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I M M U N O L O G Y

lncRNA-GM targets Foxo1 to promote  
T cell–mediated autoimmunity
Yali Chen1,2, Juan Liu2, Xiaomin Zhang2, Ha Zhu2, Yujia Wang3, Zhiqing Li2, Yanfang Liu2, 
Shuo Liu3, Shuxun Liu2, Nan Li2, Kun Chen3,4*, Xuetao Cao1,2,3,5*

RNA-RBP interaction is important in immune regulation and implicated in various immune disorders. The differ-
entiation of proinflammatory T cell subset TH17 and its balance with regulatory T cell (Treg) generation is closely 
related to autoimmune pathogenesis. The roles of RNA-RBP interaction in regulation of TH17/Treg differentiation 
and autoinflammation remain in need of further investigation. Here we report that lncRNA-GM polarizes TH17 
differentiation but inhibits iTreg differentiation by reducing activity of Foxo1, a transcriptional factor that is im-
portant in inhibiting TH17 differentiation but promoting Treg generation. lncRNA-GM–deficient mice were protected 
from experimental autoimmune encephalomyelitis. Mechanistically, lncRNA-GM directly binds to cytoplasmic 
Foxo1, thus inhibiting its activity through blocking dephosphorylation of Foxo1 by phosphatase PP2A to promote 
Il23r transcription. The human homolog of lncRNA-GM (AK026392.1) also polarizes human TH17 differentiation. 
Our study provides mechanistic insight into the interaction of lncRNA and transcriptional factor in determining 
T cell subset differentiation during T cell–mediated autoimmune diseases.

INTRODUCTION
Autoimmune diseases are serious pathological conditions that are 
characterized by the attack of healthy host cells by autoimmune cells. 
So far, the effective therapeutic strategies to treat autoimmune diseases 
are lacking due to limited understanding of its cellular and molecu-
lar mechanisms (1). T cell dysfunction is closely related to a variety 
of autoimmune pathologies such as multiple sclerosis (MS) (2, 3). 
However, the molecular basis for dysregulation of T cell differentia-
tion in autoimmune diseases remains unclear. Identification of 
previously unidentified mechanisms underlying T cell–mediated 
autoimmune inflammation will add insight into the mechanisms that 
underlie the development of autoimmunity and may suggest possible 
drug targets for treatment of autoimmune disease.

T helper 17 (TH17) cells are potent triggers of tissue inflamma-
tion and are associated with many autoimmune diseases including 
psoriasis, MS, and rheumatoid arthritis. TH17 cells are differentiated 
from naïve CD4+ T cells stimulated by interleukin-6 (IL-6) and trans-
forming growth factor– (TGF-), these TH17 cells are regarded as 
nonpathogenic. When these nonpathogenic TH17 cells are further 
stimulated with additional cytokines, IL-23 and/or IL-1, they ex-
hibit pathogenic potential that is crucial for mediating autoimmune 
inflammation (4–6). In addition to TH17 cells, inflammatory TH1 
cells are also important in tissue inflammation (7). In contrast, regu-
latory T (Treg) cells, which are commonly divided into thymus- 
derived Treg [natural Treg (nTreg)] cells and peripherally induced Treg 
(iTreg) with highly expression of CD25 and transcription factor, 

Foxp3 (forkhead box P3), are the major subset for inhibiting exces-
sive inflammation and maintaining immune tolerance (8).

The dynamic balance between the proinflammatory T cell subset 
TH17 and the Treg cells is essential for the regulation of autoimmu-
nity and inflammation. The disordered TH17/Treg cell balance in vivo 
is closely related to the pathogenesis and progress of a variety of 
autoimmune diseases (9). Transcription factors are required for the 
control of TH17 and Treg cell differentiation. Retinoic acid-related 
orphan receptor gammat (RORt) and Foxp3 determine differenti-
ation of CD4+ T cell into TH17 and Treg cells, respectively. Signal 
transducers and activators of transcription (STAT3) and STAT5 are 
involved in the regulation of TH17/Treg cell balance (10). In addition, 
forkhead box O1 (Foxo1) has been recently identified as a key tran-
scription factor to balance TH17/Treg cell differentiation, through 
promoting Foxp3 expression in Treg cells while suppressing Il17a and 
Il23r expression in TH17 cells (11, 12). The activity of Foxo1 is tightly 
regulated by Akt-mediated phosphorylation, which induces its nuclear 
export and represses the transcription of Foxo1-regulated genes (13). 
Although Foxo1 has been found to be important in control of TH17/
Treg cell balance, how naïve CD4+ T cells integrate diverse signals 
under complex immune microenvironment to regulate the activity 
of Foxo1 and TH17/Treg cell balance needs further investigations.

RNA binding proteins (RBPs) are involved in various physiological 
and pathological conditions via mediating posttranscriptional regu-
lation of gene expression (14). The dysregulation of RBPs is correlated 
with many human diseases, such as autoimmune and inflammatory 
diseases (15). The location and activity of RBPs are regulated by 
both coding and noncoding RNA, which is important for regulation 
of immune cell development and function (15). mRNA-interacting 
RBPs are essential for pre-mRNA processing, mRNA stability, and 
mRNA decay and potently regulate T cell activation and inflamma-
tion. For example, Act1 functions as an RBP by interacting with the 
inflammatory mRNAs and mediating mRNA stabilization, to in-
hibit IL-17 inflammatory signaling and ameliorate skin inflammation 
(16). Notably, noncoding RNAs interaction with RBP play important 
roles in various immunological processes via regulation of gene 
transcription or translation (17, 18). However, the expression and 
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function of long noncoding RNA (lncRNA) that are highly specific 
to TH17 cells and the function of the related lncRNA-RBP complexes 
remain to be identified.

LncRNA-GM, a new lncRNA that we identified in virus-infected 
macrophages, is important in the regulation of type I interferon (IFN) 
production in the antiviral innate immune response by interacting 
with glutathione S-transferase M1 (GSTM1) (19). Notably, lncRNA- 
GM is highly expressed in the spleen and lymph nodes (19), sug-
gesting that it may have a potential role in regulation of lymphocyte 
function in addition to its antiviral activity. Here, we show that 
lncRNA-GM, relatively highly expressed in TH17 cells, promotes 
TH17 cell differentiation and TH17-mediated inflammatory pathology 
during autoimmune diseases. Furthermore, lncRNA-GM directly 
targets Foxo1 and promotes phosphorylation of Foxo1 and thus re-
lieving Il23r from Foxo1-mediated transcriptional inhibition and 
facilitating the development of TH17 cells. The homolog of lncRNA- 
GM in human T cells exerts a similar role in promoting TH17 cell 
differentiation. Thus, our findings provide a new insight to lncRNA- 
RBP interaction for the regulation of TH17-driven tissue inflamma-
tion and autoimmune diseases.

