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SUMMARY

Long intergenic noncoding RNAs (lincRNAs) regulate biological processes in health and disease. Recent find-
ings highlight the importance of lincRNAs in regulating T cell development and function. Here, we identified a
lincRNA, LINC01871, which is highly induced upon CD4* T cell activation and is predominantly located in the
cytoplasm. The anti-inflammatory cytokine TGF-f was found to suppress its expression. Silencing LINC01871
led to a modest decrease in IL-2 secretion. Notably, LINC01871 expression was highly specific to NK cells and
T cells in several cross-tissue single cell RNA-seq atlases. These data suggest that LINC01871 is specifically
expressed in T and NK cells and may contribute to T cell-mediated immunity in humans.

INTRODUCTION

The immune system is a finely orchestrated network of molec-
ular players that work together to maintain health and respond
to threats. Among these players, long intergenic noncoding
RNAs (lincRNAs) have emerged as intriguing regulators of
biological processes, with a wide range of functions in both
physiological and pathological context." LincRNAs have
been found to influence gene expression,® contributing to the
complexity and versatility of the immune response.
High-throughput studies have identified hundreds of long
noncoding RNAs (IncRNAs) to be differentially expressed (DE)
during T cell activation and differentiation, with emerging evidence
supporting key roles for lincRNAs in T cell development and func-
tion. For instance, the Th1-specific lincRNA Linc-MAF4 in humans
has been shown to restrict Th2 differentiation by negatively
regulating MAF, a Th2-specific transcription factor (TF).% Similarly,
lincRNA Tmevpg1 was found to be upregulated in Th1 cells,
coinciding with increased IFNy expression.” The antisense
RNA GATA3-AS1 alters the chromatin landscape of GATAS,
modulating its expression along with the Th2 effector cytokines
IL-5 and IL-13.° Additionally, IncRNAs such as H19, NEAT1,
and MEGS, have been implicated in the regulation of Th17 cell
differentiation.®® We identified myocardial infarction-associated

transcript (MIAT) as a positive regulator of Th17 cell differentia-
tion.® Further, we recently reported on the role of a novel INcCRNA,
LIRIL2R, as a promoter of regulatory T cell function by regulating
the expression of IL2RA, FOXP3, and other regulatory T cell-
related genes.10 In mice, IncBRNAs Flicr and Flatr have been
demonstrated to regulate Treg cell differentiation.’"+'?

In this study, we investigated a lincRNA, LINC01871 (also
known as AC092580.4 in hg19:GRCh37 version of the genome),
which was profoundly induced upon the activation of human
CD4* T cells. We confirmed the boundaries of the transcript using
rapid amplification of cDNA ends (RACE-PCR) followed by Sanger
sequencing. We assessed the localization of the transcript
within T cells and characterized its function during T cell activation
using locked nucleic acid modified antisense oligonucleotide
(LNA)-mediated silencing of the transcript. We further studied
its expression in nine published single cell RNA-seq datasets to
characterize cell type specificity of LINCO1871.

RESULTS

LINCO1871 is a cytoplasmic lincRNA highly induced
upon T cell activation

Although LINC01871 was not detectable in unactivated
CD4* T cells, the gene was highly induced upon activation
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Figure 1. LINC01871 expression upon T cell activation

(A) Expression of LINC01871 upon T cell activation at different time points. The RNA-seq data were acquired from Tuomela et al."®

(B) LINC0O1871 expression was measured by TagMan assay at different time points after activation. The EF-1a transcript was used as an internal control
for calculating delta CT (dCt).

(C) Cellular location of LINCO1871 in CD4* T cells activated for 72 h. EF-1a and MALAT-1 were used as cytoplasmic and nuclear RNA controls, respectively.
The gray and magenta colors represent cytoplasm and nuclear fractions, respectively. Each dot represents a biological replicate where the cells were pooled
from multiple (3-5) donors.

(D) LINCO1871 expression when CD4* T cells were activated through TCR for 72 h in the absence (0) or presence of increasing TGF-p concentration shown on
the x axis. For A and B, mean and standard deviation (SD) from three biological replicates have been plotted. For C and D, each dot represents an individual
replicate, and error bars show the SD. The significance was determined using ordinary one-way ANOVA. For A and B, ANOVA was followed by Sidak’s multiple
comparisons test comparing each time point to unactivated cells. For C, ANOVA was followed by comparing selected samples of interest shown on the graph
using Sidak’s multiple comparisons test. For D, ANOVA was followed by test for linear trend analysis. *: p < 0.05, **: p < 0.01, ***: p < 0.001 ****: p < 0.000, ns: not
significant. See also Figures S2 and S3.

