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The long noncoding RNA Malatl regulates CD8*
T cell differentiation by mediating epigenetic

repression
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During an immune response to microbial infection, CD8* T cells give rise to short-lived effector cells and memory cells that
provide sustained protection. Although the transcriptional programs regulating CD8* T cell differentiation have been
extensively characterized, the role of long noncoding RNAs (IncRNAs) in this process remains poorly understood. Using a
functional genetic knockdown screen, we identified the IncRNA Malat1 as a regulator of terminal effector cells and the terminal
effector memory (t-Tgy) circulating memory subset. Evaluation of chromatin-enriched IncRNAs revealed that Malat1 grouped with
trans IncRNAs that exhibit increased RNA interactions at gene promoters and gene bodies. Moreover, we observed that Malatl
was associated with increased H3K27me3 deposition at a number of memory cell-associated genes through a direct interaction
with Ezh2, thereby promoting terminal effector and t-Tgy, cell differentiation. Our findings suggest an important functional role of
Malatl in regulating CD8* T cell differentiation and broaden the knowledge base of IncRNAs in CD8* T cell biology.

Introduction

During an immune response to microbial infection, CD8* T cells
give rise to effector cells that mediate acute host defense and
memory cells that provide long-lived protection (Chang et al.,
2014). Effector cells have been broadly subdivided into terminal
effector (TE) cells, defined by high expression of KLRG1 and low
expression of CD127 (KLRG1MCD127%°), which undergo apoptosis
after pathogen clearance, and memory precursor (MP) cells,
which are characterized by low expression of KLRG1 and high
expression of CD127 and can give rise to long-lived memory cells
(Joshi et al., 2007). It has been well-established that there is
substantial heterogeneity among circulating effector and
memory cells (Kakaradov et al., 2017; Kurd et al., 2020).
CD62LMCD127M central memory (Tcyy) cells, home to secondary
lymphoid structures, proliferate rapidly upon microbial re-
challenge and possess the greatest plasticity to differentiate
into secondary effector cells (Sallusto et al., 1999; Masopust
et al., 2014). Effector memory (Tgy) cells have recently been
subdivided into conventional CD62L°CD127" Tgy cells, which
circulate through nonlymphoid tissues and provide immediate
effector response while maintaining multipotent capacity
(Sallusto et al., 1999; Masopust et al., 2014), and TE memory
(t-Tgm) cells, characterized by low expression of CD62L and low

expression of CD127 (CD62L°CD127%), which exhibit limited
multipotency and recall response, decreased lymphoid tissue
presence, but potent cytotoxicity (Kurd et al., 2020; Olson et al.,
2013; Milner et al., 2020). Another subset of memory cells,
termed tissue-resident memory (Tgy) cells, does not recirculate
and localizes to peripheral organs and tissues, providing the first
line of response to infection (Schenkel et al., 2014). Critical reg-
ulators of CD8* T cell differentiation have been previously char-
acterized, with transcription factors T-bet, Blimpl, Zeb2, and Id2
promoting the formation of effector cells, and Tcfl, Eomes, Foxol,
and Id3 regulating memory cell formation (Joshi et al., 2007
Kallies et al., 2009; Omilusik et al., 2015, 2018; Zhou and Xue, 2012;
Banerijee et al., 2010; Michelini et al., 2013; Ji et al., 2011). However,
the role of other potential mechanisms regulating CD8* T cell
differentiation, such as DNA methylation, post-translational
modifications, and noncoding RNAs, remain poorly understood.

Long non-coding RNAs (IncRNAs) are a class of RNA mole-
cules longer than 200 bp that are not translated into protein but
are transcribed by RNA Polymerase II, capped at the 5’ end, and
polyadenylated (Kopp and Mendell, 2018). It has been estimated
in mouse and human CD8* T cells that 25% of the transcriptome
encodes for IncRNAs (Hudson et al., 2019). To date, few IncRNAs
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have been functionally characterized in CD8* T cells despite
published observations that IncRNA expression profiles can
distinguish naive, effector, and memory subsets, suggesting that
IncRNAs may play important roles in CD8* T cell fate decisions
(Hudson et al., 2019; Kotzin et al., 2019; Wang et al., 2015;
Sharma et al., 2011). Our previous work raised the possibility
that the IncRNA Malatl might be involved in CD8* T cell dif-
ferentiation in response to acute infection (Kakaradov et al.,
2017). Malatl was first identified in a screen for markers of
early-stage non-small cell lung cancer metastasis, with muta-
tions in Malatl and transcriptional dysregulation subsequently
confirmed in various cancer types (Ji et al., 2003; Kim et al.,
2018; Gutschner et al., 2013b; a). Malatl localizes to nuclear
speckles that sequester various proteins involved in RNA pro-
cessing, transcription, and epigenetic regulation (Spector and
Lamond, 2011). Nuclear speckles also contain a high density of
RNA Polymerase II that associates with multiple DNA regions
forming interchromosomal contacts at sites of active transcrip-
tion (West et al, 2014; Quinodoz et al., 2018). In germline
knockout models, Malatl has been shown to be dispensable for
normal mouse development and physiology (Zhang et al., 2012;
Eiffmann et al., 2012; Nakagawa et al., 2012; Yao et al., 2018). By
contrast, acute knockdown of Malatl has resulted in significant
functional changes affecting cellular proliferation, motility, and
differentiation (Tripathi et al., 2010; Tano et al., 2010; Bernard
et al., 2010), suggesting that acute knockdown models may yield
disparate phenotypes compared to genetic models.

In this study, we performed a functional genetic knockdown
screen that suggested Malatl as a regulator of CD8* T cell dif-
ferentiation. Malatl knockdown significantly reduced TE cell
differentiation at the peak of infection and t-Tgy; cell formation
by 30 d after infection. Analyses of secondary recall immune
responses revealed that t-Tgy, cells were not dependent on Malatl
to give rise to secondary t-Tgy cells; by contrast, Tgy and Tey cells
were dependent on Malatl to give rise to secondary t-Tgy and Tey
cells. Malatl knockdown resulted in increased expression of a
number of memory cell-associated genes in cells destined to be-
come TEs. Examination of chromatin interactions with Malatl
revealed significant enrichment at gene promoters and gene
bodies indicating an active role in transcription; furthermore,
Malatl-interacting regions were correlated with a selective accu-
mulation of the epigenetic repressive mark H3K27me3 compared
with the epigenetic activation marks H3K4me3, H3K4mel, and
H3K27ac. Malatl, in part through an interaction with the epige-
netic repressor Ezh2, significantly increased H3K27me3 deposi-
tion on many genes associated with memory cell differentiation.
Together, these findings suggest an important functional role of
Malatl in promoting terminal differentiation in CD8* T cells and
broaden the knowledge base of IncRNAs in CD8* T cell biology.

Results

In vivo functional genetic knockdown screen reveals the
IncRNA Malatl as a critical regulator of CD8* T cell
differentiation

We previously observed a striking transcriptional divergence
among CD8* T cells that had undergone their first division in
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response to viral infection and identified a number of putative
regulators of CD8* T cell differentiation (Kakaradov et al., 2017).
We, therefore, conducted a pooled shRNA screen of 365 shRNAs
against 102 of these gene targets to assess their possible func-
tional significance (Fig. 1 A) using a previously published ap-
proach (Chen et al., 2014; Milner et al., 2017). We transduced P14
CD8* CD45.1* T cells, which have transgenic expression of a TCR
recognizing an immunodominant epitope of lymphocytic cho-
riomeningitis virus (LCMV), with a pool of shRNA retroviruses.
These cells were adoptively transferred into congenic CD45.2*
WT mice that were subsequently infected with the Armstrong
strain of LCMV. On day 7 after infection, TE (KLRG1MCD127%)
and MP (KLRG1°CD127M) CD8* T cells were isolated by FACS.
Non-targeting ShRNAs were included as a negative control, and
shRNAs targeting Tbx2l, the gene encoding the T-box tran-
scription factor T-bet, were included as a positive control. Using
a Z-score cutoff of +3, three Malatl shRNAs were observed to be
differentially enriched in KLRGI°CD127M MP cells compared
with KLRGIMCD127%° TE cells (Fig. 1 B and Table S1). The
knockdown efficiencies of each Malatl shRNA were verified
using multiple quantitative PCR (qPCR) primers tiling the Malatl
locus with 83.1, 69.4, and 82.2% average knockdown (Fig. 1 B).

We next evaluated the functional consequences of Malatl
knockdown during CD8* T cell differentiation. Congenically
distinct P14 CD8* T cells were transduced with Malatl shRNA
(MalatI®P, CD45.1) or nontarget shRNA (NT, CD45.1.2) and
adoptively co-transferred into CD45.2 recipient mice (Fig. 1 C).
On day 7 after infection, MalatI¥P cells showed a marked nu-
merical decrease as compared to NT cells (Fig. S1, A, C, and E).
Moreover, MalatlP TE cells were decreased relative to NT TE
cells, whereas Malat’XP MP cells were increased relative to NT
MP cells (Fig. S1, B, D, and F).