RESULTS
lncRNA-GM expression is increased in TH17 cells
As the expression and function of lncRNA are highly cell type spe-
cific (18), we detected the expression patterns of lncRNA-GM in 
different immune cells. In addition to monocytes/macrophages, 
lncRNA-GM was also highly expressed in CD4+ T cells (fig. S1A). We 
further examined its expression in differentiated CD4+ T subsets and 
found it was especially increased in TH17 cells as compared to TH1 
and iTreg cells (Fig. 1A). Especially, lncRNA-GM exhibited higher 
expression under optimal pathogenic TH17 polarizing conditions 
(IL-6 + TGF- + IL-1 + IL-23) (20), compared to nonpathogenic 
(IL-6 + TGF-) and pathogenic (IL-6 + IL-1 + IL-23) conditions 
(Fig. 1A). In addition, the expression of lncRNA-GM was similar in 
nTreg and iTreg cells (Fig. 1B). Consistently, the human homolog of 
lncRNA-GM (AK026392.1, h-lncRNA-GM) was highly expressed 
in human TH17 cells derived from peripheral blood naïve CD4+ 
T cells (Fig. 1C). Absolute copy number analysis revealed that 
lncRNA-GM owned about 60 transcript copies per cell in TH17 cells 
(Fig. 1D and fig. S1B), to a similar level as other lncRNAs in im-
mune cells (21, 22). Thus, lncRNA-GM is expressed in TH17 cells at 
a relatively high level.

To explore why lncRNA-GM is highly expressed in TH17 cells, 
we investigated whether its expression was regulated by epigenetic 
modifications. Given that histone modifications including H3K9ac, 
H3K27ac, and H3K4me3 are transcriptional activation markers for 
gene expression, which are important for CD4+ T subsets differen-
tiation (23), we first determined whether lncRNA-GM expression 
was regulated by histone modifications in TH17 cells. By chromatin 
immunoprecipitation (ChIP)–quantitative polymerase chain reaction 
(qPCR) assay in naïve T, TH1, TH17, and iTreg cells, we found that 
the H3K9ac modification, but not H3K4me3 and H3K27ac modifi-
cations, was obviously enriched at the promoter region of lncRNA- 
GM in TH17 cells (Fig. 1E). Furthermore, pharmacological inhibition 
of H3K9 acetyltransferase with the treatment of specific inhibitor 
CPI-637 substantially suppressed lncRNA-GM expression in TH17 
cells (Fig. 1F). The above results suggested that lncRNA-GM is epi-
genetically increased by H3K9ac in TH17 cells.

lncRNA-GM promotes TH1/TH17 cell differentiation but 
inhibits iTreg cell differentiation
We next wondered whether lncRNA-GM could play a role in T cell 
development or function and generated lncRNA-GM–deficient 
(lncRNA-GM−/−) mice (19). We found that the proportion of pe-
ripheral T cells and B cells was similar between lncRNA-GM−/− mice 
and wild-type (WT) littermates (fig. S2, A and B). The development 
of CD4+ T cells and CD8+ T cells was intact in lncRNA-GM−/− mice 
(fig. S2, C to E). The percentage of nTreg (CD4+CD25+Foxp3+) cells 
in the thymus of lncRNA-GM−/− mice was comparable to that in WT 
mice (fig. S2F). Besides, the proliferation of T cells from WT and 
lncRNA-GM−/− mice was comparable after ligation of T cell receptor 
(TCR; fig. S3, A and B). Thus, lncRNA-GM did not affect the devel-
opment or proliferation of peripheral CD4+ T cells.

The high expression of lncRNA-GM in TH17 cells promoted us 
to investigate the role of lncRNA-GM in CD4+ T cell differentiation 
and function. We found that the ratio of effector/memory T cells 
(CD44hi CD62Llo) in lncRNA-GM−/− mice was lower than that in 
WT littermates, but the ratio of naïve CD4+ T (CD44lo CD62Lhi) 
cells was similar (Fig. 2A). Next, we measured the proportions of 
IFN-+, IL-4+, IL-17A+, or Foxp3+ T cells within splenic CD4+ T cells 
and found that the proportions of IFN-+ TH1 and IL-17A+ TH17 cells 
were reduced, while Foxp3+ Treg cells were increased in lncRNA-GM−/− 
CD4+ T cells in vivo (Fig. 2B). Furthermore, the differentiations of 
IFN-+ TH1 cells and pathogenic TH17 cells (IL-6 + IL-1 + IL-23 or 
optimal IL-6 + TGF- + IL-1 + IL-23 induction) were reduced, 
while Foxp3+ Treg cells were increased in lncRNA-GM−/− CD4+ T cells 
in vitro. Moreover, there was no significant difference in the fre-
quency of nonpathogenic TH17 cells (IL-6 + TGF- induction) and 
IL-4+ TH2 cells between WT and lncRNA-GM−/− mice (Fig. 2, C and D). 
In addition, overexpression of lncRNA-GM by lentivirus significantly 
increased TH17 cell differentiation in both WT and lncRNA-GM−/− 
naïve T cells in vitro (Fig. 2E). These data indicate that lncRNA-GM 
might promote the differentiation of TH17 cells and inhibit the dif-
ferentiation of iTreg cells.

Consistently, silencing of human lncRNA-GM with small interfering 
RNA (siRNA) in human peripheral blood naïve CD4+ T cells signifi-
cantly suppressed expression of TH17 signature genes, such as IL17, 
IL17F, IL21, IL23R, and BATF and promoted expression of Treg-specific 
genes, such as FOXP3, IL10, IL10RA, and IL10RB (fig. S4, A and B). 
Therefore, lncRNA-GM can control TH17/Treg cell balance by polariz-
ing TH17 cell differentiation and suppressing iTreg cell induction.

lncRNA-GM promotes TH1/TH17 and inhibits iTreg 
differentiation by activating mTORC1
To investigate the molecular mechanism by which lncRNA-GM 
promotes TH17 cell differentiation, we induced TH17 cells under 
optimal pathogenic polarizing conditions in vitro. We performed 
RNA sequencing (RNA-seq) analysis of the differentiated lncRNA- 
GM−/− and WT TH17 cells. RNA-seq analysis revealed lower expres-
sion of TH17 signature genes in lncRNA-GM−/− TH17 cells, such as 
Rorc, Il17a, Il17f, Rora, Il23r, Tbx21, etc., as compared to that in WT 
TH17 cells. Meanwhile, Treg-specific genes such as Foxp3, Il10ra, 
Gpr83, and Lrrc32 in lncRNA-GM−/− TH17 cells were up-regulated 
(Fig. 3A). qPCR analysis confirmed that lncRNA-GM deficiency 
notably down-regulated Il17, Il17f, Il23r, Rorc, and Tbx21 expres-
sion in TH17 cells (Fig. 3B and fig. S5A) and up-regulated Foxp3, 
Il10rb, and Gpr83 expression in iTreg cells (Fig. 3C). Furthermore, 
lncRNA-GM−/− TH17 cells showed lower IL-17A and IL-17F production 
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than WT cells, while lncRNA-GM−/− iTreg cells produced more IL-10 
(Fig. 3D). In accordance, gene set enrichment analysis showed that 
the down-regulated genes in lncRNA-GM−/− TH17 cells were related 
to IL17 signaling pathway (Fig. 3E). These data further indicate that 
lncRNA-GM can polarize TH17 cell differentiation but inhibit iTreg 
cell generation.