of CD4* T cells in our earlier RNA-seq time-series data' Rapid amplification of cDNA ends -PCR confirmed the
(Figure 1A). We confirmed the TCR-induced expression of expression of the LINC01871 transcript identified by

the transcript using TagMan RT-gPCR analysis (Figure 1B), RNA-seq

where the expression was at least 10-fold greater at 72 h  In the RNA-seq datasets, the transcript contained two exons,
of activation than in unactivated cells. To test whether the and the junction between the exons was supported by many
concentrations of a-CD3 and «-CD28 antibodies used in reads."'” According to Ensembl (GRCh38.p13) and LNCipedia
this study were optimal, we isolated naive CD4* T cells (version 52), LINC0O1871 has no protein-coding potential. Further,
from umbilical cord blood (Figures S2A and S2B) and LINCO1871 appears to be encoded explicitly in humans as no
activated them with varying concentrations of «a-CD3 and homologues have been found in any other species (LNCipedia).
a-CD28. We observed that the concentration used in Todetermine the 5’ and 3'sequence ends of the transcript, we per-
this study (3.75 pg/mL anti-CD3 and 1 pg/mL anti-CD28) formed rapid amplification of cDNA ends (RACE)-PCR analysis.
was optimal: decreasing the concentration led to a reduc- Interestingly, inaddition to the sequence of the GenBank transcript
tion in the expression of T cell activation markers CD69 (NR_183384.1; hg38: chr2:7,725,779-7,730,721), the RACE-PCR
and IL2RA, while increasing the strength did not increase analysis found an additional 22 nucleotides at the 5’ end (AGAC
the expression of the marker genes (Figures S2C-S2E). CTCCCTGCTGTGTATGTC), whereas the 3’ end was exactly as
These data indicate that the concentrations used in this NR_183384.1, followed by poly(A) sequence (Figure S4).

study were appropriate.

LincRNAs reside in different cellular locations, e.g., nucleus' LINCO1871 silencing modestly reduces IL-2 secretion
and cytoplasm.15 Using cellular fractionation analysis, we To test the function of LINCO1871, we silenced its expression
found that LINC01871 is primarily localized in the cytoplasm using two different LNAs targeting the transcript (Figure S5A).
(Figure 1C), suggestive of its role in cellular signaling. Interest- LINC01871 was significantly knocked down with both LNAs
ingly, LINC01871 was downregulated inresponse to TGF-p,ina  (Figure 2A). The effect of the two LNAs targeting LINC01871
dose-dependent manner (Figure 1D). Since TGF-p dampens on cell viability and cell proliferation was similar to that of non-
T cell activation,'® we tested if its effect on LINC01871 is due  targeting control LNA (Figures 2B and S5B). Next, we tested
to general reduction in T cell activation. We treated the cells the effects of LINC01871 silencing on IL-2, a cytokine secreted
with increasing concentration of TGF-B, and measured the by activated T cells. LNA-treated cells were activated and
lincRNA expression and the expression of T cell activation cultured for 48 h. We observed a modest reduction in IL-2
markers CD69 and IL2RA. We found that LINCO1871 was secretion in the culture supernatants of cells treated with LNAs
downregulated upon TGF-f treatment whereas there was no targeting LINC01871 as compared to those treated with control
significant effect on IL2RA or CD69 expression (Figure S3), LNA (Figure 2C; Table S2). However, IL2 mRNA showed no
confirming that TGF-f specifically acts to downregulate consistent changes (Figure 2D), suggesting that the lincRNA
LINC01871 expression. may post-transcriptionally regulate IL-2 levels.
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Figure 2. Effect of LINC01871 silencing on T cell activation
(A) Knockdown efficiency of LINC01871 using two different LNAs.
(B) Bar chart showing viability of cells after LNA treatment.
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(C and D) Effect of LINC01871 silencing on IL-2 secretion (C) and mRNA expression (D) at 48 h time point.

(E-G) Mean fluorescence intensity (MFI) of pSTAT5 (E), pERK (F), pS6 (G) in NT, LNA1, LNA2 treated cells. In A-G, each dot is a biological replicate of cells pooled
from 3 to 5 donors, and error bars show the SD. LNA1 and LNA2 treated samples have been compared with NT LNA treated samples. The significance was
determined using unpaired two-tailed t test: **: p < 0.01, ****: p < 0.0001, ns: not significant. See also Figures S5 and S6.

