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Abstract 

Background: The majority of mammalian genome is composed of non‑coding regions, where numerous long 
non‑coding RNAs (lncRNAs) are transcribed. Although lncRNAs have been identified to regulate fundamental biologi‑
cal processes, most of their functions remain unknown, especially in metabolic homeostasis. Analysis of our recent 
genome‑wide screen reveals that Gm15441, a thioredoxin‑interacting protein (Txnip) antisense lncRNA, is the most 
robustly induced lncRNA in the fasting mouse liver. Antisense lncRNAs are known to regulate their sense gene expres‑
sion. Given that Txnip is a critical metabolic regulator of the liver, we aimed to investigate the role of Gm15441 in the 
regulation of Txnip and liver metabolism.

Methods: We examined the response of Gm15441 and Txnip under in vivo metabolic signals such as fasting and 
refeeding, and in vitro signals such as insulin and key metabolic transcription factors. We investigated the regulation 
of Txnip expression by Gm15441 and the underlying mechanism in mouse hepatocytes. Using adenovirus‑mediated 
liver‑specific overexpression, we determined whether Gm15441 regulates Txnip in the mouse liver and modulates key 
aspects of liver metabolism.

Results: We found that the expression levels of Gm15441 and Txnip showed a similar response pattern to meta‑
bolic signals in vivo and in vitro, but that their functions were predicted to be opposite. Furthermore, we found that 
Gm15441 robustly reduced Txnip protein expression in vitro through sequence‑specific regulation and translational 
inhibition. Lastly, we confirmed the Txnip inhibition by Gm15441 in vivo (mice) and found that Gm15441 liver‑specific 
overexpression lowered plasma triglyceride and blood glucose levels and elevated plasma ketone body levels.

Conclusions: Our data demonstrate that Gm15441 is a potent Txnip inhibitor and a critical metabolic regulator in the 
liver. This study reveals the therapeutic potential of Gm15441 in treating metabolic diseases.
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Background
The central premise of gene expression is that DNA is 
transcribed into messenger RNAs (mRNAs), which then 
serve as templates for protein synthesis [1]. However, 
in the past two decades, research has uncovered a large 
number of RNAs that are transcribed but do not encode 
proteins [2–6]. Among the various types of non-coding 
RNA transcripts, long non-coding RNAs (lncRNAs), 
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defined as RNA transcripts longer than 200 nucleotides 
(nt) without protein-coding potential, have attracted 
increasing attention [7, 8]. LncRNAs can perform many 
functions through diverse mechanisms, including tran-
scriptional regulation in cis or trans, organization of 
nuclear domains, and regulation of proteins and other 
RNA molecules [9]. LncRNAs have been found to play 
crucial roles in fundamental cellular processes and vari-
ous human diseases, such as cancers, cardiovascular 
diseases, and neurodegenerative diseases [10, 11]. The 
newly recognized roles of lncRNAs across all taxa pro-
vide a novel perspective on the centrality of RNA in gene 
regulation [7]. Nevertheless, the function and biological 
relevance of lncRNAs in metabolic homeostasis remain 
enigmatic [12].

Txnip is a protein-coding gene whose genetic or epi-
genetic variations are associated with chronic metabolic 
disorders such as diabetes and dyslipidemia [13–18]. 
Overexpression of Txnip in animal models has been 
shown to promote hepatic glucose production, reduce 
insulin sensitivity, induce apoptosis of pancreatic β-cells, 
and decrease energy expenditure. Consistently, Txnip-
deficient animals have reduced hepatic glucose produc-
tion, enhanced ketogenesis, and are protected from type 
1 and type 2 diabetes as well as diet-induced non-alco-
holic liver disease [19, 20]. Txnip has become a leading 
player in regulating glucose and lipid metabolism, and 
inhibition of Txnip is a prospective therapeutic strategy 
for diabetes and other metabolic disorders.

LncRNAs have been demonstrated to regulate the tran-
scription, post-transcription, and translation of protein-
coding genes [21]. However, little is known about the 
lncRNA regulation of Txnip expression. In the current 
study, we sought to understand the role of a natural anti-
sense lncRNA, Gm15441, which is transcribed from the 
reverse strand of Txnip, in regulating Txnip expression 
and metabolic homeostasis. We assessed the expression 
pattern of Gm15441 and Txnip in response to a variety of 
metabolic signals in vivo and in vitro, the regulatory role 
of Gm15441 on Txnip expression in mouse hepatocytes, 
and the physiological role of Gm15441 in the mouse liver. 
Altogether, our study indicates that Gm15441 is a potent 
translational inhibitor of Txnip and a critical metabolic 
regulator in the mouse liver. This study provides a bet-
ter understanding of liver metabolic regulatory networks, 
laying the foundation for novel lncRNA-based gene ther-
apy for metabolic diseases.

Results
Regulation of Gm15441 and Txnip expression in the liver
The liver is a crucial metabolic organ involved in energy 
metabolism. To identify pivotal lncRNA regulators in 
liver metabolism, we analyzed our recent genome-wide 

transcriptional profiling of mouse livers under 24-h fast-
ing (GEO dataset GSE85439) [22]. Fasting is a widely 
used extreme nutrient depletion condition, which can 
create acute metabolic stress and is suitable for identify-
ing potential lncRNA regulators in liver metabolism. We 
identified Gm15441 as the most robust fasting-induced 
lncRNA in the mouse liver, suggesting that Gm15441 
may have the potential to regulate liver metabolism 
(Fig.  1A). Gm15441 is a validated lncRNA in the NCBI 
database and is characterized as capped, spliced, and 
polyadenylated. Interestingly, Gm15441 is a natural anti-
sense lncRNA to a protein-coding gene, Txnip (Fig. 1B). 
The expression of Gm15441 was dramatically increased 
in mouse livers after 24 h of fasting, but decreased after 
refeeding (Fig.  1C). We also found that the mRNA and 
protein expression levels of Txnip were significantly 
increased under fasting conditions and decreased after 
refeeding (Fig. 1C, D). These data suggest that the expres-
sion of both genes responds similarly to changes in the 
nutritional state of mouse livers.

