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Pharmacology, Universitätsmedizin Greifswald, Felix-Hausdorff-Strasse 3, 17487 Greifswald, Germany; 3German Center for Cardiovascular Research (DZHK), Site Greifswald, Felix-
Hausdorff-Strasse 3, 17487 Greifswald; 4German Center for Cardiovascular Research (DZHK), Site Berlin, Hindenburgdamm 30, 12200 Berlin, Germany5RNA Biology Laboratory,
RIKEN Advanced Research Institute, Wako, Saitama, 351-0198 Japan; 6Faculty of Pharmaceutical Sciences, Hokkaido University, Kita-12 jo, Nishi 6-chome, Kita-ku, Sapporo 060-0812
Japan; 7Department of Cardiology, Institute for Cardiomyopathies, University Hospital Heidelberg, Im Neuenheimer Feld 669, 69120 Heidelberg, Germany; 8German Center for
Cardiovascular Research (DZHK), Site Heidelberg, Im Neuenheimer Feld 669, 69120 Heidelberg, Germany; 9Institute for Biometry and Clinical Epidemiology, Hindenburgdamm 30,
12200 Berlin, Germany; 10Interfaculty Institute for Genetics and Functional Genome Research, University of Greifswald, Felix-Hausdorff-Strasse 8, 17475 Greifswald, Germany; 11Clinic
for General and Interventional Cardiology, University Heart Center Hamburg, Martinistrasse 52, 20246 Hamburg, Germany; 12German Center for Cardiovascular Research (DZHK), Site
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Aims Inflammation is a key driver of atherosclerosis and myocardial infarction (MI), and beyond proteins and microRNAs
(miRs), long noncoding RNAs (lncRNAs) have been implicated in inflammation control. To obtain further informa-
tion on the possible role of lncRNAs in the context of atherosclerosis, we obtained comprehensive transcriptome
maps of circulating immune cells (peripheral blood mononuclear cells, PBMCs) of early onset MI patients. One
lncRNA significantly suppressed in post-MI patients was further investigated in a murine knockout model.

....................................................................................................................................................................................................
Methods
and results

Individual RNA-sequencing (RNA-seq) was conducted on PBMCs from 28 post-MI patients with a history of MI at
age <_50 years and stable disease >_3 months before study participation, and from 31 healthy individuals without
manifest cardiovascular disease or family history of MI as controls. RNA-seq revealed deregulated protein-coding
transcripts and lncRNAs in post-MI PBMCs, among which nuclear enriched abundant transcript (NEAT1) was the
most highly expressed lncRNA, and the only one significantly suppressed in patients. Multivariate statistical analysis
of validation cohorts of 106 post-MI patients and 85 controls indicated that the PBMC NEAT1 levels were
influenced (P = 0.001) by post-MI status independent of statin intake, left ventricular ejection fraction, low-density
lipoprotein or high-density lipoprotein cholesterol, or age. We investigated NEAT1-/- mice as a model of NEAT1 de-
ficiency to evaluate if NEAT1 depletion may directly and causally alter immune regulation. RNA-seq of NEAT1-/-

splenocytes identified disturbed expression and regulation of chemokines/receptors, innate immunity genes, tumour
necrosis factor (TNF) and caspases, and increased production of reactive oxygen species (ROS) under baseline
conditions. NEAT1-/- spleen displayed anomalous Treg and TH cell differentiation. NEAT1-/- bone marrow-derived
macrophages (BMDMs) displayed altered transcriptomes with disturbed chemokine/chemokine receptor expres-
sion, increased baseline phagocytosis (P < 0.0001), and attenuated proliferation (P = 0.0013). NEAT1-/- BMDMs
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responded to LPS with increased (P < 0.0001) ROS production and disturbed phagocytic activity (P = 0.0318).
Monocyte-macrophage differentiation was deregulated in NEAT1-/- bone marrow and blood. NEAT1-/- mice dis-
played aortic wall CD68þ cell infiltration, and there was evidence of myocardial inflammation which could lead to
severe and potentially life-threatening structural damage in some of these animals.

....................................................................................................................................................................................................
Conclusion The study indicates distinctive alterations of lncRNA expression in post-MI patient PBMCs. Regarding the

monocyte-enriched NEAT1 suppressed in post-MI patients, the data from NEAT1-/- mice identify NEAT1 as a novel
lncRNA-type immunoregulator affecting monocyte-macrophage functions and T cell differentiation. NEAT1 is part
of a molecular circuit also involving several chemokines and interleukins persistently deregulated post-MI. Individual
profiling of this circuit may contribute to identify high-risk patients likely to benefit from immunomodulatory thera-
pies. It also appears reasonable to look for new therapeutic targets within this circuit.
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RNA • Pattern recognition receptors

1. Introduction

Myocardial infarction (MI) is a leading cause of mortality worldwide, but
commonly a disease of middle-aged and elderly populations. MI in young
adults is relatively rare and multiple evidence suggests a specific genetic/
epigenetic background in these patients, beyond established risk factors.
Inflammation is a key driver of atherosclerosis, and in addition to pro-
teins and microRNAs (miRs), long noncoding RNAs (lncRNAs) are re-
cently under investigation with regard to their role in the regulation of
innate and acquired immunity. Knowledge of cellular lncRNA functions
is very limited so far, however, and for few lncRNAs functional data are
available.1–3 A number of lncRNAs is known to be involved in the regula-
tion of innate and acquired immunity (Supplementary material online,
Table S1) but has not been investigated in the context of atherosclerosis
so far. Myocardial transcriptome mapping of post-MI rodents and
patients has identified novel heart-specific lncRNAs.4 To our knowledge,
however, no study has investigated post-MI patients’ circulating immune
cells by RNA-sequencing (RNA-seq) so far, although they constitute the
crucial second side of the atherosclerotic process. Here, we report data
suggesting that lncRNAs expressed in circulating immune cell may be
critically involved in immune cell—vascular system interactions, too,
thus modulating the complementary side of the process influenced by
myocardially and vascularly expressed lncRNAs.4

In this study of peripheral blood mononuclear cells (PBMCs) from
early onset MI patients we employed deep RNA-seq to obtain compre-
hensive immune cell transcriptomes and observed distinctive anomalies
encompassing several lncRNAs. Among the deregulated lncRNAs, nu-
clear enriched abundant transcript (NEAT1) was the most highly
expressed and the only one significantly suppressed in these patients.
Using the NEAT1-/- animal model of Nakagawa et al.5,6 we subsequently
evaluated if isolated NEAT1 deficiency in vivo directly and causally alters
immune regulation. While the clinical data indicate altered lncRNA ex-
pression profiles in PBMCs from post-MI patients, the experimental
studies of NEAT1-/- mice provide first direct evidence that NEAT1 is a
novel lncRNA-type immunoregulator in vivo affecting monocyte-
macrophage function.

2. Patients and methods

For all animal and human studies approval was granted by the institu-
tional ethics review board and the regulatory authorities. All animal

procedures were performed conform to the guidelines from Directive
2010/63/EU of the European Parliament on animal protection.
Investigation of human tissues was conform to the principles in the
Declaration of Helsinki. Informed consent was given prior to inclusion of
people in the study.

2.1 Young Myocardial Infarction study
The Young Myocardial Infarction (MI Young) study includes 200 individuals
with a history of MI at age <_50 years. Individuals were included according
to the following criteria: (i) confirmed MI (positive ECG, increase in bio-
markers of cardiac necrosis, clinical symptoms, and proof by coronary
angiography), (ii) age at first MI <_50 years, (iii) stable disease >_3 months
before study participation. As controls, 190 healthy individuals without
manifest cardiovascular disease or family history of MI were employed.
As test cohorts, 28 male patients and 31 male controls were drawn from
this MI Young Study, first subjected to qPCR prescreening of the PBMC
expression level of NEAT1 and 12 selected other transcripts, and subse-
quently to RNA-seq analysis.

2.2 Gutenberg Young Myocardial Infarction
Study
The Gutenberg Young Myocardial Infarction Study (GIS) includes 246 indi-
viduals with a history of MI at age <_50 years. Individuals were invited to
participate in GIS when same criteria as for MI Young were met. As con-
trols, 499 individuals recruited at the same study centre without manifest
cardiovascular disease were used. Written informed consent was
obtained from all studies participants. The study protocols and sampling
design were approved by the local ethics committee, and by local and fe-
deral data safety commissioners. As validation cohorts, 106 male patients
and 85 male controls were drawn from this GIS study and subjected to
qPCR validation screening of the PBMC expression levels of NEAT1.