We also tested the effect of LINC01871 silencing on the key
phosphorylation events occurring during T cell activation using
mass cytometry. We did not observe any difference in the basal
or activation-induced phosphorylation of PLCy, ZAP70, AKT,
SLP76, and LCK (Figures S6A-S6E). However, we observed a
small effect on the phosphorylation of ERK, STAT5, and S6
(Figures S6F-S6H), which was not consistent in the subsequent
set of experiments (Figures 2E-2G).

LINCO01871 silencing had a small effect on the
transcriptome and proteome of T cells

To identify global targets of LINC01871, we studied the tran-
scriptome and the proteome of LINC01871-deficient T cells,
which were activated for 48 h, harvested and reactivated for
30 min followed by RNA-seq and mass spectrometry (MS)
analyses (Figure S7A). Although overall correlation of expression
between the two LNAs in both dataset was good (Figures S7B
and S7C), the effect of LINCO1871 silencing on the tran-
scriptome and the proteome was minimal. In RNA-seq data,
none of the genes were DE (FDR<0.05, LogFC>1) by both
LNAs while in the MS data, five proteins were DE, all upregu-
lated, by both LNAs: GPRIN3; ATP10A; PSMG4; FAM98C;
MFSD14A (Tables S3 and S4). None of these proteins have
any known function in T cell activation.

LINCO1871 expression is largely restricted to T and NK
cell populations

To study the expression of the LINC01871 across human tissues
and cell types, we analyzed nine single cell RNA sequencing
(scRNA-seq) datasets from a variety of tissues. We first focused
on a large multi-organ single cell atlas from the Tabula Sapiens
consortium.'® Visualization of LINCO1871 expression across
cell types of Tabula Sapiens dataset demonstrated that its
expression is restricted to T and NK cell populations (Figure 3A).

To validate the cell type expression, the survey was extended
to eight additional immune-cell focused scRNA-seq data-
sets,’?° which confirmed that LINCO1871 is consistently
expressed in NK cells, MAIT cells, CD8" T cells, CD4* T cells,
and innate lymphoid cells (ILCs). Among CD4* and CD8*
T cells, the expression was the highest in effector T cells followed
by memory cells while in naive T cells, it was very low or absent
(Figure 3B), consistent with no expression in unactivated CD4*
T cells isolated from cord blood (Figure 1A). Notably, expression
of LINCO1871 was not detected outside of the immune cell
compartment in any of the studies.

To determine the functional relevance of LINCO01871
expression in CD4* and CD8* T cells, we performed cell type
marker analysis and identified that LINC01871 is a positive
marker for effector CD4* and CD8* T cells, ILCs and MAIT cells

iScience 28, 113779, November 21, 2025 3
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Figure 3. LINC01871 expression in Tabula sapiens and cross tissue immune datasets

(A) UMAPs of cell type clusters in the Tabula sapiens immune compartment. The upper panel shows clusters of different cell types and the lower panels show
the expression of LINC01871 along with the markers of T and NK cells.

(B) Dot plots showing the expression of LINC01871 in given cell type clusters in the respective datasets.

(C and D) Show the number of datasets among 9 selected scRNA-seq data where LINC01871 was positive or negative marker for given cell types, respectively.
(E) Cell type-specific LINC01871-co-expressing genes from all datasets. Mean gene correlation for top genes to LINC01871 expression in cell types have been
visualized. Only cell types showing consistent LINC01871 expression were evaluated. Correlations were considered significant if different from O (t test) and
greater than 0.2 or less than —0.2. The cell type annotation was performed by reference with Azimuth, using the bone marrow (BM) reference. The expression in
the dot plots has been scaled against the number of cells.
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in multiple datasets and a negative marker for non-T cells, partic-
ularly plasma cells and B cells (Figures 3C and 3D).

Finally, we assayed which genes were correlated with
LINC01871 in each cell type. Many genes with effector T cell
and NK cell function, such as KLRB1, IL32, and CD160, had
positive correlation with LINC01871 in different CD4* and
CD8" effector and memory T cells (Figure 3E).