Because Txnip is associated with type 2 diabetes [19], 
we also analyzed the expression of Gm15441 and Txnip 
in the livers of ob/ob mice, a widely used type 2 diabe-
tes model. Compared to lean controls, RNA expression 
levels of both Gm15441 and Txnip were increased in ob/
ob mouse livers (Fig. 1E). The protein expression levels of 
Txnip also increased (Fig. 1F). These data reveal a poten-
tial disease association between Gm15441 and type 2 dia-
betes. Altogether, these results showed a similar response 
pattern of Gm15441 and Txnip expression to in vivo met-
abolic signals.

Regulation of Gm15441 and Txnip expression in diverse 
tissues
To elucidate whether this response pattern is exclusive 
to the liver or shared by other tissues, we analyzed the 
expression of Gm15441 and Txnip in six different tis-
sues from wild-type mice under ad libitum feeding, 24-h 
fast, and 24-h fast followed by 4 h of refeeding, including 
inguinal white adipose tissue (iWAT), epididymal white 
adipose tissue (eWAT), kidney, intestine, gastrocnemius 
muscle, and liver. In all of these tissues, both Gm15441 
and Txnip were increased under fasting and decreased 
after refeeding (Fig.  2A–F). Nevertheless, Gm15441 in 
the liver increased most dramatically in response to fast-
ing conditions among all tissues (Fig. 2F), which further 
supports that Gm15441 might be actively involved in 
regulating liver metabolism.

Regulation of Gm15441 and Txnip expression in vitro
Next, to investigate the response of Gm15441 and Txnip 
to metabolic signals in  vitro, we first examined their 
regulation by essential metabolic hormones. Although 
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Gm15441 and Txnip were induced in fasted livers, no 
response was observed upon fast-dominated hormone 
glucagon stimulation in  vitro (Fig.  3A). However, we 
found that the fed-dominated hormone insulin inhibited 
both Gm15441 and Txnip expression (Fig. 3A), which is 
consistent with their reduction in refed livers.

Furthermore, we investigated whether Gm15441 and 
Txnip are regulated by master transcription factors that 
respond to nutrient changes. Forkhead box O1 (FOXO1) 
is a crucial fasting-induced transcription factor that acti-
vates gluconeogenesis and suppresses lipogenesis [23, 

24]. Hepatocyte nuclear Factor-4α (HNF4α) is a master 
transcription factor for liver gene expression and regu-
lates gluconeogenesis during fasting [25, 26]. We found 
that both Gm15441 and Txnip were significantly upregu-
lated by FOXO1 but not HNF4α (Fig.  3B). Intriguingly, 
FOXO1 is a well-known transcription factor that is inac-
tivated by insulin. Therefore, the induction of Gm15441 
and Txnip by FOXO1 is consistent with their inhibi-
tion by insulin, suggesting the potential involvement of 
Gm154441 and Txnip in liver glucose metabolism.

Fig. 1  Expression patterns of Gm15441 and Txnip are similar in mouse livers. A Top 5 upregulated lncRNAs in the fasting mice livers according to 
the genome‑wide transcriptional profiling; B schematic diagram of Gm15441 and Txnip genomic organization. Lines and boxes indicate introns 
and exons, respectively. Exons are numbered for each gene; C quantitative real‑time PCR analysis of liver tissues from C57BL/6 wildtype mice fed 
ad libitum, subject to a 24‑h fast, or a 24‑h fast followed by a 4‑h refeed, n = 4; D Western blot analysis of liver tissues from C57BL/6 wildtype mice 
fed ad libitum, subject to a 24‑h fast, or a 24‑h fast followed by a 4‑h refeed. Quantitation is shown in the right panel, n = 3; E quantitative real‑time 
PCR analysis of liver tissues from ob/ob mice and their lean control mice subject to a 4‑h food withdrawal, n = 4; F Western blot analysis of liver 
tissues from ob/ob mice and their lean control mice subject to a 4‑h food withdrawal. Quantitation is shown in the right panel, n = 4; Error bars are 
SEM, *P < 0.05 (Fast versus Ad Libitum or ob/ob versus control), #P < 0.05 (Refeed versus Fast)
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Fig. 2  Expression patterns of Gm15441 and Txnip are similar in multiple mouse tissues. A–F Quantitative real‑time PCR analysis of inguinal white 
adipose tissue (iWAT) (A), epididymal white adipose tissue (eWAT) (B), kidney (C), intestine (D), muscle (E), and liver (F). Each tissue sample was 
pooled from mice (n = 3) under each condition, including fed ad libitum, subject to a 24‑h fast, or a 24‑h fast followed by a 4‑h refeed; 3 technical 
replicates were used in each experiment. Error bars are SEM, *P < 0.05 (Fast versus Ad Libitum), #P < 0.05 (Refeed versus Fast)

