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Supplementary Methods
Independent Datasets

We obtained several independent datasets from other public resources. We
downloaded the raw RNA-Seq data and obtained the IncRNA and gene
expression profiles for LGG and GBM in Chinese Glioma Genome Atlas
(CGGA) projects’. The detailed processes have been described in one of our
previous studies®. The IncRNA and gene expression profiles in LIHC, OV, and
PRAD were downloaded from the International Cancer Genome Consortium
(ICGC)®, and data for LUAD were obtained from GEO (Accession number:
GSE40419)".

Moreover, we curated INcRNA and mRNA expression levels in different
immune cell populations. First, we obtained the expression across 63 samples
from one recent study®. Moreover, we obtained the expression from the
Database of Immune Cell Expression (DICE), expression quantitative trait loci
(eQTLs) and Epigenomics®. Based on these datasets of immune cell
populations, we identified the IncRNA—pathway associations and analyzed
overlap with those identified in TCGA. The hypergeometric test was used to

evaluate the significance.
Estimate Tumor Purity

Estimation of STromal and Immune cells in MAlignant Tumor tissues using
Expression data (ESTIMATE) was used to estimate the immune score, stromal

score, and tumor purity of each patient across 33 cancer types’.
Identification of IncRNAs with Expression Perturbation in Cancer

We used two methods to identify differentially expressed IncRNAs in each
cancer type®. Here, we only considered the 17 cancer types with more than
five normal samples. LncRNAs with zero expression in less than 30% of the
samples were subjected to a Student’s t-test. LncRNAs with zero expression in
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more than 30% of the samples were used for on/off analysis. For each INCRNA,
we determined in a binary fashion: ON (expressed, FPKM > 0), OFF (not
expressed, FPKM = 0). Fisher's exact test was used to evaluate whether the
distribution of samples was different. LncRNAs with false discovery rate (FDR)
less than 0.01 were identified as differentially expressed IncRNAs. In order to
evaluate whether the expression of immune-related INcRNAs was likely to be
perturbed, we compared the proportion of differentially expressed IncRNAs
with all IncRNAs using Fisher’s exact test. The odds ratios (ORs) and 95%

confidence levels were also calculated.
Cancer Similarity Score based on Immune-related IncRNAs

To evaluate the similarity of cancer types based on the immune-related
IncRNA regulators, we calculated the Jaccard index for each pair of cancer as

follow:

) ImmlLnc; N ImmlLnc;
Jaccard index (Ci, Cj) =

ImmLnc; U ImmlLnc;

where ImmlLnc; and ImmlLnc; are the immune-related IncRNA regulators in
cancer types i and j, respectively. We clustered the cancer similarity matrix and
viewed the results using the R package ape (Analyses of Phylogenetics and

Evolution)®.
Identification of Immune Cell Infiltration-related IncRNAs

Levels of six tumor-infiltrating immune subsets (i.e., B cells, CD8 T cells, CD4
T cells, macrophages, neutrophils, and dendritic cells) were estimated by
Tumor Immune Estimation Resource (TIMER)'> . To identify the immune cell
infiltration-related IncRNAs, we calculated the Spearman correlation coefficient
(SCC) between the expression of INcCRNA and the immune cell proportion in
cancer patients. The IncRNAs with an absolute value of SCC > 0.3 and P <

0.05 were considered as immune cell infiltration-related IncRNAs. We first



calculated the proportion of IncRNAs, which was defined as the number of
immune-related IncRNAs that were correlated with immune cell infiltration level
divided by the total number of immune cell infiltration-related INncRNAs. Next,
we used Fisher's exact test to evaluate whether the IncRNA immune

regulators were enriched in immune cell infiltration-related INcCRNAs.

In addition, we estimated the immune cell proportion in each patient based
on CIBERSORT'. We identified the IncRNAs whose expression was
significantly correlated with immune cell infiltration in each cancer type. The
hypergeometric test was used to evaluate the overlap between identified

IncRNAs based on TIMER and CIBERSORT.
Validation of the ImmLnc Pipeline

As the number of validated immune-related IncRNAs is limited, we validated
the pipeline of ImmLnc indirectly. With the development of high-throughput
sequencing data, in particular CRISPR interference, several IncRNAs
essential for cell growth have been identified. We hypothesized that if this
pipeline can accurately identify the IncRNAs that are essential for cell growth,
we can extend it to immunology-related functions. The essential INncCRNAs in
four cancer cell lines (K562, U87, MCF7 and MDA-MB-231) were obtained by
large-scale CRISPR screening’ and the cell growth-related gene set was
downloaded from MSigDBM. Next, we applied the ImmLnc pipeline to identify
IncRNAs that were likely to regulate the cell growth. All IncRNAs were ranked
based on the P-values and the IncRNA ranks were normalized. The difference
in relative rank for essential IncRNAs and other IncRNAs was compared by the

one-side Wilcoxon Rank-Sum test in BRCA, GBM, LGG and LAML.