DISCUSSION

A key discovery of our study is the unique expression pattern
of LINC01871, which appears to be almost exclusively ex-
pressed in T and NK cell populations. Our findings indicate
that LINC01871 is a cytoplasmic lincRNA, markedly upregu-
lated upon T cell activation, and possibly involved in post-
transcriptional regulation of IL-2 secretion. The observed
downregulation of LINC01871 in response to TGF-p suggests
its involvement in immune response modulation, given
TGF-p's well-established role in immune regulation and
T cell differentiation.?®*’

The cytoplasmic localization of LINC01871 suggests a role in
regulating cytoplasmic processes, such as acting as a micro-
RNA sponge. Indeed, LINC01871 has previously been reported
to act as sponge for miR-142-3p leading to overexpression of
the miRNA target ZYG11B, which in turn promoted the chemo-
resistance of colorectal cancer cells via autophagy induction.*®
Interestingly, LINC01871 has been included in the IncRNA
signatures predictive of melanoma,?® adenocarcinoma,®’
endometrial,®""* and cervical cancer.®*** Further studies are
needed to investigate if the expression of LINC10871 in cancer
tissues is derived from cancer cells, associated stroma, tumor
infiltrating lymphocytes, or other immune cells.

Several earlier studies have identified LINC01871 as a part
of autophagy related IncRNA signature for prognosis of breast
cancer.®> % Another function to which LINC01871 has been
associated is the various forms of cell death pathways including
necrosis,° necroptosis,**™*' and ferroptosis.***> However, our
data did not show any impact on genes/proteins involved in
these pathways.

Upregulation of LINC01871 upon T cell activation and its
positive impact on IL-2 secretion, together with the results
showing LINC01871 downregulation by the anti-inflammatory
cytokine TGF-f, may suggest that the lincRNA is a proinflamma-
tory factor. This role is further supported by its upregulation in
CD4* T cells from prediabetic children progressing to islet
autoimmunity.** Interestingly, LINC01871 was coregulated with
proinflammatory cytokine IL32 in multiple single cell RNA-seq
datasets (Figure 3E) and in our earlier report, where LINC01871
and IL32 were part of coregulated gene expression clusters
associated with type 1 diabetes autoimmunity.**

Limitations of the study

Alimitation of the study is that we did not observe a strong effect
of LINC01871 silencing on the gene expression at RNA or protein
levels suggesting that the lincRNA may have function beyond
gene expression, especially given the cytoplasmic localization
of this lincRNA. For instance, it could sequester proteins or
RNAs from binding to other targets or could affect posttransla-
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tional modification of proteins by interacting with kinases/phos-
phatases as was shown for a STAT3-interacting cytoplasmic
IncRNA."® Another concern was a poor overlap of the two
LNAs for their effect on the target genes, which could be due
to their differential silencing efficiency. Furthermore, the effect
of LINC01871 silencing on IL-2 secretion was rather weak.
Cord blood was obtained as anonymized samples, and informa-
tion on sex and gender of donors was not available to the re-
searchers. Findings should thus be interpreted with caution
regarding their generalizability across sexes.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to the lead
contact, Riitta Lahesmaa (rilahes@utu.fi).

Materials availability
This study did not generate new reagents.

Data and code availability

® Raw and processed RNA-seq data have been submitted to NCBI
GEO database and are publicly available with accession number
GEO: GSE268455. The MS raw and peaks files of the whole-cell prote-
ome have been deposited to ProteomeXchange via PRIDE,*® and are
publicly available with project accession ID PRIDE: PXD052298. Differ-
entially expressed genes and proteins in this study have been deposited
as Mendeley data and are publicly available (Mendeley Data: https://
doi.org/10.17632/ff2p5s5dzn.1).

® This study did not generate any original/custom code.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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anti-pStat5 — 150Nd [Y694], clone 47
anti-CD3

anti-CD28

anti-CD69

anti-CD25

Human IL-2 DuoSet ELISA

Standard Biotools
Standard Biotools
Standard Biotools

Standard Biotools

Standard Biotools

Standard Biotools
Standard Biotools
Standard Biotools
Beckman Coulter
Beckman Coulter
BD Pharmigen
BD Pharmigen
R&D Systems

Cat#3175009A; RRID: AB_2811251
Cat#3144015A; RRID: AB_3677800
Cat#3167005A; RRID: AB_2661834

Cat#3156003A; RRID: AB_2827885

Cat#3171005A; RRID: AB_2827884

Cat#3162004A; RRID: AB_2827886
Cat#3152005A; RRID: AB_2811246
Cat#3150005A; RRID: AB_2744690
Cat#IM1304; RRID: AB_131612
Cat#IM1376; RRID: AB_131624
Cat#347823; RRID: AB_400353
Cat#567316; RRID: AB_3683785
Cat#DY202-05, DY008