2.3 Transcriptome mapping of human
PBMCs by RNA-seq
From the MI Young and GIS Study, total RNA from PBMCs was isolated
using Trizol/Chloroform extraction. Separation of PBMCs was con-
ducted within 20 min after blood collection. In brief, 8 mL blood was col-
lected using CPT Cell Preparation Tube System and centrifuged. After
separation, cells were washed twice in ice-cold PBS containing 2 mM
EDTA. Immediately after separation, washed cells were resuspended in
Trizol Reagent and frozen at -20�C until isolation of RNA on the same
day (maximal storage time 5 h). After thawing, 300 lL chloroform was

Immunoregulatory long noncoding RNA NEAT1 1887
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/115/13/1886/5423185 by guest on 19 April 2024

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvz085#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvz085#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
added and phases separated by centrifugation. For RNA precipitation
isopropanol was added and samples centrifuged at 12 000 g for 15 min.
After washing with ethanol, the RNA pellet was dissolved in 40mL
RNase-free water, yield was checked measuring OD260 and OD260/
OD280 ratio, integrity of total RNA was evaluated by Agilent Bioanalyzer
2100. RNA samples were subsequently prepared with help of TruSeq
RNA sample prep Kit (Illumina). Final libraries were clustered in batches of
six samples per lane, to a concentration of 8 pmol. Sequencing was per-
formed for 2 � 75 cycles (paired end). Generation of fastq.gz files was
done with CASAVA v.1.82. RNA-Seq analysis was done using CLC
Genomics Workbench (v.6.5.1). Expression values are given as RPKM

(reads per kilobase transcript per million reads). Data quality in the
RNA-seq studies was high. In the mean, 5 GB and 6.5� 107 reads were
sequenced with 89 of bases >_Q30 score.

Figures 1A–D and 2A–E report the results of this ‘individual RNA’
RNA-seq conducted on 28 patients and 31 controls (means ± SEM
depicted). In addition to these studies in humans, we conducted ‘pooled
RNA’ RNA-seq analyses on splenocytes and bone marrow-derived mac-
rophages (BMDMs) from mice. For these studies in NEAT1-/- vs. wild-
type (WT) mice, splenocytes and BMDMs from four animals per group
were isolated, treated with LPS vs. carrier, then total RNA was isolated
(details below). RNA-seq was subsequently performed on RNA pooled

Figure 1 Anomalous lncRNA expression in post-MI patient PBMCs. (A) Volcano plot depicting transcript fold-change post-MI PBMCs (n = 28): control
PBMCs (n = 31) vs. P-value. Only few lncRNAs were deregulated (red dots), whereas the far overwhelming number of all lncRNAs detected by RNA-seq
were ‘stably’ expressed in post-MI vs. control PBMCs. For each transcript measured, the plot depicts the P-values obtained by Student’s t-test comparing the
test cohorts of 28 post-MI patients vs. 31 controls. (B) RNA-seq of test cohorts of 28 post-MI patients vs. 31 controls identified seven significantly up-regu-
lated lncRNAs in post-MI PBMCs. So far nothing is known about the functions of these lncRNAs. To obtain the P-values for inter-group comparison of these
test cohorts, Student’s t-test was used. The mean values ± SEM are indicated. (C) Prescreening of test cohorts of 28 post-MI patients vs. 31 controls had
shown that NEAT1 was significantly down-regulated in patient PBMCs (Supplementary material online, Table S2). RNA-seq then detected that NEAT1 was
second highest among all lncRNAs expressed in PBMCs (D) and�10-fold more abundant than the next-highest expressed (NeST) with known immunoreg-
ulatory function. In validation cohorts of 106 post-MI patients vs. 85 controls, highly significant (P < 0.0001) NEAT1 down-regulation was confirmed by
qPCR. To obtain the P-value for inter-group comparison of these validation cohorts, Student’s t-test was used. The mean values ± SEM are indicated.
Multivariate statistical analysis of the validation cohorts showed that the NEAT1 levels were determined by the post-MI status, independent of statin intake,
LVEF, LDL or HDL cholesterol levels, age, diabetes, and smoking (Table 1). (D) lncRNA expression levels as determined by individual RNA-seq in ‘healthy’
human PBMCs, i.e. the PBMCs from the n = 31 test cohort control subjects. Indicated are mean values ± SEM. The grey triangle indicates the normal expres-
sion level of NEAT1, later found to be the only lncRNA significantly (P < 0.0001) down-regulated in post-MI vs. control PBMCs (B). Grey arrows indicate the
normal PBMC expression levels of other lncRNAs with already known immunoregulatory functions. The absolute mean ± SEM RPKM expression levels of
these lncRNAs in normal PBMCs are given in Supplementary material online, Table S1. NEAT1 expression was �10-fold higher than the second-highest
expressed immunoregulatory lncRNA (NeST). (E) All up-regulated lncRNAs as well as NEAT1 (D) showed differential enrichment in immune cell subpopu-
lations. RNA-seq analysis of their expression was conducted for five PBMC subpopulations (CD3þ T cells; CD4þ T helper cells; CD8þ cytotoxic T cells;
CD4þ CD25þ regulatory T cells; CD19þ B cells; CD14þmonocytes). After FACS sorting of PBMCs from three healthy individuals, subtype RNA from all
three individuals was pooled and RNA-seq done on these RNA pools. The resulting mean values are given for each transcript. (F) Strikingly differential ex-
pression was observed in these normal PBMC subpopulations for NEAT1 and LINC00211, which were highly enriched in monocytes, distinct from the sub-
type-related expression of the others. In contrast, the level of the very high expressed MALAT1 (not significantly deregulated in patients vs. controls) was
rather homogeneous among these subpopulations (not shown).
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..from the respective cells. The results are reported in Figures 1E, F and 3E,
G, and 4I which therefore display means only for the sequenced RNA
pools.

2.4 Murine NEAT1�/� knockout model
For genotyping of the NEAT1-/- mice we used PCRs with primers and
conditions as described.5

2.5 Cell culture studies
2.5.1 Murine bone marrow-derived macrophages
For the cell culture studies reported in Figure 4D–I (cell proliferation,
phagocytic activity, intracellular reactive oxygen species (ROS) produc-
tion, and gene expression by RNA-seq or qPCR) a large number of
BMDM culture dished was prepared from a total of n = 12 WT and
n = 12 NEAT1-/- mice. As many dishes as possible were seeded from each
animal, dependent on the number of viable cells recovered from their
femoral cavities.

BMDMs were derived from non-adherent macrophage precursors
as follows. Maintenance, differentiation and growth of these

precursors require medium containing macrophage colony-stimulating
factor (M-CSF). Both femura were extracted from the mice and the
ends were cut-off. A syringe with medium (DMEM containing high
glucose, pyruvate, 10% FCS and 1% P/S) and a 25-G needle was
used to flush the bone marrow cells from the cavity and gently
resuspend them. Cells were collected at 350 � g for 8 min and
washed once with medium. Cell pellet was resuspended in medium
with 10 ng/mL recombinant M-CSF. Viable cells were counted and
seeded at 2 � 106 per mL into cell culture dishes. Fresh medium
with M-CSF1 was added every 2–3 days.

After 8 days of differentiation (cells adhere to culture dish surface and
stretch) BMDMs were harvested with Trypsin/EDTA and seeded at 0.4
to 1 � 105 cells/mL depending on the subsequent assays described be-
low (BMDM cell proliferation, phagocytic activity, intracellular ROS pro-
duction, and gene expression by RNA-seq or qPCR).

For gene expression analysis, BMDMs were stimulated with 100 ng/
mL LPS, or with 1mg/mL Concanavalin A (Con A). After 24 h, RNA was
isolated by TRIzol/Chloroform. Intracellular ROS production in BMDMs
was determined as previously described7 using 20,70-dichlorodihydro-
fluorescein diacetate (H2DCFDA).

Figure 1 Continued.
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Analysis of phagocytic activity of BMDMs was performed according to

the manufacturer’s instructions. As pHrodo Green Zymosan A Bioparticles
(Molecular Probes) are ingested by phagocytosing cells, the pH decreases
and the pH-sensitive dye increases fluorescence. BMDMs were cultured

in black 96 wells with or without LPS for 24 h, and for 1 h with 10mM of
the phagocytosis inhibitor Cytochalasin D (Cyto D) (Cayman Chemical),
respectively. The plate was put on ice for 15 min to synchronize the cells
and the medium was replaced with particle suspension. Similar to DCF

Figure 2 Anomalous immune-related protein expression in post-MI patient PBMCs. (A) Volcano plot depicting transcript fold-change post-MI PBMCs
(n = 28): control PBMCs (n = 31) vs. P-value. Deregulated coding transcripts from four functional classes are indicated by coloured dots. For each transcript
measured, the plot depicts the P-values obtained by Student’s t-test comparing the test cohorts of 28 post-MI patients vs. 31 controls. (B–E) Comparison of
the most highly deregulated transcripts in post-MI patient vs. control PBMCs encoding chemokines/receptors (B), interleukins/receptors (C), components of
the interferon system (D), and immune cell differentiation (CD) antigens þ MMP28 þ FOXP1 (E). To obtain the P-values for inter-group comparison of
these test cohorts, Student’s t-test was used. The mean values ± SEM are indicated. The mean ± SEM RPKM values for all significantly deregulated lncRNAs
and coding transcripts in patients and controls, respectively, are given in Supplementary material online, Table S3A. (F) ROC analyses comparing the potential
of deregulated transcripts to discriminate the test cohorts of 28 post-MI patients vs. 31 controls. The curve to the left encompasses coding transcripts from
Figure 2, the curve to the right refers to lncRNAs from Figure 1.
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assay, fluorescence was determined every 10 min (excitation 485 nm,
emission 540 nm) at 37�C on a Tecan plate reader. Phagocytosis of
untreated cells was set to 100%.