Mammalian target of rapamycin (mTOR) signaling has been shown 
to play widespread roles in various biological processes, such as 
metabolic regulation, protein biosynthesis, autophagy, cell survival, 
etc. (24, 25). mTOR can form two distinct protein complexes: the 
rapamycin-sensitive mTORC1 (mTOR complex 1) and the rapamycin- 
insensitive mTORC2 (mTOR complex 2). Notably, mTOR is essential 
for CD4+ T cell differentiation both in vitro and in vivo. mTORC1 
is essential for TH1 and TH17 cell differentiation, whereas mTORC2 
promotes TH2 cell differentiation. In addition, mTORC1/2 signaling 
acts as a negative regulator for iTreg generation but a positive regulator 
of nTreg function in homeostasis (26–28). Intriguingly, by analysis 
of RNA-seq data, we found that the expression of mTOR pathway–
related genes, such as Lamtor5, Tbc1d7, Grb10, and Prr5, was sig-
nificantly decreased in lncRNA-GM−/− TH17 cells (Fig. 3F). To assess 
whether lncRNA-GM promotes TH17 cell differentiation by activating 
mTORC1 signaling, we detected the activation of mTORC1 and 
downstream signaling in TH17 cells (IL-6 + TGF- + IL-1 + IL-23 
induction). Both immunoblot analysis and flow cytometric assay 
showed that TH17 cell polarization–induced phosphorylation of mTOR 

and activation of mTORC1 pathway (phosphorylation of p70S6K 
and 4EBP1) were remarkably inhibited by lncRNA-GM deletion 
(Fig. 3, G and H). Furthermore, inhibition of mTORC1 signaling with 
rapamycin blocked TH17 cell differentiation in WT CD4+ T cells 
(Fig. 3, I and J, and fig. S5B), while activation of mTORC1 signaling 
with MHY1485 reversed the decreased TH17 cell differentiation in 
lncRNA-GM−/− CD4+ T cells (fig. S5, C and D). Meanwhile, we also 
observed that mTORC1 and downstream signaling p70S6K and 
4EBP1 were down-regulated in lncRNA-GM−/− TH1 cells comparing 
to that in WT TH1 cells (fig. S5, E and F) and treatment with rapa-
mycin blocked TH1 cell differentiation in WT CD4+ T cells (fig. S5G). 
Moreover, lncRNA-GM deficiency also inhibited phosphorylation of 
mTORC1 and its downstream signal p70S6K and 4EBP1 in lncRNA- 
GM−/− iTreg cells (fig. S5, H and I), and rapamycin promoted iTreg 
cell differentiation in WT and lncRNA- GM−/− CD4+ cells (fig. S5J). 
However, lncRNA-GM deficiency did not affect the activation of 
mTOR signaling in nTreg cells (fig. S5K).

The downstream signals triggered by IL-6, IL-2, and TGF- are 
important for the differentiation of TH17 cells (29). However, defi-
ciency of lncRNA-GM did not influence the activation of Stat3, Smad2, 
and Stat5 induced by IL-6, IL-2, and TGF-, respectively (fig. S5L), 
indicating that the TH17-polarizing role of lncRNA-GM is not dependent 
on IL-6/IL-2/TGF- signaling pathways. Collectively, these data suggest 
that lncRNA-GM promotes TH1/TH17 and inhibits iTreg cell differ-
entiation by activating mTORC1 signaling.

Fig. 1. lncRNA-GM is selectively up-regulated in TH17 cells. (A) Quantitative polymerase chain reaction (qPCR) analysis of lncRNA-GM mRNA expression in TH1, TH2, 
nonpathogenic TH17 (IL-6 + TGF-), pathogenic TH17 (IL-6 + IL-1 + IL-23), optimal pathogenic TH17 (IL-6 + TGF- + IL-1 + IL-23) cells, and iTreg cells from mice spleen (n = 3 
to 4). (B) qPCR of nTreg cells (CD4+ CD25+) in thymocytes and iTreg cells in splenocytes for lncRNA-GM mRNA expression (n = 3 to 4). (C) qPCR analysis of human lncRNA-GM 
mRNA expression in TH1, TH2, TH17, and iTreg cells from human peripheral blood mononuclear cells (n = 3). (D) Copy number analysis of lncRNA-GM determined by qPCR 
in TH1 and TH17 (optimal pathogenic induction) cells (n = 3). (E) Chromatin immunoprecipitation (ChIP)–qPCR analysis of the enrichment of H3K9ac, H3K27ac, and 
H4K4me3 in lncRNA-GM promoter region in naïve T, TH1, TH17, and iTreg cells (n = 3 to 6). (F) qPCR analysis of lncRNA-GM mRNA expression in TH17 cells treated with 
20 M CPI-637 (CPI; n = 4). Results are presented as means ± SD (A to F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. NS, not significant; DMSO, dimethyl sulfoxide.



Chen et al., Sci. Adv. 8, eabn9181 (2022)     5 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 12

lncRNA-GM promotes TH17 differentiation independent 
of in cis and GSTM1
LncRNAs can affect the expression of their adjacent genes through 
in cis mode (30). However, qPCR analysis revealed that the expres-
sion of lncRNA-GM adjacent genes Haus3 and Mxd4 in TH17 cells 
and iTreg cells was similar between WT and lncRNA-GM−/− mice 
(fig. S6, A and B), indicating that lncRNA-GM regulates TH17/Treg 
cell balance independent of its in cis function.