Chemicals, peptides, and recombinant proteins

rhTGF-p1

Cell ID cisplatin

Fixable Viability Dye eFluor™ 780
OptiMEM medium

R & D systems
Standard Biotools
eBioscience™

Gibco by Life Technologies

Cat#240-B
201064
Cat#65-0865-14
Cat#31985-047

Protease Cocktail Inhibitor Roche Systems Cat#4693132001
DNase | Invitrogen Cat#18047019
SuperScript Il Reverse Transcriptase Invitrogen Cat#18064-014
Cat#18418012
Critical commercial assays
Dynal CD4 Positive Isolation Kit Invitrogen Cat#11331D
EasySep™ Human Naive CD4™* T Cell Isolation Kit Stemcell Technologies Cat#18000
RNeasy Mini Kit Qiagen Cat#74104
RNAse-Free DNA set Qiagen Cat# 79254
Maxpar Cell acquisition solution Standard Biotools Cat#201244
Cell-ID Intercalator Solution Standard Biotools Cat#201192B
SMARTer RACE cDNA Amplification Kit Takara Bio/Clontech Cat#634858
Cat#634859
Genedet Gel Extraction Kit Thermofisher scientific Cat#K0692
Absolute QPCR Mix, ROX Thermofischer scientific Cat#AB1139A

Deposited data

Data used from another study:
Cross-tissue

Data used from another study:
Thymus
Data used from another study:
DevMap

Data used from another study:
Crohns llleum

Dominguez Conde C, et a
Park JE et al.™®
Suo Cetal.”*

Kong L et al.?®

2!
1.2°

(Continued on next page)
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Data used from another study: Kong L et al.**

Crohns Colon

Data used from another study: Elmentaite R et al.??

Crohns Pediatric

Data used from another study: Abdelfattah, N. et al.?°

Glioma

Data used from another study: BiKetal.”!

RCC

Data used from another study: Jones et al.,"®

Tabula

Data Deposited: Mendeley database Mendeley data: https://doi.org/10.17632/

Mendeley Data ff2p5s5dzn.1

Data deposited: NCBI Geo Database GEO: GSE268455

RNA-seq

Data deposited: ProteomeXchange PRIDE: PXD052298

MS raw and peaks files

Oligonucleotides

5’-RACE primer IDT 5’-gcatgctgaacccaggcagctgactccagag-3’

3’-RACE primer IDT 5’-ctctggagtcagcetgectgggttcagcatge-3’

5’-RACEnested primer IDT 5’-ctctgttgctcagcettcggectttgg-3

3’-RACEnested primer IDT 5’-gctgccgtggacgatctgtctctc-3’

LNA1 IDT 5’-TTCGGCCTTTGGTAGT-3’

LNA2 IDT 5’-ACAGATCGTCCACGGC-3’

non-targeting LNA (NT) IDT 5’-AACACGTCTATACGC-3’

LINC01871 TagMan Roche forward: 5’-agcatgcagcaactacagtca-3’; reverse:

EF1-a TagMan

MALAT1 TagMan

CD69 TagMan
IL-2RA TagMan

5’-cagcttcggcectttggta-3’, and probe #78 from
Roche Universal Probe Library (UPL)

Roche forward primer: 5’-ctgaaccatccaggccaaat-3’,
reverse primer: 5’-gccgtgtggcaatccaat-3’,Probe
FAM-TAMRA: 5’-agcgccggctatgcccctg-3’

Roche forward primer: 5’-gacccttcacccctcacc-3’, reverse
primer: 5’-ttatggatcatgcccacaag-3’ and probe #71
from Universal Probe Library(UPL).

Thermofisher Scientific Hs00934033_m1

Roche forward primer: 5’-acgggaagacaaggtggac-3’,
reverse primer: 5’-tgcctgaggcttctcttca-3’, and
Probe #54 from Universal Probe Library

Software and algorithms

QuantStudio

GraphPad Prism 9.0.2

FCS Express 7 Flow software v. 7

Biorender
FastQC v.0.11.8

Rsubread v.2.6.4

EdgeR v.3.34.1
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Thermo Fisher Scientific https://www.thermofisher.com/fi/en/home/global/
forms/life-science/quantstudio-6-7-flex-software.
html?erpType=Global_E1

GraphPad https://www.graphpad.com/features
De Novo Software, USA https://denovosoftware.com/full-access/
download-landing/

Biorender https://www.biorender.com/

|.46

Andrews S. et al https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

Liao V. et al.*’ https://bioconductor.org/packages/devel/bioc/
html/Rsubread.html
Robinson et al.*® https://bioconductor.org/packages/devel/bioc/

html/edgeR.html

(Continued on next page)
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ROTS Suomi T. et al.*® https://www.bioconductor.org/packages/release/
bioc/htmI/ROTS.html

Seurat v5 Hao, Y. et al.*® https://satijalab.org/seurat/articles/install.html

ScPubr Blanco-Carmona, E. et al.”" https://github.com/enblacar/SCpubr

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Institutional review board statement

Umbilical cord blood was obtained from healthy neonates, both sexes, at Turku University Central Hospital for this study.
The usage of the cord blood of unknown donors was approved by the Ethics Committee of Hospital District of Southwest
Finland (Dated: 24.11.1998; ethical approval number: 323). As the subjects were neonates, informed consent was obtained
from the parents or their legal representatives. Cord blood samples have been collected anonymously without any information
on the sex of the neonates.