The BMDM proliferation assay was conducted as follows: 5 � 104

BMDMs were seeded into clear 96 well plates—one plate for each time

point. Proliferation was determined using WST1 reagent (Sigma-Aldrich)
according to the manufacturer’s instructions. Absorbance at 450 nm
was measured 2 h after addition of WST1 and incubation at 37�C on a
Tecan plate reader. Absorbance of WT cells was set to one at each time
point.

Figure 2 Continued.
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2.5.2 Murine splenocytes
For the cell culture studies reported in Figure 3F and G, multiple
splenocytes preparation were conducted from a total of n = 12 WT
and n = 12 NEAT1-/- mice. Splenocytes were isolated as follows.
Mouse spleens were dissected and meshed through 40 lm cell
strainers (rinsed with PBS into 50 mL tube). After centrifugation
pellet was washed and resuspended in 1 mL ACK lysis buffer
(Invitrogen) in order to lyse red blood cells. After 5 min at room
temperature, cells were washed again and resuspended in 5 mL RPMI
1640þ 10% FCSþ 1% P/S.

For analysis of gene expression and regulation by RNA-seq
(Figure 3D and G), the splenocyte preparation were stimulated
with 1 or 100 ng/mL LPS, or 0.1 mM phorbol 12-myristate 13-ace-
tate (PMA). After 24 h, RNA was isolated by TRIZOL/Chloroform.

Intracellular ROS production in splenocytes (Figure 3F) was deter-
mined as previously described7 using 20,70-dichlorodihydrofluores-
cein diacetate (H2DCFDA).

2.6 Transcriptome mapping of murine
splenocytes and macrophages
For the RNA-seq analyses of splenocyte and BMDM transcriptomes in
NEAT1-/- vs. WT mice, splenocytes and BMDMs from n = 4 animals per
group were prepared and ex vivo separately treated with various agents
as described. Total RNA isolated from these separately treated cell
preparations by the TRIZOL/Chloroform method. RNA integrity was vi-
sualized using an Agilent Bioanalyzer 2100. Between 160 and 500 ng total
RNA was spiked with ERCC (Thermo Fisher) and subjected to rRNA re-
moval using the Low Input Ribominus Eukaryote System V2 kit according to

Figure 3 Investigation of splenocytes and T cell populations in NEAT1-/- mice. (A–C) FACS analysis identified significant differences regarding T cell differ-
entiation in the spleens of NEAT1-/- vs. WT mice in vivo (n = 4 animals per group). There was expansion of T helper (Th) cells (P = 0.0229) and T regulatory
(Treg) cells (P = 0.0101) in the spleens of NEAT1-/- mice, with a shift of CD4þ T cell balance (ratio Th/Treg) towards Th cell proliferation both in the spleens
(P = 0.004) (A) and in the circulating blood (P = 0.0094) (B). To obtain the P-values for inter-group comparison, Student’s t-test was used. The individual
measurements and the mean values ± SEM are indicated. (C) Specifies the gating strategy for the FACS analyses of T cells in splenocytes. (D) Interferon
(IFN) c expression was�14-fold higher in unstimulated splenocytes from NEAT1-/- mice compared with WT, the largest difference of any transcript level as
detected by RNA-seq based mapping (compare Supplementary material online, Table S4A). Splenocytes from n = 4 animals per group were isolated, total
RNA isolated from the cells was pooled for each group, and RNA-seq done on these RNA pools. The resulting mean FPKM values are given in D and
Supplementary material online, Table S4A. (E) CBA measurement of six circulating cytokines revealed significantly (P = 0.0226) higher IFNc levels in the sera
of NEAT1-/- mice (n = 11) compared with WT animals (n = 8). To obtain the P-values for inter-group comparison, Student’s t-test was used. The individual
measurements and mean values ± SEM are indicated. For the five other evaluated cytokines no significant differences were observed (Supplementary mate-
rial online, Figure S1B). (F) ROS assays showed�3-fold increased (P < 0.0001) ROS production by NEAT1-/- compared with WT splenocytes under baseline
conditions (graph to the left). Neither PMA nor PMAþ LPS stimulation significantly increased ROS production by either strain compared with their respec-
tive baseline levels (graph to the right). Intra-splenocytic ROS production was measured in n = 15 WT and n = 9 NEAT1-/- separate splenocyte preparations
without stimulation (mock), or stimulated with PMA or PMAþLPS, respectively. The graphs depict the individual measurements and means ± SEM of the
measured ROS production values for each animal group (WT vs. NEAT1-/-) under the three different conditions. To obtain the P-values for inter-group com-
parison, Student’s t-test was used. (G) Transcriptome mapping of NEAT1-/- splenocytes vs. WT identified major alterations of baseline expression levels
(Supplementary material online, Table S4A) and regulation upon LPS stimulation (Supplementary material online, Table S4B) of multiple immune-related
genes including interleukins and their receptors, proteins of early innate immunity and the IFN system, TNF and caspases, and matrix metalloproteinases.
(G) Expression data for several chemokines and chemokine receptors is summarized. Splenocytes from n = 4 animals per group were isolated, treated with
LPS vs. saline, then total RNA was isolated from the treated cells and pooled for each group. RNA-seq was done on these RNA pools and the resulting
mean FPKM values are given in G and Supplementary material online, Table S4B. NEAT1-/- splenocytes displayed a response to LPS exposure (i.e. down-regu-
lation compared with baseline), which is opposite to the response of WT cells to this treatment. Contrary to this anomalous down-regulation of multiple
chemokines and chemokine receptors in NEAT1-/- mice, a broad spectrum of small nucleolar RNAs (Snords) became >1000-fold induced in the knockout
strain, while remaining unchanged in WT (exemplarily shown in the box for Snord90, further data in Supplementary material online, Table S4B).
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the manufacturer’s recommendations (Thermo Fisher). The RNA was
chemically fragmented, barcoded and subject to library preparation using
the Ion Total RNA-Seq Kit V2 protocol according to the manufacturer’s
recommendations (Thermo Fisher). Libraries were diluted and pooled
and further processed using the Ion Chef System, according to the rec-
ommended protocols. Libraries loaded onto 540 Ion chips were then se-
quenced on an Ion S5 XL Instrument (Thermo Fisher). At least 15 � 106

reads per sample were obtained. Nucleotides were called using standard
settings and the reads were mapped to the mouse genome (GRCm38/
mm10), using the TMAP algorithm, also with standard settings. The htseq-
count module from the software package HTseq was used with default
parameters to count reads per gene. FPKM (fragments per kilobase tran-
script per million reads) values were calculated based on the total exon
length per gene.

Figure 3 Continued.
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Figure 4 Investigation of the monocyte-macrophage lineage in NEAT1-/- mice. (A–C) FACS analyses of bone marrow (A) and blood (B) from NEAT1-/-