We next tested whether Malatl knockdown impaired the
early differentiation of TE cells. Compared with NT cells, Ma-
lat1®P cells analyzed on days 5 and 7 after infection exhibited a
marked numerical decrease (Fig. 1 D). On day 3 after infection,
although the total MalatI*P pool did not exhibit a numerical
decrease, the frequencies and ratios of KLRGIM Malati®? cells
were already reduced with corresponding increases in KLRG1!°
Malati®® cells compared with their NT cell counterparts (Fig. 1,
E-G). Moreover, analysis of expression of CX3CRIl, another
marker associated with TE cells, revealed that the frequencies
and ratios of Malat’® CX3CRIMKLRGIM cells were reduced
compared with Malat¥P CX3CRI°KLRGIY cells as early as day 3
after infection (Fig. 1, H-J). Additionally, relative to control cells,
Malat?¥P KLRGI™ cells exhibited decreased expression of KLRG1
and CX3CR1, whereas Malat¥P KLRG1" cells exhibited increased
expression of CD127 and CD27, phenotypic markers associated
with memory cells (Figs. 1 K and S1 M). Notably, the majority of
Malati®P cells exhibited a CD44 and CD62L'° phenotype (Fig. S,
G-L), indicating that the reduction in Malati¥P TE cells was not
due to a failure of T cell activation.

KLRGIM and KLRG1® Malat®? and NT cells exhibited similar
expression of the proliferation marker Ki-67 on days 5 and 7
after infection, suggesting that Malatl knockdown did not affect
proliferation several days after T cell activation (Fig. 1 L).
However, expression of the membrane-bound apoptotic marker
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Figure 1. Invivo shRNA screen reveals IncRNA Malat1 as a critical regulator of CD8* T cell differentiation. (A) CD45.1* P14 T cells were transduced with
a shRNA pool; 7 d after infection TE- (KLRGIMCD127'°) and MP-phenotype (KLRG1°CD127") cells were isolated by FACS. (B) Enrichment of shRNA construct in
MP cells relative to TE cells, reported as the average Z-score from two independent screens, n = 20 mice per screen (left). Validation of three MalatIC shRNAs
in activated CD8* T cells with locus coordinates for each Malatl primer set (right). FC, fold change. (C) P14 CD8" T cells were transduced with Malatl shRNA
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(Malat1¥0, CD45.1) or nontarget shRNA (NT, CD45.1.2) and adoptively co-transferred at a 1:1 ratio into CD45.2 recipient mice that were subsequently infected
with LCMV. Splenocytes were harvested on days 3, 5, and 7. (D) Quantification of total splenic NT and Malat1*P ratios at day 3, 5, and 7 after infection.
(E-G) Quantification of splenic NT and MalatIC KLRG1" and KLRG1'-phenotype cells, representative flow cytometry plots (E), quantification of frequencies (F),
and numeric ratio of cells (G). (H-J) Quantification of splenic NT and Malat1k> CX3CRIMKLRG1" and CX3CR1°KLRG1-phenotype cells, representative flow
cytometry plots (H), quantification of frequencies (1), and numeric ratio of cells (J). (K) Quantification of key effector- and memory-associated molecules in
KLRG1"-and KLRG1-phenotype cells. gMFI, geometric mean fluorescence intensity. (L and M) Frequency of Ki-67+ (L) and Annexin V* (M) cells in KLRG1"- and
KLRG1'-phenotype cells on days 5 and 7 after infection. (N and O) Malat1<? and NT cells on day 7 after infection were cultured ex vivo in the presence of
cognate gp33-41 peptide for 5 h and frequency of IL-2* (N) or IFNyMTNF (O) cells measured. All data are from one representative experiment out of two
independent experiments with n = 5-6 per group; *, P < 0.05; **, P < 0.005; ***, P < 0.0005 paired t test (F, I, and K-0), one sample t test (D, G, and ]) . Graphs

indicate mean + SEM, symbols represent individual mice. D, day.

Annexin V was modestly increased in KLRGIM, but not in
KLRGI" Malat?®P cells on days 5 and 7 after infection, suggesting
the numerical deficiency observed in Malat1X® KLRG1M cells may
be partly attributed to increased apoptosis (Fig. 1 M). Analyses of
functional parameters demonstrated that Malati¥P cells ex-
pressed more IL-2, a cytokine that promotes homeostatic pro-
liferation; however, MalatlX® and NT cells were similarly
polyfunctional with equivalent frequencies of IFNyMTNF cells
(Fig. 1, N and O). Taken together, these results demonstrate that
Malatl plays a critical role in TE cell differentiation.

Malatl is a critical regulator of CD8* t-Tgy cell differentiation
and plays a role in the generation of secondary memory T cells
Assessment of total circulating memory cells 35 d after infection
revealed decreased proportions of MalatiP cells compared with
NT cells (Figs. 2 A and S2, A and C). Compared with control cells,
the proportion and absolute number of MalatIX? CD62LI°CD127!°
(t-Tgm) cells were decreased, with a corresponding increase
in the proportion, but not absolute number, of Malatl¥P
CD62L'°CD127M Ty, cells on day 35 after infection (Figs. 2 B and
S2, B and D). No changes were observed in the proportion or
absolute number of Malat¥P CD62LMCD127M Tcy, cells on day 35
after infection. However, by day 65 after infection, we observed
an increase in the numbers and frequencies of Malat!XP Ty and
Tem cells along with decreased numbers and frequencies of t-Tgy
cells (Fig. 2, C and D). Moreover, MalatI¥P t-Tgy; cells exhibited
decreased expression of effector cell-associated markers KLRG1
and CX3CR1, along with increased expression of memory cell-
associated markers CD127 and CD27 (Fig. S2 E). Compared with
control cells, MalatI*P Tgy; and Tey cells also exhibited increased
expressions of CDI27 and CD27 (Fig. S2 E). Lastly, the pro-
portions of Malatl¥P CD69*CD103* CD8* T cells in the small in-
testine intra-epithelial (silEL) compartment was similar to that
of control cells (Fig. S3, B-I).

Having established a role for Malat1 in differentiation of CD8*
T cells during primary infection, we next sought to determine
whether Malatl also plays a role in the generation of secondary
circulating memory T cell subsets upon infectious rechallenge.
35 d after primary LCMV infection, Malatl*® and NT t-Tgy, Tem,
or Tey cells were FACS isolated, mixed in equal proportions, and
transferred into new naive recipient mice which were then in-
fected with LCMV (Fig. 2 E). 35 d later, the numbers and pro-
portions of secondary circulating memory T subsets were
assessed (Fig. 2, F and G). Donor Malat!¥P and NT t-Tgy cells gave
rise to equal numbers of total and t-Tgy; cells in Malat?¥® and NT
cells (Fig. 2, F and G), suggesting that Malatl does not play a
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critical role in the ability of primary t-Tgy cells to give rise to
secondary t-Tgy cells upon rechallenge. By contrast, compared
with donor NT cells, donor Malat*P t-Tgy; cells gave rise to in-
creased numbers and proportions of secondary Tgy cells.
Moreover, compared with donor NT cells, donor Malatl¥P Tgy,
and Tcy cells gave rise to reduced numbers and proportions of
secondary t-Tgy cells, but increased numbers and proportions of
secondary Tgpy cells (Fig. 2, F and G). Secondary memory T cells
derived from donor Malat¥P and NT cells were similarly poly-
functional with equivalent frequencies of IFNyMTNFM cells
(Fig. 2 H), though secondary memory cells derived from
Malat1®? Tgy; and Tcy donors tended to express more IL-2 com-
pared with those derived from NT donors (Fig. 2 I). Taken
together, these results suggest that Malatl plays a role in re-
pressing the generation of secondary Tgy cells derived from
t-Tem, Tem, and Ty cells, in addition to its role in regulating
primary t-Tgy cell differentiation.

Single-cell RNA-seq (scRNA-seq) analyses reveal that Malatl
depletion upregulates factors associated with memory cell
differentiation

To begin to investigate the mechanisms underlying the role of
Malatl in CD8* T cell differentiation, we performed scRNA-seq
of FACS-sorted Malat1P and NT cells responding to viral infec-
tion. P14 CD8* T cells were transduced with Malatl shRNA
(Malati¥P, CD45.1) or nontarget shRNA (NT, CD45.1.2), adop-
tively co-transferred into CD45.2 recipient mice and isolated on
day 7 after infection. Unsupervised t-distributed stochastic
neighborhood embedding (tSNE) analysis revealed separation of
the majority of Malat® and NT cells (Fig. 3 A). Clustering
analysis yielded three distinct clusters, with 76% of Malatl*P
cells in Cluster O and the remaining Malati*P cells distributed
between Clusters 1 (10%) and 2 (14%; Fig. 3, B and C). NT cells
were distributed in nearly equal proportions among Clusters 0
(30%), 1 (37%), and 2 (33%).