Fig. 3  Expression patterns of Gm15441 and Txnip are similar upon metabolic signal stimulation in vitro. A Quantitative real‑time PCR analysis 
of mouse primary hepatocytes treated with 100 nM insulin for 24 h or 200 nM glucagon for 6 h. B Quantitative real‑time PCR analysis of mouse 
primary hepatocytes transduced with adenovirus expressing YFP, FOXO1, or HNF4α for 24 h, MOI = 50; C quantitative real‑time PCR analysis of 
mouse primary hepatocytes treated with 0.1% DMSO (vehicle), 100 µM WY, 20 µM GW7647, or 10 µM GW4064 for 24 h; D Western blot analysis of 
mouse primary hepatocytes treated with 0.1% DMSO (vehicle), 100 µM WY, 20 µM GW7647, or 10 µM GW4064 for 24 h. Quantitation is shown in the 
right panel. Error bars are SEM, n = 3, *P < 0.05
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In addition, we investigated whether Gm15441 and 
Txnip are responsive to key nutrient-sensing nuclear 
receptors in the liver. Peroxisome proliferator-activated 
receptor-α (PPARα) is a fasting-induced nuclear recep-
tor, and the farnesoid X receptor (FXR) is a feeding-
induced nuclear receptor. PPARα promotes while FXR 
suppresses fatty acid oxidation and gluconeogenesis in 
the liver [27–30]. In vitro treatment with PPARα agonist 
WY14643 (WY) and GW7647 in mouse primary hepato-
cytes significantly increased the RNA expression levels of 
Gm15441 and Txnip, whereas the FXR agonist GW4064 
robustly suppressed their expression (Fig. 3C). Likewise, 
Txnip protein levels were upregulated by PPARα agonist 
and downregulated by FXR agonist (Fig. 3D). The regu-
lation of Gm15441 and Txnip expression by PPARα and 
FXR is consistent with their induction in fasted livers 
and suppression in refed livers. Consistently, the ChIP-
sequencing data retrieved from the Gene Transcription 
Regulation Database (GTRD) revealed that multiple 
Foxo1 and PPARα binding sites are located in the pro-
moters and/or gene bodies of Gm15441 and Txnip (Addi-
tional file  1: Fig. S1). These data suggest that PPARα 
contributes to the induction of both gene expression in 
the fasting condition, whereas insulin-FOXO1 and FXR 
contribute to the inhibition in the refed state. Collec-
tively, our data showed that Gm15441 shares a similar 
expression pattern with Txnip in response to in vivo and 
in  vitro metabolic signals, suggesting a potential close 
functional relationship.

Gm15441 is an inhibitor of Txnip protein expression
Antisense lncRNAs have been found to regulate the 
expression of their corresponding sense genes [31]. The 
antisense lncRNA Gm15441 responds to metabolic sig-
nals similar to its sense gene Txnip, suggesting that 
Gm15441 may function as either a booster or an inhibi-
tor of Txnip expression. To test this, we first used a bio-
informatics approach to predict the functions of Txnip 
and Gm15441. It is a widely accepted approach to pre-
dict gene function by performing gene ontology analysis 
of its highly correlated genes. Thus, to predict the meta-
bolic function of Txnip and Gm15441 in the liver, we per-
formed gene ontology analysis of Txnip and Gm15441 
correlated genes using gene expression profiles from the 
GEO dataset GSE85439 [22]. The identified mRNAs that 
are highly correlated with Txnip and Gm15441 were then 
subject to gene ontology (GO) analysis. GO analysis of 
mRNAs highly correlated with Txnip indicated that these 
mRNAs are involved in gluconeogenesis and triglyceride 
synthesis, consistent with the known functions of Txnip 
in the liver (Additional file 2: Fig. S2A). Therefore, we rea-
soned that the GO analysis of mRNAs highly correlated 
with Gm15441 could be used to predict the function 

of Gm15441 in the liver. Intriguingly, the GO analysis 
results suggest that Gm15441 may play opposite roles 
to Txnip in the liver (Additional file 2: Fig. S2A, B). For 
example, Txnip was positively correlated with triglycer-
ide biosynthesis; however, Gm15441 was negatively cor-
related with triglyceride biosynthesis (Additional file  2: 
Fig. S2B). The complete list of mRNAs highly correlated 
with Gm15441 and Txnip is provided in Additional file 4. 
These results suggest that Gm15441 might be an inhibi-
tor of Txnip expression.