Our previous study showed that lncRNA-GM in macrophages 
promoted TANK-binding kinase 1 (TBK1) activation to exert 

antiviral function by binding to GSTM1, a glutathione S-transferase 
(19). So, we explored whether lncRNA-GM promoted TH17 cell 
differentiation by binding to GSTM1. However, the public database 
in BioGPS showed that the expression of GSTM1 in T cells is mark-
edly lower than its expression in macrophages (fig. S6C). Con-
sistently, the mRNA level of GSTM1 in CD4+ T cells was just about 
1 of 150 of those in macrophages, with its protein level also ex-
tremely low in naïve T and TH17 cells (fig. S6, D and E). In addition, 
our RNA immunoprecipitation (RIP)–qPCR analysis demon-
strated that lncRNA-GM did not bind to GSTM1 in TH17 cells 

Fig. 2. lncRNA-GM promotes TH17 cell differentiation but inhibits Treg cell differentiation in vivo and in vitro. (A) Flow cytometric analysis of CD44+ and CD62L+ in 
splenic CD4+ T cells from WT and lncRNA-GM−/− mice (n = 4). (B and C) Flow cytometric analysis IFN-+, IL-4+, IL-17A+, and Foxp3+ cells in splenic CD4+ T cells (B) and differ-
entiated TH1, TH2, nonpathogenic TH17 (IL-6 + TGF-), pathogenic TH17 (IL-6 + IL-1 + IL-23), optimal pathogenic TH17 (IL-6 + TGF- + IL-1 + IL-23), and iTreg cells for 3 days 
(C) (n = 4 to 5). (D) Quantification of IFN-+, IL-4+, IL-17A+, and Foxp3+ T cells in differentiated TH1, TH2, nonpathogenic TH17, pathogenic TH17, optimal pathogenic TH17, 
and iTreg cells (n = 3 to 5). (E) Flow cytometric analysis and quantification of IL-17A+ cells transfected with control lentivirus and lncRNA-GM overexpression lentivirus in 
TH17 cells (n = 4). Results are presented as means ± SD (A, B, D, and E). One of three representative experiments is shown. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3. lncRNA-GM promotes TH17 cell differentiation by activating mTORC1 signaling. (A) Heatmap showing the representative up-regulated or down-regulated 
genes from WT and lncRNA-GM−/− TH17 cells (fold change > 1.5, P < 0.05). (B) qPCR analysis of Il17, Il17f, and Il23r mRNA expression in naïve T and TH17 cells (n = 3). (C) qPCR 
analysis of Foxp3, Il10rb, and Gpr83 mRNA expression in naïve T and iTreg cells (n = 3). (D) Cytometric bead array analysis of IL-17A and IL-17F in TH17 cell supernatants and 
IL-10 in iTreg cell supernatants from WT and lncRNA-GM−/− mice (n = 3 to 4). (E) Gene set enrichment analysis of TH17 cells from WT and lncRNA-GM−/− mice. (F) Heatmap 
showing down-regulated mTOR pathway–related genes in lncRNA-GM−/− TH17 cells (P < 0.05). (G) Immunoblot analysis of mTORC1 and downstream signaling pathway 
in WT and lncRNA-GM−/− naïve T, TH0 (-CD3/CD28), and TH17 (-CD3/CD28 plus IL-6 + TGF- + IL-1 + IL-23) cells for 3 days. (H) Phosphorylation of mTOR, p70S6K, and 
4EBP1 was measured by flow cytometry from WT and lncRNA-GM−/− TH17 cells (n = 3 to 4). (I and J) Flow cytometric analysis (I) and quantification (J) of CD4+ IL-17A+ cells 
in WT and lncRNA-GM−/− TH17 cells after treatment with DMSO and 50 nM rapamycin (Rapa; n = 4). Naïve CD4+ T cells were cultured in vitro under optimal pathogenic TH17 
cell polarizing conditions for 3 days. Results are presented as means ± SD (B, C, D, H, and J). One of three representative experiments is shown. *P < 0.05; **P < 0.01; 
***P < 0.001. FDR, false discovery rate. NES, normalized enrichment scores; MFI, mean fluorescence intensity.
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(fig. S6F). Thus, lncRNA-GM promotes TH17 cell differentiation 
independent of GSTM1.

lncRNA-GM binds to Foxo1 and inhibits Foxo1 
dephosphorylation to activate mTORC1
RNA-RBP interaction plays essential role in regulation of T cell dif-
ferentiation and autoinflammation (31, 32). To figure out the 
mechanism for lncRNA-GM in regulation of mTORC1 activation, 
we screened for lncRNA-GM binding partners via RIP-qPCR assay 
(fig. S7A). Of 11 candidate TH17 cell–related proteins (transcription 
factor, receptor, mTOR-associated protein, etc.), there was potent bind-
ing between lncRNA-GM and Foxo1, a member of forkhead box O 
(Foxo) transcription factor family (Fig. 4A). We further confirmed 
lncRNA-GM directly bound to Foxo1 in the cytoplasm of differen-
tiated TH17 cells by RIP-qPCR (Fig. 4B) and RNA–fluorescence in 
situ hybridization (FISH; Fig. 4C). There was nearly no interaction 
between Foxo1 with negative control [Mock plasmids or immuno-
globulin G (IgG)] or two other lncRNAs, lncLrrc55-AS (21) and 
lnc-Dpf3 (33), which had been previously reported to bind transcrip-
tional factors and were also expressed in T cells, indicating that Foxo1 
interacted with lncRNA-GM in a specific manner (Fig. 4, A and B). 
Therefore, we identified Foxo1 as a lncRNA-GM–interacting RBP.  
Intriguingly, lncRNA-GM deletion resulted in a remarkable increase 
of the Foxo1 protein level (Fig. 4D) and Foxo1 mRNA expression 
(fig. S7B) in both TH17 and iTreg cells. However, the levels of Foxo1 
mRNA or protein in TH1 and TH2 cells were similar between WT 
and lncRNA-GM−/− littermates (fig. S7, C and D). These results in-
dicate that lncRNA-GM directly binds to Foxo1 and reduces Foxo1 
expression in TH17 and iTreg cells.

Because Foxo1 is involved in TH17 and Treg cell development 
and function (11), Foxo1 could directly bind to the Foxp3 promoter 
region and promote Foxp3 expression (34). Meanwhile, Foxo1 binds 
to the Il23r promoter to inhibit TH17 differentiation (12). There-
fore, we sought to determine whether the transcriptional activity of 
Foxo1 depends on its interaction with lncRNA-GM. ChIP-qPCR 
showed that the enrichment of Foxo1 at Il23r and Il17 gene promot-
er was increased in lncRNA-GM−/− TH17 cells, which was accompa-
nied by reduced binding of RORt at Il23r and Il17 gene promoter 
(Fig.  4,  E  and  F). These results suggested that lncRNA-GM pro-
motes TH17 cell differentiation by targeting Foxo1 and relieving the 
suppressive effect of Foxo1 on Il23r and Il17. Consistently, enrich-
ment of Foxo1 at Foxp3 promoter was also increased in lncRNA-GM−/− 
iTreg cells (Fig. 4G). Furthermore, we did not detect binding of Foxo1 
on the Tbx21 promoter region in TH1 cells (fig. S7E), which was con-
sistent with the previous observations (35,  36). Dephosphoryl-
ation has been shown to mediate nuclear retention of Foxo1 (13, 37). 
We examined Foxo1 and phosphorylated (p-) Foxo1 protein level in 
nuclear and cytoplasm and found that Foxo1 phosphoryl ation in cyto-
plasm was significantly reduced and its nuclear accumulation was 
increased in lncRNA-GM−/− TH17 cells (Fig. 4H). We also observed 
that Foxo1 nuclear accumulation was increased in lncRNA- GM−/− 
TH17 cells but not in naïve T cells by confocal microscopy (Fig. 4I). 
Therefore, lncRNA-GM deficiency promotes dephosphorylation and 
nuclear retention of Foxo1 and consequently enhances Foxo1-dependent 
inhibition of Il23r and Il17 gene transcription.