Evaluation of the transcriptional profile of each scRNA-seq
cluster revealed that among NT cells, Cluster 1 cells expressed
the lowest levels of Klrgl and Cx3crl and were enriched for the
MP gene signature (Fig. 3, F-H and Table S2); conversely,
Clusters 0 and 2 cells expressed higher levels of Klrgl and Cx3crl
and were enriched for the TE gene signature (Fig. 3, D, E, and H;
and Table S2). Among MalatIXP cells, Cluster 0 and 2 cells were
enriched for the MP gene signature (Fig. 3, F-H); consistent with
this observation, MalatI® Cluster O cells exhibited higher ex-
pression of memory-associated molecules (Tcf7, Eomes, Foxol,
Zebl, Lefl, Bach2, Bcl2, Il7r, Cd27, and Cxcr3) compared with their
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Figure 2. Malatl regulates CD8* T cell memory formation and represses generation of secondary Tgy cells. (A and C) Quantification of splenic NT and
Malat1*P ratios on days 35 and 65 after infection. (B and D) Representative flow cytometry plots of t-Tenw, Tem and Tew cells (left) and quantification (right)
among co-transferred cells. (E) P14 CD8* T cells were transduced with Malat1 shRNA (MalatIXP, CD45.1) or nontarget shRNA (NT, CD45.1.2) and adoptively co-
transferred at a 1:1 ratio into CD45.2 recipient mice, which were then infected with LCMV. 35 d after primary infection, MalatI®® and NT cells were sorted from
t-Tem, Tew or Tem subsets, mixed at a 1:1 (5,000 Malat1*® cells/5,000 NT cells) ratio, and adoptively transferred into naive CD45.2 recipient followed by
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infectious challenge with LCMV (secondary infection). (F) Frequency of secondary memory populations derived from transferred t-Tey (left), Tew (middle), and
Tem (right) donor cells was assessed at 30 d after secondary LMCV infection. (G) Quantification of secondary memory subsets derived from t-Tey, (left), Tem
(middle), and Tew (right) donor populations. (H and 1) Malat1¥? and NT secondary t-Tew, Tem, and Tew cells were cultured ex vivo in the presence of cognate
gp33-41 peptide for 5 h and frequency of IFNyPTNFM (H) or IL-2* (1) cells measured. All data are from one representative experiment out of two independent
experiments with n = 4-7 (A-D), n = 9-10 (E-G), or n = 4-6 (H and I) mice per group; *, P < 0.05; **, P < 0.005; ***, P < 0.0005, paired t test. Graphs indicate

mean + SEM, symbols represent individual mice. D, day.

NT counterparts (Fig. 3, H-J and Table S3). Moreover, MalatI¥P
Cluster O cells exhibited reduced expression of TE-associated
molecules (Tbx2l, Zeb2, Gzma, Gzmb, Klrgl, and Cx3crl) com-
pared with their NT Cluster O counterparts (Fig. 3, H-J), con-
sistent with the diminished TE gene signature observed in these
cells (Fig. 3 E). Flow cytometry was performed in Malat1¥P and
NT cells on days 5 and 7 after infection to confirm the ob-
servations revealed by scRNA-seq. Indeed, compared with their
NT KLRGIM counterparts, Malatl® KLRGIM cells exhibited in-
creased expression of memory-associated molecules such as
Eomes, Bcl2, Lefl, Zebl, Tcf7, and Foxol (Fig. 3 K). Taken together,
these results suggest that Malatl may act specifically in cells
destined to become TEs and reduce the expression of genes that
promote memory formation.

Malatl interacts in trans at promoters and gene bodies

To begin to elucidate the transcriptional influence of Malatl on
gene expression, we performed GRID-seq (global RNA interac-
tions with DNA by deep sequencing) with a specific focus on
IncRNAs (Li et al., 2017). Replicate libraries of P14 CD8* T cells
were cultured in the presence of cognate gp33-41 peptide for 5d
in vitro (Fig. S4 A). Evaluation of the CD8* T cell transcriptome
revealed that a substantial proportion of RNA chromatin inter-
actions were represented by IncRNAs (15.4%), in line with pre-
vious reports of the IncRNA abundance in activated CD8* T cells
(Fig. 4 A; Hudson et al., 2019). Chromatin-enriched IncRNAs
analysis revealed that although a majority of IncRNAs interact
within their chromosome of origin, there was a separate group
of IncRNAs that engage in highly trans interactions throughout
the mouse genome (Fig. 4 B). Increased representation of
IncRNAs originating from chromosomes 19 and X confirmed a
high level of Xist (X-inactive specific transcript) enrichment on
chromosome X (Fig. 4 C). Malatl and Neatl were both enriched
on chromosome 19; however, in contrast to Neatl, Malatl en-
gaged in trans interactions beyond its chromosome of origin
(Fig. 4 C). Principal component analysis (PCA) and k-means
clustering of all 66 chromatin-enriched IncRNAs resulted in
three clusters of IncRNAs, thereby grouping IncRNAs by the
similarity of their chromatin interaction patterns across the
entire mouse genome. (Fig. 4, B and D). Clusters 1 and 2 sepa-
rated 11 highly trans-interacting IncRNAs, each with genomic
coverage >20%, with Malatl grouped with the Cluster 2 IncRNAs
(Fig. 4, B and D). Cluster 3 grouped all IncRNAs with <12% ge-
nomic coverage with interactions predominantly within their
chromosome of origin (Fig. 4, B and D). We further evaluated the
11 highly trans-interacting IncRNAs by performing Spearman
pairwise correlation analyses and hierarchical clustering, which
further separated these IncRNAs into two additional sub-
clusters, suggesting distinct genomic interaction features
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between these two groups of trans-interacting IncRNAs (Fig. 4
E). To test this hypothesis, we averaged the RNA interaction
levels at each 1 kb genomic bin for Cluster 1 and Cluster
2 IncRNAs to analyze their differential RNA interaction patterns
across the entire genome. Compared to Cluster 1 IncRNAs,
Cluster 2 IncRNAs exhibited greater RNA interaction levels on
genomic regions annotated to genes (Fig. 4 F). This trend was
similarly observed when comparing Cluster 2 and Cluster 3
IncRNAs (Fig. S4 B). Genomic feature annotation of differential
RNA chromatin interactions demonstrated that Cluster 2
IncRNAs were associated with promoters and gene bodies with
greater frequency, whereas Cluster 1 IncRNAs were associated
with distal intergenic regions with greater frequency, high-
lighting the distinct interaction features of these two clusters of
highly trans-interacting IncRNAs (Figs. 4 G and S4 C). Taken
together, these results indicate that Malatl associates with a
cluster of trans-interacting IncRNAs that have RNA interactions
preferentially at promoters and gene bodies.

Malatl-chromatin enrichment correlates with high coverage
of H3K27me3 on genes associated with memory cell
differentiation

Owing to the previously reported association of Malatl and Ezh2,
the functional enzymatic component of the polycomb repressive
complex 2, which deposits repressive methyl groups to histone
H3 at lysine 27 (Wang et al., 2015; Kim et al., 2017), we explored
epigenetic regulation at Malatl-interacting regions, utilizing
publicly available chromatin immunoprecipitation sequencing
(ChIP-seq) datasets in CD8* T cells for several histone marks
from TE cells, H3K27me3 and H3K27ac (GSE72408: Gray et al.,
2017), and H3K4me3 and H3k4mel (GSE95237: Yu et al., 2017).
The repressive histone mark H3K27me3 demonstrated the
highest proportions of coverage and covered regions at Malatl
interaction regions, as compared with active histone marks
H3K4me3, H3K27ac, and H3K4mel (Fig. 5, A, B, and D; and Table
S4). We next tested Malatl interaction regions of H3K27me3
marks from either TE or MP cells (GSE72408: Gray et al., 2017)
and observed higher coverage of H3K27me3 marks in TE cells as
compared with MP cells, demonstrating preferential interaction
of Malatl at H3K27me3 regions enriched in TE cells (Fig. 5, A and
C; and Table S4). Focusing on genes known to play a role in CD8*
T cell differentiation, we next evaluated Malatl interaction
levels at gene regions harboring H3K27me3 (Yu et al., 2017) and
found increased Malatl enrichment at genes associated with MP
cells as compared with those associated with TE cells (Fig. 5, E
and F; Table S5; GSE157072; Milner et al., 2020). Furthermore,
Malatl enrichment was increased at genes that were differen-
tially expressed in scRNA-seq Cluster O (Fig. 3 C) compared with
all other single-cell clusters (Fig. 5 G). These genes included
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Figure 3. scRNA-seq reveals that Malatl depletion upregulates memory-associated factors. (A) tSNE analysis of Malat1® and NT cells on day 7 after
LCMV infection. (B) Clustering analysis of Malat1*P and NT cells as one plot (left) or separated by sample type (right). (C) Bar graph quantifying proportion of
Malat1¥? and NT cells among each cluster type. (D and E) TE signature enrichment of all MalatI? and NT cells displayed on tSNE plots (D) or split by scRNA-seq
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clusters (E). (F and G) MP signature enrichment of all Malat1¥P and NT cells displayed on tSNE plots (F) or split by scRNA-seq clusters (G). (H and 1) scRNA-seq
expression profiles of genes relevant to CD8* T cell trafficking (H) and effector and memory differentiation () in Malat® and NT cells split by scRNA-seq clusters. (J) Average
expression profiles of genes relevant to CD8* T cell differentiation, cytotoxicity, and trafficking in MalatI*® and NT cells split by scRNA-seq clusters. (K) Representative flow
cytometry plots and quantification of protein expression of memory-associated genes and TE-associated genes in Malat1¥® and NT KLRG1" and KLRGL1® cells at days 5 and 7
after infection. All data are from one representative experiment out of two independent experiments with n = 5-7 mice per group; *, P < 0.05; **, P < 0.005; ***, P < 0.0005,
paired t test. Graphs indicate mean + SEM, symbols represent individual mice. D, day.

memory cell-associated genes Tcf7, Eomes, Zebl, Lefl, and Bcl2,
which were all upregulated as a consequence of Malatl knock-
down (Fig. 5 H and Table S6), raising the possibility of Malatl-
mediated transcriptional suppression. Taken together, these
results suggest that Malatl may play a role in repressing genes
associated with memory cell differentiation.