To further investigate whether Gm15441 is an inhibi-
tor of Txnip expression, we cloned Gm15441 using 
mouse liver cDNA. We found two Gm15441 isoforms, 
a relatively long (Gm15441-L) isoform and a short 
(Gm15441-S) isoform (Fig.  4A). The sequence align-
ment of Gm15441 to the Txnip mRNA indicates that 
the Gm15441-L isoform has an overlapping region 
with the Txnip 5′end (5′UTR and part of the first exon), 
whereas the Gm15441-S isoform does not (Fig.  4A). A 
recent study indicated that translational regulation of the 
human TXNIP gene could occur via an internal ribosome 
entry site (IRES) located in the Txnip 5′UTR [32]. Thus, 
we reasoned that Gm15441-L isoform which contains an 
overlapping region with the Txnip 5′end would be able to 
regulate Txnip expression. Therefore, we cloned Txnip, 
which contains both coding sequence (CDS) and 5′ UTR, 
from mouse liver cDNA (Fig. 4A). We then investigated 
whether Gm15441-L regulates Txnip expression. As 
shown in Fig.  4B, the ∆Ct values of Gm15441 is about 
1.5 Ct less than Txnip in Gm15441-L and Txnip co-over-
expression mouse primary hepatocytes, suggesting that 
the expression level of Gm15441 RNA is around 3-fold 
(2^1.5 Ct) higher than Txnip mRNA. We also found 
that the Gm15441-L co-overexpression with Txnip dra-
matically reduced Txnip protein but not its RNA levels 
(Fig. 4C, D). Moreover, we found that Gm15441 knock-
down can counteract the Txnip protein reduction and 
restore levels, without interfering Txnip RNA expres-
sion (Fig. 4E, F). Next, we investigated whether Gm15441 
regulates endogenous Txnip. We found that Gm15441-L 
overexpression dramatically reduced endogenous Txnip 
protein but not its RNA levels in mouse hepatocytes 
AML12 (Fig.  5A, B). We also found that knockdown of 
Gm15441 can also dramatically increase endogenous 
Txnip protein but not its RNA levels in mouse hepato-
cytes AML12 (Fig. 5C, D). Altogether, these results sug-
gest that Gm15441-L inhibits Txnip protein expression. 
Our data also imply that this inhibition is neither through 
transcriptional regulation nor affecting mRNA stability, 
but potentially through translational regulation.
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Gm15441 inhibits Txnip protein through sequence 
specificity and translational regulation
Next, we aimed to further determine whether 
Gm15441-L regulates Txnip expression through its 
sequence overlapping with the Txnip 5′end. Compared 
to Gm15441-L, Gm15441-S lacks the sequence over-
lapping with the Txnip 5′end. Therefore, Gm15441-S 
could serve as a natural negative control for investigat-
ing the sequence specificity. We found that Gm15441-
S could not reduce Txnip protein levels (Fig.  6A). This 
result suggests that the sequence in Gm1544-L overlap-
ping with the Txnip 5′end is necessary for Gm15441-L 

to inhibit Txnip protein expression. To further confirm 
this, the 267–709 nt fragment of Gm1544-L, which 
overlaps with the Txnip 5′end, was subcloned. As 
shown in Fig. 6B, Txnip protein expression was reduced 
to a similar level when Txnip was co-overexpressed 
with Gm15441-L or Gm15441-L 267–709 nt. Next, 
we divided Gm15441-L 267–709 nt into two pieces: 
Gm15441-L 431-709 nt, which is complementary to 
the entire 5′UTR of Txnip, and Gm15441-L 267-430 
nt, which is complementary to part of the first exon of 
Txnip. We found that both Gm15441-L 267–430 nt and 
Gm15441-L 431–709 nt can suppress Txnip protein 

Fig. 4  Gm15441 reduces exogeneous Txnip protein levels in vitro. A Sequence alignment of Txnip, Gm15441 long isoform (Gm15441‑L), and 
Gm15441 short isoform (Gm15441‑S). Gm15441‑L and Gm15441‑S share a common sequence (grey boxes) complimentary to Txnip CDS. Besides, 
Gm15441‑L has a unique sequence (green box) complimentary to the Txnip 5′end. Common sequences are labelled with the same color. 
B Comparison of ∆Ct values between Gm15441 and Txnip (normalized to the housekeeping gene 18S) from quantitative real‑time PCR analysis of 
mouse primary hepatocytes transduced with Gm15441‑L or Txnip adenovirus for 24 h, MOI = 50; C quantitative real‑time PCR analysis of mouse 
primary hepatocytes transduced with adenovirus expressing YFP + empty vector, YFP + Gm15441‑L, Txnip + empty vector, or Txnip + Gm15441‑L, 
for 24 h, MOI = 50; D Western blot analysis of mouse primary hepatocytes transduced with adenovirus expressing YFP + empty vector, YFP + 
Gm15441‑L, Txnip + empty vector, or Txnip + Gm15441‑L, for 24 h, MOI = 50; Quantitation is shown in the lower panel. Error bars are SEM, n = 3, 
*P < 0.05. N.S., not significant. E, F Quantitative real‑time PCR analysis (E) and western blot analysis (F) of mouse hepatocytes AML12 transduced 
with adenovirus expressing Txnip + control empty vector + control siRNA (siLacZ), Txnip + Gm15441‑L + siLacZ, or Txnip + Gm15441‑L + 
Gm15441‑targeted siRNA (siGm15441), for 48 h, MOI = 50; Quantitation of western blot is shown in the right panel. Error bars are SEM, n = 2, 
*P < 0.05
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expression. These results support the sequence speci-
ficity of Gm15441-L 267–709 nt in the suppression of 
Txnip protein expression.

Next, we investigated whether Gm15441-L inhibits 
Txnip protein expression through translational regula-
tion. We performed fluorescence in  situ hybridization 
(FISH) to detect the localization of Gm15441-L and 
Txnip RNAs. As shown in Fig.  6C, Gm15441-L RNAs 
are  co-localized with Txnip RNAs. The colocalization 
between Gm15441 and Txnip RNAs suggests a poten-
tial interaction. Next, we performed RNA-RNA pull 

down assays in mouse hepatocytes Hepa1-6 overex-
pressed with Txnip and Gm15441. We used Gm15441-
specifc oligo probes and non-specific oligo probe as 
control. We found that Gm15441 RNA was success-
fully pulled down by Gm15441-specific probes, so does 
Txnip mRNA (Fig.  6D). These results suggest a direct 
interaction between Gm15441 RNA and Txnip mRNA, 
which supports the idea that Gm15441 regulates Txnip 
mRNA translation. Furthermore, we used the transla-
tional inhibitor cycloheximide (CHX) to test this hypoth-
esis. We found that the Txnip protein experienced a 

