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N E U R O S C I E N C E

Long noncoding RNA Gm2694 drives depressive-like 
behaviors in male mice by interacting with GRP78 
to disrupt endoplasmic reticulum homeostasis
Hong-Sheng Chen1,2,3†, Ji Wang1†, Hou-Hong Li1†, Xiao Wang1, Shao-Qi Zhang1, Tan Deng1, 
Yu-Ke Li1, Ruo-Si Zou1, Hua-Jie Wang1, Rui Zhu1, Wen-Long Xie1, Gang Zhao4*, 
Fang Wang1,2,3,5,6*, Jian-Guo Chen1,2,3,5,6*

Long noncoding RNAs (lncRNAs) are involved in various biological processes and implicated in the regulation of 
neuronal activity, but the potential role of lncRNAs in depression remains largely unknown. Here, we identified 
that lncRNA Gm2694 was increased in the medial prefrontal cortex (mPFC) of male mice subjected to chronic 
social defeat stress (CSDS). The down-regulation of Gm2694 in the mPFC alleviated CSDS-induced depressive-like 
behaviors through enhanced excitatory synaptic transmission. Furthermore, we found that Gm2694 preferentially 
interacted with the carboxyl-terminal domain of 78-kilodalton glucose-regulated protein (GRP78), which abrogated 
GRP78 function and disrupted endoplasmic reticulum homeostasis, resulting in a reduction of the surface expres-
sion of AMPA receptors (AMPARs). Overexpression of GRP78 in the mPFC promoted the surface expression of 
AMPARs and attenuated the CSDS-induced depressive-like behaviors of mice. Together, our results unraveled a 
previously unknown role of Gm2694 in regulating endoplasmic reticulum homeostasis and excitatory synaptic 
transmission in depression.

INTRODUCTION
Depression is a common illness worldwide, with an estimated 5% of 
adults affected, and approximately 280 million people in the world 
have depression (1, 2). Because of either side effects or lack of effec-
tiveness, antidepressant treatment produces unsatisfactory results. 
Functional and structural abnormalities of prefrontal cortex (PFC) 
have been reported in both individuals with current major depres-
sive disorder (MDD) and those at increased vulnerability to MDD 
(3), which are consistent with the studies of the postmortem human 
brain, that decreased expression of synapse-related genes and loss 
of synapses are observed in the PFC of patients with depression (4, 5). 
Understanding the molecular underpinnings leading to synaptic 
dysfunction will aid in the development of therapy for depression.

Long noncoding RNAs (lncRNAs) are transcripts longer than 
200 nucleotides that lack protein-coding function (6). They have been 
recognized to be involved in several biological processes by inter-
acting with DNA, RNA, or protein through distinct modes of action. 
For example, lncRNAs act as decoys to titrate away RNA binding 
proteins. In addition, lncRNAs function as molecular signals in re-
sponse to unique stimuli, altering the stability and translation of 
cytoplasmic mRNAs, and interfere with signaling pathways. lncRNAs 
serve as guides to recruit chromatin-modifying enzymes in cis or in 

trans to target genes (7). Accumulating evidence demonstrates that 
lncRNAs play an important role in regulating synaptic morphology 
and function (8, 9). For example, Malat1, an abundant lncRNA that 
localizes to the nuclear speckles, modulates synapse formation by 
regulating the expression of genes involved in synaptogenesis (10). 
The mutation of PTCHD1-AS exon 3 impairs excitatory synaptic trans-
mission in gene-edited induced pluripotent stem cell–derived neu-
rons (11). The expression of lncRNA GM12371 is up-regulated by 
adenosine 3′,5′-monophosphate signaling and is necessary for syn-
aptic transmission (12). In addition, several lncRNAs are more likely 
to be misregulated in neurological disorders including autism (11, 13), 
Angelman syndrome (14), Alzheimer’s disease (15), cocaine addic-
tion (16), schizophrenia (17), and depression (18). For instance, lncRNA 
LINC00473 is a female-specific driver of stress resilience that is ab-
errant in female depression (19). Nevertheless, the role of lncRNAs 
in depression remains to be further determined.

Several lines of evidence have demonstrated that chronic stress 
attenuates AMPA receptor (AMPAR)–mediated synaptic transmis-
sion (20–22). AMPARs are tetrameric ion channels that are assem-
bled into functional receptors in the endoplasmic reticulum (ER) by 
ER-resident interactors (23). One mechanism that regulates the quality 
control of AMPARs, export from the ER, is the unfolded protein 
response (UPR) (24). UPR is a transcriptional and translational re-
sponse to the accumulation of unfolded proteins in the ER. When 
unfolded proteins accumulate in the ER, UPR is activated and works 
to balance the load on the molecules in charge of folding the pro-
teins by lowering the number of unfolded proteins present in the 
cell. However, during prolonged or overwhelming ER stress, UPR 
fails to restore ER homoeostasis and results in an activation of 
apoptotic cascade (25). There are three ER-resident transmembrane 
proteins orchestrating the UPR: the inositol-requiring enzyme 1 (IRE1), 
the protein kinase-like ER kinase (PERK), and the activating tran-
scription factor 6 (ATF6). The 78-kDa glucose-regulated protein 
(GRP78), also called binding immunoglobulin protein, is a central 
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regulator for ER stress due to its role as a major ER chaperone. Under 
physiological condition, GRP78 interacts with ER-luminal sensor 
domains of the three UPR-transducer proteins IRE1, PERK, and ATF6, 
which are located in ER membranes to inactivate the UPR and main-
tain ER homeostasis. Once ER stress occurs, unfolded/misfolded 
proteins are predominantly accumulated in the ER lumen, which 
compete with GRP78 binding to the UPR sensor proteins, and let 
the fact that GRP78 is released from the sensor proteins. This leads 
to the activation of downstream signaling of these three UPR effec-
tor proteins and increases the expression of GRP78 protein in the 
ER lumen (26).

GRP78 is a chaperone protein localized primarily in the ER lumen, 
where it assists in proper protein folding by facilitating assembly 
and trafficking of misfolded proteins. For example, GRP78 selec-
tively interacts with the N-terminal domain of GluN2A subunit of 
N-methyl-d-aspartate receptor (NMDAR) and participates in the 
synaptic insertion of GluN2A-containing NMDAR (27). In addi-
tion, GRP78 is reported to recognize and bind to GluA1 and GluA2 
subunits of AMPAR (28–30), indicating a key role of GRP78 in the 
trafficking and postsynaptic localization of AMPAR. Several studies 
have shown that the expression of GRP78 is increased in the tempo-
ral cortex (31) and PFC (32) of individuals with MDD.

lncRNAs have been demonstrated to be associated with ER stress 
response (33, 34); however, whether synaptic transmission is altered 
by lncRNA-regulated ER homeostasis is largely unknown. Here, by 
using lncRNA microarray profiling and viral-mediated molecular 
manipulation, we found that lncRNA Gm2694 impaired excitatory 
synaptic transmission and contributed to depressive-like behaviors 
in male mice. Activation of lncRNA Gm2694 disrupted ER homeo-
stasis via interacting with C-terminal domain of GRP78, leading to 
the decrease in surface expression of AMPARs.

RESULTS
lncRNA Gm2694 is up-regulated by chronic stress 
in the mPFC of male mice
To investigate the potential role of lncRNAs in depression, chronic 
social defeat stress (CSDS), we used an extensively used animal model 
of depression and assessed the depressive-like behaviors by social 
interaction test (SIT) and sucrose preference test (SPT) (Fig.  1A) 
(35). Compared with control and resilient mice, susceptible mice spent 
less time engaging in social interaction and displayed reduced social 
interaction ratio (Fig. 1, B to D) and sucrose preference (Fig. 1E). 
Then, an established lncRNA microarray analysis was applied in RNAs 
that isolated from medial PFC (mPFC) of control and CSDS-treated 
(susceptible) mice. The differentially expressed lncRNAs were ana-
lyzed using a log2 fold change (FC) ≥ 2.0 and a P ≤ 0.01. It was 
found that only 37 lncRNAs were up-regulated, and 50 lncRNAs 
were down-regulated in the mPFC of CSDS-treated mice (Fig. 1F 
and file S1), among which Gm2694, the lncRNA encoded by a 
gene at chromosome 8qc3, was identified as the most obviously up- 
regulated lncRNA in CSDS-treated mice (Fig. 1, F and G, and fig. 
S1, A and B). Since the functions of lncRNAs depend on their sub-
cellular localization (36), fluorescence in situ hybridization (FISH) 
assays were performed to investigate the distribution of Gm2694 in 
HT22 cells. As shown in Fig. 1H, Gm2694 was mainly distributed in 
the cytoplasm, prompting that the cytoplasmic Gm2694 may be in-
volved in its biological function. Although Gm2694 was expressed 
throughout the body (fig. S1C), the level of Gm2694 was increased 

in the mPFC of CSDS-treated mice (Fig. 1I) but remained un-
changed in anterior cingulate cortex, nucleus accumbens, dorsal 
hippocampus, basolateral amygdala, and cerebellum (fig. S1, D to 
H). There was a negative correlation between the level of Gm2694 
and social interaction ratio (Fig. 1J). By using the cytoplasmic and 
nuclear RNA purification kit, it was shown that the level of Gm2694 
was increased in the cytoplasm of mPFC from depressed mice 
(Fig. 1K). Next, we used the primary culture of cortical neurons and 
glia cells to investigate which cell type Gm2694 was expressed in. 
The results showed that Gm2694 was expressed in neurons, micro-
glia, and astrocytes (fig. S2A) and located in the ER and Golgi 
apparatus of neurons (fig. S2B). These results indicate that chronic 
stress increases the expression of Gm2694 in the mPFC of CSDS- 
treated mice.