Malatl interacts with Ezh2 to maintain H3K27me3 deposition
at genes associated with memory cell differentiation

Having observed upregulated expression of memory cell-
associated genes in Malatl¥P cells, we explored whether
H3K27me3-mediated epigenetic suppression was coordinately
attenuated in Malatl¥P cells. We performed H3K27me3,
H3K4me3, and Ezh2 ChIP-seq on FACS-purified Malat*P? and NT
cells isolated 7 d after infection. We identified 5,012 differen-
tially methylated regions (DMRs) due to loss of H3K27me3 de-
position (Fig. 6 A and Table S7); by contrast, H3K4me3 DMRs
were not found in these regions. Furthermore, Ezh2 deposition
in MalatI®P cells was reduced at DMRs, suggesting a role for
Malatl in maintaining Ezh2 activity (Fig. S5 A). Genomic an-
notation of H3K27me3 DMRs revealed that >85% of these DMRs
were located within 2-3 kb of transcription start sites and gene
bodies, strengthening the notion of transcriptional dysregula-
tion in MalatiXP cells (Fig. S5 B). Consistent with a Malatl-
mediated role in transcriptional repression, correlation of
RNA-seq data with H3K27me3 DMRs demonstrated H3K27me3
loss with concurrent upregulation in gene expression (Fig. S5 C).

To elucidate a subset-specific role of Malatl in the depo-
sition of repressive H3K27me3 histone marks, we performed
H3K27me3 CUT-RUN (Skene et al., 2018) experiments using
FACS-purified TE and MP subsets of NT and MalatI*P cells. We
observed a striking loss of 3,646 peaks in Malat1*P TE cells, with
only a small set of 108 peaks gained (Fig. 6 B and Table S8). In
contrast, we observed in Malatl¥P MP cells a modest loss of 875
peaks and a gain of 209 peaks (Table S8). Consistent with our
bulk ChIP-seq data, we observed a loss of H3K27me3 deposition on
key memory-associated molecules Tcf7, Eomes, Id3, Foxol, Bach2,
and Bcl2 specifically in MalatP TE cells, but not in Malat® MP
cells (Figs. 6 C and S5 E). Notably, we did not observe loss of
H3K27me3 deposition on TE-associated molecules Tbx2l, Runxl,
Zeb2, and Prdml in either Malat?® TE or MP cells (Fig. 6 C). Ge-
nomic annotation of differential peak sites between Malat®® and
NT TE and MP peaks revealed that most peak sites in Malat*P TE
cells were closer to gene promoter regions, consistent with the
findings from our bulk ChIP-seq data (Figs. 6 D and S5 B).

Flow cytometry analyses of H3K37me3 expression levels on
day 7 after infection confirmed global decreases within Malat!®P
TE and MP subsets compared to their NT counterparts, while
H3K4me3 levels remained unchanged, consistent with the ChIP-
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seq data (Fig. S5 D). Moreover, no changes in Ezh2 protein ex-
pression or nuclear localization pattern of Ezh2 in Malati*P cells
were observed, indicating that Malatl does not regulate ex-
pression or localization of Ezh2 (Fig. S5, D and F). Lastly, we
assessed Malatl interaction with Ezh2 using RNA-binding pro-
tein immunoprecipitation (RIP) gPCR using in vitro activated
CD8* T cells. We observed enrichment for Malatl as compared to
housekeeping genes (Gapdh and Actb) upon Ezh2 pulldown
(Fig. 6 D). Notably, knockdown of Malatl did not impact Ezh2
interaction with other IncRNAs Xist and Neatl, demonstrating that
knockdown of Malatl specifically disrupted Ezh2-Malatl interac-
tions. Together, these results suggest that Malatl maintains
H3K27me3 deposition at a number of memory cell-associated
genes, specifically in TE cells, through direct interactions with Ezh2.

Discussion
The molecular regulation of memory CD8* T cell differentiation
has been an area of intense investigation. Prior work in this field
has focused primarily on protein-coding genes, while the role of
the noncoding portion of the transcriptome in this process re-
mains poorly understood. Here, we performed a functional ge-
netic knockdown screen that identified IncRNA Malatl as a
regulator of CD8* T cell differentiation. We provide functional
evidence that Malatl plays a critical role in the differentiation of
the t-Tgy circulating memory subset during primary infection
and represses secondary Tgy cell generation during infectious
rechallenge. Notably, we observed that once t-Tgy cells had
formed, Malatl did not play a critical role in the ability of pri-
mary t-Tgy cells to give rise to secondary t-Tgy cells upon in-
fectious rechallenge, in contrast to primary Tgy and Ty cells,
which were dependent on Malatl to give rise to secondary t-Tgy
cells. This suggests that multipotent CD8* naive and memory
Tem and Tey cells are dependent on Malatl, whereas more dif-
ferentiated t-Tgy cells with reduced proliferative capacity may
be less so. Furthermore, these results demonstrate that Malatl
has a selective effect in promoting certain circulating memory
cell subsets (t-Tgy), but not others (Tgy and Tcy). To our
knowledge, this is the one of few examples in which a regulator
of CD8* T cell differentiation selectively affects a specific cir-
culating memory subset. Genetic deletions of known regulators
of CD8* T cell differentiation, such as Foxol, Bcl6, and T-bet, tend
to reduce t-Tgy cell formation in response to LCMYV infection,
but also lead to reductions in the formation of Tgy and Ty cells,
effectively diminishing the entire pool of circulating memory
cells (Milner et al., 2020).

Although a significant fraction of the CD8* T cell coding ge-
nome is represented by IncRNAs, their roles remain poorly
understood. We determined that >15% of chromatin-enriched
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Figure 4. Malatl clusters with trans IncRNAs that focus chromatin interactions on gene promoters and gene bodies. (A) Distribution of genome-wide
RNA chromatin interactions in P14 CD8* T cells 4 d after activation. snRNA, small nuclear RNA; miRNA, microRNA; rRNA, ribosomal RNA; snoRNA, small
nucleolar RNA. GRID-seq analyses was performed in duplicate and samples pooled together for analysis. (B) Heatmap of chromatin-enriched IncRNA across the
murine genome. Rows represent chromatin-enriched IncRNAsand columns represent the murine genome binned at 1-kb resolution. (C) Enlarged representative
region of IncRNAs from chromosomes Chr 19 and X and their chromatin interactions on chromosomes 18, 19, and X at 1-kb resolution. (D) PCA plot and
k-means clustering of all 66 IncRNAs colored by cluster groups. PCA vectors used were the entire mouse genome binned into 1-kb segments removing bins with
zero interactions. INcRNAs with similar global genome chromatin interaction patterns clustered together. (E) Spearman correlation matrix plot and hierarchical
clustering of 11 highly trans IncRNAs with rectangles surrounding each cluster. IncRNA gene names are color-coded to match colors of k-means clusters in D.
(F) Differential IncRNA chromatin interaction regions between Cluster 2 and 1 IncRNAs, displayed by direct comparison in a violin blot with box-plot denoting
median, 25th, and 75th percentile (left). Number of unique gene interactions between Cluster 2 and 1 IncRNAs (right). (G) Distribution of genomic annotations
from differential IncRNA chromatin interaction regions of Cluster 2 and 1 IncRNAs (left) and Malat1 alone (right). Statistical significance was determined by
Student’s t test, ***, P < 0.0005 (F) and Pearson’s Chi-squared test, ***, P < 0.0005 (G).
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Figure 5. Malatl enriches on chromatin marked by the epigenetic repres:

Genes Genes

sive histone mark H3K27me3. (A) Coverage heatmap of H3K27me3, H3K27ac,

H4K3me3, and H3K4mel epigenetic marks from TE cells (left) and H3K27me3 from MP cells (right) at Malat1-interacting genomic regions +25 kb. (B and C)
Cumulative distribution of coverage of each epigenetic mark from TE cells (B) and only the H3K27me3 mark from TE and MP cells (C) within Malatl-interacting
regions at 100-kb resolution. (D) Normalized covered regions per 1,000 bp of each epigenetic mark at Malatl-interacting genomic regions. (E) Heatmap of

Malatl interaction level on gene bodies of TE- and MP-associated genes. (F)

Probability density distribution of Malat1 interactions from E. (G) Malatl RNA

interaction level of differentially expressed genes in Cluster O cells compared to all other cells. (H) Heatmap representing expression of selected genes in
Cluster O Malat1¥? and NT cells compared to all other cells. Statistical significance was determined in by Student’s t test, ***, P < 0.0005 (B, C, F, and G).

