ID Sex Ethnicity Tissue type Resection location Disease stage at initial diagnosis Tissue ID

Patient 1 M NZ European Primary tumour Rectum IIA P1T

Normal colon epithelium Resection ends N/A P1N

Patient 2 F NZ European Primary tumour Sigmoid colon IVB P2T

Distant metastasis Ovary IVB P2M

Normal colon epithelium Resection ends N/A P2N
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cells were cultured as follows. Chambered slides were coated in 15 µg/mL
Poly-L-Lysine (Sigma, P9404-25MG). Twenty-thousand cells were then
seeded into eachchamber andgrown inDulbecco’sModifiedEagleMedium
(DMEM, Thermofisher, 11995073) with 10% foetal bovine serum (FBS,
Thermofisher, 10091148), and 1% penicillin and streptomycin (Thermo-
fisher, 15140122). Cells were grown to 80% confluency at 37 °C in 95%
Oxygen, and 5% CO2 before fixing with 4% formaldehyde (Sigma, 252549-
100 ML). Fixed cells were washed with Dulbecco’s phosphate-buffered
saline (DPBS) depleted of Mg or Ca ions (Thermofisher, 14190144) and
then dehydrated using an ethanol gradient (20%, 30%, 70%). Fixed cells
were stored in 70% ethanol at −20 °C until used for HCR–FISH.

FFPE tissues
FFPEblockswereobtained fromtheDNCRCforpatientswith either stage II
disease at first diagnosis with a later metachronous second primary cancer
or stage IVdiseasewithdistantmetastasis (n = 7).All primary tumourswere
treatment-naïve. Samples included normal colon, primary tumour, second
metachronous primary tumour andmetastasis tissues (n = 17) as described
in Table 2. Tissue preparation for HCR–FISH, including deparaffinisation
and pre-hybridisation steps, was carried out as described in ref.101.

HCR–FISH assay
HCR–FISH was carried out as described in detail in ref.101. Briefly, split
initiator probe sets forPLAC4, LINC01978, LINC01303, andMALAT1were
ordered from Molecular Instruments (Supplementary Table 1). Following
deparaffinisation and pre-hybridisation steps, we prepared two probe pools.
Pool one comprised 8 pmol each of the PLAC4 and MALAT1 probe sets.
Pool two comprised 8 pmol each of LINC01978, LINC01303 andMALAT1
probe sets. Probes were hybridised for 12–18 h in a humidified chamber at
37 °C. To fluorescently amplify the probe signal, excess probeswere washed
off using probe wash buffer, and two pools of hairpin components were
prepared and snap cooled, with the h1 components in pool one and the h2
components in pool two. In each pool, 0.6 pmol of each of the hairpin
components conjugated to Alexa 488, Alexa 546 and Alexa 647 were used.
The snap-cooled hairpin components were then pooled and added to the
tissue in an amplification buffer and incubated for 12–18 h at room tem-
perature (21 °C). On each slide, the MALAT1 signal was amplified using
Alexa 647 conjugated hairpins.PLAC4 andLINC01978 signalwas amplified
(on separate slides) using Alexa 488 conjugated hairpins, while LINC01303

signal was amplified using Alexa 546 conjugated hairpins. Following
washing steps to remove excess hairpins, glass coverslips were mounted
using Fluoromount-G with DAPI (Thermofisher, 00-4959-52) to stain
for DNA.

Imaging
Imaging was performed on an Andor Dragonfly spinning disk confocal
attached to a Nikon Ti2 microscope. 10 µm z-stack images were taken at
60X magnification. DAPI signal was imaged at 405 nm, with an exposure
time of 200ms, and 2.5% laser intensity. PLAC4 and LINC01978 were
imaged (on separate slides) at 488 nmwith an exposure time of 200ms and
5% laser intensity. LINC01303was imaged at 561 nmwith an exposure time
of 200ms and 5% laser intensity.MALAT1 was imaged at 637 nm with an
exposure time of 50ms and 2.5% laser intensity. All channels used a gain
setting of 250 and a frame averaging of 2.

Image analysis
Image analysis was performed using the Nikon Elements General Analysis
3 software. A binary threshold was used to segment the DAPI signal in the
405 channel, and the nuclear area was recorded. Target lncRNA signal was
detected in the 488 and 561 channels. We applied a binary threshold to
manually segment and remove any autofluorescence observed in these
channels and then performed 1 µm radium rolling ball averaging before
using the FindBrightSpots tool to detect spots ≥2 µm in diameter.MALAT1
signal was detected in the 637 channel using the FindBrightSpots tool to
detect spots ≥2 µm in diameter. Spots were normalised to the nuclear area
and recorded as spots/10,000 µm2.

Data availability
The data generated in this study are not publicly available due to patient
privacy requirements, but are available upon reasonable request from the
corresponding author. The publicly available TCGA-COAD data analysed
in this study were obtained from the TCGA data portal (https://portal.gdc.
cancer.gov/projects/TCGA-COAD). The publicly available Visium and
single cell data analysed in this study were obtained fromhttps://doi.org/10.
1038/s41467-022-29366-6, Supplementary Data 3.
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Table 2 | Patient tissue sample information for HCR–FISH

Patient ID Sex Ethnicity Tissue type Resection location Disease stage at initial diagnosis

Patient 1 F NZ European Normal colon Sigmoid colon IIA

Primary tumour Sigmoid colon

Metachronous second primary tumour Ascending colon

Metastasis of the second primary Lung

Patient 2 M NZ European Normal colon Sigmoid colon IVA

Primary tumour Sigmoid colon

Metastasis Para-aortic lymph node

Patient 3 M NZ European Primary tumour Recto-sigmoid IIA

Metastasis of a second primary Lung

Patient 4 F NZ European Primary tumour Rectum IIA

Metastasis Lung

Patient 5 F NZ European Primary tumour Ascending colon IV

Metastasis Retroperitoneum

Patient 6 F NZ European Primary tumour Mid-ascending colon IVB

Metastasis Omentum

Patient 7 M Other European Primary tumour Caecum IVA

Metastasis Liver
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