Fig. 5  Gm15441 reduces endogenous Txnip protein levels in vitro. A, B Quantitative real‑time PCR analysis (A) and western blot analysis (B) of 
mouse hepatocytes AML12 transduced with adenovirus expressing empty vector as control or Gm15441‑L, for 24 h, MOI = 50. Quantitation of 
western blot is shown in the right panel. Error bars are SEM, n = 3, *P < 0.05; C, D quantitative real‑time PCR analysis (C) and western blot analysis (D) 
of mouse hepatocytes AML12 transfected with siLacZ as control and Gm15441‑targeted siRNA (siGm15441), for 48 h. Quantitation of western blot is 
shown in the right panel; Error bars are SEM, n = 2–3, *P < 0.05

(See figure on next page.)
Fig. 6  Gm15441 suppresses Txnip protein expression through translational inhibition. A Western blot analysis of mouse primary hepatocytes 
transduced with adenovirus expressing YFP + empty vector, Txnip + empty vector, YFP + Gm15441‑L, Txnip + Gm15441‑L, or Txnip + Gm15441‑S, 
for 24 h, MOI = 50. Quantitation is shown in the right panel; B Western blot analysis of Hepa1‑6 hepatocytes transduced with adenovirus expressing 
YFP + empty vector, Txnip + empty vector, or Txnip + full length of Gm15441‑L or one fragment of Gm15441‑L (267–709 nt, 267–430 nt, 431–709 
nt), for 24 h, MOI = 50. Quantitation is shown in the right panel; C representative fluoresces of RNA in situ hybridization staining of Gm15441 
RNA (green) and Txnip RNA (red) in Hepa1‑6 hepatocytes transduced with adenovirus expressing empty vector, or Txnip + Gm15441‑L for 24 h, 
MOI = 50. All scale bars represent 5 μm; D quantitative real‑time PCR analysis of pulled‑down RNAs in Hepa1‑6 hepatocytes transduced with 
adenovirus expressing Txnip and Gm15441‑L for 24 h, MOI = 50, using non‑specific oligo probe (control) and Gm15441 specific oligo probes; 
E Western blot analysis of Hepa1‑6 hepatocytes transduced with adenovirus expressing Txnip + empty vector, or Txnip + Gm15441‑L for 24 h, 
MOI = 50, followed by a 0, 20‑min or, 40‑min cycloheximide (CHX) treatment. Quantitation is shown in the bottom panel. Error bars are SEM, n = 2. 
*P < 0.05 (versus control), #P < 0.05 (versus Txnip + Adv group), N.S., not significant
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Fig. 6 (See legend on previous page.)
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significant decline after CHX treatment, but the pres-
ence of Gm15441-L did not affect the rate of decline of 
Txnip protein (Fig.  6E). Because CHX treatment blocks 
Txnip translation, the rate of decline of Txnip protein is 
determined by protein degradation. Thus, the unchanged 
rate of decline of Txnip protein suggests that Gm15441-
L does not affect Txnip protein degradation. Therefore, 

we concluded that Gm15441-L reduced Txnip protein 
through translational inhibition. Altogether, these results 
suggest that Gm15441-L is a potent translational inhibi-
tor of Txnip, and the sequence 267–709 nt in Gm1544-
L is necessary for Gm15441-L to inhibit Txnip protein 
expression.

Fig. 7  Liver‑specific Gm15441 overexpression decreases Txnip protein levels and regulates glucose and lipid metabolism in mice. A Quantitative 
real‑time PCR analysis of liver tissues from C57BL/6 wildtype mice injected with adenovirus expressing empty vector, Gm15441‑L, or Gm15441‑S, 
n = 5; B comparison of ∆Ct values between Gm15441 and Txnip (normalized to the housekeeping gene 18S) from quantitative real‑time PCR 
analysis of liver tissues from C57BL/6 wildtype mice injected with Gm15441‑L or Gm15441‑S, n = 5; C Western blot analysis of liver tissues from 
C57BL/6 wildtype mice injected with adenovirus expressing empty vector, Gm15441‑L, or Gm15441‑S. Quantitation is shown in the right panel. 
n = 3; D 24‑h fasting body weight of control, Gm15441‑L or Gm15441 S overexpression mice. n = 5; E overnight fasting blood glucose levels 
of control, Gm15441‑L or Gm15441 S overexpression mice. n = 5; F–H 24‑h fasting plasma ketone body β‑hydroxybutyrate (BOH) (F), plasma 
triglyceride (TG) (G), and liver TG (H) levels of control, Gm15441‑L or Gm15441 S overexpression mice, n = 5. Error bars are SEM, *P < 0.05
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Gm15441 regulates Txnip protein expression and energy 
metabolism in the mouse liver
To gain insight into how Gm15441 regulates Txnip in an 
in  vivo setting, we used adenovirus to specifically over-
express Gm15441-L, Gm15441-S, or empty vector (con-
trol) in the mouse liver. Both isoforms of Gm15441 were 
successfully increased in the mouse liver after adenovirus 
administration (Fig. 7A). The ∆Ct values of Gm15441 is 
about 5 Ct less than Txnip in Gm15441-L or Gm15441-
S overexpression livers, suggesting that the expression 
level of Gm15441 RNA is around 32-fold (2^5 Ct) higher 
than Txnip mRNA (Fig.  7B). Interestingly, significant 
changes were observed in glucose and lipid metabolic 
gene expression (Fig.  7A). Consistent with the in  vitro 
results, Gm15441-L overexpression did not affect Txnip 
mRNA expression levels, but significantly decreased 
Txnip protein levels in  vivo (Fig.  7A, C). Moreover, 
Gm15441-S did not affect either mRNA or protein levels 
of Txnip (Fig.  7A, C). These results strongly supporting 
that Gm15441-L downregulates Txnip protein through 
its sequence overlapping with the Txnip 5′end.