RNAs are engaged by IncRNAs, in line with previous data
showing that 25% of total poly-A captured RNAs are represented
by IncRNAs in both mouse and human CD8* T cells (Hudson
et al., 2019). This underscores the importance of studying this
class of molecules in CD8* T cells in the context of microbial
infection. NeST, one of the first identified IncRNA in T cells, was
shown to promote expression of Ifng through an interaction of
the MLL (mixed-lineage leukemia 1)/SET1 H3K4 methylase
complex, thereby conferring resistance to Salmonella (Gomez
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et al, 2013). The IncRNA244, through its interactions with
Ezh2, epigenetically represses Ifng and Tnf leading to CD8* T cell
dysfunction and increased susceptibility to Mycobacterium tu-
berculosis infection (Wang et al., 2015). In LCMV infection, the
IncRNA Morrbid was specifically induced following Type 1 IFNy
stimulation, which in turn promoted the expression of the
proapoptotic factor Bcl2ll, thereby negatively regulating CD8*
T cell expansion (Kotzin et al., 2019). A prior report using a
germline deletion model demonstrated that Malatl was
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Figure 6. Malatl interacts with Ezh2 to maintain H3K27me3 deposition on memory-associated genes. (A) Deposition of H3K27me3 and H3K4me3
centered on DMRs =+ 2 kb in MalatI<C and NT cells at day 7 after infection. (B) Deposition of H3K27me3 + 5 kb in FACS-purified TE and MP subsets of NT and

Malat1*P cells. 3,646 peaks were enriched in NT relative to MalatI<P TE cells (blue annotation); conversely, 108 peaks were enriched in Malat1*® relative to NT

TE cells (dark red annotation). 875 peaks were enriched NT relative to Malat1® MP cells (light blue annotation); conversely, 209 peaks were enriched in
MalatI¥? relative to NT MP cells (light red annotation). (C) Alignment tracks of H3K27me3 in Malat1X? and NT TE and MP cells for key genes associated with
memory and TE differentiation. Gray highlight denotes differential peak sites observed in NT relative to Malat1¥P TE cells. (D) Genomic annotations of dif-
ferential peak sites observed in Malat1k? and NT TE or MP cells. (E) Ezh2 pull-down RIP-qPCR analyses of Ezh2-bound RNA in WT CD8* T cells (left) and Ezh2-
bound IncRNA in Malat1*? and NT cells (right). Statistical significance was determined by Student’s t test, **, P < 0.005 (E) and Pearson’s Chi-squared test, **,
P < 0.005 (D).
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dispensable for CD8* T cell responses in LCMV infection (Yao
et al., 2018), in contrast to the defects we observed in the current
study using acute knockdown approaches. A possible explana-
tion for these disparate results is that germline deletion models
may have led to compensatory effects, as has been previously
observed in T cells (El-Brolosy and Stainier, 2017). For example,
deletion of the DNA epigenetic modifier Tet2 did not lead to any
obvious defects in T cell development, but deletion of both Tet2
and Tet3 led to a massive lymphoproliferative phenotype
(Tsagaratou et al., 2017; Lio and Rao, 2019), suggesting that Tet2
and Tet3 may be able to compensate for each other. As another
example, T lymphocyte proliferation and immune function were
unaffected by the deletion of Rbl2, a recruiter of histone meth-
yltransferases, likely due to compensation by Rbll (Mulligan
et al., 1998). Since IncRNAs represent a substantial fraction of
chromatin-enriched RNAs, future studies elucidating chromatin-
enriched IncRNAs in a Malatl knockout model may reveal which
IncRNA interactions are upregulated at sites normally occupied
by Malatl.

Studies investigating mechanistic roles for Malatl in tran-
scriptional regulation have focused on interactions with various
RNA processing enzymes, transcription factors, and epigenetic
modifiers (Sun et al., 2018; Arun et al., 2020). Malat1 localizes to
nuclear speckles which contain a large density of RNA Poly-
merase II and forms inter-chromosomal contacts, placing Malatl
in trans at regions of active transcription (Mao et al., 2011; West
et al., 2014; Quinodoz et al., 2018). Our GRID-seq analysis al-
lowed for an unbiased view of all chromatin-enriched RNAs and
a direct comparison of Malatl chromatin enrichment patterns
relative to all other IncRNAs in activated CD8* T cells. We found
two clusters (Clusters 1 and 2) of highly enriched trans IncRNAs;
Malatl grouped with Cluster 2 IncRNAs, which were more
highly associated with gene promoters and gene bodies, whereas
Cluster 1 IncRNAs were more highly associated with distal
intergenic sites. While our analysis explored highly trans-
interacting IncRNAs, further investigation into locally interact-
ing IncRNAs may shed light on the functional mechanisms of
these classes of IncRNAs, many of which remain unexplored.
Moreover, our GRID-seq analysis focused on IncRNAs and their
genomic enrichment sites, but future studies may benefit by
taking the reverse approach, focusing on genomic regions with
high levels of RNA interaction and then identifying unifying
groups of chromatin-enriched RNAs that contribute to these
high-level interaction regions. In our study, we focused on
known drivers of effector and memory CD8* T cell differentia-
tion and found that Malatl has higher levels of interactions with
genes associated with memory cell differentiation relative to
those associated with TE cell differentiation. Extension of this
analysis to our single-cell data analysis demonstrated that genes
upregulated in a cluster of cells with a TE gene signature also
exhibited higher levels of Malatl interaction. Many memory-
associated genes in this cell cluster were upregulated upon
Malatl knockdown, raising the possibility that Malatl influences
transcriptional regulation through epigenetic repression, po-
tentially through a direct interaction with Ezh2. Indeed, Malatl-
interaction sites had higher levels of H3K27me3 coverage as
compared to other epigenetic markers H3K27ac, H3K4me4, and
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H3K4mel; moreover, H3K27me3 deposition was dramatically
reduced upon Malatl depletion.

In concordance with increased Malatl interactions at gene
bodies and gene promoters, 86.8% at DMRs were within the
transcription start sites of gene promoters, providing further
evidence of Malatl transcriptional regulation in CD8* T cells.
Reduced H3K27me3 deposition on, and coordinately increased
expression of, numerous memory cell-associated genes were
reminiscent of the changes previously observed in Ezh2-
deficient CD8" T cells (Kakaradov et al., 2017; Gray et al.,
2017), consistent with the idea that Malatl acts, in part,
through its actions on Ezh2. We note that Malati®P cells ex-
hibited upregulation of memory-associated genes along with
downregulation of genes associated with TE differentiation.
Since we did not observe changes in the epigenetic activation
mark H3K4me3 upon Malatl depletion, it remains possible that
Malatl depletion promotes the activity of another epigenetic
repressor acting on genes associated with TE cell differentiation.
One such mechanism may be through DNA methylation, which
is often associated with gene silencing. Indeed, previous work
has shown that naive cell activation led to DNA demethylation of
many effector cell-associated loci including Prfl, Ifng, and Gzmk
(Youngblood et al., 2017). Taken together, these findings dem-
onstrate that Malatl may promote t-Tgy cell formation by re-
pressing a transcriptional program that promotes Tgy cell
differentiation and advance our understanding of the functional
role and underlying mechanisms by which IncRNAs may influ-
ence CD8" T cell memory differentiation.

Materials and methods

Mice

All mice were housed under specific pathogen-free conditions in
an American Association of Laboratory Animal Care-approved
facility at University of California, San Diego (UCSD), and all
procedures were approved by the UCSD Institutional Animal
Care and Use Committee. C57BL6/] (CD45.1.2* or CD45.2*) and
P14 TCR transgenic (CD45.1" or CD45.1.2* maintained on a
C57BL6/] background) mice were bred at UCSD or purchased
from The Jackson Laboratory. Recipient male and donor female
mice used in adoptive transfer experiments were all 6-9 wk of
age. No randomization or blinding was used in infection ex-
periments, and only mice that had rejected adoptively trans-
ferred P14 CD8* T cells were excluded.

CD8* T cell isolation

For isolation of CD8* T cells from spleen and peripheral lymph
nodes, tissues were dissociated through 70-um cell strainers.
Cells were then treated with Red Blood Cell Lysis Buffer for
5 min. CD8* T cells were then enriched using the CD8a* T Cell
Isolation Kit and LS MACS Columns (catalog number: 130-104-
075; Miltenyi Biotec) according to the manufacturer’s protocol.
For CD8* T cells isolated from tissues, small intestines were
resected, Peyer’s patches removed, and washed with PBS. Tissues
were then cut into 1 cm and incubated in DTE buffer (dithioery-
thritol [1 pg/ml; Thermo Fisher Scientific] in 10% HBSS and 10%
Hepes bicarbonate) at 37°C for 30 min. Lymphocytes were then
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enriched using a 44/67% Percoll density gradient. CD8* T cells
were maintained in T cell medium (TCM; Iscove’s Modification of
DMEM [catalog number: 10-016-CV] supplemented with 10% FBS
[vol/vol], 2 mM L-glutamine [catalog number: 25030149], 100
U/ml penicillin-streptomycin [catalog number: 15140122], and
55 mM pl 2-mercaptoethanol [catalog number: 21985023]) at 37°C.

Antibodies and flow cytometry

Surface proteins were stained for 10 min on ice in HBSS (catalog
number: 21-021-CV) with the following antibodies: Va2 (B20.1),
CD8a (53-6.7), CD45.1 (A20), CD45.2 (104), KLRG1 (2F1/KLRG1), CD127
(A7R34), CD27 (LG.3A10), CX3CR1 (SAOIIF11), CD44 (IM7), CD62L
(MEL-14), CD69 (H1.2F3), CD103 (2E7), all purchased from BioLegend.
For intracellular protein staining, samples were fixed in 2%
paraformaldehyde (catalog number: 15710; Electron Micros-
copy Services) at room temperature for 45 min. Cells were
then permeabilized using the FoxP3/Transcription Factor
Staining Buffer Kit (catalog number: 00-5523-00; Thermo
Fisher Scientific) and stained for 8 h at 4°C with the following
antibodies: Tcf7 (C63D9), Eomes (Danllmag), Bcl2 (BCL/1064),
Ezh2 (11/EZH2), Ki67 (B56), Zebl (E2G6Y), Lefl (C12A5), Gzma
(GzA-3G8.5), T-bet (4B10), H3K27me3 (C36B11), and K3K4me3
(C42D8), purchased from BioLegend, Cell Signaling, BD Bio-
sciences, and Thermo Fisher Scientific.