Human primary T cell isolation, activation, and culture conditions

Total CD4™ T cells were isolated from human umbilical cord blood samples collected from Turku University hospital from full-term
normal delivery. Mononuclear cells were isolated using Ficoll density gradient centrifugation. CD4* cells were then enriched using
bead-based positive isolation (Dynal CD4 Positive Isolation Kit; Invitrogen, Cat. no. 11331D). The isolated CD4* cells were
constituted of approximately 90% CD45RA* CD45RO™ naive T cells (Figure S1). Alternatively (for experiments shown in
Figure S2), naive CD4" cells were enriched using bead-based negative isolation kit (EasySep™ Human Naive CD4* T Cell Isolation
Kit; StemCell Technologies, Cat. no. 18000).

Cells were activated using plate-bound a-CD3 (3.75 pg/ml; Beckman Coulter, Cat. no. IM1304) and soluble a-CD28 (1 pg/ml;
Beckman Coulter, Cat. no. IM1376) in RPMI 1640 medium (Sigma-Aldrich) supplemented with L-glutamine (2 mM, Sigma-
Aldrich), antibiotics (50 U/ml penicillin plus 50 pg/ml streptomycin; Sigma-Aldrich) and 10% FCS. All cultures were maintained
at 37°C in a humidified atmosphere of 5% (v/v) CO, incubator. For the TGF-§ titration experiment, cells were activated for 72 h
in the presence of variable TGF-p (R&D systems) concentration.

Controls
For knockdown experiments, cells transfected with non-targeting control LNAs were used as negative controls. Cytokine stimulation
experiments included unstimulated cells as baseline controls.

METHOD DETAILS

T cell activation titration, cell viability and proliferation assay
For a-CD3 and a-CD28 activation titration experiment, cells were harvested 24 h post activation with variable a-CD3 and a-CD28
concentrations. The cells were then stained with a-CD69 (BD Pharmigen 347823) and a-CD25 (BD Pharmigen 567316) antibodies
and analyzed by flow cytometry. For cell viability assay, cells nucleofected with LNA1, LNA2 or NT (Non-Targeting) were rested
for 24 h after which they were activated as mentioned above. We used a fixable cell viability dye (eBioscience™ Fixable Viability
Dye eFluor™ 780) to test for cell viability using flow cytometry. Staining was done following manufacturer’s instructions.

For cell proliferation assay, cells were nucleofected with LNA1, LNA2 or NT LNAs, rested for 24 h, stained with CellTrace Violet and
were activated as mentioned above. The proliferation was checked by flow cytometry after 96 h of activation.

Gene knockdown

LINC01871 was silenced using two LNAs targeting different regions of the gene (LNA1: 5’-TTCGGCCTTTGGTAGT-3’; LNA2: 5’-ACA-
GATCGTCCACGGC-3’) or non-targeting LNA (NT) (5’-AACACGTCTATACGC-3’). Cells were transfected with LNAs as described
before.'® Briefly, 4 million cells, resuspended in 100 ul OptiMEM medium (Gibco by Life Technologies, Cat. no. 31985-047), were
transfected with 300 pmol of LNA using Amaxa nucleofector system (Nucleofector 2C / U-014 program) (Lonza). After nucleofection,
cells were rested in RPMI medium, supplemented with pen/strep, 2 mM L-glutamine and 10% FCS, for 24 h at 37°C followed by their
activation, as described above.