Protein phosphatase 2 (PP2A), an important Foxo1 phosphatase, 
dephosphorylates Foxo1  in cytoplasm and plays a critical role in 
TH17 cell development (38, 39). We found that phosphatase PP2A 
directly bound to Foxo1 in TH17 cells, and this interaction was 

significantly increased in lncRNA-GM−/− TH17 cells (Fig. 4J). Fur-
thermore, treatment of Foxo1 inhibitor AS1842856 could efficiently 
increase the differentiation of TH17 cells and decrease the differen-
tiation of iTreg cells (Fig. 4, K and L). Foxo1 inhibition also reversed 
TH17 cell differentiation that was suppressed by lncRNA-GM deletion 
(Fig. 4K). Foxo1 could indirectly activate adenosine monophosphate- 
activated protein kinase (AMPK) and inhibit mTORC1 activity, which 
were also up-regulated by TCR signaling of T cell activation (11, 40). 
In the presence of anti-CD3 and anti- CD28 stimulation, phosphoryl-
ation of Foxo1 (Ser256) and mTORC1 signaling were pronouncedly 
reduced in lncRNA-GM−/− CD4+ T cells compared with that in WT 
CD4+ T cells (fig. S7F). Consistently, Foxo1 inhibition efficiently in-
creased the activation of mTOR signaling in both WT and lncRNA- 
GM−/− TH17 cells (fig. S7G). Together, these data suggested that during 
TH17 cell differentiation, lncRNA-GM binds to transcriptional factor 
Foxo1 and reduces its dephosphoryl ation by PP2A for preventing 
Foxo1 from nuclear translocation and transcription suppression, thus 
consequently resulting in mTORC1 activation and promotion of 
TH17 differentiation.

lncRNA-GM–deficient mice attenuates tissue inflammation 
and autoimmune diseases in vivo
MS is a chronic, organ-specific T cell–mediated autoimmune disease, 
characterized by demyelination and axonal loss (41). Given that 
lncRNA-GM promoted TH17 cell differentiation, we tested the in vivo 
role of lncRNA-GM in regulating a TH17-dependent autoimmune 
disease model, experimental autoimmune encephalomyelitis (EAE), 
an established mouse model of human MS. lncRNA-GM–deficient 
mice showed milder disease severity with lower clinical score, 
peak score compared to WT mice (Fig. 5, A and B). In addition, 
lncRNA-GM−/− mice had smaller spleen and less spleen weight (Fig. 5C), 
accompanied by substantially reduced infiltration of CD4+ T cells 
and monocytes in brain and mesenteric lymph node (Fig. 5D and 
fig. S8, A and B). The numbers of neutrophils (CD11b+Ly6Ghi) and 
B cells (B220+) were comparable between lncRNA-GM−/− and con-
trol mice (fig. S8, C and D). Especially, the infiltration of TH17 and 
TH1 cells into the brain, spinal cord, and spleen was decreased, while 
the infiltration of Treg cells was increased in lncRNA-GM−/− mice 
with EAE (Fig. 5, E and F, and fig. S8E). Histological analysis 
showed less mononuclear cell infiltration in the brain and spinal cord 
of lncRNA-GM−/− mice (Fig. 5, G and H).

As we previously demonstrated that lncRNA-GM enhanced 
type I IFN production in macrophages (19) and type I IFNs (IFN- 
and IFN-) was shown to ameliorate pathological inflammation of 
central nervous system (CNS) diseases (42–44), we tested whether 
lncRNA-GM prevents autoimmune inflammation via regulating type I 
IFN production. We found no difference of sera IFN- or Ifna4 and 
Ifnb1 mRNA levels between WT and lncRNA-GM−/− mice (fig. S8, F 
to H). Thus, lncRNA-GM promotes progress of EAE independent 
of type I IFN production.

To further confirm the T cell–intrinsic regulatory role of lncRNA- 
GM in the pathogenesis of EAE, we adoptively transferred Rag2−/− 
mice with WT or lncRNA-GM−/− CD4+ T cells before EAE induction. 
Compared to the recipient Rag2−/− mice that were transferred with 
WT CD4+ T cells, the mice receiving lncRNA-GM−/− CD4+ T cells 
displayed remarkably decreased severity and reduced clinical scores 
(Fig. 6, A and B), accompanied by reduced CD4+ and CD8+ T cell 
proportions in the spleen (Fig. 6C and fig. S9A) and less TH17/TH1 
cells but more Treg cells in CNS (Fig. 6D and fig. S9, B to D). 
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Fig. 4. lncRNA-GM directly interacts with Foxo1 and attenuates Foxo1 dephosphorylation by PP2A. (A and B) RIP-qPCR analysis of lncRNA-GM and lncLrrc55-AS 
immunoprecipitated by Flag antibody in HEK293T (A) and lncRNA-GM and lnc-Dpf3 immunoprecipitated by Foxo1 or IgG in T cells (B) (n = 3 to 4). (C) RNA FISH analysis of 
lncRNA-GM (red) and Foxo1 (green) in TH17 cells. DNA (blue) was stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar, 2.5 m. (D) Immunoblot analysis of Foxo1 
levels in TH17 and iTreg cells. (E and F) ChIP-qPCR analysis of the recruitment of Foxo1 to Il23r and Il17 promoter regions (E) and RORt to Il23r and Il17 promoter regions 
(F) in TH17 cells and the recruitment of Foxo1 to Foxp3 promoter regions in WT iTreg cells (n = 3 to 4). (G) ChIP-qPCR analysis of the recruitment of Foxo1 to Foxp3 promoter 
regions in iTreg cells (n = 3). (H) Immunoblot analysis of Foxo1 and p-Foxo1 (Ser256) levels in cytoplasm and nuclear extracts from TH17 cells. (I) Immunofluorescence analysis 
of Foxo1 (green) or IgG (green) in naïve T or TH17 cells. DNA (blue) was stained with DAPI. Scale bar, 2.5 m. (J) Immunoblot analysis of PP2A in T cells after IP with anti-Foxo1 
antibody. (K and L) Flow cytometric analysis of IL-17A+ cells in TH17 (K) after treatment with DMSO or 50 nM AS1842856 (AS) and Foxp3+ cells in iTreg (L) after treatment 
with 200 nM AS1842856 (n = 4 to 5). Results are presented as means ± SD (A, B, E, F, G, K, and L). One of three representative experiments is shown. *P < 0.05; **P < 0.01; 
***P < 0.001.
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Therefore, lncRNA-GM mediates autoimmune inflammation by 
polarizing TH17 cell differentiation but inhibiting Treg induction.