Knockdown of Gm2694 in the mPFC prevents CSDS-induced 
depressive-like behaviors via enhancing excitatory  
synaptic transmission
To determine the impact of Gm2694 in the depressive-like behaviors, 
we constructed an effective short hairpin RNA (shRNA) for the spe-
cific knockdown of Gm2694 with lentivirus (LV-shGm2694), which 
was microinjected into the mPFC to decrease Gm2694 expression 
(Fig. 2A and fig. S3, A and B). Knockdown of Gm2694 improved 
the depressive-like behaviors of defeated mice, as shown by reduced 
social avoidance (Fig. 2, B to D) and increased sucrose preference 
(Fig. 2E), but not in control mice (fig. S3, C to E).

Considering that accumulating evidence demonstrates aberrant 
glutamatergic function in depression (20, 37) and a previous study 
in our laboratory showed that chronic stress reduced glutamate 
receptor–mediated synaptic transmission by increasing microRNA- 
214-3p in the mPFC of depressed mice (35), we wondered whether 
the antidepressant action of Gm2694 was involved in the regulation 
of glutamatergic neurotransmission. Western blotting analysis showed 
that the surface expressions of GluA1 and GluA2 subunits of AMPAR 
were markedly decreased in the mPFC of CSDS-treated mice but 
reversed by application of LV-shGm2694 into the mPFC. On the con-
trary, the total levels of GluA1 or GluA2 were unchanged by CSDS 
or LV-shGm2694 injection (Fig. 2, F and G).

Next, whole-cell patch-clamp recording was used to further inves-
tigate the effect of Gm2694 on excitatory synaptic transmission of 
pyramidal neurons in mPFC slices. AMPAR-mediated miniature ex-
citatory postsynaptic currents (mEPSCs) were recorded in the pres-
ence of tetrodotoxin (a selective sodium channel blocker; 10 M), 
(2R)-amino-5-phosphonovaleric acid (AP5) (an NMDAR antagonist; 
50 M), and bicuculline (a -aminobutyric acid type A receptor 
antagonist; 20 M). Consistent with our previous studies (35), both 
amplitude and frequency of AMPAR-mediated mEPSCs were re-
duced in the mPFC of CSDS-treated mice compared with that of 
control mice, which were reversed by application of LV-shGm2694 
into the mPFC (Fig. 2, H to L). However, LV-shGm2694 failed to affect 
AMPAR-mediated mEPSCs of control mice (fig. S4, A to E). There 
were no notable changes in the decay time and rise time of mEPSCs 
in all cases (fig. S4, F and G), suggesting that LV-shGm2694 does not 
alter the kinetics of excitatory synaptic currents in the mPFC. Next, 
the evoked AMPAR-mediated EPSCs (AMPAR-eEPSCs) were re-
corded in the mPFC of mice. It was found that application of 
LV-shGm2694 into the mPFC reversed the decrease in the ampli-
tude of the AMPAR-eEPSC in the mPFC of CSDS-treated mice 
(Fig. 2, M and N). In addition, the dendritic spine densities of 
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pyramidal neurons were measured in the mPFC of mice. Dendrites 
from stressed mice showed a decrease in spine density compared with 
that of control mice but were reversed by microinjection of LV-
shGm2694 into the mPFC (fig. S4, H and I). Together, these results 
suggest that the knockdown of Gm2694 in the mPFC alleviates 
CSDS-induced synaptic dysfunction and depression- like behaviors.

Overexpression of Gm2694 in the mPFC contributes 
to depressive-like behaviors
Given that the knockdown of Gm2694 in the mPFC ameliorated 
depressive-like behaviors, we asked whether the overexpression of 
Gm2694 in the mPFC contributed to depressive-like behaviors. Four 
weeks after microinjection of recombinant adeno-associated viral 
vectors encoding green fluorescent protein (AAV-GFP) or Gm2694 
(AAV-Gm2694) into the mPFC, mice were performed behavioral tests 
and subsequently exposed to a microdefeat stress, which consisted 

of 5 min of physical aggression by an unfamiliar CD-1 mouse and 
was not sufficient to induce depressive-like behaviors in mice (38). 
Twenty-four hours after a microdefeat stress, mice were tested in 
the SIT and SPT (Fig. 3A). A representative section illustrating 
accurate bilateral microinjection into the mPFC can be seen in 
Fig. 3B. It was found that the expression of Gm2694 was increased 
in AAV-Gm2694–treated mice exposed to microdefeat stress com-
pared with that of AAV-GFP–treated mice (Fig. 3C). In addition, 
AAV-Gm2694–treated mice exposed to microdefeat stress displayed 
a reduction in the time and the ratio of time spent in the interaction 
zone (Fig. 3, D to F), together with the decrease in sucrose prefer-
ence (Fig. 3G) compared with that of AAV-GFP–treated mice.

Next, we measured AMPAR-mediated mEPSCs and observed that 
the amplitude and frequency were decreased in the AAV-Gm2694–
treated mice exposed to microdefeat stress compared with that of 
AAV-GFP–treated mice (Fig. 3, H to L); however, decay time and 

Fig. 1. The expression of lncRNA Gm2694 is up-regulated in the mPFC of susceptible mice. (A) The timeline of experimental procedure. (B) Heatmaps of time spent in 
the SIT. (C) Susceptible mice spent less time in the interaction zone when the target was present than control and resilient mice (n = 15 mice per group). (D) Susceptible 
mice had a significant lower interaction ratio than control and resilient mice (n = 15 mice per group). (E) Susceptible mice exhibited reduced sucrose preference (n = 15 mice 
per group). (F) Volcano plot showing the microarray analysis of differentially expressed lncRNAs in the mPFC between control and susceptible mice. (G) Chromosomal 
position of Gm2694 in University of California Santa Cruz (UCSC) database. (H) FISH results of the distribution of Gm2694 in HT22 cells (left). FISH statistical data of Gm2694 
for subcellular localization (right). n = 6. Scale bars, 20 m (top) and 5 m (bottom). (I) The mRNA level of Gm26964 was increased in the mPFC of susceptible mice. Gm2694 
levels were normalized to control mice (n = 15 mice per group). (J) Correlation between Gm2694 level in the mPFC and social interaction ratio in control and susceptible mice 
(n = 15 mice per group). (K) The mRNA level of Gm2694 was increased in cytoplasm of susceptible mice. Gm2694 levels were normalized to control mice (n = 6 mice per 
group). All data are presented as the means ± SEM, with each point representing data from an individual. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way analysis of variance 
(ANOVA) (C, D, E, and I) followed by Bonferroni’s post hoc test or Pearson correlation test (J) or Student’s t test (K). The statistical details can be found in table S1.
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rise time did not differ across groups (fig. S5, A and B). The density 
of dendritic spine in the mPFC was also decreased in the AAV-
Gm2694 mice exposed to microdefeat stress compared with that of 
AAV-GFP mice (fig. S5, C and D). These results indicate that the 
elevated level of Gm2694 in the mPFC contributes to the increased 
susceptibility of mice to stress.

Gm2694 interacts with GRP78 in HT22 cells
Next, we performed an RNA pulldown assay followed by mass spec-
trometry analysis to identify Gm2694-associated protein in the mPFC 
that might be involved in synaptic transmission. It was found that 
the sense probe of Gm2694 was specifically associated with ER stress–
related proteins, such as heat shock protein 90 (HSP90), HSP90, 
and GRP78 (fig. S6, A to D, and file S2). To determine whether these 
ER stress–related proteins, especially the UPR gatekeeper GRP78, play 
an important role in depressive-like behavior, we performed micro-
array analysis of gene expression in control and CSDS-treated mice 
and used gene set enrichment analysis for analysis of microarray data. 
The results showed that the UPR signal was up-regulated in the PFC of 
CSDS-treated mice (fig. S6, E and F). Furthermore, the expressions 

of HSP90, HSP90, and GRP78 proteins were analyzed by Western 
blotting, and the results showed that only GRP78 protein levels were 
increased in LV-shGm2694–treated mice exposed to CSDS compared 
with that of LV-shCon–treated mice (fig. S6, G and H).