Previous studies have shown that Txnip regulates glu-
cose and lipid metabolism [20, 33–41]. Therefore, we 
reasoned that Gm15441-L inhibition of Txnip protein 
regulates glucose and lipid metabolism in mice. First, 
there is no significant difference in body weight after 
Gm15441-L or Gm15441-S overexpression (Fig.  7D). 
Next, we found that liver-specific overexpression of 
Gm15441-L, but not Gm15441-S, lowered blood glucose 
levels, increased plasma ketone bodies beta-hydroxybu-
tyrate (BOH), and reduced plasma triglyceride (TG) lev-
els (Fig. 7E–G). These results are consistent with previous 
findings in Txnip knockout mice [40]. Liver TG content 
was unaffected by either of the Gm15441 isoforms over-
expressed in mice (Fig.  7H). These results suggest that 
Gm15441 is a key metabolic regulator in the liver.

Discussion
Recently, the novel roles of lncRNAs in both gene expres-
sion and energy metabolism have attracted increasing 
attention. This study investigated the regulatory rela-
tionship between the antisense lncRNA Gm15441 and 
its sense coding gene Txnip and revealed the role of 
Gm15441 in the liver. We showed that Txnip protein 
levels were suppressed by Gm15441 via its sequence 
overlapping with the Txnip 5′end. We also found that 
Gm15441 inhibits Txnip protein through translational 
inhibition. Furthermore, we demonstrated that liver-
specific overexpression of Gm15441 in mice increases 
plasma ketone bodies while lowering circulating TG 
and blood glucose levels. Altogether, this study indi-
cates that Gm15441 is a potent inhibitor of Txnip protein 

expression and a critical regulator of liver metabolic 
homeostasis.

Previous studies have demonstrated that translation 
of Txnip is mediated by the IRES located in the Txnip 
5′UTR [32]. Compared to Gm15441-L, Gm15441-S lacks 
the region overlapping with the Txnip 5′UTR. Here, we 
found that Gm15441-S did not affect either Txnip pro-
tein or RNA levels. In addition, liver-specific overexpres-
sion of Gm15441-S in mice did not affect blood glucose, 
plasma BOH, and TG levels. However, the exact func-
tion of Gm15441-S remains unclear and requires further 
investigation.

A recent study showed that knockdown of Gm15441 
reduced BOH levels and increased TG content in cul-
tured mouse hepatocytes [42]. The results of this in vitro 
loss-of-function study strongly supports the phenotypes 
observed in our liver-specific Gm15441 overexpression 
mice with increased BOH and decreased plasma TG. In 
addition, a whole-body Gm15441 knockout mouse model 
showed increased serum TG levels and Txnip protein 
expression in the liver [43]. These findings are consistent 
with our liver-specific Gm15441 overexpression mice, 
which showed decreased serum TG levels and Txnip pro-
tein expression in the liver. We investigated the function 
of Gm15441 under normal physiological conditions. Dis-
ease models, such as high fat diet induced obesity, could 
be used to further investigate the role of Gm15441 in 
metabolic diseases in the future.

Besides, expression of Gm15441 is not exclusive to the 
liver, which suggests that Gm15441 might play important 
roles in other metabolic organs. Thus, future studies on 
the functional role and mechanism of Gm15441 in other 
tissues are required to fully understand the importance of 
Gm15441 in the energy metabolism. Moreover, we found 
that both Txnip and Gm15441 can be regulated by vari-
ous metabolic signals and transcription factors. Unrave-
ling the complexity of these regulatory mechanisms 
may provide new directions for the roles of Txnip and 
Gm15441.

Conclusions
Our study demonstrated that lncRNA Gm15441 dynami-
cally responds to in vivo and in vitro metabolic signals in 
a similar pattern to its sense gene Txnip. We also found 
that Gm15441 reduced Txnip protein expression through 
sequence specificity and translational inhibition. We fur-
ther demonstrated that liver-specific overexpression of 
Gm15441 regulates glucose and lipid metabolism. Over-
all, our study indicates that lncRNA Gm15441 is a potent 
translational inhibitor of Txnip and a critical metabolic 
regulator in the liver. Inhibition of Txnip is considered a 
promising therapeutic strategy for metabolic disorders, 
such as diabetes [19]. The approach in the present study, 
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in which overexpression of Gm15441 was used to inhibit 
Txnip expression, sets a direction for future Gm15441-
based gene therapy for metabolic diseases.

Methods
Animal experiments
All animal protocols were approved by Temple University 
Institutional Animal Care and Use Committee (IACUC). 
All the mice were purchased from the Jackson Laboratory 
and were acclimatized to the Temple animal housing unit 
for 10–14 days before any experiments. For experiments 
under fasting and refeeding conditions, 10-week old male 
C57BL/6 mice with free access to water and normal chow 
diet were used as the control (Ad Libitum) group, mice 
subjected to a 24-h fasting period before being eutha-
nized for tissue harvest were used as the fasting group, 
and mice that fasted for 24-h followed by a 4-h normal 
chow diet feeding before tissue harvest were used as the 
refeeding group. For ob/ob mouse model, 10-week old 
ob/ob and lean control mice were subjected to a 4-h food 
withdrawal before tissue harvest. For Gm15441-L/S liver 
specific overexpression mouse model, 9-week old male 
C57BL/6 mice were injected with adenovirus expressing 
empty vector as control, or Gm15441-L, or Gm15441-S 
intravenously at 2 ×  109 plaque forming units (pfu) per 
mouse. Seven to eleven days post injection, mice were 
subjected to a 24-h food withdrawal before tissue har-
vest, then liver and blood samples were harvested for fur-
ther analysis.