DISCUSSION
Hyperactivity of proinflammatory CD4+ T cells causes autoimmu-
nity and inflammation, whereas Treg cells inhibit autoinflammation 
and maintain immune homeostasis (45). The molecular mechanisms 
governing the balance between TH17/Treg cells during T cell–mediated 
autoinflammation remains unclear. In this study, we demonstrated 
that lncRNA-GM, with a specific higher expression in TH17 cells, 
directly binds to Foxo1 and forms a new RNA-RBP complex to 
facilitate TH17 cell differentiation and promote the development of 
autoimmune diseases. We also found human lncRNA-GM promotes 
TH17 cell differentiation and inhibits Treg cell induction, indicating 
that lncRNA-GM may serve as a potential therapeutic target for the 
treatment of TH17-mediated autoimmune diseases.

RNA-RBP interactions are critical for gene expression and func-
tion of the immune system. RBPs interact with RNAs with specific 
sequences or structures to control RNA stability, translation, and trans-
location (14). Especially, RBPs are found to widely interact with 
noncoding RNAs such as lncRNAs, small nuclear RNAs, and trans-
fer RNAs. Among them, lncRNA interaction with RBPs has been 
shown to play critical roles in T cell differentiation. For example, 
Linc-CCR2-5′ binds to GATA binding protein-3 (GATA-3) and is 
required for the TH2-specific gene expression and TH2 cell migra-
tion (46). LincRNA-MAF-4 is exclusively expressed in TH1 cells and 
promotes the development of TH1 cells by inhibiting the function 
of the transcription factor c-MAF4 (47). Long noncoding RNA 
nuclear-enriched abundant transcript 1 (lncRNA NEAT1), specifi-
cally expressed in TH17 cells, promotes TH17 cell differentiation by 

binding STAT3 and inhibiting its degradation (48). LncRNA Flicr 
(Foxp3 long intergenic noncoding RNA) in Treg cells negatively reg-
ulates Foxp3 transcription and inhibits Treg cell differentiation (49). 
Different from these findings, we report that lncRNA-GM specifically 
binds to transcription factor Foxo1, forming a new RNA-RBP 
complex to regulate the TH17/Treg cell differentiation balance and 

Fig. 5. Deficiency of lncRNA-GM attenuates pathogenesis of active EAE. (A and B) Mean clinical score (A) and peak clinical score (B) of WT and lncRNA-GM−/− mice after 
induction of EAE with MOG35–55 and pertussis toxin (n = 6). (C to H) At day 28 after EAE induction, WT and lncRNA-GM−/− mice were analyzed for spleen size and weight 
(n = 5) (C), quantification of CD4+ T cells in the brain and mesenteric lymph node (mLN; n = 3 to 6) (D), quantification of IL-17A+, IFN-+, and Foxp3+ T cells in the brain, 
spleen, and spinal cord (SC; n = 4 to 6) (E and F), and histology of hematoxylin and eosin–stained brain (G) and spinal cord (H). Results are presented as means ± SD (A, B, 
C, D, E, and F). One of three representative experiments is shown. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 6. Deficiency of lncRNA-GM reduces severity of EAE by T cell adoptive 
transfer. (A and B) Mean clinical score (A) and peak clinical score (B) of Rag2−/− re-
cipients of WT and lncRNA-GM−/− CD4+ T cells after induction of EAE (n = 7). (C and 
D) At day 28 after EAE induction, Rag2−/− recipient mice were analyzed for quanti-
fication of CD4+ and CD8+ T cells in the spleen (n = 4) (C) and quantification of CD4+ 
IL-17A+, IFN-+, and Foxp3+ T cells in the spleen, brain, and spinal cord (n = 3 to 6) 
(D). Results are presented as means ± SD (A to D). One of three representative ex-
periments is shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



Chen et al., Sci. Adv. 8, eabn9181 (2022)     5 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 12

promote autoimmune pathology. We previously showed lncRNA-GM 
play a pivotal role in antiviral activity of macrophage via binding to 
GSTM1 and reducing GSTM1-mediated S-glutathionylation of TBK1 
(19). In our current study, we reveal that lncRNA-GM interacts with 
Foxo1 to repress Foxo1 transcriptional activity, leading to TH17/Treg 
cell imbalance. We demonstrate that lncRNA-GM promotes TH17 cell 
differentiation by targeting Foxo1 and relieving the suppressive ef-
fect of Foxo1 on Il23r and Il17 and inhibits iTreg cell differentiation 
by regulating transcription of Foxp3. Therefore, our work broadened 
the cell type–specific immunoregulatory function of lncRNA-GM 
in the pathogenesis of inflammatory autoimmune diseases, and it 
will be valuable to further investigate the regulation and function of 
lncRNA-GM in other pathological conditions in the future.

Compared with mRNAs, most of the lncRNAs are expressed at 
relatively low levels in cells (50). LncRNAs that display low cellular 
abundance but play significant biological and immunological func-
tions have been widely reported. For example, lnc13, which has only 
10 molecules per cell, potently represses inflammatory gene expression 
via binding to heterogeneous nuclear ribonucleoprotein D (hnRNPD) 
and regulates the susceptibility to celiac disease (51), and lincRNA- 
EPS (long intergenic noncoding RNA-erythroid prosurvival), which 
has 11 copy numbers per cell, plays an important role in inhibition 
of inflammatory responses via controlling nucleosome positioning 
and repressing gene transcription (22). Furthermore, other lncRNAs 
with low copies including Gas5 (with glucocorticoid receptor) (52), 
gadd7 (with TDP-43) (53), and PANDA (with NF-YA) (54) have 
been also reported to own key biological roles. Therefore, the regu-
latory role of lncRNA in inflammatory and immune responses largely 
depends on their protein, DNA, or RNA binding activity and does 
not necessarily require a large cellular abundance. Other than the 
copy number of RNA, the specific RNA secondary structure and 
multiple protein-binding motif sequence might play more important 
roles in the interaction of lncRNA with the target proteins. In this 
study, we show that lncRNA-GM, which contains ~60 copy number 
per TH17 cell, promotes TH17 cell polarization via binding to Foxo1 
and mediating its dephosphorylation and nuclear export, thus 
adding a new way of moderately expressed lncRNA for regulating 
immune responses.