The assay of FISH showed a colocalization of Gm2694 and GRP78 
in the cytoplasm of HT22 cells (Fig. 4A). RNA immunoprecipita-
tion (RIP) assay in lysate of HT22 cells was performed to investigate 
whether GRP78 was associated with Gm2694. We found that com-
pared with immunoglobulin G (IgG)–combined RNA, GRP78 was 
substantially enriched upon Gm2694 (Fig. 4, B and C). Similar re-
sults were observed in primary cultured cortical neurons (fig. S6I). 
RNA pulldown assay showed that biotin-Gm2694 was precipitated 
with GRP78  in the PFC of control mice (fig. S6J). Then, RIP was 
conducted to map in vivo Gm2694-GRP78 interactions. The results 
showed that CSDS increased the binding of Gm2694 to GRP78 in 
the mPFC of mice (Fig. 4D). An analysis of GRP78 intrinsic domains 
that required for Gm2694 binding was performed by catRAPID 
omics, which predicts RNA-protein associations and estimates the 
binding propensity of RNA-protein pairs (39). catRAPID analysis indi-
cated that the 500– to 655–amino acid region of GRP78 was predicted 

Fig. 2. Knockdown of Gm2694 in the mPFC prevents CSDS-induced depressive-like behaviors and enhances excitatory synaptic transmission. (A) The timeline of 
experimental procedure. (B) Heatmaps of time spent in the SIT. (C) LV-shGm2694–treated mice spent more time in the interaction zone when the target was present than 
LV-shCon–treated mice (n = 13 mice per group). (D) LV-shGm2694–treated mice had a significant higher interaction ratio (n = 13 mice per group). (E) LV-shGm2694–treated 
mice displayed increased sucrose preference in SPT (n = 13 mice per group). (F and G) Western blotting results showing that LV-shGm2694 treatment restored the surface 
expression of GluA1 and GluA2 in the mPFC of CSDS-treated mice (n = 6 to 9 mice per group). (H) Representative traces of AMPAR-mediated mEPSC recordings on the 
mPFC slices. Scale bar, 2 s, 20 pA. (I and J) Effect of LV-shGm2694 on mEPSC frequency (I) and cumulative probability plots of mEPSC interevent intervals (J) recorded from 
representative cells in each group (n = 9 to 10 mice per group). (K and L) Effect of LV-shGm2694 on mEPSC amplitude (K) and cumulative probability plots of mEPSC am-
plitude (L) from representative cells in each group (n = 9 to 10 mice per group). (M) Representative evoked AMPAR-mediated EPSCs (AMPAR-eEPSCs) traces in mPFC 
slices. Scale bar, 50 ms, 30 pA. (N) The amplitude of AMPAR-eEPSC was decreased in susceptible mice, and knockdown of Gm2694 significantly enhanced the amplitude 
of AMPAR-eEPSC in susceptible mice (n = 7 from five mice). All data are presented as the means ± SEM, with each point representing data from an individual. *P < 0.05, 
**P < 0.01, and ***P < 0.001 by one-way ANOVA (C, D, E, G, I, K, and N) followed by Bonferroni’s post hoc test. The statistical details can be found in table S1.
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to be the binding site to Gm2694 (Fig. 4, E and F). To further con-
firm this hypothesis, four additional constructs containing residues 
1 to 655, 101 to 200, 1 to 100, 201 to 500, and 501 to 655 of GRP78 
were made. It was found that the constructs containing residues 1 to 
655 or 501 to 655 of GRP78 were bound to Gm2694, whereas the 
constructs containing residues 1 to 100 and 201 to 500 showed only 
weak binding to Gm2694, and the constructs containing residues 
101 to 200 did not bind to Gm2694 (Fig. 4, G and H), indicating that 
Gm2694 mainly binds to the C-terminal domain (501 to 655 amino 
acids) of GRP78. To directly determine the interaction of Gm2694 
with GRP78, fluorescence resonance energy transfer (FRET) micro-
scopy was used in HT22 cells. By using Gm2694 FISH probe (red) 
and GRP78 antibody (green), it was found that Gm2694 was located 
in close proximity to GRP78 (6.713 ± 0.12 nm) with an FRET effi-
ciency of 0.529 ± 0.02 (Fig. 4, I to K); on the contrary, incubation of 
HT22 cells with 18S probe illustrated that there was no obvious energy 
transfer, suggesting that Gm2694 directly interacts with GRP78.

CSDS induces the interaction between Gm2694 and GRP78 
disrupting ER homeostasis
Given that there was the specific binding of Gm2694 to GRP78, we 
further examined the change in GRP78 protein level induced by CSDS.  
We found that the mRNA and protein expressions of GRP78 were 

increased in the mPFC of CSDS-treated mice (Fig. 5, A and B, and 
fig. S7A). Considering that activation of UPR-related protein, such 
as ATF6 and IRE1, could promote GRP78 gene transcription (40, 41), 
the changes in stress-induced UPR expression were investigated. We 
found that the expressions of phosphorylated IRE1 (p-IRE1) and ATF6 
proteins were increased in the mPFC of CSDS-treated mice, without 
alteration in the expression of apoptosis-related protein caspase-12 
(Fig. 5C). Given that CSDS increased GRP78 expression in the mPFC 
and knockdown of Gm2694 also increased GRP78 expression in the 
mPFC of CSDS-treated mice, leading to antidepressant action, we won-
dered whether overexpression of Gm2694 in the mPFC could affect the 
expression of GRP78. Compared with that of normal mice treated with 
AAV-GFP, the levels of GRP78 and UPR-related protein were un-
changed in the normal mice overexpressing Gm2694 (Fig. 5, D to F), 
suggesting that GRP78 may interact with three ER transducer sen-
sors in the ER membrane. Next, both groups of mice were exposed to a 
microdefeat stress. It was found that overexpression of Gm2694 in-
creased the expressions of GRP78, p-IRE1, and ATF6 in the mPFC 
of mice exposed to microdefeat stress, with no change in the expression 
of caspase-12 (Fig. 5, G  to  I), indicating that Gm2694 may bind to 
GRP78 in the ER lumen only under stress condition, where it disrupts 
the binding of GRP78 with UPR sensor proteins, resulting in prolonged 
activation of UPR and further increase in the expression of GRP78.

Fig. 3. Overexpression of Gm2694 in the mPFC facilitates the susceptibility of mice to stress and impairs excitatory synaptic transmission. (A) The timeline of 
experimental procedure. (B) Representative image of virus-mediated gene transfer in the mPFC of mice. Scale bar, 500 m. (C) Four weeks after injection with AAV-GFP/
AAV-Gm2694, quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed to assess the expression of Gm2694 in the mPFC of control and 
stressed mice (n = 6 mice per group). (D) Heatmaps of time spent in the SIT. (E) Overexpression of Gm2694 decreased interaction time of stressed mice (n = 15 mice per 
group). (F) Overexpression of Gm2694 decreased social interaction ratio of stressed mice (n = 15 mice per group). (G) Overexpression of Gm2694 decreased sucrose pref-
erence of stressed mice (n = 15 mice per group). (H) Representative traces of AMPAR-mediated mEPSC recordings on the mPFC neuron. Scale bar, 2 s, 20 pA. (I and J) Effect 
of AAV-Gm2694 on mEPSC frequency (I) and cumulative probability plots of mEPSC interevent intervals (J) from representative cells in each group (n = 8 mice per group). 
(K and L) Effect of AAV-Gm2694 on mEPSC amplitude (K) and cumulative probability plots of mEPSC amplitude (L) from representative cells in each group (n = 8 mice per 
group). All data are presented as the means ± SEM, with each point representing data from an individual. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-way ANOVA (C, E, 
F, G, I, and K) followed by Bonferroni’s post hoc test. The statistical details can be found in table S1.
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To further verify this hypothesis, we applied the ER stress activa-
tor tunicamycin (TM) at the indicated dosage in HT22 cells. After 
exposure to TM for 2, 4, or 8 hours, TM (1, 2, and 4 g/ml) dose- 
dependently increased the expression of GRP78; however, the ex-
pression of caspase-12 was only elevated in HT22 cells treated with 
TM (4 g/ml) for 8 hours (fig. S7, B and C). Thus, TM was given by 
the dosage of 2 g/ml for 4 hours in the further study. It was shown 
that administration of TM into the primary cultured cortical neu-
rons increased the expression of GRP78, p-IRE1, and ATF6, but not 
caspase-12 (fig. S8, A to C). However, overexpression of Gm2694 
(LV-Gm2694) in primary cortical neurons did not change the ex-
pression of GRP78 and UPR signaling (fig. S8, D to F), which may 
be due to the binding of GRP78 with UPR protein in the ER membrane. 
While Gm2694 was overexpressed in primary cortical neurons be-
fore TM treatment, TM increased the expression of GRP78 regardless 
of the presence or absence of Gm2694 (fig. S8, G and H). Overexpres-
sion of Gm2694 followed by TM treatment did not further elevate 
the expression of GRP78 protein, indicating that Gm2694 binds to 

GRP78, liberating from UPR protein into the ER lumen under TM 
treatment. Together, these results indicate that CSDS promotes the 
binding of Gm2694 to GRP78, resulting in increased expression of 
GRP78 by activation of UPR signaling.