compared with WT mice (n = 4 animals per group) identified markedly reduced levels of CD45þmonocytes both in the bone marrow (P = 0.0008) and cir-
culating blood (P = 0.0093) of NEAT1-/- mice. This is reflected by decreased levels of Ly6Chigh (P = 0.0060 in bone marrow; P = 0.0412 in blood) and increased
levels Ly6Clow monocytes in the bone marrow (P = 0.0056) and circulating blood (P = 0.0429) of NEAT1-/- mice. To obtain the P-values for inter-group com-
parison, Student’s t-test was used. The individual measurements and the mean values ± SEM are indicated. (C) The gating strategy for FACS analyses of
monocytes in blood is given. The D–F summarize several functional anomalies of NEAT1-/- BMDMs, which were observed under baseline conditions, while
other emerged only upon LPS exposure (G–I). (D) After ex vivo differentiation with M-CSF, NEAT1-/- BMDMs displayed lower proliferation rates compared
with WT cells (Day 0 after differentiation: P = 0.0013, Day 1: 0.0200). This difference vanished with prolonged time of the BMDMs in culture. Cell prolifera-
tion was measured in n = 8 WT and n = 6 NEAT1-/- separate BMDM preparations. The graph depicts the individual measurements and means ± SEM of the
measured proliferation rates for each animal group (WT vs. NEAT1-/-) at four different time points (0, 1, 5, and 7 days) after ex vivo differentiation with M-
CSF. The given P-values for inter-group comparison were obtained by Student’s t-test. (E) Baseline phagocytotic activity was measured in n = 6 WT and
n = 6 NEAT1-/- separate BMDM preparations. The graph depicts the individual phagocytosis measurements (normalized to WT mean) and the means ± SEM
for each animal group (WT vs. NEAT1-/-) without stimulation (compare H for LPS and CytoD stimulation). The given P-values for inter-group comparison
were obtained by Student’s t-test. (F) The yield of BMDMs obtained after 8 days of ex vivo differentiation, from a given number of input bone marrow cells
flushed from the femoral cavity of NEAT1-/- compared with WT animals, was determined during the preparation of BMDMs from n = 7 WT and n = 7
NEAT1-/- mice. The graph depicts the individual yields (normalized to WT mean) and the means ± SEM for each animal group (WT vs. NEAT1). The given P-
values for inter-group comparison were obtained by Student’s t-test. The G–I display functional anomalies of NEAT1-/- BMBMs which emerged upon LPS
stimulation. (G) NEAT1-/- BMDMs responded to LPS with massively increased (P < 0.0001) ROS production compared with WT BMVMs (graph to the left).
Intracellular ROS production was measured in n = 8 WT and n = 8 NEAT1-/- separate BMDM preparations without stimulation (mock), or stimulated with
LPS (100 ng/mL) or ConA (1 mg/mL), respectively. The graph depicts the individual measurements and the means ± SEM of the measured ROS production
values for each animal group (WT vs. NEAT1-/-) under the three different conditions. To obtain the P-values for inter-group comparison, Student’s t-test was
used. NOS2 expression was significantly increased in NEAT1-/- vs. WT mice (graph to the right). NOS2 mRNA was quantitated by pPCR in n = 6 WT and
n = 6 NEAT1-/- separate BMDM preparations without stimulation (mock), or stimulated with LPS or ConA, respectively. The graph depicts the individual
measurements and the means ± SEM for each animal group (WT vs. NEAT1-/-), with >1000-fold induction by LPS (100 ng/mL) in both groups relative to
baseline. The given P-values for inter-group comparison were obtained by Student’s t-test. (H) NEAT1-/- cells displayed higher baseline phagocytosis activity
as shown in E. However, the response NEAT1-/- BMDMs to LPS was attenuated compared with WT cells. In the graph, LPS-stimulated phagocytosis of either
strain is compared with their respective baseline (‘mock’) activity set to 100%. The graph depicts the individual phagocytosis measurements (normalized to
WT mean) and the means ± SEM for each animal group (WT vs. NEAT1-/-) without stimulation (mock), upon stimulation with LPS at 100 ng/mL, or in the
presence of the phagocytosis inhibitor cytochalasin D (Cyto D) at 10 mM concentration. The given P-values for inter-group comparison were obtained by
Student’s t-test. (I) RNA-seq detected multiple anomalies in NEAT1-/- BMDMs under baseline conditions (Figure 4I, Supplementary material online, Table
S5A) and upon stimulation with LPS (Supplementary material online, Table S5B). BMDMs from n = 4 animals per group were isolated, treated with LPS vs. sa-
line, then total RNA was isolated from the treated cells and pooled for each group. RNA-seq was then conducted on these RNA pools and the resulting
mean FPKM values are presented in this panel and Supplementary material online, Table S5A and B. Partially overlapping with the transcriptional changes ob-
served in NEAT1-/- splenocytes, there was deregulation of several CC and CXC chemokines and chemokine receptors in NEAT1-/- BMDMs at baseline.
Upon LPS stimulation, deregulation of these systems persisted (Supplementary material online, Table S5B).
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2.7 Quantitative RT-PCR
cDNA transcription and qPCR were conducted using standard meth-
ods, the PCR primers used are given in the Supplementary material
online. Reference gene was HPRT unless indicated otherwise.
Expression levels measured by qPCR were quantified as delta-delta-
Ct values, determined by the Ct value of a candidate RNA minus
the Ct of the reference gene.

2.8 FACS analyses on murine blood, spleen,
and bone marrow
Blood samples were from n = 4 WT and n = 4 NEAT1-/- mice was col-
lected by cardiac puncture using EDTA-coated syringes. Whole blood

(100lL) or bone marrow (BM) cell suspension was incubated with anti-
bodies for 20 min at room temperature in the dark. BM cells were col-
lected from both tibiae of mice by flushing the BM with Dulbecco’s PBS.
Harvested cells were filtered through a 70 mm cell strainer and washed
with PBS. Erythrocytes from all samples were lysed with red blood cell
(RBC) lysis buffer. BM cell suspension was incubated with antibodies for
20 min at room temperature in the dark.

Monocytes were identified after doublet exclusion as CD45 positive
and CD115 positive and further selected by highly positive expression of
CD11b, a marker of dendritic cells, monocytes and granulocytes, shown
in the CD11b/Ly6C plot. Monocytes were further classified according to
Ly6C expression. The following antibodies were used: anti-mouse Ly6C
(Gr1) PerCp/Cy5.5 Antibody (Biolegend, B194615); anti-mouse CD45

Figure 4 Continued.
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Figure 5 Histological and immunohistological studies in NEAT1-/- mice. First, cryosection were prepared from the aortic roots of n = 4 WT and n = 4
NEAT1-/- mice for HE staining (not shown) and CD68þ cell immunhistochemistry as depicted in A and B. NEAT1-/- mice displayed anomalous CD68þmono-
cyte-macrophage infiltration (red arrows) of the aortic wall, but also in myocardial tissue (yellow arrows). Quantitation of CD68þ monocyte-macrophage
infiltration is given in Supplementary material online, Figure S2. The CD68þ cell localization observed in NEAT1-/- mice (A and B) was clearly distinct from
that previously observed in MALAT1-/- ApoE-/- mice (C) who developed atherosclerosis even on normal diet. In contrast, the NEAT1-/- mice now studied dis-
played no evidence of even incipient atherosclerosis when kept on normal diet (Oil Red stainings not shown). Whereas the cryosections allowed quantita-
tive evaluation of aortic CD68þ cell infiltration, they yielded suboptimal tissue section quality with regard to the myocardium. To investigate myocardial
architecture and histopathology in more detail, we therefore prepared the hearts of another n = 4 WT and n = 4 NEAT1-/- mice for formalin fixation and par-
affin embedding. Myocardial paraffin sections were of significantly higher quality thus enabling more detailed histological (haematoxylin–eosin, trichrome)
and immunohistochemical (F4/80, CD4, CD8, ADRP) studies of NEAT1-/- vs. WT myocardium as shown in Figure 5D and E and Supplementary material on-
line, Figure S3A–E. Beyond the elevated myocardial CD68þ cell infiltration already visible in cryosection, the studies on paraffin sections provided unex-
pected evidence of more extensive myocardial injury in two of the eight NEAT1-/- mice investigated. In conjunction with the observed systemic inflammation
with elevated IFN-c levels in NEAT1-/- mice, this strongly suggests future systematic histopathological investigation of multiple organs in these animals which
so far have not been routinely preserved for analysis. (D) HE stainings with extensive remodelling of the left ventricular wall visible at low resolution (D1),
substitution of normal myocardium by adipose-like tissue (D2 and D3), and localized clusters of siderophages near the area of the extensive remodelling
(D4 and D5) are shown. (E) Further histological (EvG—Elastica van Gieson) and immunohistological characterization documenting (E2 and 3) that the adi-
pose-like tissue does in fact stain positive for ADRP, a member of the perilipin protein family which coat intracellular lipid storage droplets and are involved
in the development and maintenance of adipose tissue is shown. EvG staining (E4) did not reveal significantly increased connective tissue formation in or
around the injured area. Overall, double staining for CD4þ and CD8þ T cells (E1) did not show significantly increased CD4þ (brown) or CD8þ (red) cell
infiltration of the myocardium compared with WT. E6 shows a CD4þ cell within a vessel, E7 a CD8þ cell within the myocardium (red arrows) (for further
histological and immunohistological stainings see Supplementary material online, Figure S3A–E).
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PE/Cy7 Antibody (Biolegend, B205174); anti-mouse CD115 AF488
Antibody (Biolegend, B180483); anti-mouse CD11b BV711 Antibody
(Biolegend, B203911).

For analysis of CD4þ T cells, cells were stimulated for 4 h with iono-
mycin (1lM) and PMA (50 ng/mL) in the presence of monensin (2lM)
and stained for CD4 (RM4-5, eBioscience), intracellular IL-17A (TC11-
18H10 BD Pharmingen), and interferon c (IFNc) (B27 BD Pharmingen).
A fixable viability dye eFluorTM780 (0.2lL/test) was used to exclude
dead cells. Treg cells were stained by using the FoxP3þ Treg staining
(FJK-16S, eBioscience) CD25 (Invitrogen).