shRNA CD8* T cell transfers, infection, and treatments
shERWOOD-designed UltramiR sequences targeting Malatl
(Malat®® 5'-ACGTAACATATGAACACAAATT-3', Malatl¥P #2 5'-
TTCAACCGTTCATTGAGGGTTA-3', Malatl®P #3 5'-AATGCTAGT
AGAGTAGGTGAAT-3') and nontarget control scramble (NT, 5'-
GTCCGTCTTCATACGTTTCGTA-3’) in an LMP-d Ametrine vec-
tor backbone were purchased from transOMIC technologies
(Table S1). To generate retroviral particles, platinum E cells were
grown in 10-cm plates with full selection media (DMEM [catalog
number: 11965-118], 10% FBS [vol/vol], 2 mM L-glutamine [cat-
alog number: 25030149], 100 U/ml penicillin-streptomycin
[catalog number: 15140122], 1 pg/ml puromycin and 10 pg/ml
blasticidin). 18 h before transfection, selection media was re-
placed with antibiotic-free media (DMEM, 10% FBS [vol/vol],
2 mM L-glutamine). For each 10-cm plate, 10 pg of each shRNA
and 5 pg pCL-Eco helper plasmids were mixed in Opti-MEM
(catalog number: 31985062) to a volume of 700 ul. This was
combined with 45 ul TransIT-LT1 Reagent and 655 ul Opti-MEM
for 20 min at room temperature. The mixture was then added
dropwise to each 10-cm plate. 12 h later, media was replaced
with fresh antibiotic-free media, and the supernatant was sub-
sequently harvested at 24 and 48 h. Retroviral supernatant was
filtered through a 0.45-pum syringe filter and stored at -80°C.

Naive WT or P14 CD8* T cells were plated at a density of 1 x
106 cells/ml in 24-well plates precoated with 100 pg/ml goat
anti-hamster IgG (catalog number: 31115), followed by 5 ug/ml
each of anti-CD3 (clone 3C11) and anti-CD28 (clone 37.51). 18 h
after activation, media was removed and replaced with 1 ml of
retrovirus supplemented with 8 ug/ml polybrene followed by
centrifugation for 90 min at 2,000 rpm. Retroviral supernatant
was removed and replaced with fresh TCM, allowing cells to rest
at 37°C for 2 h.
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For co-transfer experiments, Malatl® and NT P14 cells were
mixed at a 1:1 ratio and a total of 5 x 10° donor cells/mouse was
adoptively transferred into CD45.2* male recipient mice. 1 h
later, mice were infected with 2 x 10> PFU LCMV-Armstrong. 3,
5,7, 35, and 65 d after infection, mice were euthanized, spleens
and small intestine intraepithelial compartments were har-
vested, and cells were analyzed by flow cytometry to determine
the ratio of MalatI¥®/NT cells.

For rechallenge assays, 35 d after infection, Malati*P and NT
P14 cells were FACS sorted into three populations: CD127/°CD62'°
t-Tem, CD127MCD621° Try, and CD127MCD62LM Tcy,, constitut-
ing the donor populations. Donor Malat®P and NT cells from
each memory population were mixed at a 1:1 ratio for a total of
10,000 donor cells/mouse and adoptively transferred into naive
male CD45.2* recipient mice and infected with 2 x 10° PFU
LCMV. 35 d after secondary rechallenge infection, mice were
euthanized to determine MalatI®P/NT ratio.

For ex vivo restimulation to assess cytokine production, P14
CD8* T cells were plated in a 96-well plate at 5 x 10° cells/well in
the presence of 1 ng/ul LCMV GPg;_4; peptide (catalog number:
RP20257; Genscript) and 1x Brefeldin A Solution (catalog num-
ber: 420601; BioLegend) for 6 h at 37°C. Cells were then fixed
and permeabilized using BD Cytofix/Cytoperm (catalog number:
554714) and stained for IFNy (XMG1.2), TNF-o. (MP6-XT22), and
IL-2 (JES6-5H4) antibodies, all purchased from BioLegend, for
30 min on ice. Flow cytometry of all samples was run on a
LSRFortessa X-20 (BD Biosciences) or Novocyte (ACEA Bio-
sciences). FACS sorting of cells was done on a FACSAria Fusion
or FACSAria2 (BD Biosciences). FlowJo software (BD Bio-
sciences) was used for analysis of flow cytometry data.

Pooled shRNA screen and validation of individual

Malat1 constructs

A pooled LMP-d Ametrine plasmid library consisting of 375
shRNA constructs with replicates for 103 genes and 5 nontarget
controls was purchased from transOMIC technologies (Table S1).
Retroviral particles were made and stored as described above.
Multiplicity of infection was determined by serially diluting the
retroviral supernatant twofold and performing activation and
transfection as described above. 24 h after transfection, a dilu-
tion factor, which yielded 15-25% of Ametrine* cells, was de-
termined. Next, 5 x 10° transfected P14 cells were adoptively
transferred into naive CD45.2* recipient mice and infected with
LCMV. To determine the baseline distribution of all sShRNAs in
the plasmid pool, part of the adoptive transfer mixture was
grown for 24 h in IL-2 (100 U/ml), and Ametrine* cells were
sorted and genomic DNAs were extracted (catalog number:
K182001; Thermo Fisher Scientific). 7 d after infection, 20 mice
were euthanized, spleens extracted, and Amtetrine* CD8* T cells
were sorted into KLRG1MCD127° TE and KLRGI'°CD127"% MP
populations. Genomic DNA was extracted, and integrated
shRNA constructs were amplified with two rounds of PCR,
adding TruSeq indexed barcodes for deep sequencing (catalog
numbers: TRP00OI, TRP0002; transOMIC technologies). Li-
braries were sequenced on a HiSeq 4000. Sequencing reads
were mapped to the reference plasmid library. TE and MP reads
were normalized to the input reads followed by taking the log,
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ratio of TE/MP for every unique shRNA in the library. Z-score
values for all shRNAs were calculated as follows:

log2, <'¥f§;§) - mean <logZ {’?;’5;} >
mean (SD [MP”T} ) .

TEnT

Z(shRNA) =

where TEyr, TExp denote nontarget and knockdown shRNAs
in TE cells, and MPyr, MPxp denote nontarget and knockdown
shRNAs in MP cells. Individual Malatl shRNA constructs were
validated for knockdown efficiency by sorting WT CD8* T cells
5 d after in vitro transduction. Total RNA was extracted using a
Qiagen miRNeasy Micro Kit according to the manufacturer’s
protocol (catalog number: 217084). 200 ng of RNA was con-
verted to cDNA using the Bio-Rad Script cDNA Synthesis Kit
according to manufacturer’s protocol (catalog number: 1708890)
and diluted with water for a final 1:5 dilution. qPCR was per-
formed with 1 ng template per reaction using the Bio-Rad
SsoAdvanced Universal SYBR Green Supermix according to
manufacturer’s protocol (catalog number: 1725270) on a BioRad
CFX. Three primer sets tiling the Malatl locus (bp position 2670-
2885: 5'-GGGTGGGGGTGTTAGGTAAT-3', 5'-GGCAGAGGAACC
AACCTTC-3'. bp position 3143-3279: 5'-TGATTTTCCTTGTGA
CTAAACAAGA-3', 5'-AAGCCCACCCTCTAAAAGACA-3'. bp po-
sition 4546-4741: 5'-AGGTGGGAGATGATGGTCAG-3', 5'-ACT
CGTGGCTCAAGTGAGGT-3') and one primer set to RPL13a (bp
position 41-257: 5-GGGCAGGTTCTGGTATTGGAT-3', 5'-GGC
TCGGAAATGGTAGGGG-3') as a control were used. Knock-

down efficiency was quantified using the 272%°r method,
2—([MALAT1—RPL13a]KD—[MALATI—RPLIBa]m-)‘

Bulk RNA-seq library generation and analysis

Malat®P and NT P14 CD8* T cells were sorted 7 d after LCMV
infection, and total RNA was extracted using a Qiagen miRNeasy
Micro Kit. RNA quality was evaluated using the Agilent Tape-
Station, confirming all samples with RNA integrity number
scores >9.8. Samples were submitted to the UCSD Institute for
Genomic Medicine for TruSeq V2 mRNA library prep. Libraries
were then sequenced on a HiSeq 4000. Sequencing reads were
mapped to mm10 reference genome using STAR aligner (v2.7.6a)
with default parameters. Mapped reads to genes were summa-
rized using featureCounts (v1.5.3) with default parameters. This
table was used as input for differential gene analysis using De-
Seq2 (v1.32.0). Upregulated TE and MP gene lists were gener-
ated from GEO accession number GSE157072 (Milner et al.,
2020) with reads mapped, counted, and differential gene
analysis determined using DeSeq2 as described above. Genes
were filtered by log2 fold change >1.

scRNA-seq library generation and analysis

Malat® and NT P14 CD8* T cells were sorted 7 d after LCMV
infection and resuspended in PBS + 0.04% (wt/vol) bovine se-
rum albumin. 10,000 cells per sample were loaded into Single
Cell A chips and partitioned into Gel Bead In-Emulsions in a
Chromium Controller (10x Genomics). scRNA-seq libraries were
prepared with 10x Genomics Chromium Single Cell 3’ Reagent
Kits v2 according to the manufacturer’s protocol. Libraries were
sequenced on a HiSeq 4000.
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Reads from scRNA-seq were aligned to mml0 using the 10x
Genomics Cell Ranger software (v 2.1.0). Reads were collapsed
into unique molecular identifier counts. All samples had >2,000
cells detected with >1,000 genes per cell and with >70% of the
coding genome covered. Genes that were not expressed in at
least 5% of all cells were excluded. As previously described
(Boland et al., 2020), replicates of single-cell libraries were
normalized removing batch effects using RUVnormalize
(v1.15.0). The raw unique molecular identifier matrix was scaled
and input to the naiveRandRUV function with parameters coeff =
le-3 and k = 10. 50 negative control genes were taken from a list
of housekeeping genes (Eisenberg and Levanon, 2013) with least
variability in all datasets. Seurat (v3.0.1) functions were used to
calculate top variable genes, PCA, and tSNE with FindVaria-
bleGenes, RunPCA, and RunTSNE. The top 5,000 genes were
considered as input for the PCA calculation, and only the top 25
PCs were used in tSNE. Louvain clustering was performed by
Seurat’s FindClusters function based on the top 25 PCs, with
resolution set to 0.9. Differentially expressed genes were per-
formed between clusters or within clusters comparing Malat!*P
and NT cells using two-sided Wilcox test and threshold of
P < 0.05.