Cellular fractionation

The fractionation was performed with 20 million cells. First, the cell membrane was lysed with hypotonic lysis buffer (10 mM HEPES,
10 mM KClI, 1.5 mM MgCl,, 0.34 M sucrose, 10 % glycerol; pH 7.5) supplemented with 1 mM DTT and complete Protease Inhibitor
Cocktail (Roche). After incubating the cells with the buffer on ice for 10 min, 0.5% Triton X-100 was added to complete the cell lysis,
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and the cells were further incubated for 10 min on ice. The nuclei were collected by centrifugation (1300 x g, 4 °C, 5 min), and the
supernatant containing the cytoplasmic fraction was separated. The nuclei were washed with cold hypotonic lysis buffer (centrifu-
gation 1300 x g, 4 °C, 5 min), and the supernatant was discarded. The nuclei were then lysed with cold nuclear lysis buffer (incubation
30 min on ice), and the chromatin was collected by centrifugation (1700 x g, 4 °C, 10 min). The supernatant containing the nucleo-
plasm fraction was collected, and the pellet containing the chromatin was washed with nuclear lysis buffer. RNA was isolated from
each fraction with RNeasy Mini Kit (Qiagen). The fractionation was confirmed by running gRT-PCR with known cell compartment-
specific RNAs.

RNA isolation and TagMan qRT-PCR assay

RNA was isolated using the RNeasy Mini Kit (QIAGEN). The removal of genomic DNA was done in-column with DNase treatment
(RNase-Free DNase Set; QIAGEN) for 15 min, followed by an additional treatment of the samples with DNase | (Invitrogen). Nanodrop
2000 (ThermoFisher Scientific) and Experion Automated Electrophoresis System (BioRad) were used to measure the quantity and
quality of RNA, respectively. SuperScript Il Reverse Transcriptase (Invitrogen, Cat. no. 18064-014 and 18418012) was used for
cDNA synthesis, according to the manufacturer’s instructions. TagMan qRT-PCR reactions were run on QuantStudio™ 12K Flex
Real-Time PCR System (Thermo Fisher Scientific), and the data were analyzed using Quantstudio software (Thermo Fisher
Scientific). All TagMan reactions were performed using Absolute QPCR Mix, ROX (Thermo Scientific, Cat. no. AB1139A). The cycle
threshold (CT) values of the samples were normalized to the CT values of the endogenous control housekeeping gene eEF1A,%?
generating delta CT (dCT) values. The following TagMan primers and probes were used: LINC01871 (forward: 5’-agcatgcagcaacta-
cagtca-3’; reverse: 5’-cagcttcggccttiggta-3’, and probe #78 from Roche Universal Probe Library (UPL); EF1-a (forward primer:
5’-ctgaaccatccaggccaaat-3’, reverse primer: 5’-gccgtgtggcaatccaat-3’, and Probe FAM-TAMRA: 5’-agcgccggctatgcccctg-3’);
MALAT1 (forward primer: 5’-gacccttcacccctcacc-3’, reverse primer: 5’-ttatggatcatgcccacaag-3’ and probe #71 from UPL); IL2RA
(forward primer: 5’-acgggaagacaaggtggac-3’, reverse primer: 5’-tgcctgaggcttctcttca-3’, and Probe #54 from Universal Probe Li-
brary). The CD69 TagMan assay was from ThermoFisher: (assay ID: Hs00934033_m1).

RNA-seq analysis

Libraries for RNA-Seq were prepared at the Finnish Functional Genomics Centre, using lllumina TruSeq Stranded mRNA Sample
Preparation Guide (part # 15031047). The quality of the libraries was confirmed with Advanced Analytical Fragment Analyzer, and
the concentrations of the libraries were quantified with Qubit® Fluorometric Quantitation (Life Technologies). Nine samples were
pooled and sequenced on one lane of NovaSeq 6000 SP flow cell v1.5 Next-Generation Sequencing platform with 2x150bp read
length. Sequencing was performed at the Finnish Functional Genomics Centre. FastQC (v.0.11.8)*° was used to check the quality
of the raw sequencing reads. Rsubread (v.2.6.4)"" was used to align the reads to the human reference genome hg38 and count
the read for each RefSeq gene. The data was normalized as CPM (counts per million) values using EdgeR (v.3.34.1).*% Log2
transformed normalized data was used for differential expression analysis using the tool ROTS,*® as genes with the false discovery
rate (FDR) < 0.05.

Mass spectrometry (MS)
The cell pellet was lysed in a lysis buffer (4% SDS in 50 mM TRIS-HCI, pH 7.6) followed by Benzonase treatment for 10 minutes
at room temperature. The extract was then clarified by centrifugation at 13,000 x g for 10 minutes. Protein concentration was
determined using a DC assay. Subsequently, dithiothreitol (DTT) was added to a final concentration of 10 mM, followed by addition
of iodoacetamide (IAA) to a final concentration of 20 mM. After incubation for 30 minin the dark, the lysate was digested using the
Suspension Trapping (STrap) method as described previously.>® The dried peptides were reconstituted in a formic acid/acetonitrile
mixture, and 800 ng of peptide mixture was analyzed using an EasynLC 1200 coupled to an Orbitrap Fusion™ Lumos™ mass
spectrometer (Thermo Scientific). Protein identification and quantification was performed as described earlier.'®

Overall, the proportion of missing (zero) values in the data was very low (0.22%). The MS2-level quantity data were obtained, and
proteins quantified with only one peptide across the entire experiment were filtered out as unreliable. Subsequently, the data was
offset with +1 and log»-transformed. The DE proteins between the LINC01871-silenced and control T cells were identified using
ROTS,“® as proteins with FDR < 0.05.