Isolation and culture of mouse primary hepatocytes
Mouse primary hepatocytes were isolated from 8 to 12 
weeks old male C57BL/6 mice as described previously 
[22]. Briefly, immediately after anesthesia with Ketamine 
(100  mg/kg) and Xylazine (10  mg/kg), mice livers were 
perfused with Krebs Ringer buffer and digested using 
collagenase (Liberase TM Research Grade, Roche). Iso-
lated hepatocytes were then purified with Percoll. Only 
cells with viability over 90% determined by trypan blue 
were seeded onto collagen-coated plates in DMEM sup-
plemented with 5.5 mM glucose, 2 mM  GlutaMAXTM, 
and 10% cosmic calf serum. 4 h after plating, cells were 
switched to maintenance medium DMEM supplemented 
with 5.5 mM glucose and 2 mM  GlutaMAXTM. Details of 
drug treatment are indicated in each experiment.

Cell culture and siRNA transfection
The mouse hepatocyte cell line AML12 cells (purchased 
from ATCC) were cultured in a 1:1 mixture of Dulbec-
co’s modified Eagle’s medium and Ham’s F12 medium 
(Invitrogen) with 10% CCS, ITS (Invitrogen) and dexa-
methasone (40 ng/mL). For siRNA transfection, 60% con-
fluent AML12 cells were cultured with siRNA specifically 

tarting Gm15441 or siLacZ as control for 48  h using 
Invitrogen RNAiMax transfection reagent. Then RNA 
and protein were harvested and quantified by real-time 
PCR analysis. The control siRNA targeting LacZ: sense 
CUA CAC AAA UCA GCG AUU U, antisense AAA UCG 
CUG AUU UGU GUA G; The siRNA sequence targeting 
Gm15441: sense GAC GAG AAC UUG UCA GAU A, anti-
sense UAU CUG ACA AGU UCU CGU C.

Adenovirus production
Gm15441, Txnip containing both the 5′ untranslated 
region (5′UTR) and coding sequence (CDS), and the con-
stitutively active HNF4α were cloned from mouse liver 
cDNA. The following primers were used for cloning: 
Gm15441 (Forward: 5′-GGA GCA AGC CGA TAA GCA G, 
Reverse: 3′-ACA TTT AAA TTT TTT ATT TTG GGT GTC 
TCT GGA GTG ), Txnip (5′UTR-Forward: 5′-GAC ACT 
CTC CTC CTC TGG TCTC, Reverse: 3′-CTG CAC GTT 
GTT GTT GTT GTT), HNF4α (Forward: 5′-ATG CGA 
CTC TCT AAA ACC CTT, Reverse: 3′-CTA GAT GGC TTC 
TTG CTT GGT GAT C). Gm15441, Txnip, HNF4α, YFP 
(Addgene plasmid #15302), constitutively active mouse 
FOXO1 (Addgene plasmid #17547) were subcloned into 
adenoviral vector pAd/CMV/V5-DEST (Invitrogen). 
Adenoviruses were amplified in HEK293A cells and 
purified by CsCl density-gradient ultracentrifugation, 
then desalted using PD10 columns (GE Healthcare Life 
Sciences) and tittered with an Adeno-X Rapid Titer Kit 
(Clontech). For in vitro adenovirus experiments, primary 
mouse hepatocytes were transduced with each adenovi-
rus at a level of 50 multiplicity of infection (MOI) for 2 h, 
then samples were collected 24-h post transduction.

RNA extraction and quantitative real‑time PCR analysis
Total RNA was isolated from mouse liver or primary 
hepatocytes using Trizol reagent (Invitrogen) followed 
by a Turbo DNA-free DNase treatment (Ambion). cDNA 
was generated using a reverse transcription system 
(SuperScript® III First-Strand Synthesis System, Invitro-
gen). Quantitative real-time PCR was performed using 
a real-time PCR system (Mastercycler; Eppendorf ). The 
relative amount of mRNA in each sample was normal-
ized to 18S transcript levels. The sequences for gene-
specific RT-PCR primers are attached in Additional file 3: 
Table S1.

Western blotting
Mouse liver samples and cells were lysed in RIPA buffer 
(Cell Signaling Technology) containing protease and 
phosphatase inhibitors (Thermos Scientific). The lysates 
were subjected to SDS-PAGE, transferred to polyvi-
nylidene fluoride (PVDF) membranes, and incubated 
with the primary antibody followed by the fluorescence 



Page 12 of 14Xin et al. Cell & Bioscience          (2021) 11:208 

conjugated secondary antibody (LI-COR). The bound 
antibody was visualized using a quantitative fluorescence 
imaging system (LI-COR). The relative amount of protein 
in each sample was normalized to β-Actin protein levels. 
Primary antibodies include a mouse monoclonal anti-
TXNIP antibody, clone JY2 (1:500; MABS1225, Sigma-
Aldrich), and a rabbit monoclonal anti-β-Actin antibody 
(1:1000; 8457S, Cell Signaling Technology).