Stress-induced activation of Gm2694-GRP78 complex 
decreases the surface expression of AMPAR
Previous studies have reported that GRP78 recognizes and binds to 
GluA1 and GluA2 subunits of AMPAR (28–30) and regulates AMPAR 
postsynaptic trafficking and localization (28, 42). In the present study, 
Western blotting analysis showed that CSDS reduced the surface ex-
pressions of GluA1 and GluA2 in the mPFC but did not affect the total 
expressions of GluA1 and GluA2 subunits of AMPAR (Fig. 6, A and B). 
We then asked whether Gm2694 overexpression could decrease the 
surface expression of AMPAR in the mPFC of mice exposed to a micro-
defeat stress. It was found that the surface expressions of GluA1 and 
GluA2 were reduced in the mPFC of AAV-Gm2694–treated mice 
exposed to microdefeat stress (Fig. 6, C and D).

Fig. 4. Gm2694 interacts with GRP78 in HT22 cells. (A) Gm2694 colocalized with GRP78 in HT22 cells as shown by RNA FISH. Blue, 4′,6-diamidino-2-phenylindole (DAPI); 
red, Gm2694; green, GRP78. Scale bars, 20 m (top) and 5 m (bottom). (B) Experimental procedure of RIP. (C) RIP and subsequent qRT-PCR assay showing that GRP78 
interacted with Gm2694 in HT22 cells (n = 4). (D) RIP and subsequent qRT-PCR assay showing that CSDS increased the binding of Gm2694 to GRP78 in the mPFC (n = 2). 
(E) The interaction profile that represented the protein interaction score (y axis) relative to the Gm2694 RNA sequence (x axis) provided information about the region most 
likely to be bound by the protein. (F) The interaction matrix showing a heatmap of the GRP78 protein (y axis) and Gm2694 RNA (x axis) regions. (G) Schematics of GRP78 
wild-type and truncated constructs. (H) RIP assays in HT22 cells transfected with Flag-Vector or Flag-GRP78 wild-type and truncated constructs (n = 2 to 3). (I to K) Confo-
cal FRET microscopy and analysis showing that Gm2694 was located in close proximity to GRP78 (n = 8). Scale bars, 5 m. All data are presented as the means ± SEM, with 
each point representing data from an individual. **P < 0.01 and ***P < 0.001 by one-way ANOVA (C and H) or two-way ANOVA (D) followed by Bonferroni’s post hoc test 
or Student’s t test (J and K). The statistical details can be found in table S1.
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Considering that administration of TM into primary cortical 
neurons induces the expression of GRP78, we then examined the 
impact of up-regulation of GRP78 on the surface expression of 
AMPAR. As shown in Fig. 6 (E and F), the surface expression of 
GluA1 and GluA2 was significantly higher in TM-treated neurons 
than that of control neurons. However, pretreatment with Gm2694 
overexpression blocked the TM-induced increase in the surface ex-
pression of GluA1 and GluA2 subunits of AMPAR (Fig. 6, G to I). 
In addition, an in vivo experiment was conducted to test the effect 
GRP78 on AMPAR under chronic stress. It was shown that over-
expression of GRP78 (AAV-GRP78) in the mPFC reversed the 
decrease in surface expression of GluA2 induced by CSDS, with no 
obvious changes in the total levels of GluA1 or GluA2 (Fig. 6, J and K). 
Together, these results indicate that chronic stress may cause the 

interaction of Gm2694 with GRP78, resulting in decreased surface 
expression of the GluA1 and GluA2 subunits of AMPAR.

GRP78 regulates chronic stress–induced depressive-like 
behaviors of mice by modulating excitatory  
synaptic transmission
To determine the role of GRP78 in chronic stress–induced depressive- 
like behaviors, we injected LV-shGRP78 into the mPFC to inhib-
it GRP78 expression (fig. S9, A and B). Two weeks later, mice were 
exposed to a microdefeat stress (Fig. 7A), and LV-shGRP78–treated 
mice displayed a significant reduction in social interaction and 
sucrose preference after microdefeat stress compared with those of 
LV-shCon mice (Fig. 7, B to D, and fig. S9C). The amplitude of 
mEPSC was decreased in the LV-shGRP78–treated mice exposed to 

Fig. 5. Gm2694 interacts with GRP78 under stress condition. (A) Representative images of Western blotting in control and CSDS-treated mice. (B) The expression of 
GRP78 protein was increased in the mPFC of CSDS-treated mice (n = 11 to 12 mice per group). (C) The expressions of p-IRE1 and ATF6 proteins were increased in the mPFC 
of CSDS-treated mice (n = 11 to 12 mice per group). (D) Representative images of Western blotting in AAV-Gm2694–treated unstressed mice. (E) Overexpression of 
Gm2694 in the mPFC did not change the expression of GRP78 protein in unstressed mice (n = 10 to 12 mice per group). (F) UPR was unaltered by overexpression of 
Gm2694 in the mPFC of unstressed mice (n = 10 to 12 mice per group). (G) Representative images of Western blotting in AAV-Gm2694–treated stressed mice. (H) Overex-
pression of Gm2694 in the mPFC increased the expression of GRP78 in stressed mice (n = 12 mice per group). (I) Overexpression of Gm2694 in the mPFC resulted in the 
increased expressions of p-IRE1 and ATF6 in stressed mice. n = 12 mice per group. All data are presented as the means ± SEM, with each point representing data from an 
individual. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t test (B, C, E, F, H, and I). The statistical details can be found in table S1.
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microdefeat stress compared with that in LV-shCon mice (Fig. 7, E to I), 
without changes in the decay time and rise time (fig. S9, D and E). 
The density of dendritic spine in the mPFC was also reduced in the 
LV-shGRP78–treated mice that received microdefeat stress com-
pared with that in LV-shCon mice (fig. S9, F and G). These results 
suggest that the decrease in GRP78 protein in the mPFC facilitates 
the susceptibility of mice to stress.

On the contrary, overexpression of GRP78 increased the social 
interaction of defeated mice in SIT (Fig. 7, J to L, and fig. S10, A to C) 
and restored the sucrose preference of defeated mice (Fig. 7M), but 
not in control mice (fig. S10, D to F), suggesting that overexpression 
of GRP78  in the mPFC attenuates CSDS-induced depression-like 
behaviors. In addition, overexpression of GRP78 in the mPFC reversed 
the reduction of both amplitude and frequency of AMPAR-mediated 
mEPSCs induced by CSDS (Fig. 7, N to R). However, overexpres-
sion of GRP78  in the mPFC did not affect excitatory synaptic 

transmission in control mice (fig. S11, A to E). There were no obvi-
ous changes in the decay time and rise time at excitatory synapses 
onto mPFC neurons in all groups (fig. S12, A and B). Furthermore, 
CSDS-induced reduction in the density of dendritic spine was pre-
vented by injection of AAV-GRP78 into the mPFC (fig. S12, C and D), 
indicating that overexpression of GRP78 alleviates CSDS-induced 
synaptic deficit in the mPFC.

DISCUSSION
In the present study, we have identified the role of a previously un-
identified lncRNA Gm2694 in depressive-like behaviors of male mice. 
CSDS induced an increase in lncRNA Gm2694 in the mPFC, and 
knockdown of Gm2694 prevented CSDS-induced depressive-like 
behaviors via enhancing excitatory synaptic transmission. The evi-
dence supports that Gm2694 directly interacted with C-terminal 

Fig. 6. CSDS-induced interaction of Gm2694 and GRP78 decreases surface expression of AMPAR. (A) Representative images of Western blotting in CSDS-treated 
mice. (B) CSDS decreased surface expression of GluA1 and GluA2 in the mPFC (n = 12 mice per group). (C) Representative images of Western blotting in AAV-Gm2694–
treated stressed mice. (D) Overexpression of Gm2694 in the mPFC decreased surface expression of GluA1 and GluA2 in stressed mice (n = 12 mice per group). (E) Repre-
sentative images of Western blotting in TM-treated primary cultured cortical neurons. (F) TM increased surface expression of GluA1 and GluA2 in primary cortical neurons 
(n = 6 cells per group). (G) Representative images of Western blotting in primary cultured cortical neurons treated with TM and LV-Gm2694. (H) Overexpression of 
Gm2694 in primary cortical neurons blocked TM-induced increase in surface expression of GluA1 (n = 8 to 9 cells per group). (I) Overexpression of Gm2694 in primary 
cortical neurons blocked TM-induced increase in surface expression of GluA2 (n = 9 cells per group). (J) Representative images of Western blotting in AAV-GRP78–treated 
stressed mice. (K) Western blotting results showing the effects of AAV-GRP78 on CSDS-induced surface expression of GluA1 and GluA2 in the mPFC (n = 7 to 8 mice per 
group). All data are presented as the means ± SEM, with each point representing data from an individual. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA (K) or 
two-way ANOVA (H and I) followed by Bonferroni’s post hoc test or Student’s t test (B, D, and F). The statistical details can be found in table S1.