GRID-seq library generation and analysis

Spleens from P14 mice were homogenized, and 1 x 106 cells/ml in
TCM were pulsed with 1 ng/ul LCMV GP3;_4, peptide for 1h at
37°C. Cells were washed once with equal volume of warm TCM
and then plated in a 96-well plate at 5 x 10* cells/well. Cells were
harvested 4.5 d later, and dead cells were removed using the
Dead Cell Removal kit according to the manufacturer’s protocol
(catalog number: 130-010-101; Miltenyi Biotec). CD8* T cells
were then enriched using the CD8a* T Cell Isolation Kit. Cells
were then crosslinked, nuclei isolated, and GRID-seq libraries
prepared, as described previously (Li et al., 2017; Zhou et al.,
2019). Final libraries were sequenced on HiSeq 4000.

Reads were trimmed with cutadapt -1 86 --max-n 5 -o (v1.18),
mapped to RNA-Linker-DNA (5'-GTTGGATTCNNNGACACA
GCTCACTCCCACACACCGAACTCCAAC-3') with bwa mem -k 5 -
L4 -B2-04 (v0.7.15) and sorted with samtools sort (v1.7). RNA
and DNA reads were separated with GridTools matefq (https://
github.com/biz007/gridtools). Reads were then mapped to the
mml0 genome with bwa mem -k 17 -w 1 -T 1. GridTools evaluate
was then used to correct against background and RNA-DNA
mate read pair quality and quantity with a bin size of 1 kb and
moving windows of 10. GridTools.py evaluate function uses a
gene annotation gene transfer format file to ensure that the RNA
end of the read always uniquely maps to its correct chromo-
somal location. Thus, during the analysis, only RNA reads that
map back to their own locus will be retained. Moreover, the
DNA end of the read will also be uniquely mapped, ensuring that
both the RNA and DNA ends of each read are all unique. No read
that maps to multiple locations in the genome (including repeat
elements all over chromosomes) will be retained during analy-
sis. GridTools RNA was used to identify expression levels of
chromatin-enriched RNA. GridTools matrix was used to con-
struct an interaction contact matrix of chromatin-associated
RNA within specified genomic bin sizes of 1 kb or 100 kb. All
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IncRNAs with reads per kilobase DNA read density =10 on any
genomic region were filtered from the interaction contact ma-
trix. A 1-kb interaction matrix was directly visualized on a
heatmap using the ComplexHeatmap package (v2.2.0). PCA,
k-means clustering set to three clusters, and Pearson correlation
analysis were performed on the interaction matrix with the R
stats package (v3.6.2) removing all bins with zero interactions.
The correlation matrix was visualized with corrplot package
(v0.89) and circos plots with the circlize package (v0.42). Dif-
ferential RNA chromatin interaction regions were determined
by taking the average RNA interaction level of each genomic bin
for all IncRNAs in a cluster. These averaged genomic bins were
annotated to the transcription start site of the nearest gene using
the ChIPpeakAnno. Consecutive genomic bins annotated to a
single gene with greater RNA interaction for each genomic bin
in one cluster relative to another cluster were considered dif-
ferentially interacting. Differential RNA chromatin interaction
regions were annotated with ChiPseeker.

Bedtools coverage (v2.29) was used to calculate coverage of
histone marks, H3K27me3, H3K27ac, H3K4me3, H3K4mel, on
Malatl interacting chromatin regions. Malatl interaction level
was averaged over the gene body of TE genes, MP genes, and
scRNA-seq cluster 0 and 2 differentially expressed genes.

ChiP-seq library generation and analysis

MalatP and NT P14 CD8* T cells were sorted 7 d after LCMV
infection and fixed in 1% fresh formaldehyde. Chromatin was
then prepared using the EMD Millipore Magna ChIP A/G
Chromatin Immunoprecipitation Kit according to manu-
facturer’s protocol (catalog number: 1710085) and flash-frozen
in liquid nitrogen. Nuclei were sheared in Covaris microTUBES
(catalog number: 520045) using the Covaris E220 (peak incident
power 175W, duty factor 10%, cycles per burst 200, treatment
time 600 s). For each immunoprecipitation (IP), 3 pg antibody
per 1 x 108 cell equivalents were used for overnight incubation at
4°C. Antibodies used for IPs were as follows: anti-H3K27me3 (07-
449; EMD Millipore), anti-H3K4me3 (ab8580; Abcam), and anti-
Ezh2 (AC22, 07-449; EMD Millipore). 5% of each sample was kept
as input control. Samples were then submitted for KAPA DNA
Library Preparation and sequencing on a HiSeq 4000.

Libraries were filtered and mapped to the mml0 genome
using ENCODE Transcription Factor and Histone ChIP-Seq
processing pipeline with default parameters for histone marks
(http://github.com/ENCODE-DCC/chip-seq-pipeline2). Final
pooled bigwig files were used for visualization. Mapped non-
duplicate read bam files for each biological replicate and over-
lapped optimal irreproducible discovery rate peaks were used as
inputs for DiffBind (v2.0.2). DMRs between MalatX® and NT
were determined with a false discovery rate of <0.1. DMRs were
annotated to their closest gene using CheapAnnoseak (v3.20.0)
and genomic annotations using ChiPseeker (v1.22.0).

TE and MP H3K27me3 (GSE72408), TE H3K4me3 (GSE95237),
TE H3K27ac (GSE72408), TE K3K4mel (GSE95237), and input
ChIP-seq libraries were mapped to the mmlO genome using
ENCODE Transcription Factor and Histone ChIP-Seq processing
pipeline with default parameters for histone marks. Optimal
irreproducible discovery rate peaks for each histone mark were
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used as peak calls and coverage quantification in GRID-seq
analysis.

CUT-RUN library generation and analysis

100,000 TE and MP MalatI*P and NT P14 CD8* T cells were
sorted 7 d after LCMV, and CUT-RUN libraries were generated
using the Cell Signaling CUT-RUN Assay kit according to the
manufacturer’s protocol (catalog number: 86652). Equal num-
bers of 100,000 cells per sample condition were isolated for
isotype controls. Binding with primary anti-H3K27me3 antibody
(07-449; EMD Millipore) and IgG control antibody binding was
conducted overnight at 4°C. 50 pg of Spike-In Yeast DNA was
added per sample after pAG-MNase activation with calcium
chloride. DNA was purified and sequencing libraries were gen-
erated using SimpleChIP ChIP-seq DNA Library Prep Kit for II-
lumina with Dual indices according to manufacturer protocol
(catalog number: 56795). Final libraries were amplified for 10
cycles and 100-bp paired end sequencing performed on a
NovaSeq 6000.

Adapter sequences were trimmed with trimmomatic PE-
threads 8 ILLUMINACLIP:$adapters:2:30:10 LEADING:3 TRAIL-
ING:3 SLIDINGWINDOW:4:10 MINLEN:25 (v0.38). Reads were
mapped either to the mouse or yeast genome with bowtie2
-p 8 --local --very-sensitive-local --no-unal --no-mixed --no-
discordant --phred33 -I 10 -X 700 (v1.2.2). Mapped reads were
then converted into bed files. A scale factor for spike-in nor-
malization was calculated for each sample by dividing 1,000
from the sequencing depth of mapped yeast reads. Bed files were
normalized using bedtools genomcov (v2.29.2) with the respec-
tive scaling factor calculated, as described above. Peaks calls
were determined using macs2 macs2 callpeak -broad --broad-
cutoff 0.1 -B --nomodel --keep-dup all -f BED (v2.1.2) with
matched isotype samples as controls. Differential peak analysis
was performed with Diffbind (v2.0.2) for Malat®® and NT TE or
MP cells respectively.