2.9 Histology and immunohistology of
murine organs
Heart and aorta were prepared from n = 4 WT and n = 4 NEAT1-/- mice
to be shock-frozen for subsequent cryosections, HE staining and C68
immunhistochemistry as described in Figure 5A and B and quantitated in
Supplementary material online, Figure S2. Cryosections allowed quantita-
tive evaluation of CD68þ cell infiltration of the aortae, but produced
suboptimal tissue section quality with regard to the myocardium. To in-
vestigate myocardial architecture and histopathology in more detail, we

therefore prepared hearts and aortae from another n = 4 WT and n = 4
NEAT1-/- mice for formalin fixation and paraffin embedding. Myocardial
tissue sections were significantly better quality enabling the extended his-
tological (haematoxylin–eosin, trichrome) and immunohistochemical
(F4/80, Cd4, CD8, ADRP) studies of NEAT1-/- vs. WT
myocardium (Figure 5D and E and Supplementary material online, Figure
S3A–E).

2.10 Measurement of circulating cytokines
Serum samples from n = 11 WT and n = 9 NEAT1-/- mice were tested for
IFNc, tumour necrosis factor (TNF), IL6, MCP1, IL10, and IL12p70 by
use of Mouse Inflammation Cytometric Bead Assay (CBA) (BD Biosciences,
Heidelberg, Germany) on a FACS CantoII flow cytometer (BD Biosciences)
according to the manufacturer’s protocol.8

2.11 Statistical analyses
Statistical data analyses were done using IBM SPSS Statistics 24 or
GraphPad software. Descriptive statistics include absolute and relative
frequencies for categorical variables and mean and standard deviation,
median, and range for quantitative measurements. For inter-group

Figure 5 Continued.
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..comparisons Student’s t-test or the v2 test was used for quantitative or
categorical variables, respectively. P-values <_0.05 are considered signifi-
cant, and no Bonferroni adjustment has been performed.

Adjustment for potential confounders concerning the association be-
tween NEAT1 levels and patient group (Table 1) was performed using a
multiple linear regression with NEAT1 levels as the independent variable
and patient group, the intake of statin, left ventricular ejection fraction
(LVEF), low-density lipoprotein (LDL), high-density lipoprotein (HDL),
age, diabetes, and smoking as the independent variables. Due to the
skewed distribution of NEAT1 levels, regression analysis was preceded
by a logarithmic transformation.

Diagnostic accuracy was evaluated by uni- and multivariate receiver
operating characteristic (ROC) analysis, and area under the curves
(AUCs) with 95% confidence intervals are presented. For multivariate
ROC, the score derived from multiple logistic regression analysis was in-
cluded into the ROC model (Figure 2F).

Further details on the methods and any associated references, as well
as Supplementary material online, Figures are available in the
Supplementary material online.

3. Results

3.1 Circulating immune cell
transcriptomes in early onset MI patients
A cell culture study had suggested immunoregulatory functions of
NEAT1 in vitro.3 We therefore carried out an initial qPCR-based prescre-
ening of NEAT1 and few selected other transcripts in PBMCs from post-
MI patients vs. healthy controls (Supplementary material online, Table
S2). This selective prescreening detected significant down-regulation of
NEAT1 and prompted subsequent RNA-seq to obtain comprehensive
non-selective immune cell transcriptomes. Individual RNA-seq was con-
ducted on PBMCs from 28 post-MI patients with a history of MI at age
<_50 years and stable disease >_3 months before study participation, and
on PBMCs from 31 healthy individuals without manifest cardiovascular
disease or family history of MI as controls.

The results of this comprehensive screening for lncRNAs and protein-
codingn transcripts are summarized in Figures 1 and 2, respectively. The
rationale of our lncRNA selection process (Figure 1A–C), and for our final
focus upon NEAT1, encompasses four steps. First, there were only

Figure 5 Continued.
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..relatively few significantly deregulated lncRNAs (Supplementary material
online, Table S3A). Second, NEAT1 was the only lncRNA significantly
down-regulated post-MI (Figure 1B and C). Third, among lncRNAs with
known immunoregulatory functions (Supplementary material online,
Table S1) NEAT1 is by far the most highly expressed deregulated lncRNA
post-MI (Figure 1D). Fourth, NEAT1 is the only one for which a genetic
animal model is available. A volcano plot with deregulated lncRNAs
marked by red dots (Figure 1A) visualizes the fact that only rather few

lncRNAs are deregulated, whereas the far overwhelming number of all
lncRNAs detected by RNA-seq are ‘stably’ expressed in post-MI vs. con-
trol PBMCs. When lncRNAs with immunoregulatory functions
(Supplementary material online, Table S1) are considered, those
detected by the RNA-seq in PBMCs display a very broad range of ex-
pression levels, with NEAT1 ranking second after MALAT1 which is not
deregulated, however (Figure 1D). NEAT1 expression was �10-fold
higher than the next-highest expressed lncRNA with immunoregulatory

Anomalous immune 
response in vivo

NEAT1 deleted
(NEAT1-/- mice)

NEAT1 reduced
(MIY pa�ents)

NEAT1 transcrip�onal system

GENOME

Gene�c variants 
ENVIRONMENT

Immune challenges 

Disease associa�on

CXCL2,CCR6, CXCR2 ↑
IFNAR2, TLR10, IRF2/5 ↑

IL1B, IL1R2, IL1RAP ↑
IL8, IL4R, IL7R ↑

HDAC9 ↑

Pa�ent PBMCs

Causal rela�onships

NEAT1-/- monocytes-macrophages
BMDMs in vitro

ROS produc�on ↑ NOS2 ↑
baseline phagocyto�c ac�vity ↓

baseline prolifera�on ↓

Bone marrow and blood in vivo
% CD45+ CD115+ cells ↓

Ly6C high/Ly6C low ra�o ↓

NEAT1-/- splenocytes

Spleen in vivo
% CD4+ T reg cells ↑

% FoxP3+ CD25+ T reg cells ↑
% IFNγγ+ TH1 cells ↑

Splenocytes in vitro
IFNg expression ↑

Figure 6 Summary of clinical and experimental data. Individual RNA-seq on PBMCs from patients with a history of MI at age <_50 years and stable disease
>_3 months before study participation, revealed deregulated protein-coding transcripts and lncRNAs in PBMCs from these patients vs. controls. Among
these lncRNAs NEAT1 was the most highly expressed lncRNA, and the only one significantly suppressed in patients. Multivariate statistical analysis of valida-
tion cohorts indicated that the PBMC NEAT1 levels were influenced by post-MI status independent of statin intake, LVEF, LDL or HDL cholesterol, or age.
Prompted by these clinical findings, NEAT1-/- mice were investigated as a model of NEAT1 deficiency to test if NEAT1 depletion might cause immune system
dysfunction. In fact, RNA-seq of NEAT1-/- splenocytes identified altered baseline expression and LPS response of chemokines/receptors, innate immunity
genes, TNF, and caspases, and increased ROS production under baseline conditions. NEAT1-/- spleen displayed anomalous Treg and Th cell differentiation.
NEAT1-/- BMDMs displayed grossly altered transcriptomes with disturbed chemokine/chemokine receptor expression, increased baseline phagocytosis
(P < 0.0001) and attenuated proliferation (Day 0: P = 0.0013; Day 1: P = 0.02). NEAT1-/- BMDMs responded to LPS with increased ROS production
(P < 0.0001), NOS2 mRNA expression (P = 0.0016), and disturbed phagocytic activity (P = 0.0318). Monocyte-macrophage lineage differentiation was anom-
alous in NEAT1-/- bone marrow and blood. Finally, NEAT1-/- mice displayed anomalous aortic CD68þ cell infiltration and there was evidence of myocardial in-
flammation which could lead to severe and potentially life-threatening structural damage in some of these mice.
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..functions (NeST) and the only one suppressed post-MI, while significant
up-regulation was observed for seven lncRNAs of unknown function
(Figure 1C). NEAT1 suppression first observed in the test cohorts was
subsequently confirmed (P < 0.0001) by qPCR in validation cohorts of
106 post-MI patients vs. 85 controls (Figure 1B).

To assess whether the deregulated lncRNAs are differentially
expressed in normal PBMCs, we conducted RNA-seq of RNA pools
from five immune cell subpopulations (Figure 1E). First, FACS sorting of
PBMCs from three healthy individuals was performed, followed by RNA
extraction from the respective immune cell subtypes. Subtype RNAs
from all three individuals were then pooled and RNA-seq done on these
RNA pools. Strikingly differential expression of the deregulated
lncRNAs (Figure 1B and C) was observed in these normal PBMC subpo-
pulations (Figure 1E). NEAT1 as well as LINC00211 were highly enriched

in monocytes, distinct from the subtype-related expression of the others
(Figure 1F).

Multivariate statistical analysis revealed that the NEAT1 levels were de-
termined by post-MI status, independent of statin intake, LVEF, LDL or
HDL cholesterol, age, diabetes, and smoking (Table 1).