Chen et al., Sci. Adv. 8, eabn2496 (2022)     2 December 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 16

domain of GRP78, a major ER molecular chaperone involved in ER 
homeostasis, in the ER lumen under stress condition, leading to the 
abrogation of GRP78 function, disruption of ER homeostasis, and 
decrease in surface expression of AMPARs. Furthermore, we found 
that overexpression of GRP78 in the mPFC promoted surface ex-
pression of AMPARs and attenuated CSDS-induced depressive-like 
behaviors. This study highlights the role of lncRNAs in depressive-like 
behaviors and provides new insight into the potential target for the 
treatment of depression.

Numerous noncoding RNAs, especially microRNAs and circu-
lar RNAs, have been found to be involved in neuronal function and 
psychiatric disorders, such as depression (35, 43–45), but little is 
known about lncRNA function in these processes. Recent study has 

demonstrated that 30% of differentially expressed genes in patients 
with depression are lncRNAs (19). For example, LINC00473, an lncRNA 
with a sex-specific role in depression that localized in the nucleus of 
neurons, is down-regulated in cortex of depressed females (19). 
Through lncRNA microarray assay, we found that the level of 
Gm2694 was enriched in the cytoplasm and increased in the mPFC 
induced by CSDS. There was a positive correlation between Gm2694 
level and depressive-like behaviors, and knockdown of Gm2694 ex-
pression in the mPFC ameliorated depressive-like behaviors. On the 
contrary, the elevation of Gm2694 expression in the mPFC promoted 
stress susceptibility of mice, suggesting that Gm2694 in the mPFC is 
a critical regulator of stress susceptibility. However, the exact mechanism 
underlying chronic stress–induced increase in Gm2694 expression 

Fig. 7. GRP78 regulates depressive-like behaviors of mice by modulating excitatory synaptic transmission. (A) The timeline of experimental procedure. (B) Heat-
maps of time spent in the SIT. (C) Knockdown of GRP78 decreased interaction time of stressed mice (n = 12 to 13 mice per group). (D) Knockdown of GRP78 decreased 
sucrose preference of stressed mice (n = 12 to 13 mice per group). (E) Representative traces of AMPAR-mediated mEPSC recordings on mPFC neurons. Scale bar, 3 s, 10 pA. 
(F and G) Effect of LV-shGRP78 on mEPSC frequency (F) and cumulative probability plots of mEPSC interevent intervals (G) from representative cells in each group (n = 7 
mice per group). (H and I) Effect of LV-shGRP78 on mEPSC amplitude (H) and cumulative probability (I) from representative cells in each group (n = 7 mice per group). 
(J) The timeline of experimental procedure. (K) Heatmaps of time spent in the SIT. (L) AAV-GRP78–treated stressed mice spent more time in the interaction zone (n = 12 mice 
per group). (M) AAV-GRP78–treated stressed mice exhibited increased sucrose preference (n = 12 mice per group). (N) Representative traces of AMPAR-mediated mEPSC 
recordings on the mPFC neuron. Scale bar, 3 s, 10 pA. (O and P) Effect of AAV-GRP78 on mEPSC frequency (O) and cumulative probability plots of mEPSC interevent inter-
vals (P) from representative cells in each group (n = 8 mice per group). (Q and R) Effect of AAV-GRP78 on mEPSC amplitude (Q) and cumulative probability plots of mEPSC 
amplitude (R) from representative cells in each group (n = 8 mice per group). All data are presented as the means ± SEM, with each point representing data from an indi-
vidual. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-way ANOVA (C, D, F, and H) or one-way ANOVA (L, M, O, and Q) followed by Bonferroni’s post hoc test. The statistical 
details can be found in table S1.
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was largely unknown. It has been demonstrated that epigenetic reg-
ulation of chromatin remodeling likely plays a prominent role in 
chronic stress–induced behavioral changes (46). Super-enhancers 
are large clusters of DNA elements, which can physically contact 
with their target promoters by chromatin looping during transcrip-
tion, and recruit a complex array of transcriptional coactivators to 
affect transcriptional activation. It has been reported that super- 
enhancers play a primary role in chronic stress–associated intestinal 
barrier dysfunction (47). Therefore, we proposed that chronic stress 
may facilitate the binding of super-enhancers to transcriptional co-
activators and drive the transcriptional activation of Gm2694, lead-
ing to the upregulation of Gm2694. In addition, increasing evidence 
shows that chronic stress alters the expression of epigenetic enzymes 
and associated histone posttranslational modifications and DNA 
methylation in several brain regions. Thus, chronic stress may up- 
regulate the level of Gm2694 via increasing the histone acetylation 
or inhibiting the methylation in the promoter region of Gm2694, 
which needed further investigation.

To investigate whether lncRNA Gm2694 had a human analog, 
we performed the analysis of sequence homology between human 
and mouse lncRNA. The genomic position of the homologous se-
quences of Gm2694 in the human reference genome was predicted 
to be localized in chr16: 49280333 to 49327853 (hg38), where the gene 
encoding cerebellin 1 (CBLN1) and noncoding RNA RP11-491F9.1 
were located on. The result of similarity in sequence alignment 
showed that Gm2694 [2302 base pairs (bp)] and RP11-491F9.1 
(654 bp) had 21.98% sequence similarity and the nucleotide sequence 
of 350- to 1320-bp region of Gm2694 and noncoding RNA RP11-
491F9.1 shared about 48% similarity, indicating that Gm2694 is, at 
least in part, evolutionarily conserved between mice and human.

Although several lncRNAs have been functionally annotated in 
the central nervous system, the majority remains to be character-
ized. The specific regulatory mechanism of lncRNA can be predicted 
by its cellular localization (48). The lncRNAs located in the cell nu-
cleus can participate in the regulation of transcription, epigenetic 
modification, and genome stability in neurons (10–12, 19, 49, 50). 
However, little is known about the function of cytoplasmic lncRNAs. 
A recent study of subcellular fractionation assay has shown that 
lncRNA Gm2694 is located in the cytoplasm of embryonic stem cells 
(51); however, the isoform 204 of lncRNA Gm2694 [lncRNA- 
Promoting Methylation (lncRNA-PM)] that is located in the nucleus 
regulates Cbln1 transcriptional activation through an isoform-specific 
manner (52), suggesting that lncRNA Gm2694 functions in a different 
way from other Gm2694 isoform (lncRNA-PM) and sheds light on 
the biological significance of lncRNA-based isoform in nervous sys-
tem. In our study, the result of FISH assay showed that Gm2694 was 
abundant in the cytoplasm, demonstrating that Gm2694 exerts its 
function in the cytoplasm. RNA-centric techniques are often required 
to explore the unknown functions of lncRNAs. RNA pulldown is the 
most widely used method to identify lncRNA-interacting proteins 
(53). We found that Gm2694 interacted with GRP78, which is the 
major ER residential chaperone and consists of an N-terminal 
adenosine 5′-triphosphate (ATP)–binding domain and a C-terminal 
substrate-binding domain (54). Under physiological condition, GRP78 
binds to the ER-luminal domain of ATF6 and IRE1 via its substrate- 
binding domain and then blocks UPR activation (26). lncRNAs can 
act as molecular decoys to bind and titrate away targeted proteins 
(55); therefore, lncRNAs that fit into this functional model could 
presumably act by negative regulation of an effector. Our results 

showed that Gm2694 preferentially interacted with C-terminal do-
main of GRP78 including binding domain, which led to the abroga-
tion of GRP78 function. Furthermore, both knockdown of Gm2694 
and overexpression of GRP78 attenuated depressive-like behaviors, 
indicating that Gm2694 can act as molecular decoy that competi-
tively binds to GRP78 protein.