In addition, recent studies have suggested that genes, whose expression is
negatively correlated with tumor purity and positively correlated with immune
cell infiltration, are likely to play crucial roles in immunology'" '°. Therefore, we

identified these INcCRNAs in each cancer type. We next evaluated whether the
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IncRNAs were enriched those IncRNAs. Fisher’'s exact test was used for this

procedure and the ORs and P-values were calculated.
Expression of IncRNAs in Immune Cells

To investigate the expression of INcRNAs in immune cell populations, we first
downloaded the expression of single cells from one recent study'®. We
calculated the average expression of each INcCRNA as identified by the authors
in B cells and T-cells. We used the Wilcoxon Rank-Sum test to evaluate the
difference between the expression of immune-related and other IncRNAs. In
addition, to evaluate whether the IncRNAs used for pan-lung cancer
classification exhibit higher expression in immune cells, we calculated the
average expression of these INcRNAs in B cells and T cells. Next, we randomly
selected the same number of INcRNAs from the total IncRNAs. The average
expression levels were recalculated and this procedure was repeated 100,000

times. We defined the P-values as follows:

__ #(E{>Ey)
100,000

,i=1,2,3,...100000.

where E, is the average expression of IncRNAs and E; is the average

expression in random conditions.

Moreover, we downloaded 10 datasets based on 10X Genomics Chromium
from PanglaoDB'’, which is a database for collecting single-cell sequencing
studies. Only approximately 10% of IncRNAs showed expression in these
datasets, consistent with one recent study18. We used Fisher’'s exact test to
evaluate whether the immune-related IncRNAs identified by ImmLnc were
likely to be expressed in immune cells. We first calculated the average
expression of INcRNAs across immune cells; if the average expression of a
IncRNA > 0, we defined that this IncRNA was expressed in immune cells. Next,

a contingency table was constructed as follows:



Immune IncRNAs | Nonimmune IncRNAs

Expressed a C

Not expressed | b d

The OR, 95% confidence level of the OR and P-values were calculated for

each cancer type.
Reconstruction of IncRNA Expression in Immune Cell Types

Moreover, we reconstructed the immune cell-specific expression of INcRNAs
from bulk RNA-Seq data based on the ideas of RESPECTExX'®. The IncRNA
expression in tumor patients was deconvoluted by means of a linear
regression. We hypothesized that in each patient, each cell type present
contributes a variable level of IncRNA expression to the observed value. The
contribution of each immune cell type was weighted by the proportion of the
cell type present in the tumor patient. This can be represented mathematically
as follows:

X

2]

Bg,s = [Bg,l' Bg,Z' 39,3' ---'Bg,c] X3,

xC,S

where B, is the observed IncRNA expression value in the bulk RNA-Seq

data for gene g in sample s, By 1,842, 843, - By are the mean expression

values for gene g in the cell types, and x;q x4 X35, ...,B.s are the
proportions of all cell types in sample s. The tumor cell proportion was defined
as the tumor purity. The immune cell subpopulations were inferred by TIMER',

which was adjusted by multiplying (1-tumor purity).

For each cancer type, we calculated the ratio between the average
expression of immune-related INcRNAs and other IncRNAs. The difference

was evaluated by Wilcoxon Rank-Sum test. In addition, we performed the
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same analysis for IncRNAs that were correlated with immune cell infiltration in

different cancer types.
Tissue Specificity of IncRNA Expression

Based on the expression of IncRNAs across different cancer types, all the
human IncRNAs were classified into five classes based on the method that
had been applied to coding gene'® %°. (i) Tissue-specific (TS) INcRNAs, which
are expressed only in a particular cancer type; (ii) tissue-enriched (TER)
IncRNAs, which show at least fivefold higher expression in a particular cancer
type compared to other cancers; (iii) group enriched (GER) IncRNAs, which
show at least fivefold higher expression in a group of cancer types (n = 2-7);
(iv) tissue enhanced (TEH) IncRNAs, which show at least fivefold higher
expression in a particular cancer type compared to the average expression
level in all cancers; and (v) other IncRNAs. The IncRNAs in group i-iv were
defined as tissue elevated (TE) IncRNAs. Next, we evaluate whether the
immune-related IncRNAs were significantly overlapped with the TE IncRNAs in
each cancer type by hypergeometric test to. The observed/expected values