In addition to these lncRNAs, further anomalies encompassed im-
portant immunoregulatory coding genes (Figure 2). Our selection
process for protein-coding transcripts of particular immunological in-
terest (Figure 2A–E) started with the entire set of differentially
expressed genes (Supplementary material online, Table S3A). We
then selected top differentially expressed genes according to func-
tional classes relevant to immune system functions (Supplementary
material online, Table S3B). Figure 2A displays key transcripts from
functional classes colour-coded upon a volcano plot of all

Figure 7 Working model and translational aspects. The animal model and cell culture data support a working model which encompasses disturbances in
bone marrow, spleen, and blood circulation of the NEAT1 deficient mice. In the spleen, there is anomalous T cell differentiation leading to increased circula-
tion of Th cells. Splenocytic IFNc expression and ROS production is increased even under baseline conditions. There is anomalous monocyte-macrophage
differentiation in the bone marrow, and NEAT1-/- macrophages display enhanced ROS production and NOS2 expression as well as increased phagocytosis.
Once NEAT1-deficient cells enter the circulation, their anomalous chemokine/receptor expression should affect their trafficking and may in part explain the
histological findings (Figure 5). Of note, this ‘baseline’ scenario describes the situation in animals not exposed to external immunological stress. Preliminary in-
sight from our NEAT1-/þ ApoE-/- strain suggests that even heterozygous NEAT1 deficiency leads to systemic inflammation with high IFNc levels upon high
cholesterol challenge (Supplementary material online, Figure S3A). Future work has to clarify which other disease models may be tolerated by the fragile
NEAT1-/- strain, and which further insights they may provide regarding the NEAT1 system. Independent of results from future experimental work, the clinical
data already document that NEAT1 is a significant novel component of a PBMC-based immunoregulatory network remaining markedly ‘out-of-balance’ post-
MI despite standard therapy.
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..deregulated transcripts, illustrating that the individual transcripts
shown in Figure 2B–E are clearly outliers. To facilitate comparison of
these human PBMC data with the experimental results on spleno-
cytes and macrophages from NEAT1-/- mice (Figures 3 and 4), the
same classification is kept across all figures.

The IL1b system constitutes a therapeutic target of major current in-
terest9–13 and is highly up-regulated (IL1B, IL1R2, IL1RAP) in post-MI
PBMCs. Interleukin (IL) 8 is highly induced compared with very low ex-
pression in control PBMCs, and known to be increased in serum of
patients with cerebro-cardiovascular events.14 IL3 receptor a (IL3RA),15

IL7 receptor (IL7R),16 and chemokine receptor CCR6,17 all of which are
strongly induced, are known to influence immune cell migration in ath-
erosclerosis. Chemokine receptors CXCR218 and CCRL219 were like-
wise induced, and CXCL220 commonly undetectable in controls was
robustly expressed in post-MI PBMCs. Interferon (IFN) a and b receptor
subunit 2 (IFNAR2)21 and TLR1022 were induced, and IFN regulatory
factors were deregulated.23 While we have not performed FACS analy-
ses of post-MI PBMCs, several Clusters of Differentiation (CD) antigens

were deregulated at the transcriptional level: CD4, CD22, CD46, CD
53, CD163, and MMP28 were induced, while CD74 and FOXP1 tran-
scription were suppressed (further references24 in the Supplementary
material online).

ROC analysis (Figure 2F) to discriminate post-MI patients vs. controls
yielded an AUC of 0.920 ± 0.042 [95% confidence interval (CI) 0.839–
1.000] (P < 0.001) based on protein-coding transcripts (Figure 2),
whereas deregulated lncRNAs (Figure 1) yielded an AUC of
0.882± 0.047 (95% CI 0.789–0.974) (P < 0.001).

3.2 Anomalous immune system regulation
in NEAT1�/�mice
As a first step towards mechanistic dissection of the anomalous tran-
scriptomes of post-MI patient PBMC, we used a NEAT1-/- mouse
model5,6 to evaluate whether isolated genetic NEAT1 deficiency might
cause dysfunction of the immune system. The choice of NEAT1 was obvi-
ous, as the most highly expressed deregulated lncRNA in human post-MI

................................................................................................................................................................................................................................

................................................................................ ..................................................................................

..............................................................................................................................................................................................................................
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Table 1 Multivariate statistical analysis of validation cohorts

Validation cohorts of post-MI patients vs. controls

Post-MI CONT

n 5 106 n 5 85

Mean Median SD Mean Median SD

Age (years) 45.16 44.50 4.74 45.13 45.00 4.82

LVEF (%) 56.15 57.48 10.40 64.23 63.79 5.49

LDL (mg/dL) 102.95 99.50 37.43 139.92 137.00 32.53

HDL (mg/dL) 45.23 42.50 12.82 51.82 51.00 12.66

NEAT1 20.78 14.75 16.34 40.01 33.04 34.04

Male (%) 106 (100) 85 (100)

Smoking (%) 29 (27.3) 23 (27.1)

Diabetes (%) 8 (7.5) 2 (2.3)

Statin (%) 96 (90.6) 1 (1.2)

Multiple linear regression analysis of determinants of NEAT1 in human PBMCs

Coefficientsa

Unstandardized coefficients Standardized coefficients

B Standard error Beta t Significance

Group -0.806 0.240 -0.471 -3.361 0.001

Statin 0.099 0.256 0.058 0.389 0.698

EF -0.001 0.007 -0.016 -0.214 0.831

LDL 0.002 0.002 0.072 0.906 0.366

HDL -0.006 0.005 -0.090 -1.291 0.198

Age -0.015 0.012 -0.084 -1.202 0.231

Model after stepwise selection

Coefficientsa

Unstandardized coefficients Standardized coefficients

B Standard error Beta t Significance

Group -0.725 0.113 -0.424 -6.433 0.000

Multivariate statistical analysis of the validation cohorts showed that the NEAT1 levels were determined by the post-MI status, independent of statin intake, LVEF, LDL or HDL cho-
lesterol levels, age, diabetes, and smoking.
aDependent variable: NEAT1.
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..PBMCs, for which a genetic animal model and detailed information re-
garding its post-transcriptional processing are available.5,25–27 For the
other lncRNAs deregulated in the patient PBMCs there is currently no
such information.

3.3 Investigation of NEAT1�/� splenocytes
3.3.1 Anomalous T cell differentiation and expansion in
NEAT1 deficient mice in vivo
FACS analysis identified significant differences regarding T cell differentia-
tion in the spleens of NEAT1-/- mice vs. WT mice in vivo (Figure 3A–C), in
addition to alterations of the monocyte-macrophage lineage in blood
and bone marrow from NEAT1-/- vs. WT mice (Figure 4A–C). In particu-
lar, we observed expansion of T helper (Th) cells (P = 0.0229) and of
immune-modulating T regulatory (Treg) cells (P = 0.0101) in the spleens
of NEAT1-/- mice, with a shift of CD4þ T cell balance towards Th cell
proliferation both in the spleens (P = 0.004) and in the circulating blood
(P = 0.0094). These results support a crucial function of NEAT1 in regu-
lating cellular processes within the adaptive immune system.

3.3.2 Transcriptome and ROS production of NEAT12/2

splenocytes ex vivo
Regarding the interferon system, IFNc expression level was �14-fold
higher in unstimulated splenocytes from NEAT1-/- mice compared with
WT cells, the largest difference of any transcript level as detected by
RNA-seq based mapping (Figure 3D and Supplementary material online,
Table S4A). Of note, the measurement of six circulating cytokines
revealed significantly (P = 0.0226) higher IFN-c levels in the sera of
NEAT1-/- mice compared with WT (Figure 3E). For the other evaluated
cytokines no significant differences were observed (Supplementary ma-
terial online, Figure S1B).

ROS assays showed significantly (P < 0.0001) �3-fold increased ROS
production by NEAT1-/- compared with WT splenocytes kept under
baseline (unstimulated) conditions in vitro (Figure 3F). Neither PMA nor
PMAþLPS stimulation significantly increased ROS production by either
strain compared with their respective baseline levels.

Transcriptome mapping of NEAT1-/- splenocytes vs. WT identified
gross alterations of baseline expression (Supplementary material online,
Table S4A), and response to LPS stimulation (Supplementary material on-
line, Table S4B), for genes encoding CC and CXC chemokines and che-
mokine receptors (Figure 3G), interleukins and their receptors, proteins
of early innate immunity and the IFN system, TNF and caspases, and ma-
trix metalloproteinases (Supplementary material online, Tables S4A and
B). In NEAT1-/- mice, the chemokines/receptors depicted in Figure 3G dis-
played responses to LPS (down-regulation compared with baseline),
which are opposite to their regulation in WT cells. While LPS thus led to
down-regulation of multiple chemokines/receptors in NEAT1-/- mice, a
spectrum of (noncoding) small nucleolar RNAs (SNORDs) became
>1000-fold induced in the knockout strain, while remaining unchanged
in WT (Figure 3G, Supplementary material online, Table S4B).