GRP78 plays an important role in maintaining ER homeostasis 
and synaptic plasticity (27, 56). In the early stage of ER stress, GPR78 
is competitively titrated by the accumulation of unfolded proteins, 
and the substrate-binding affinity is increased for correctly folded 
proteins. Activation of ER stress triggers UPR signaling cascade and 
leads to increased expression of GRP78 (26). Overexpression of GRP78 
attenuates ER stress by enhancing protein folding and maintaining 
IRE1 and ATF6  in their inactive states, which contributes to the 
maintenance of ER homeostasis (54). Both clinical and preclinical 
studies have shown that the expression of UPR genes and GRP78 
mRNA is up-regulated in multiple brain regions of depression, in-
cluding PFC (32, 57), temporal cortex (31), and dentate gyrus (58), 
implicating that GRP78 is an important factor in the pathogenesis 
of depression. Our results are consistent with previous findings that 
the expression of GRP78 was increased in the mPFC of CSDS-treated 
mice, and GRP78 overexpression in the mPFC ameliorated the 
depressive-like behaviors. To further analyze these seemingly con-
tradictory results, we microinjected the mice with AAV-Gm2694 
into the mPFC and subsequently exposed to a microdefeat stress. It 
was found that administration of AAV-Gm2694 increased the ex-
pression of GRP78 and UPR signaling and promoted the depressive- 
like behaviors, illustrating that GPR78 may competitively titrate by 
accumulated Gm2694 in the ER lumen under stress condition. 
Moreover, ER stress–activated UPR signaling further increased the 
expression of GRP78, which may be decoyed by Gm2694 in the ER 
lumen. Together, chronic stress induced the elevation of Gm2694, 
which interacted with GRP78 and kept GRP78 sequestered in the 
ER lumen, resulting in the impairment of proper folding of proteins 
and the disruption of ER homeostasis.

Recently, the dysfunction of AMPARs has been recognized to be 
involved in depression, and AMPARs are down-regulated across mul-
tiple brain regions in depression, such as hippocampus (20) and mPFC 
(22). Our findings demonstrated that the surface expressions of GluA1 
and GluA2 were decreased in the mPFC of CSDS-treated mice. UPR 
signaling is needed for AMPARs assembly and trafficking (24, 59), 
for example, mutation of IRE1 blocks the trafficking of GluA1 and 
GluA2 and promotes the assembly of AMPARs in the ER (59). Loss 
of IRE1 causes abnormal morphogenesis of dendrites, which is re-
versed by overexpression of GRP78 (56). Vandenberghe et al. (24) 
reported that transfection of COS7 cells with constitutively active 
ATF6 enhanced the level of GRP78 and surface expression of GluA1 
subunit. Colocalization of GRP78 with GluA1 and GluA2 subunits 
has been observed by electron microscopy (29) and immunofluo-
rescence (28), suggesting that GRP78 may mediate the release of 
AMPAR from ER to plasma membrane. In our results, TM-mediated 
UPR signaling increased the expression of GRP78 and promoted sur-
face expression of GluA1 and GluA2 subunits in primary cultured 
cortical neurons. Similarly, overexpression of GRP78 in the mPFC 
increased the surface expression of AMPARs and AMPAR-mediated 
mEPSCs and the density of dendritic spine, leading to the attenua-
tion of depressive-like behaviors. Kuijpers et al. (60) reported that 
selective accumulation of tubular ER in axons results in increased 
excitatory neurotransmission. We also observed that overexpression 
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of GRP78 in the mPFC increased the frequency and amplitude of 
AMPAR-mediated mEPSC of CSDS-treated mice. Together, our re-
sults indicate that the increase in GRP78 expression in the mPFC 
enhances AMPAR-mediated synaptic transmission and ameliorates 
depressive-like behaviors.

There are only a few studies that explore the relationship between 
lncRNAs and ER homeostasis (33, 34, 61); however, lncRNA-regulated 
ER homeostasis has not been implicated in central nervous system. 
Our study provides the first evidence for the role of lncRNA Gm2694 
in depressive-like behaviors by regulation of ER homeostasis via 

interaction with GRP78. So far, knowledge of the effects of lncRNAs 
on synaptic transmission is still unexpectedly limited. Previous studies 
show that NeuroLNC (62), a neuron-specific nuclear lncRNA, or-
chestrates neuronal excitability by influencing presynaptic function. 
lncRNA AtLAS (63) regulates social hierarchy by controlling post-
synaptic AMPAR trafficking. In this study, we showed that lncRNA 
Gm2694 impaired AMPAR-mediated synaptic transmission via dis-
rupting ER homeostasis. Knockdown of Gm2694 in the mPFC 
promoted the surface expression of GluA1 and GluA2, enhanced 
the frequency and amplitude of AMPAR-mediated mEPSCs, and 

Fig. 8. Working model of Gm2694 in depression. In normal mice, a stressful event leads to an ER stress response. In the early stage of ER stress, GPR78 releases from ER 
membrane to ER lumen, activates UPR signaling, indicated by dimerization of IRE1 and translocation of ATF6, and increases the surface expression of AMPARs. In the late 
stage of ER stress, GRP78 returns to the ER membrane, binds to IRE1 and ATF6, and keeps them in their inactive states, contributing to the maintenance of ER homeosta-
sis. CSDS increased Gm2694 expression, and Gm2694 interacts with GRP78 to restrict the function of GRP78. As a result, GRP78 is sequestered in ER lumen and fails to bind 
to IRE1 and ATF6, resulting in ER imbalance. On the other hand, the Gm2694-GRP78 complex impedes the trafficking of postsynaptic AMPAR. Overexpression of Gm2694 
causes Gm2694 to interact with GRP78 under the microdefeat conditions. As a result, GRP78 becomes trapped in the ER lumen and is unable to bind to IRE1 and ATF6, 
resulting in an ER imbalance. Simultaneously, the Gm2694-GRP78 complex inhibits postsynaptic AMPAR trafficking. Knockdown of Gm2694 following CSDS can result in 
GRP78 release from the Gm2694-GRP78 complex. The unbound GRP78 in the ER lumen promotes postsynaptic AMPAR trafficking. Meanwhile, GRP78 returns to the ER 
membrane to block UPR signaling.
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ameliorated depressive-like behaviors. On the contrary, overexpres-
sion of Gm2694 blocked GRP78-mediated surface expression of 
AMPARs and impaired AMPAR-mediated mEPSCs. These results 
indicate that Gm2694 plays a key role in both ER homeostasis and 
synaptic transmission.

Together, our findings revealed that Gm2694 bound with C-terminal 
domain of GRP78 and acted as molecular decoy to inhibit GRP78 
function, which disrupted ER homeostasis, resulting in decreased 
surface expression of AMPARs and density of dendritic spine, thus 
facilitating the susceptibility of mice to chronic stress (Fig. 8). Our 
study identified lncRNA Gm2694 as a promising therapeutic target 
for MDD and unraveled the mechanism of lncRNA Gm2694 un-
derlying the regulation of chronic stress–induced synaptic deficits.

MATERIALS AND METHODS
Animals
Adult male C57BL/6J mice (7 to 8 weeks old) were purchased from 
Hunan SJA Laboratory Animal Corporation Ltd. (Changsha, Human 
province, China), and CD-1 mice (7 to 10 months old) were pur-
chased from Vital River Laboratories (Beijing, China). All mice were 
given 7 days to acclimate before experimentation and randomly as-
signed to experimental groups. All animals were maintained on a 
12-hour light/12-hour dark cycle at a constant temperature (23° ± 2°C) 
and humidity (50 ± 10%). Food and water were available ad libitum. 
All animal procedures were performed in strict accordance with the 
Animal Research: Reporting of In Vivo Experiments Guidelines. All 
experimental procedures were approved by the Animal Welfare 
Committee of Huazhong University of Science and Technology.

Social defeat stress procedures
Chronic social defeat stress
CSDS was carried out as previously reported (20). Briefly, CD-1 
mice were screened for aggressive behavior by 3-day screening pro-
cess. Every day, C57BL/6J mice were exposed to a different CD-1–
resident aggressor mouse for 10 min. C57BL/6J mice were separated 
from the aggressor and placed across a plastic separator with holes. 
Control C57BL/6J mice were housed individually. After 10 days of 
CSDS, mice underwent behavior tests.
Microdefeat stress
The microdefeat protocol is a subthreshold variation of the CSDS pro-
tocol, which was used to evaluate increased susceptibility to stress 
(38). The C57BL/6J mouse is subjected to subthreshold levels of social 
defeat that consist of three 5-min defeat sessions, each separated by a 
15-min period of rest. The behavior tests were conducted 24 hours later.

Behavioral tests
Social interaction test
SIT is used to assess social avoidance behavior as previously described 
with minor modifications (64). All tests were performed under red 
light condition. During the first 2.5-min stage (target absent), ex-
perimental C57BL/6J mouse was allowed to explore freely an open-
field arena (42 cm by 42 cm by 42 cm), containing a wire-mesh cage 
(10 cm by 6 cm) opposed to one side. Their movements were moni-
tored and recorded using ANY-maze software (Stoelting, Co, USA). 
At the end of 2.5 min, the C57BL/6J mouse was removed, and the 
arena was cleaned. During the second 2.5-min stage (target present), 
the C57BL/6J mouse was reintroduced into this arena, with an un-
familiar CD-1 aggressor mouse within the cage. SIT behavior was 

calculated as total time spent by the C57BL/6J mouse in the interaction 
zone when the target was absent or present or as a ratio (time spent 
in the interaction zone in the presence versus absence of the target).
Sucrose preference test
SPT was performed as previously described with some modifica-
tions (64). Mice were habituated to two identical 50-ml tubes con-
taining 1% sucrose solution and water for 48 hours. After the first 
24 hours, the positions of tubes were switched to eliminate potential 
side bias. Then, mice were deprived of water for 12 hours. The tubes 
were again weighed, and the sucrose preference ratio was calculated 
for the final 12 hours of testing. The sucrose preference was calcu-
lated by dividing the total amount of sucrose solution by the total 
amount of fluid (water + sucrose) consumed.