(O/E) and P-values were calculated.
Literature Curation of IncRNAs

To investigate whether the identified IncRNAs were correlated with
immunology or cytokines, we queried PubMed to check whether they
co-occurred with “immune” or “cytokine” in the literature. This process was
performed using the R package ‘RISmed’ (https://rdrr.io/cran/RISmed/). We
calculated the proportion of IncRNAs that were co-occurred with “immune” or
“cytokine” of immune-related IncRNAs and other IncRNAs. The differences

were evaluated by Fisher’s exact test. OR and P-values were calculated.

Immune-related Scores of Cancer Patients



We calculated three immune response-related scores that were estimated
using gene expression. First, the immune score, which represents the
infiltration of immune cells in tumor tissues, was estimated using the R
package ESTIMATE’. Second, the MHC score was estimated using gene
expression of the “core” MHC-I set (including HLA-A, HLA-B, HLA-C, TAP1,
TAP2, NLRC5, PSMB9, PSMBS, and B2M) obtained from a recent study?’.
The FPKMs of these genes were first log-transformed and then
median-centered. The mean expression of these core MHC-I genes was
defined as the MHC score for patients. Similar as a previous study?’, we
quantitatively measured of immune cytolytic activity (CYT) based on

expression levels of granzyme A (GZMA) and perforin (PRF1).

In addition, we obtained another 160 immune expression signature scores
from one recent study?®. The difference of these immune-related scores
between different cancer subtypes was evaluated by the one-way analysis of
variance (ANOVA). We ranked these immune-related signatures by the

P-values of ANOVA.
Construction of ImmLnc resource

The database was organized by MySQL (version 5.5.21) and queried using
JavaServer Pages (JSP). The web interface was developed using HTML5 with
JavaScript. All data in ImmLnc were stored and managed using MySQL
(version 5.5.21). The web interface was built in JSP. The data processing
programs were written in Java (version 1.7.0_80), and the web services were
built using Apache Tomcat. The ImmLnc database is freely available at

http://bio-bigdata.hrbmu.edu.cn/ImmLnc.
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Supplementary Figure 1. The number of immune-related IncRNAs and
expressed IncRNAs in different cancer types. The x-axis shows the number
of expressed IncRNAs in each cancer type, and the y-axis shows the number
of immune-related IncRNAs identified by the ImmLnc pipeline. Each dot
represents one cancer type. The Pearson Correlation Coefficient (PCC) is 0.60
and P = 0.0002.
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Supplementary Figure 2. The immune-related IncRNAs in different
cancer types. a. Heat map showing the proportion of IncRNAs that are
correlated with each immune pathway activity in different cancer types. Rows,
cancer types; columns, immune-related pathways. b. Box plots showing the
distribution of the number of INcRNAs correlated with in 33 cancer types.
Numbers 1-17 represent immune pathways listed in the left panel. The Centre
of the boxplots are median values, the bounds of the boxes are 25% and 75%
quantiles. The minima are 25% quantile-1.5%interquartile range (IQR) and the
maxima are 75% quantile+1.5*IQR.
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Supplementary Figure 3. The transcriptome perturbation of
immune-related IncRNAs. a. Bar plot showing the number of IncRNAs
correlated with each pathway in the top-ranked IncRNA—pathway pairs. b. Box
plots showing the distribution of MIAT in normal and cancer samples. c. Box
plots showing the distribution of PVT1 in normal and cancer patients. d.
Cluster of cancer types based on the proportion of shared immune-related
IncRNAs. The Centre of the boxplots are median values, the bounds of the
boxes are 25% and 75% quantiles. The minima are 25%
quantile-1.5+«interquartile range (IQR) and the maxima are 75%
quantile+1.5*I1QR.
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Supplementary Figure 4. The correlation between InCRNA expression
and cytokine-related pathway activities in cancer.
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Single cell sequencing datasets
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Supplementary Figure 6. Heat map showing odd ratios of Fisher’s exact
test. The proportions of immune IncRNAs and nonimmune IncRNAs
expressed in immune cell populations were compared in 10 single-cell
sequencing datasets. All P < 0.001, two-sided Fisher’s exact test.