3.4 Studies on NEAT1�/�macrophages
3.4.1 Anomalous monocyte-macrophage differentiation in
NEAT1 deficient mice in vivo
FACS analysis of blood and bone marrow from NEAT1-/- mice, in com-
parison to WT mice, showed markedly reduced levels of CD45þmono-
cytes both in the bone marrow (P = 0.0008) and in the circulating blood

(P = 0.0093) of NEAT1-/- mice (Figure 4A–C). This is reflected by de-
creased levels of Ly6Chigh (P = 0.0060 in bone marrow; P = 0.0412 in
blood) and increased levels Ly6Clow monocytes in the bone marrow
(P = 0.0056) and circulating blood (P = 0.0429) of NEAT1-/- mice. A po-
tential explanation of the observed monocytopenia in NEAT1-/- mice is a
chronic inflammatory response resulting in increased monocyte mobili-
zation and release from the bone marrow with subsequent systemic traf-
ficking giving rise to tissue macrophages (Figure 5).

3.4.2 Disturbed functions of NEAT12/2 bone marrow-
derived macrophages ex vivo
There were multiple functional anomalies in the knockout cells (Figure
4D–I). Some of these were present under baseline conditions (Figure
4D–F), while others emerged upon LPS stimulation (Figure 4G–I). At
baseline, NEAT1-/- BMDMs displayed significantly (Day 0: P = 0.0013; Day
1: P = 0.02) lower proliferation rate compared with WT cells (Figure 4D),
but higher phagocytosis activity (P < 0.0001) (Figure 4F). The yield of
BMDMs derived from a given number of NEAT1-/- bone marrow cells
was increased (P = 0.0056) compared with WT (Figure 4E).

NEAT1-/- BMDMs responded to LPS with strongly increased
(P < 0.0001) ROS production and increased (P = 0.0016) NOS2 mRNA
expression (Figure 4G). While NEAT1-/- cells displayed higher baseline
phagocytosis activity (Figure 4F), their response to LPS was attenuated
(P = 0.0318) (Figure 4H).

RNA-seq detected multiple anomalies in NEAT1-/- BMDMs under
baseline conditions (Figure 4I, Supplementary material online, Table S5A)
and upon stimulation with LPS (Figure 4I, Supplementary material online,
Table S5B). Partially overlapping with the changes observed in NEAT1-/-

splenocytes, there was deregulation of several CC and CXC type che-
mokine/receptor systems in NEAT1-/- BMDMs at baseline. Upon LPS
stimulation, deregulation of these systems persisted (Supplementary ma-
terial online, Table S5B).

3.5 Histological and immunohistological
studies in NEAT1�/�mice
NEAT1-/- mice displayed anomalous CD68þ monocyte-macrophage in-
filtration in the aortic wall (Figure 5A and B and Supplementary material
online, Figure S2), in the absence of other evidence of vascular pathology,
e.g. atherosclerosis in these animals. Vascular CD68þ cell infiltration
was regularly observed (Figure 5A and B). In addition, there was evidence
of major myocardial structural damage in some of the NEAT1-/- mice
(Figure 5D), with substitution of normal myocardial tissue by brown adi-
pose tissue as documented by ADRP staining (Figure 5E) and siderophage
infiltration in the border zone of the injured area (Figure 5F) (for further
histological and immunohistological stainings, see Supplementary mate-
rial online, Figure S3A–E).

3.6 Small NEAT1-derived menRNA
influences the cellular innate immune
response
The NEAT1 gene locus has complex structure and regulation
(Supplementary material online, Figures S4 and S5), with two different
long primary RNA transcripts and a short enzymatic processing product
with a tRNA-like structure designated ‘menRNA’ (Supplementary mate-
rial online, Figure S5B). All results above refer to a situation where this
entire locus and all its products are deleted. In addition, we investigated
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..cells in which only this NEAT1 product menRNA was overexpressed
(Supplementary material online, Figures S6 and S7), or deleted by anti-
sense technology (Supplementary material online, Figure S8). While the
results are preliminary, they show that not only complete deletion of
NEAT1 disturbs immune cell functions, but menRNA deletion alone
(Supplementary material online, Figure S8) suffices to alter immune gene
expression.

4. Discussion

4.1 Anomalous circulating immune cell
transcriptomes in early onset MI patients
In an effort to understand the possible role of lncRNAs in the context of
atherosclerosis and MI, a first prescreening of test cohorts showed sup-
pression of NEAT1 in PBMCs of post-MI patients. Subsequent RNA-seq
confirmed this and identified seven other lncRNAs significantly deregu-
lated post-MI. Among these NEAT1 had the highest expression level and
was strongly enriched in monocytes. In a third step, NEAT1 suppression
was confirmed in independent validation cohorts. Multivariate statistical
analysis revealed that its abundance in PBMCs was significantly
(P = 0.001) influenced by post-MI status independent of statin intake,
LVEF, LDL or HDL cholesterol, smoking, diabetes, or age (Table 1). This
is consistent with the hypothesis that the observed NEAT1 suppression
reflects or contributes to an immunological disturbance which persists
post-MI despite standard post-MI medical therapy.

A clinically relevant aspect of our study design is the selection of
patients with early onset MI. These post-MI patients were identified
through population-wide screening projects (MI Young, GIS) and are
about two decades younger than in previous somewhat similar
work.28,29 From the clinical perspective it will be interesting to examine,
whether a PBMC expression profile encompassing the most distinctive
genes reported here might have prognostic value regarding the clinical
course or response to anti-inflammatory treatment. Beyond the IL1b
system which is of particular current interest,9–13,30 other chemokines
and interleukins deserve attention. Of note, CXCL2 and IL831,32 are ro-
bustly expressed in patient but almost undetectable in control PBMCs.
PBMCs may thus be a source of CXCL2 and IL8 which increased in sera
of patients with cerebro-cardiovascular events.14 Circulating IL8 is also
increased in diabetic patients and associated with worse inflammatory
and cardiometabolic profile.33 Regarding IL8 it is unfortunate that due to
incomplete genome homology between mice and men,34 this particularly
strongly deregulated human cytokine has no homologue in mice and the
murine NEAT1 knockout studies below cannot provide direct informa-
tion on its regulation.

Apart from these translational considerations which of course require
testing in a prospective trial, the transcriptome maps have already identi-
fied one lncRNA NEAT1 with so far largely unknown biological functions
and possible pathogenic relevance in atherosclerosis and MI. The clinical
part of this study thus provided a translationally relevant rationale for
more in-depth investigations of NEAT1 functions in vivo, by use of our ge-
netic animal knockout model and associated cell culture work.

An important methodological aspect is the fact that RNA-seq allows
acquisition of truly comprehensive transcriptome. This overcomes tech-
nical limitations of former microarray-based work28,29 which has not
covered the entire transcriptome and was critically limited regarding
quantification, due to the far lower dynamic range of detection of

microarrays when compared with RNA-seq. This is particularly relevant
considering the very broad range of lncRNA expression levels identified
in our study (Figure 1D). Another RNA-seq based study has addressed
myocardial transcriptomes post-MI and identified novel heart-specific
lncRNAs,4 but in that work no data on circulating immune cells were
provided.

Here, we provide combined human and mechanistic studies on a
systems-level focusing on immune regulation. This is particularly of inter-
est given the emerging clinical concept of residual inflammatory risk in
high-risk patients with cardiovascular disease,9 based on elevated sys-
temic inflammation beyond cholesterol-driven vascular inflammation in
atherosclerosis. Marked deregulation of multiple immune-related tran-
scripts in our post-MI patient PBMCs further supports the ‘residual in-
flammatory risk’ concept beyond the already well-studied IL1ß (a major
cytokine contributing to residual inflammatory risk). NEAT1 appears as
component of a molecular circuit also involving important chemokines
(CXCL2, CCR6, CXCR2)35–37 and interleukins (IL1B, IL8, IL4R, IL7R)
remaining disturbed post-MI (further references in the Supplementary
material online). Individual profiling of this circuit may contribute, beyond
current serum-based markers, to identify high-risk patients likely to ben-
efit from immunomodulatory therapies (Figures 6 and 7).