Quantitative reverse transcription polymerase 
chain reaction
For quantitative reverse transcription polymerase chain reaction 
(qRT-PCR), total RNA was extracted from different tissues and cell 
lines using TRIzol reagent (Invitrogen, Carlsbad, CA), according to 
the manufacturer’s instructions, and treated with excess deoxyribo-
nuclease I (TransGen Biotech, Beijing, China). Cytoplasmic RNA 
separation was performed using a cytoplasmic and nuclear RNA puri-
fication kit (Norgen Biotek, ON, Canada). First-strand cDNA syn-
thesis was generated using the RevertAid First-Strand cDNA Synthesis 
Kit (Fermentas, Thermo Fisher Scientific, Canada). qRT-PCR was 
performed to measure RNA expression levels with the SYBR Premix 
Ex Taq Kit (Takara, Dalian, China). Reactions were performed in 
96-well plates in the StepOnePlus Real-Time PCR System (Applied 
Biosystems, Foster City, CA). PCR amplification consisted of dena-
turation at 95°C for 30 s, followed by 40 cycles at 95°C for 50 s and 
60°C for 30 s. The primer sequences were used as follows: Gm2694, 
5′-CAACATCTCCTTATCCGC-3′ (forward) and 5′-CACCTCTAACCTCT-
GGCT-3′ (reverse); Grp78, 5′-GATGTTTGTCCCCTTACACT-3′(for-
ward) and 5′-CAACCTTCATAGACCTTGATT-3′(reverse); Gapdh, 
5′-ATGGTGAAGGTCGGTGTG-3′(forward) and 5′-CATTCTC-
GGCCTTGACTG-3′ (reverse).
lncRNA microarray analysis
Total RNAs were isolated with TRIzol reagent from mPFC. The 
microarray profiles were carried out by the Agilent Mouse lncRNA 
array 8 × 60,000 (Oebiotech, Shanghai, China). RNA samples (200 ng) 
were reverse-transcribed into cDNA, and cDNA samples were labeled 
with cyanine-3–cytidine 5′-triphosphate and used as probes for hy-
bridization on the lncRNA microarray, which was then scanned with 
an Agilent microarray scanner. Agilent Feature Extraction software 
(version 11.0.1.1) was used to analyze the acquired array images. 
GeneSpring software (version 12.0, Agilent Technologies, Santa 
Clara, CA) was used to finish the basic analysis with the raw data. 
The threshold set for the up-regulated and down-regulated genes 
was a log2 FC ≥ 2.0 and a P ≤ 0.01.

Western blotting
The protocol of Western blotting was similar with our previous 
study (65). The brain tissue or cell sample was sonicated in radio-
immunoprecipitation assay (RIPA) lysis buffer (Thermo Fisher 
Scientific, Rockford, IL, USA) containing protease and phosphatase 
inhibitors. Samples were centrifuged at 12,000g for 20 min at 4°C, 
and the protein concentrations were examined by the bicinchoninic 
acid assay (Beyotime Biotechnology, Haimen, China). All the pro-
tein samples were heated for 5 min at 95°C in loading buffer. The 
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deactivated protein samples were separated by SDS–polyacrylamide 
gel electrophoresis and then transferred to nitrocellulose membranes. 
The transferred membranes were incubated with primary antibodies 
and secondary antibodies. Anti-ATF6 (#ab37149; 1:500), anti–caspase 12 
(ab62484; 1:1000), and anti-GRP78 (#ab21685; 1:1000) were pur-
chased from Abcam (Cambridge, MA, USA). Anti-IRE1 (#3294; 
1:500), anti-GRP78 (#3183; 1:1000), anti-HSP90 (#8165; 1:1000), 
and anti-HSP90 (#7411; 1:1000) were obtained from Cell Signaling 
Technology (San Francisco, CA, USA). Anti–p-IRE1 (#PA1-16927; 
1:500) was purchased from Thermo Fisher Scientific (Waltham, 
MA, USA). Anti–-actin (#sc-47778; 1:2000) was obtained from 
Santa Cruz Biotechnology (Waltham, MA, USA).

Biotinylation of surface proteins
Biotinylation of surface proteins was performed according to our 
published protocol (66, 67).
For mPFC tissues
Brain slices containing mPFC region were rinsed with cold artificial 
cerebrospinal fluid (ACSF) containing 119.0 mM NaCl, 3.5 mM KCl, 
1.3 mM MgSO4, 2.5 mM CaCl2, 1.0 mM NaH2PO4, 26.2 mM NaHCO3, 
and 11.0 mM glucose and incubated with ACSF containing sulfo–N- 
hydroxysuccinimide (NHS)–long-chain (LC)-biotin (1 mg/ml; 21331, 
Thermo Fisher Scientific, Rockford, USA) for 60 min at 4°C. Unreacted 
biotinylation reagent was removed by quenching with cold ACSF con-
taining 100 mM glycine for 15 min. Homogenized tissue was subse-
quently lysed in the RIPA buffer. Protein concentration of each lysate 
was quantified, and equal amounts of biotinylated proteins were then 
isolated using Neutravidin Agarose beads (29201, Thermo Fisher 
Scientific, Rockford, USA) overnight at 4°C. Biotinylated surface 
proteins and total proteins were measured by Western blotting.
For primary cultured cortical neuron
Briefly, primary cortical neuron cultures were washed three times 
with phosphate-buffered saline (PBS) (pH 7.4) and incubated 
with cold PBS containing sulfo-NHS-LC-biotin (1 mg/ml) for 60 min 
at 4°C. The reaction was terminated by quenching with cold PBS 
containing 200 mM glycine for 15 min at 4°C. Samples were sub-
sequently lysed in the RIPA buffer. Protein concentration of each 
lysate was quantified, and equal amounts of biotinylated pro-
teins were then isolated using Neutravidin Agarose beads over-
night at 4°C.

Stereotaxic injections
For stereotaxic injection of LV or AAV, C57BL/6 mice were anes-
thetized with sodium pentobarbital (50 mg/kg, intraperitoneally) 
and placed in a stereotaxic apparatus. LV (0.8 l) or AAV (0.3 l) 
was stereotaxically delivered into the mPFC at the following 
coordinates: anterior-posterior, +2.0 mm; medial-lateral, ±0.4 mm; 
dorsal-ventral, −2.3 mm; relative to Bregma. The virus was injected 
with a rate of 0.05 l/min and followed by 10 min of rest to en-
sure optimal virus diffusion. Lentiviral shRNAs (U6-MCS-Ubi- 
EGFP) directed against Gm2694 and GRP78 were obtained from 
GeneChem Company (Shanghai, China). The shRNA sequence–
targeted Gm2694 was GGATGTTTGTCTAGAACTTAA, and the 
shRNA sequence–targeted GRP78 was GGGAAAGAAGGTTAC-
CCATGC. For overexpression of Gm2694 and GRP78, AAV2/9 
vector delivery system was used, and vectors carrying Gm2694 and 
GRP78 were constructed by AAV2/9-hSyn-Gm2694-eGFP-WPRE-
SV40pA and AAV2/9-hSyn-Hspa5-eGFP-3Flag-WPRE-SV40pA, 
respectively.

Electrophysiological recording
Mice were anesthetized with isoflurane and then perfused with ice-
cold cutting solution [210 mM sucrose, 3.1 mM sodium pyruvate, 
12 mM sodium l-ascorbate, 1.0 mM NaH2PO4, 26.2 mM NaHCO3, 
5.0 mM MgCl2, and 20.0 mM glucose (pH 7.2 to 7.4)]. Slices con-
taining mPFC region were incubated in oxygenated ACSF [119.0 mM 
NaCl, 3.5 mM KCl, 1.3 mM MgSO4, 2.5 mM CaCl2, 1.0 mM NaH2PO4, 
26.2 mM NaHCO3, and 11.0 mM glucose (pH 7.2 to 7.4), 280 to 
300 mOsm] for at least 1 hour at room temperature. Patch electrodes 
(3 to 5 megohms) were filled with internal solution [122.5 mM 
Cs-gluconate, 17.5 mM CsCl, 1.0 mM MgCl2, 10.0 mM Hepes, 
0.2 mM EGTA, 0.3 mM Na-GTP, 4.0 mM Mg-ATP, and 5 mM QX314 
(pH 7.2 to 7.4), 280 to 300 mOsm]. AMPAR-mediated mEPSCs were 
recorded in voltage-clamp mode at a holding potential of −70 mV 
using Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, 
CA, USA) in the presence of tetrodotoxin (10 M) and bicuculline 
(20 M). Data analyses were performed with pCLAMP10 software 
(Axon Instruments, Molecular Devices, San Jose, CA, USA).