RNA in situ hybridization (ISH) assays
RNA in situ hybridization (ISH) for Gm15441 and Txnip 
RNA was performed manually using a commercially 
available kit, RNAscope® Fluorescent Multiplex Reagent 
Kit (Advanced Cell Diagnostics, Inc., Hayward, CA), and 
RNAscope® Oligo Probes specific to Gm15441 and Txnip 
according to the manufacturer’s instructions. Briefly, 
monolayer formalin-fixed Hepa1-6 cell sections were 
pretreated with protease prior to hybridization with the 
Gm15441 and Txnip oligo probe mixture. Then, a cas-
cade of signal amplification molecules was hybridized 
sequentially, followed by fluorescent dye-labeled probes 
hybridization. Target RNA signals were visualized by 
confocal microscopy.

RNA pull‑down assay
Hepa1-6 cells were seeded at 30–35% to a 10-cm cell cul-
ture dish; 24  h later, cells were transduced with adeno-
virus expressing Txnip and Gm15441-L, MOI = 50; 24 h 
post transfection, cells were washed twice with 1× PBS, 
then 1  mL lysis buffer (25 mM Tris_Cl pH7.4, 150 mM 
NaCl, 1 mM EDTA, 1% Triton X-100, 5% glycerol), sup-
plemented with protease inhibitors and Rnase inhibitors 
(200 U/mL) was added. Cell lysates were then on ice for 
30 min, and centrifuge at 12,000 rpm at 4 °C. 20 µL of the 
supernatant were saved as the input sample, 450 µL of the 
supernatant sample were then incubated with 100 pmol 
of non-specific oligo probe (GTT TGT GGT TTA ACA 
GTG GGA AGG C/3BioTEG/) or Gm15441 probe mixture 
(TGA AGT CTT ATG TAG CTG GGG CTG A/3BioTEG/, 
CAC CAG AGC ATT CAC CAG AAA GGA C/3BioTEG/) 
on a tube rotator under moderate agitation at RT for 
6–8  h. Then, cell lysates were incubated with 100  µL of 
Streptavidin Dynabeads M-270 (Invitrogen) under mod-
erate agitation on the tube rotator at RT overnight. Beads 
were then washed briefly five times with lysis buffer and 
resuspended in 1 mL of TRI reagent. RNAs were isolated 
using Direct-zol RNA MiniPrep kit (Zymo) and analyzed 
by RT-PCR.

Blood and liver metabolite measurements
Blood glucose levels were assayed from a tail-clip and 
using an Ascensia Elite XL glucometer (Bayer Co.) after 
an overnight fast. Blood samples were collected after 

24-h fasting by cardiac puncture using heparinized 25 
G needles with 1 mL syringes during terminal anesthe-
sia. Plasma samples were obtained by centrifuging blood 
samples at 5000×g  at 4  °C. Liver triglyceride (TG) con-
tent of mice and serum levels of TG were assayed by Tri-
glyceride Determination kit (Sigma, TR0100). Plasma 
β-hydroxybutyrate (BOH) levels were assayed by β-HB 
Ketone Body Colorimetric Assay Kit (Cayman).

Bioinformatics analysis
The genome-wide transcriptional profiling (GSE85439) of 
mouse livers under 24-h fasting and ad libitum was used 
to identify potential lncRNA regulators in liver metabo-
lism ref [22]. Expression correlation analysis was per-
formed to predict the function of Txnip and Gm15441 
in the liver metabolism using liver samples (n = 37) from 
the same datasets (GSE85439). Briefly, gene expres-
sion profiles of liver tissues from mice under ad  libitum 
(n = 4), 24-h fasting (n = 4), refeeding (n = 4), normal 
diet (n = 5), 48-h high fat diet (n = 5), 12-week high fat 
diet (n = 5), and lean control mice (n = 5) as well as ob/ob 
mice (n = 5) were subjected to correlation analysis. We 
evaluated the co-expression of Gm15441 or Txnip with 
all detectable mRNAs in the 37 liver samples. The cor-
relation coefficients of Gm15441 with mRNAs or Txnip 
with mRNAs were made by R packages based on the 
Pearson correlation method. The mRNAs that showed 
correlation coefficients > 0.7 (positive) or < 0.7 (negative) 
were used to perform GO analysis separately. GO analy-
ses were performed by DAVID Bioinformatics Resources 
6.7 (https:// david. ncifc rf. gov) (p < 0.05).

Statistical analyses
Comparisons between groups and the difference of the 
slopes were assessed by a two-tailed unpaired Student’s 
t-test. Multiple comparisons were statistically evaluated 
by a one-way analysis of variance (ANOVA) followed by 
Bonferroni or Dunnett post-hoc test. Graphs are pre-
sented as means ± SEM. Statistical significance was 
determined by p < 0.05.
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Additional file 1: Figure S1. Multiple binding sites of FOXO1 (A) and 
PPARα (B) located on the promoter and/or the gene bodies of Gm15441 
and Txnip. Data are retrieved from the Gene Transcription Regulation 
Database.

Additional file 2: Figure S2. Function prediction of Txnip and Gm15441 
in mouse liver. (A, B) Genome‑wide correlation analysis of Txnip and 
Gm15441. Representative gene ontology (GO) terms of correlated mRNAs 
for Txnip (A) and Gm15441 (B) in the liver are listed.

Additional file 3: Table S1. The primer list for real‑time PCR analysis.

Additional file 4. The complete list of mRNAs highly correlated with Txnip 
and Gm15441. 
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