4.2 Immune system dysfunction in a
genetic animal model of NEAT1 deficiency
Prompted by the statistically highly significant association of reduced
NEAT1 expression with early onset MI, we took first steps to study po-
tential mechanistic impact of NEAT1 depletion in patient PBMCs by in-
vestigation of NEAT1-/- mice. We employed the NEAT1-/- model by
Nakagawa et al.5,6 to evaluate whether isolated genetic NEAT1 deficiency
per se might causally alter any functions of the immune system. The
choice of NEAT1 was obvious as the most highly expressed deregulated
lncRNA in PBMCs, for which an animal model and information regarding
its post-transcriptional processing are available.5,25–27 For the other
lncRNAs deregulated in patient PBMCs there is currently no animal
model or functional information, and no information regarding transcrip-
tional regulation and processing.5,38,39

Most previous research on NEAT1 focused on mechanistic studies in
cell culture models,3,40–43 whereas insight into the biological functions
and possible pathogenic relevance of NEAT1 are sparse.44–47 In that re-
gard, our study provides the first data from cardiovascular patients docu-
menting anomalous regulation of NEAT1 in their PBMCs despite
standard post-MI medical therapy, and first evidence of immune system
dysfunction in NEAT1 deficient animals in vivo.

Cumulatively, our experimental findings suggest that NEAT1 is criti-
cally involved in regulatory processes of splenocytic cytokine/chemokine
(e.g. IFNc) expression subsequently resulting in altered differentiation
and expansion of CD4þ cells of the adaptive immune system.
Furthermore, the level of bone marrow and blood monocytes is indica-
tive of potentially altered monocyte efflux, migration and trafficking in
NEAT1-/- animals. Marked deregulation of multiple chemokines/chemo-
kine receptors on NEAT1-/- splenocytes and macrophages, and CD68þ
macrophage infiltration of the aortic wall, lends further support to the
concept of anomalous immune cell trafficking (Figure 7). Irrespective of
their in vivo migration pattern, however, several functions of NEAT1-/-

splenocytes and macrophages per se are disturbed, e.g. ROS production
and NOS2 expression. Furthermore, the increased circulating IFNc level
of NEAT1-/- mice indicates impaired inflammation control (Figure 6 and 7)
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even though these animals were kept without external immunological
stress, e.g. high cholesterol diet, viral infection, or ischaemia. The fragility
and survival disadvantage of the NEAT1-/- strain is emphasized by the fact
that crossbreeding into ApoE-/- mice remained unsuccessful despite ma-
jor efforts, and that the reproductive capacity of NEAT1-/- animals is sig-
nificantly reduced compared with WT. As homozygous NEAT1 deletion
obviously renders the organism highly vulnerable, it appears reasonable
to investigate the effects of heterozygous NEAT1 deficiency upon murine
disease models instead.

4.3 Consequences of NEAT1 deficiency at
the cellular and molecular level
At the molecular level, mechanistic insight into immunological functions
of NEAT1 is particularly difficult to obtain because the NEAT1 locus does
not only generate two long noncoding transcripts with important nucle-
olar structural functions48–50 and cell type-specific expression, but fur-
thermore generates a small tRNA-like processing product located in the
cytosol (Figure 6, Supplementary material online, Figures S5 and S6).
Thus, complete germline NEAT1 deletion will necessarily severely affect
multiple components of this complex integrated RNA transcription and
processing system. Major impact of NEAT1 deficiency on nucleolar func-
tion is suggested by massive >1000-fold induction by LPS of a broad
spectrum of small nucleolar RNAs (snoRNAs)51,52 in the knockout
strain, while they remained unchanged in WT (Figure 3G, Supplementary
material online, Table S4B). C/D box snoRNAs (SNORDs) are an abun-
dantly expressed class of RNAs that can regulate pre-mRNA alternative
splicing, mRNA abundance, activate enzymes, and be processed into
short ncRNAs resembling miRNAs and piRNAs.51 A recent study on ge-
netic associations suggested an independent role for 14q32 snoRNAs in
human cardiovascular diseases.52 The NEAT1 system is evolutionary
highly conserved, suggesting important functions in complex organisms.
When the extensive transcriptome alterations of NEAT1-/- splenocytes
and macrophages are considered in the context of their functional dis-
turbances at the cellular level, it appears reasonable to assume that
NEAT1 is required for optimal coordination of multiple immune system
functions at the RNA level. Systems biology approaches towards our
RNA-seq datasets would not appear promising due to the currently still
profound lack of sufficient experimental data regarding lncRNAs interac-
tions with other RNAs (including mRNAs)48–50 as well as proteins.53

At the cellular level, however, we have already obtained evidence of
anomalous T cell differentiation and expansion in NEAT1 deficient mice
in vivo and altered ROS production by splenocytes, in association with
extensive re-programming of the splenocyte transcriptome in NEAT1-/-

mice. Splenocytes also displayed markedly increased IFNc expression
consistent with increased circulating IFNc in this strain.

Regarding the monocyte-macrophage lineage, NEAT1-/- mice display
anomalous monocyte-macrophage differentiation in bone marrow and
blood. A possible explanation of the monocytopenia in NEAT1-/- mice is
a chronic inflammatory response (consistent with high circulating IFNc)
leading to increased monocyte mobilization and release from the bone
marrow and subsequent systemic trafficking giving rise to tissue macro-
phages, e.g. CD68þ cells in the vascular wall. Functional analyses of
BMDMs from NEAT1-/- mice further detected a massive increase of mac-
rophage ROS production in response to LPS. This is proof that NEAT1
deficiency causes impaired control of a key function of macrophages, i.e.
the generation of ROS in response to an inflammatory stimulus. In line
with this, inducible NOS (iNOS) expression was up-regulated in LPS-
stimulated NEAT1-/- BMDMs compared with WT cells. Reduced levels of

NEAT1 in the post-MI patient PBMCs may have the potential to cause
de-repression of ROS production, which in turn may lead to more ag-
gressive action of circulating monocytes-macrophages against their tar-
gets, e.g. within the vascular wall. Of note, ROS not only plays a critical
role in the differentiation of alternatively activated macrophages, but also
in the occurrence of tumour-associated macrophages.54–56 Thus, NEAT1
deficiency may impact upon the course of diseases (e.g. atherosclerosis,
cancer) in which macrophages are pathogenetically involved.
Conclusively, our findings provide evidence that NEAT1 has major impact
on inflammatory processes that encompass components of both the in-
nate and acquired immune systems.

4.4 Working model and translational
aspects
The results of our studies in humans and mice are briefly summarized in
Figure 6. The animal model and cell culture data support a working model
(Figure 7) which encompasses disturbances in bone marrow, spleen, and
blood circulation of the NEAT1 deficient mice. In the spleen, there is
anomalous T cell differentiation leading to increased circulation of Th
cells. Splenocytic IFNc expression and ROS production is increased al-
ready under baseline conditions. There is anomalous monocyte-
macrophage differentiation in the bone marrow, and NEAT1-/- macro-
phages display enhanced ROS production and NOS2 expression. Once
the NEAT1-deficient cells enter the circulation, their altered chemokine
and chemokine receptor expression pattern should significantly affect
their trafficking and may explain the detection of CD68þ macrophages
in the vasculature of NEAT1 deficient mice.

The ‘baseline’ scenario of Figure 7 described the situation in animals
not exposed to external immunological stress. Due to the fragility and
survival disadvantage of NEAT1-/- mice it will be technically demanding to
find out how this ‘unstable’ anomalous immune system reacts to stress.
Preliminary insight from our NEAT1-/þ ApoE-/- strain suggests that even
heterozygous NEAT1 deficiency leads to systemic inflammation with high
IFNc levels when exposed to high cholesterol challenge (Supplementary
material online, Figure S3A). The observation of occasional grave myocar-
dial structural injury suggests that even stochastic activation of the highly
unstable NEAT1-/- immune system may trigger an uncontrolled patho-
genic cascade. This may also well explain the notorious difficulties en-
countered in the breeding and cross-breeding of NEAT1-deficient mice.
Our present focus on cardiovascular disturbances may have failed to ad-
equately appreciate the fact of systemic inflammation with elevated IFN-
c levels in NEAT1-/- mice which strongly suggests systematic histopatho-
logical investigation of multiple organs in these animals. In particular, this
should be conducted at different ages and under immunological chal-
lenges, e.g. high-fat diet. Future work has to clarify which other disease
models may be tolerated by the fragile NEAT1 strain, and which further
insight they may provide regarding the NEAT1 system. Independent of
additional results from future experimental work, NEAT1 is obviously a
significant novel component of a PBMC-based immunoregulatory net-
work which remains markedly ‘out-of-balance’ after MI despite standard
therapy.

In conclusion, this first comprehensive transcriptome study of circulat-
ing immune cells from early onset MI patients indicates distinctive altera-
tions of lncRNA expression in their PBMCs. The experimental data from
NEAT1-/- mice provide first direct evidence that NEAT1 is a novel
lncRNA-type immunoregulator affecting T cell and monocyte-
macrophage lineage differentiation and functions in vivo. Consistent with
this, NEAT1 suppression in post-MI patients may reflect an ‘out-of-
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..balance’ status of their immune system, persisting post-MI despite stan-
dard therapy. It appears warranted to further investigate whether dysre-
gulation of the NEAT1 system has pathogenic potential and thus might
constitute a novel therapeutic target.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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