Mass cytometry

After activation, cells were stained with Cell-ID Cisplatin to identify viable cells as recommended by the manufacturer (Standard
Biotools, USA). Next, cells were stained with metal-conjugated phosphoprotein antibodies (anti-pS6 -175Lu, [S235/S236], clone
N7-548; anti-pPLCg2 — 144Nd [Y759], clone K86-689.37; anti-pERK1/2 — 167Er [T202/Y204], clone D1314.4E; anti-pSLP-76 —
156Gd [Y128], clone J141-668.36.58; anti-pZAP70 - 171Yb [Y319)/pSyk [Y352], clone 17a; anti-pLck — 162Dy [T505], clone
4/LCK-Y505; anti-pAkt — 152Sm [S473], clone D9IE; anti-pStat5 — 150Nd [Y694], clone 47) according to the manufacturer’s protocol
“Maxpar phosphoprotein staining with fresh fix” (Standard Biotools, USA). Finally, the cells were incubated with Cell-ID intercalator
solution (Standard Biotools, USA) at concentration of 125 nM overnight at 4°C. For the analysis, cells were diluted to 0.5x10° cells/ml
with cell acquisition solution (Standard Biotools USA) and analysed on Helios mass cytometer (Standard Biotools, USA). Data were
analyzed using FCS Express 7 Flow software v. 7 (De Novo Software, USA).
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ELISA

Secreted IL-2 levels were estimated (Human IL-2 DuoSet ELISA, R&D Systems, Cat. nos. DY202-05, DY008) using cell culture
supernatants of T cells activated for 48 h. The amount of IL-2 was normalized with the number of living cells determined by forward
and side scattering in flow cytometry analysis (LSRII flow cytometer; BD Biosciences).

RACE-PCR and sanger sequencing

Using the SMARTer RACE cDNA Amplification Kit (Takara Bio/Clontech, Cat. nos. 634858, 634859), 5’and 3’cDNA templates were
prepared from total RNA, isolated from T cells activated for 48 h, according to the kit protocol. Amplification of 5’and 3’cDNA ends
was done using gene-specific primers (5’-RACE: 5’-gcatgctgaacccaggcagctgactccagag-3’; 3'-RACE: 5’-ctctggagtcagcetgectgggtt
cagcatgc-3’) and the kit-supplied universal primer. Products from these PCR reactions were diluted and used as templates for
running nested PCR with nested gene-specific primers (5’-RACEnested: 5’-ctctgttgctcagcttcggecttigg-3; 3'-RACEnested: 5°-gctge
cgtggacgatctgtctctc-3’) and nested universal primer. The RACE-PCR products were analyzed by agarose gel electrophoresis, and
PCR products were cut out from gel. The DNA was extracted using GenedJet Gel Extraction Kit (Thermo Scientific, Cat. no. K0692),
quantified with NanoDrop 2000, and analyzed by Sanger sequencing at the Institute for Molecular Medicine Finland (FIMM), Univer-
sity of Helsinki.

Reanalysis of published scRNA-seq datasets

Seven of the single cell datasets were downloaded from CellxGene (https://cellxgene.cziscience.com/) and two from the Single Cell
Portal (https://singlecell.broadinstitute.org/single_cell). See Table S1 for an origin of the datasets. All analysis and visualization were
performed with Seurat v5°° and ScPubr® in R. In order to homogenize and compare cell types across the different datasets, refer-
ence annotation with Azimuth was applied using the bone marrow reference. Differential expression analysis was carried out with
“FindMarkers” from Seurat v5. Mean gene Pearson correlation was calculated in R, using the corr.test function.

QUANTIFICATION AND STATISTICAL ANALYSIS
The data were plotted using Prism version 9. Whenever applicable, the error bars represent SD. For comparing the means of
multiple samples, the statistical significance of the differences between means were determined by one-way ANOVA followed by

Sidak’s multiple comparisons test or test for linear trend analysis. For comparing the means of two samples, the significance was
determined using unpaired two-tailed t-test. p < 0.05 was considered significant.
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