Imaging and analysis of dendritic spine
For analysis of spine density, dendritic segments were randomly 
chosen from mPFC neurons that expressed GFP by injection with 
either target virus or scrambled virus. Dendritic segments from 
mPFC were imaged using a confocal laser scanning microscope 
(FV 1200, Olympus, Tokyo, Japan) through 60× water-immersion 
objective with a zoom of three, and Z-stack acquisition was per-
formed at 0.39-m increments. The number of spines and dendritic 
length were quantified by the Imaris software (Bitplane, Zurich, 
Switzerland). Only dendritic segments from both slices with at least 
10 m of length were included in the analysis. The spine density was 
presented as the number of spines per 10 m of dendritic length.

RNA pulldown and mass spectrometry
RNA pulldown assays with biotinylated Gm2694 was performed by 
using a pierce magnetic RNA-protein pulldown kit (Thermo Fisher 
Scientific, Massachusetts, USA) according to the manufacturer’s 
instructions. The biotin-labeled Gm2694 RNA was mixed with pro-
teins obtained from mPFC regions of mice. The RNA binding protein 
complexes were purified using streptavidin agarose. The proteins 
were then eluted from the RNA-protein complex and detected by mass 
spectrometry at Shanghai Integrated Biotech Solutions Co. Ltd. (Shanghai, 
China) or detected by Western blotting.

Cell culture
The immortalized mouse hippocampal cell line HT22 was purchased 
from Guangzhou Jiniou Biotechnology Co. Ltd. (Guangzhou, Guangdong 
province, China). HT22 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Gibco Laboratories, Grand Island, NY) 
with 10% fetal bovine serum, penicillin (100 U/ml), and streptomy-
cin (100 g/ml) and maintained in 5% CO2 at 37°C.

Cultures of primary cortical neurons were prepared from post-
natal day 0 (P0) to P1 C57BL/6J mice that obtained from the Animal 
Center of Tongji Medical College of Huazhong University of Science 
and Technology (HUST) (Wuhan, Hubei province, China). The 
isolated cortices were digested in PBS containing 0.15% trypsin 
(Amresco, OH, USA) at 37°C for 10 min. Cells were plated at a density 
of 2.5 × 105 on glass-bottom dishes coated with poly- d-lysine (500 g/ml; 
BD Biosciences, NA, USA). Cells were maintained in DMEM/F12 
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% 
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fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and 1% penicillin- 
streptomycin and grown in Neurobasal medium (Invitrogen, Carlsbad, 
CA, USA) supplemented with 2% B27 (Invitrogen, Carlsbad, CA, 
USA), 0.5 mM glutamine (Invitrogen, Carlsbad, CA, USA), and 
penicillin/streptomycin mix at 37°C and 5% CO2. The cell culture 
was monitored every day for neurite outgrowth, and the cell medium 
was replaced with 1:1 fresh medium every 2 days. All experiments 
were performed on cultures from 10 to 16 days.

Primary cortical glial cells were prepared from P0 to P1 C57BL/6J 
mice. The isolated cortices were digested in 0.15% trypsin (Amresco, 
OH, USA) at 37°C for 30 min and gently triturated. Cells were plated 
at a density of 2.5 × 105 on glass-bottom dishes coated with poly- d-
lysine (500 g/ml; BD Biosciences, NA, USA). Cells were maintained 
in DMEM/F12 medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) 
and 1% penicillin-streptomycin and penicillin/streptomycin mix at 
37°C and 5% CO2.

To activate UPR, primary cortical neurons were treated in the 
absence or presence of TM (2 g/ml; MedChemExpress, New Jersey, 
USA) for 4 hours at 37°C and 95% air/5% CO2, and then membrane 
protein extraction and Western blotting were performed 4 hours 
after transfection. LV-Gm2694 was transfected into neurons at day 
8, and further experiments were carried out 7 days after transfection.

RIP analysis
RIP was performed using the Magna RIP RNA-Binding Protein 
Immunoprecipitation Kit (17-700, Millipore, Billerica, MA, USA) 
according to the manufacturer’s instructions. HT22 cells were co-
transfected with pcDNA3.1-GRP78 full-length and pcDNA3.1-GRP78–
deleted segment vectors for 48 hours and lysed by RIPA buffer. The 
transfections were performed using Lipofectamine 2000 (Invitrogen, 
Darmstadt, Germany) according to the manufacturer’s instructions. 
The lysate was incubated with GRP78 antibody (ab21685, Abcam, 
Cambridge, UK) or IgG antibody (I5006, Sigma-Aldrich, Darmstadt, 
Germany) for overnight at 4°C. The beads were then added and in-
cubated for 6 hours at 4°C. The beads were washed with buffer several 
times and resuspended in TRIzol. The isolated RNA was transcribed 
to cDNA and then analyzed by qRT-PCR.

FISH and immunofluorescence
Cells grown on coverslip were fixed using 4% freshly paraformaldehyde 
in PBS (pH 7.4) and permeabilized by incubating with PBS contain-
ing 0.3% Triton X-100 and 5 mM vanadyl ribonucleoside complex 
(R3380, Sigma-Aldrich, Darmstadt, Germany) on ice for 10 min. After 
washing with PBS three times for 10 min each and rinsing once in 
2× standard saline citrate (SSC) for 10 min, Locked Nucleic Acid (LNA) 
FISH probes targeting Gm2694 (TGGTACAGATGCAGAGAAGGCT) 
purchased from Exiqon (Exiqon A/S, Vedbaek, Denmark) and a 
control probe targeting S18 purchased from Guangzhou RiboBio Co. 
Ltd. (Guangzhou, Guangdong province, China) were added, and 
hybridization was performed in hybridization solution (Boster, Wuhan, 
Hubei province, China) for 15 hours in a humidified chamber at 
40°C. After a series of wash for 30 min in 25% deionized formamide/ 
2× SSC at 50°C, the cells on coverslips were counterstained with the 
primary antibody of GRP78 (ab21685, Abcam, Cambridge, UK), NeuN 
(ab134014, Abcam, Cambridge, UK), glial fibrillary acidic protein 
(3670s, Cell Signaling Technology, San Francisco, CA), Iba1 (ab5076, 
Abcam, Cambridge, UK), ERP72 (14712-1-AP, Proteintech, Wuhan, 
China), and GM130 (610822, BD Biosciences, New Jersey, USA). 

Secondary antibody of Alexa Fluor 488 (Invitrogen, Carlsbad, CA) 
and Alexa Fluor 647 (Invitrogen, Carlsbad, CA) were counterstained 
with 4′,6-diamidino-2phenylindole (DAPI) and then imaged using 
a confocal microscope (FV1200, Olympus, Tokyo, Japan).

Fluorescence resonance energy transfer
HT22 cells were fixed with 4% paraformaldehyde in PBS and per-
meabilized with 0.3% Triton X-100. After washing with PBS three 
times for 10 min each and rinsed once in 2× SSC for 10 min, cells 
were incubated with Gm2694 probe (Exiqon, Vedbaek, Denmark) 
in a humidified chamber overnight at 40°C. The cells were washed 
with SSC on the next day and incubated with primary antibody of 
GRP78 (ab21685, Abcam, Cambridge, UK) overnight at 4°C. On the 
3rd day, cells were washed with PBS and incubated with secondary 
Alexa Fluor 647–labeled antibody (A-31573, Invitrogen, Carlsbad, 
CA) at room temperature for 2 hours in the dark. After washing 
several times by PBS, cells were mounted with Vectashield (Vec-
tor Laboratories, Burlingame, CA), and FRET analysis was performed 
using a confocal microscope (FV1200, Olympus, Tokyo, Japan). The 
data of confocal FRET microscopy were obtained from at least three 
different experiments as described previously (68). Images were ac-
quired with 60×/1.42 of numerical aperture oil objective and ana-
lyzed with FluoView software using the sensitized emission method. 
FRET efficiency and distance were calculated by selecting regions 
of interest.

Statistical analysis
Animals were randomly assigned to experimental groups. Data are 
given as means ± SEM and obtained from the number of separate 
experiments indicated. Comparison between two groups was evalu-
ated by unpaired Student’s t test. Differences in different treatment 
groups were carried out using one-way or two-way analysis of variance 
(ANOVA), followed by Bonferroni’s post hoc multiple comparison 
tests. Data were analyzed using GraphPad Prism 8.0 (GraphPad soft-
ware, CA, USA), and statistical significance was defined as P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn2496

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