Furthermore, the expression of lncRNA is relatively tissue and 
cell specific. Abnormal expression of lncRNA in CNS can lead to 
the occurrence of various neurological disorders. It was shown that 
some lncRNAs (such as lncRNA-Malat1 and lnc-DC) expressions 
were dysregulated in the serum of patients with MS (55). In addi-
tion, high expression of lncRNAs was also found in some patients 
with other diseases such as asthma, myasthenia gravis, and thymo-
ma (56, 57). We clarified the role of lncRNA-GM in TH17 cell–driven 
inflammatory autoimmune diseases. The expression of lncRNA-GM 
was tissue specific with high expression in the spleen and lymph nodes 
and cell type specific with exclusively high expression in TH17 cells. 
Consistently, the homolog of lncRNA-GM in human was also highly 
expressed in TH17 cells from human peripheral blood mononuclear 
cells, indicating that lncRNA-GM homolog expression may also be 
helpful for predication of T cell–associated autoimmune diseases.

TH17 cell differentiation and function are determined by defined 
cytokine milieus and distinct signals induced by cytokines. IL-6–
STAT3 and TGF-–Smad2/3 signaling pathways promote TH17 cell 
differentiation, whereas IL-2–STAT5 signaling inhibits TH17 cell 
differentiation (5, 6, 29). In addition, T cells depend on mTOR 
activity for their development, activation, and differentiation. In our 

study, we identified that lncRNA-GM promotes TH1/TH17 cell dif-
ferentiation and inhibits iTreg cell differentiation by enhancing the 
mTORC1 signaling pathway. Foxo1 is known as a rheostat that 
maintains mTORC1 activity. On one hand, under the conditions of 
oxidative stress or growth factor limitation, Foxo1 promotes Sestrin3 
(Sesn3) expression that further inhibits mTORC1 activity in tuberous 
sclerosis complex 2 (TSC2)–dependent manner (58). On the other 
hand, Foxo1 indirectly activates AMPK by induction of Sesn3, the 
activated AMPK could also inhibit mTORC1 signaling (40). In ad-
dition, AMPK can be also activated by liver kinase B1 (LKB1), which 
is independent of Foxo1 activity (40). Therefore, in our study, the 
observation that Foxo1 inhibitor AS1842856 could partially rescue 
TH17 differentiation in lncRNA-GM−/− mice might due to compen-
sative effect of AMPK activation induced by other factors, such as 
LKB1 and TSC2. Overall, our data indicated that lncRNA-GM di-
rectly binds to Foxo1 and promotes TH17 cell differentiation, which 
is mainly depending on activation of mTORC1 pathway.

As previously described, transcription factor Foxo1 is critical for 
regulation of TH17/Treg cell balance (59). Our data presented a pre-
viously unknown mechanism for the regulation of Foxo1 activity by 
lncRNA-GM–mediated phosphorylation. LncRNA-GM directly 
interacts with Foxo1 and blocks its dephosphorylation mediated by 
PP2A, enhancing its nuclear export. Intriguingly, PP2A is reported 
to decrease the activation of Smad2 but increase the activation of 
Smad3 for differentiation of TH17 (39). Our data further provide 
evidence for the positive role of PP2A in TH17 cell differentiation 
through regulating Foxo1 phosphorylation. However, the mechanism 
of PP2A in regulating TH17/Treg cell differentiation and the related 
inflammatory autoimmune diseases remain to be further clarified 
in detail. In conclusion, we illustrate a previously unknown mecha-
nism of lncRNA-GM in the pathogenesis of TH17/Treg cell imbalance–
associated autoimmune diseases, providing a potential therapeutic 
strategy for control of autoimmune inflammation.

MATERIALS AND METHODS
Mice
C57BL/6J mice were from Joint Ventures Sipper BK Experimental 
Animal Company (Shanghai, China), and Rag2−/− [B6(Cg)- Rag2tm1.1Cgn/J, 
008449] mice were obtained from The Jackson Laboratory. lncRNA- 
GM−/− mice were prepared as described previously (19). All animal 
experiments were conformed to the National Institute of Health Guide 
for the Care and Use of Laboratory Animals, with the approval of 
the Scientific Investigation Board of Second Military Medical Uni-
versity, Shanghai.

In vitro cell proliferation assay
Purified CD4+ T cells or CD8+ T cells were labeled with CellTrace 
Violet (Thermo Fisher Scientific) and stimulated with anti-mouse 
CD3 (5 g/ml) and anti-mouse CD28 (2 g/ml) for 72 hours. Cell 
proliferation of CD4+ or CD8+ T cells was determined by flow 
cytometry.

Flow cytometry
For surface staining, cells were stained with the appropriate anti-
bodies in phosphate-buffered saline for 20 min at room temperature. 
For intracellular staining, cells were fixed with 4% paraformaldehyde 
and then stained with specific antibodies in 1× fixation and permeabi-
lization solution (BD Biosciences). Foxp3 was stained with a Foxp3 



Chen et al., Sci. Adv. 8, eabn9181 (2022)     5 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 12

transcription factor staining buffer set (eBioscience), following the 
manufacturer’s instructions. Stained cells were detected with an LSRII 
or a Fortessa flow cytometer (BD Biosciences) and analyzed using 
FACS (fluorescence-activated cell sorting) Diva software (BD 
Biosciences) or FlowJo software (Tree Star).

Cytometric bead array analysis
For detection of IL-17A, IL-17F, and IL-10 concentrations in TH17 
or iTreg cell supernatants, the mouse IL-17A Flex Set, IL-17F Flex 
Set, or IL-10 Flex Set (BD Biosciences) was used following the man-
ufacturers’ instructions.

Immunoblot and immunoprecipitation analysis
A total of 1 × 106 cells were lysed in 1× Cell Lysis Buffer (Cell Signaling 
Technology) to obtain whole-cell lysates. Equalized whole-cell lysates 
were used for immunoblot analysis as previously reported (60). 
Antibodies were used for immunoblot analysis as follows: anti–p-
mTOR (Ser2448), anti-mTOR, anti-Foxo1, anti–p-Foxo1 (Ser256), anti–
4E-BP1, anti–p-4E-BP1 (Thr37/46), anti–p-p70S6K (Thr421/Ser424), 
anti-p70S6K, anti–p-Stat3 (Tyr705), anti-Stat3, anti–p-Smad2 (Ser465/467), 
anti-Smad2, anti–p-Stat5 (Tyr694), anti-Stat5, anti-Lamin A/C (4C11), and 
anti–PP2A-A were obtained from Cell Signaling Technology; anti–
glyceraldehyde phosphate dehydrogenase and anti-GSTM1 were from 
ProteinTech; anti–-actin was from Santa Cruz Biotechnology. The 
nucleus and cytoplasm proteins were extracted according to the man-
ufacturer’s instructions by NE-PER Nuclear and Cytoplasmic Extraction 
Reagents (Thermo Fisher Scientific).