RIP preparation and analysis

10,000,000 Malatl¥P and NT P14 CD8* T cells were sorted 5.5 d
after transduction, washed twice in cold PBS, and lysed with the
EMD Millipore Magna RIP RNA-binding protein immunopre-
cipitation kit according to the manufacturer’s protocol (catalog
number: 17-700). Lysates were then flash-frozen in liquid ni-
trogen. 10% of each lysate was removed as input control while
the remaining lysates of each sample was immunoprecipitated
with 5 pg of anti-Ezh2 (AC22) overnight at 4°C. Final bound RNA
was quantified with Qubit HS RNA (catalog number: Q32852)
and 200 ng of each pull-down sample with matched input were
converted into cDNA (catalog number: 1708890). qPCR was per-
formed with a primer sets against Malatl (bp position 3143-3279),
Gapdh (bp position 683-925: 5'-AGAGAGGGAGGAGGGGAAAT-3/,
5'-GATTTTCACCTGGCACTGCA-3') and Actb (bp position 1388-
1602: 5'-ACTGGGACGACATGGAGAAG-3', 5'-ATGGGAGAACGG
CAGAAGAA-3'), with fold change calculated, 2-2(D-Input),

Immunofluorescence and analysis
Malat#® and NT P14 CD8* T cells were sorted 5.5 d after
transduction. Cells were dried on a microscope coverslip at 37°C
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for 10 min, fixed in 3% PFA at room temperature, and then
quenched for three washes with 50 mM NH,CL. Slides were then
permeabilized with 0.3% Triton X-100 in PBS followed by 1x
Block treatment (5, 0.01% sap, 0.25% fish skin gelatin, 0.02%
NaNj in PBS). Primary antibody staining anti-Ezh2 (AC22) was
diluted 1:50 in PBS for 1 h at room temperature followed by five
washes with 1x Block. Secondary antibody staining was per-
formed with Alexa Fluor 488 Donkey anti-rabbit IgG (catalog
number: 406417; Biolegend) diluted 1:200 in PBS for 1 h at room
temperature, followed by five washes with 1x Block. Coverslips
were mounted on glass slides with Prolong Glass Mounting
Reagent containing DAPI (catalog number: P36981; Thermo
Fisher Scientific) and left in the dark at room temperature
overnight. Imaging was performed on a Leica SP8 Confocal with
Lightning Deconvolution at 63x magnification. Minor adjust-
ments of brightness and contrast were made equally to all im-
ages with Image] (v1.53a). Color channels were split and
converted to grayscale 8-bit images. The DAPI channel was
converted to a binary mask, edges of each nuclei found, then
added as regions of interest. The Ezh2 channel was converted to
a binary image, region of interest overlayed, and percentage
area was calculated to quantify coverage of Ezh2 within each
nucleus.

Online supplemental material

Fig. S1 provides supporting information validating the shRNA
pooled screen. Fig. S2 provides supporting information for the
role of Malatl in memory cells. Fig. S3 evaluates the consequence
of Malatl depletion in Tgy cells in the silEL compartment. Fig. S4
explores differential interaction patterns of cis and trans
IncRNAs. Fig. S5 evaluates the consequence of Malatl depletion
in Ezh2 localization and function. Table S1 provides Z-scores and
shRNA sequences of constructs tested in the in vivo shRNA
pooled screen. Table S2 provides TE and MP gene lists used to
quantify enrichment scores in the scRNA-seq data. Table S3 lists
differentially expressed genes between MalatI*P and NT cells in
each scRNA-seq cluster. Table S4 lists coverage of epigenetic
marks at Malatl interaction sites. Table S5 lists Malatl interac-
tion levels at TE and MP genes marked by H3K27me3. Table S6
lists differentially expressed genes between scRNA-seq cluster 0
and all other clusters. Table S7 lists H3K27me3 differentially
methylated regions in MalatI*? and NT cells at day 7. Table S8
lists differential peak sites in Malat*P and NT TE and MP cells.

Data availability
Data are available at the Gene Expression Omnibus under ac-
cession no. GSE203092.
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Figure S1.  IncRNA Malat1 regulates CD8* T cell differentiation. P14 CD8* T cells were transduced with Malatl shRNA (Malat1¥®, CD45.1) or nontarget

ShRNA (NT, CD45.1.2) and adoptively co-transferred at a 1:1 ratio into CD45.2 recipient mice that were subsequently infected with LCMV (see Fig. 1 C). (A, C,
and E) Quantification of splenic NT and Malat1¥C (A), Malat1*® #2 (C), or Malat1¥C #3 (E) ratios at day 7. (B, D, and F) Representative flow cytometry plots of TE-
and MP-phenotype cells (left) and quantification (right) among co-transferred cells. (G-1) Quantification of splenic NT and Malat1® CD62L"CD44M and
CD62L'°CD44Ni-phenotype cells, representative flow cytometry plots (G), quantification of frequencies (H), and numeric ratio of cells (1) at days 3, 5, and 7. (J-L)
Quantification of splenic NT and Malat11¥P CD127MCD62LM-, CD127MCD62L'-, and CD127°CD62L'°-phenotype cells, representative flow cytometry plots (J),
quantification of frequencies (K), and numeric ratio of cells (L) at days 3, 5, and 7. (M) Representative flow cytometry plots and quantification of key TE- and
MP-associated molecules at day 7. All data are from one representative experiment out of two independent experiments with n = 5-6 per group; *, P < 0.05; **,
P < 0.005; ***, P < 0.0005, paired t test (A-F, H, K, and M), one sample t test (I and L). Graphs indicate mean + SEM, symbols represent individual mice. D, day.
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Figure S2. IncRNA Malat1 regulates memory CD8"* T cell differentiation. P14 CD8* T cells were transduced with Malat1 shRNA (Malat1*? #2 or Malat1<? #3,
CDA45.1) or nontarget shRNA (NT, CD45.1.2); cells were adoptively co-transferred at a 1:1 ratio into CD45.2 recipient mice that were subsequently infected with
LCMV. (A and C) Quantification of splenic NT and Malat1¥P #2 (A) or Malat1¥P #3 (C) ratios at day 35 after infection. (B and D) Representative flow cytometry
plots of t-Tew, Tew and Tew cells (left) and quantification (right) among co-transferred cells. (E) Representative flow cytometry plots and quantification of
t-Tem Tem and Tep cell-associated molecules. All data are from one representative experiment out of two independent experiments with n = 4-5 per group; ¥,
P < 0.05; **, P < 0.005; ***, P < 0.0005, paired t test. Graphs indicate mean + SEM, symbols represent individual mice. D, day.
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Figure S3. IncRNA MALATI1 knockdown reduces silEL Tgy cell differentiation. (A) P14 CD8* T cells were transduced with Malatl shRNA (MalatI¥P,
Malat1¥P #2, or MalatIkP #3, CD45.1) or nontarget shRNA (NT, CD45.1.2) and adoptively co-transferred at a 1:1 ratio into CD45.2 recipient mice that were
subsequently infected with LCMV. (B) Quantification of silEL NT and MalatI<? ratios at day 7 after infection. (C) Representative flow cytometry plots of
CD69*CD103*-phenotype cells (left) and quantification (right) at day 7 after infection among co-transferred cells. (D, F, and H) Quantification of silEL NT and
Malat1¥® (D), Malat1¥P #2 (F), or Malat1¥P #3 (H) ratios at day 35 after infection. (E, G, and 1) Representative flow cytometry plots of Tgw cells (left) and
quantification (right) at day 35 among co-transferred cells. All data are from one representative experiment out of two independent experiments with n = 4-5
mice per group; **, P < 0.005, paired t test. Graphs indicate mean + SEM, symbols represent individual mice. D, day.
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Figure S4. Characterizing IncRNAs in activated CD8* T cells. (A) Reproducibility of GRID-seq libraries for expression of all RNA enriched chromatin (reads
per kilobase, 1-kb binned genome; left) and DNA interaction level of all chromatin interacting RNA (reads per kilobase, 1-kb binned genome; right). (B) Dif-
ferential IncRNA chromatin interaction regions between Clusters 2 and 3 IncRNAs displayed by direct comparison in a violin plot (left). Number of unique gene
interactions between Clusters 2 or 3 IncRNAs (right). (C) Distribution of genomic annotations from differential IncRNA chromatin interaction regions between
Clusters 2 and 3. Statistical significance was determined in by Student’s t test, ***, P < 0.0005 (B) and Pearson’s Chi-squared test, **, P < 0.005 (C).
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Figure S5. Impact of Malatl knockdown on Ezh2 function and nuclear localization. (A) Deposition of Ezh2 centered on DMRs (Fig. 6 A) + 2 kb in Malat1¥P

and NT cells at day 7 after infection. (B) Genomic annotations of DMRs from Fig. 6 A. (C) Log fold change of H3K27me3 deposition as a function of log fold
change gene expression in MalatI<C versus NT cells at day 7 after infection. (D) Representative flow cytometry plot of H3K27me3, H3K4me3, and Ezh2 levels in
Malat1¥? and NT TE and MP cells at day 7 after infection. (E) Alignment tracks of H3K27me3 (Malat1*? and NT), H3K4me3 (Malat1<® and NT), Ezh2, and RNA
expression (MalatIC and NT) for key genes associated with memory cells. Gray highlight denotes H3K27me3 DMRs. (F) Ezh2 immunofluorescence in Malat1<°
and NT cells 5 d after in vitro transduction (left) and bar graph quantification of area coverage of Ezh2 within the nucleus (right). Flow cytometry data are from
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symbols represent individual mice.
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Provided online are eight tables. Table S1 provides Z-scores and shRNA sequences of constructs tested in the in vivo shRNA pooled
screen. Table S2 provides TE and MP gene lists used to quantify enrichment scores in the scRNA-seq data. Table S3 lists
differentially expressed genes between Malat1XP and NT cells in each scRNA-seq cluster. Table S4 lists coverage of epigenetic marks
at Malatl interaction sites. Table S5 lists Malat1 interaction levels at TE and MP genes marked by H3K27me3. Table S6 lists
differentially expressed genes between scRNA-seq cluster 0 and all other clusters. Table S7 lists H3K27me3 differentially
methylated regions in Malat1¥P and NT cells at day 7. Table S8 lists differential peak sites in Malat1¥P and NT TE and MP cells.
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