25-
COAD
@ ic
201 ° ®
CHOL @ log2(Ratio)
e wre PO O ol B os
ik ® @LuAD = @ 10
§  BLCA b ®sKem !
o [ N ) @ ® 15
% . CESC LUSC SARC UCé UvM
2 192 ERCE ® 20
: Y e THCA
DS MESO STAD
BRCA
® o %Rrp ®pcPc
0.5- GBM  KICH °
.L GG oV PRAD
*ESCA

Cancer types
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in immune cells. Green indicates the P-values for Wilcoxon Rank-Sum tests
were less than 0.01.
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Supplementary Figure 12. The overlap of immune-related IncRNAs with
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confidence level of the odds ratio. Two-sided Fisher’s exact tests were used.
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T cell infiltration in SKCM patients.
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Supplementary Figure 15.

ImmLnc helps prioritizing cancer-related

lincRNAs. a. Boxplots showing the number of cancer types in which lincRNA—
pathway pairs were identified. Red boxes indicate cancer-related lincRNAs
and gray boxes indicate other lincRNAs. All p-values are for two-sided
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Wilcoxon Rank-Sum tests. b. The area under the ROC curve for classification
of cancer-related lincRNAs vs other lincRNAs based on Lnc2Cancer data. c.
The area under the ROC curve for classification of disease-related lincRNAs
vs other lincRNAs based on LncRNADisease data.
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Supplementary Figure 19. The functional characterization of different
lung cancer subtypes. a. The relative changes in area under the CDF curve
with increasing k. b. The expression of 28 IncRNAs in cancer patients of
different subtypes. c. The proportion of patients with different stages of the
three subtypes. d. The left panel shows the distribution of smoked cigarettes
per day for patients of the three subtypes. The right panel shows the
distribution of number of years smoked for patients of the three subtypes.
P-values for two-sided Wilcoxon Rank-Sum tests. e. The stemness score
distribution for patients of different subtypes. The left panel is based on DNA
methylation and the right panel is based on RNA expression. P-values for
two-sided Wilcoxon Rank-Sum tests. f. The mutation distribution in patients of
different subtypes. The top panel shows whether the genes listed on the right
are mutated or not in a specific patient. The bottom panel shows the mutation
frequency of each gene in different subtypes. g. Diagram of the hippo and cell
cycle pathways across the three subtypes. The genes are colored based on
the fold change between two subtypes. The Centre of the boxplots are median
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values, the bounds of the boxes are 25% and 75% quantiles. The minima are

25% quantile-1.5«interquartile range
quantile+1.5*I1QR.
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Supplementary Figure 20. The immunology features of patients in
different subtypes. a. The number of silent mutations per MB for patients of
the three subtypes. P-values for one-sided Wilcoxon Rank-Sum tests. b. The
distribution of immune-related gene signature scores across patients of the
three subtypes. c. The distribution of immune cell infiltration in patients of
different subtypes. P-values for two-sided Wilcoxon Rank-Sum tests in b-c. d.
Network showing the correlation between IncRNAs and immune-related genes.
The weight of the lines corresponds to the correlation coefficient. Blue
indicates INcRNAs and green indicates genes in immune pathways. The
Centre of the boxplots are median values, the bounds of the boxes are 25%
and 75% quantiles. The minima are 25% quantile-1.5+interquartile range (IQR)
and the maxima are 75% quantile+1.5*IQR.
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Supplementary Figure 21. Relative rank distribution of essential and
other IncRNAs in cancer. LnhcRNAs were ranked based on their association
with cell growth-related gene sets by ImmLnc. The ranks of IncRNAs were
normalized and one-sided Wilcoxon Rank-Sum test was used to evaluate the
difference between essential IncRNAs and other IncRNAs. The essential
IncRNAs were identified by CRISPR-Cas9 screening. a, breast cancer (BRCA);
b, glioblastoma multiforme (GBM); c, low grade glioma (LGG); and d, acute
myeloid leukemia (LAML). The Centre of the boxplots are median values, the
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quantile-1.5+«interquartile range (IQR) and the maxima are 75%
quantile+1.5*IQR. P-values for two-sided Wilcoxon Rank-Sum tests.
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Fisher’'s exact test was used to test whether the immune-related IncRNAs
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The error bars were the 95% confidence level of the odds ratio.
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