For immunoprecipitation, 5  ×  106 T cells were harvested and 
then lysed in phosphatase extraction buffer [20 mM imidazole-HCl, 
2 mM EDTA, and 2 mM EGTA (pH 7.0)]. Foxo1 was immuno-
precipitated using anti-Foxo1 antibody (Cell Signaling Technology) 
and protein A agarose. Beads were washed four times in 1× tris- 
buffered saline, and the proteins were determined by immunoblot 
analysis.

RNA interference
For interference of human lncRNA-GM homolog, human CD4+ 
T cells were purified from peripheral blood. CD4+ T cells were trans-
fected with 200 nM siRNA-AK026392.1 using the P3 Primary Cell 
4D-Nucleofector X Kit reagent (Lonza) following the manufacturer’s 
instructions. TH17 cell differentiation medium was applied 24 hours 
after transfection. mRNA expression was analyzed by qPCR 3 days 
later. Two different set of siRNAs were used for AK026392.1 inter-
ference: (i) GCC CUC AAU UCU UGA AGC ATT and (ii) GGU 
ACA UCU GUA GCC AAU UTT. Control siRNAs were (i) UUC 
UCC GAA CGU GUC ACG UTT and (ii) ACG UGA CAC GUU 
CGG AGA ATT.

RIP assay
RIP assay was used as previously described (19). A total of 5 × 106 
T cells were harvested and lysed with Cell Lysis Buffer (Cell Signal-
ing Technology) and supplemented with protease inhibitor cocktail 
(Sigma-Aldrich) and ribonuclease inhibitor (Thermo Fisher Scien-
tific), incubated on ice for 30 min, and then centrifuged. Cell lysates 
were collected and then incubated with GSTM1 (Proteintech), 
Foxo1 (Cell Signaling Technology) antibody or control antibody 
IgG (Cell Signaling Technology) at 4°C for overnight. Protein G 
magnetic beads (Cell Signaling Technology) were added to each 
sample and incubated for 3 hours at 4°C. Beads were washed 

four times in wash buffer [20 mM tris-HCl (pH 7.0), 1 mM EDTA, 
0.5% NP-40, and 100 mM NaCl] and then subjected to RNA 
extraction.

RNA FISH and immunofluorescence microscopy
Cy3-conjugated lncRNA-GM probes were designed by the Stellaris 
FISH Probe Designer (Biosearch Technologies). RNA FISH was per-
formed as described previously (19). TH17 cells were fixed with 
fixation/permeabilization solution (eBioscience) for 15 min at room 
temperature, followed by hybridization with probes according to the 
Stellaris RNA FISH protocol.

For immunofluorescence analysis, naïve T and TH17 cells were 
fixed with fixation/permeabilization solution for 15 min at room 
temperature and then followed by incubation with anti-FOXO1A 
antibody (Abcam) or control antibody IgG (Cell Signaling Technol-
ogy) and Alexa Fluor 647 anti-rabbit secondary antibody (Thermo 
Fisher Scientific). Images were obtained with a laser scanning con-
focal microscope (Leica TCS SP8) and analyzed by the LAS X soft-
ware version 2.0.2.15022.

ChIP-qPCR assay
T cells were harvested and cross-linked according to the ChIP Assay 
Kit (Millipore) protocol. ChIP assay was performed with anti-Foxo1 
antibody, anti-H3K9Ac antibody, anti-H3K27Ac antibody, anti- 
H3K4me3 antibody or control normal rabbit IgG antibody (Cell Sig-
naling Technology), anti-RORt (AFKJS-9) antibody (Thermo Fisher 
Scientific), and normal rat IgG antibody (Santa Cruz Biotechnology). 
The primers for qPCR were listed as follows: lncRNA-GM, GAA TTT 
TGT GGC AGC TCA GC (forward) and ACA CAC AAT AGC CTT 
GGC TG (reverse); Il23r, CAC CAT TCG CCC TCA AGA AC (for-
ward) and CGT CTC TGG AGG TCA TGG TT (reverse); Il17, AGC 
TCC CAA GAA GTC ATG CT (forward) TAC GTC AAG AGT GGG 
TTG GG (reverse); Foxp3, GTT CCT GCT GTC AGG GTA GC (for-
ward) and GTT CTT GTC AGA GGC AGG CT (reverse).

EAE induction and T cell adoptive transfer
The EAE mouse model was induced as described previously (61). 
Briefly, female mice at the age of 12 weeks were immunized with 300 mg 
of MOG35–55 (Sangon) in Freund’s Complete Adjuvant (Thermo 
Fisher Scientific) and treated with 200 ng of pertussis toxin (Gibco) 
intraperitoneally on days 0 and 2.

For T cell adoptive transfer, CD4+ T cells were collected from 
WT and lncRNA-GM−/− mice and then intravenously transferred 
into Rag2−/− mice at 5 × 106 per mouse. The recipient Rag2−/− mice 
were immunized with MOG35–55 and treated with pertussis toxin at 
days 0 and 2. Clinical scores were evaluated according to the follow-
ing standards: 0, normal; 1, limp tail; 2, limp tail, impaired righting 
reflex, and paresis of one limb; 3, hindlimb paralysis; 4, hindlimb 
and forelimb paralysis; and 5, moribund.

For flow cytometric analysis of brain and spinal cord mono-
nuclear cells, single-cell suspensions from brain and spinal cord 
were poured into 35% Percoll (GE Healthcare) reagent. The cells at 
the bottom layer were then collected and used immediately for 
antibody staining.

Lentiviral infection
The cDNA for lncRNA-GM (19) was amplified by PCR, inserted 
into pRRLSIN-cPPT-SFFV-EGFP-MCS-SV40-puromycin (GV655) 
lentiviral vector (Genechem, China), and then subjected to lentiviral 
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packaging and purification. Naïve CD4+ T cells were stimulated 
with anti-mouse CD3 (5 g/ml) and anti-mouse CD28 (2 g/ml) 
antibodies for 24 hours. The activated CD4+ T cells (5 × 105) were 
then pun infected for 90 min at 1500 rpm and polybrene (10 g/ml) 
and incubated at 37°C for 24 hours. Later, the virus supernatants 
were removed, and medium containing IL-6 (30 ng/ml), h-TGF-1 
(3 ng/ml), IL-1 (10 ng/ml), and IL-23 (20 ng/ml) was added for 
TH17 cell induction.

Statistical analysis
All the experiments were independently repeated at least three times. 
Statistical analysis was performed using the software GraphPad 
Prism 8.0. The data were assessed by unpaired two-tailed Student’s 
t test. P ≤ 0.05 was considered statistically significant (*P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn9181

View/request a protocol for this paper from Bio-protocol.
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