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Abstract 

Background  Lipid droplets (LDs) are dynamic cytoplasmic lipid-storing organelles that play a pivotal role in main-
taining cellular energy balance, lipid homeostasis, and metabolic signaling. Dysregulation of lipid metabolism, particu-
larly excessive lipogenesis, contributes to the abnormal accumulation of LDs in the nervous system, which is associ-
ated with several neurodegenerative diseases. Circular RNAs (circRNAs) are a new class of non-coding and regulatory 
RNAs that are widely expressed in eukaryotes. However, only a subset has been functionally characterized. Here, we 
identified and functionally characterized a new circular RNA circbabo(5,6,7,8S) that regulates lipogenesis and neuronal 
integrity in Drosophila melanogaster.

Results  circbabo(5,6,7,8S) is derived from the babo locus which encodes the type I receptor for transforming growth 
factor β (TGF-β). Depletion of circbabo(5,6,7,8S) in flies causes elevated lipid droplet accumulation, progressive 
photoreceptor cell loss and shortened lifespan, phenotypes that are rescued by restoring circbabo(5,6,7,8S) expres-
sion. In addition, RNA-seq and epistasis analyses reveal that these abnormalities are caused by aberrant activa-
tion of the SREBP signaling pathway. Furthermore, circbabo(5,6,7,8S)-depleted tissues display enhanced activation 
of the TGF-β signaling pathway and compromised mitochondrial function, resulting in upregulation of reactive 
oxygen species (ROS). Moreover, we provide evidence that circbabo(5,6,7,8S) encodes the protein circbabo(5,6,7,8S)-p, 
which inhibits TGF-β signaling by interfering with the assembly of babo/put receptor heterodimer complex. Lastly, we 
show that dysregulation of the ROS/JNK/SREBP signaling cascade is responsible for the LD accumulation, neurode-
generation, and shortened lifespan phenotypes elicited by circbabo(5,6,7,8S) depletion.

Conclusions  Our study demonstrates the physiological role of the protein-coding circRNA circbabo(5,6,7,8S) in regu-
lating lipid metabolism and neuronal integrity.
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Background
Lipid metabolism and energy homeostasis are vital 
for the health of living organisms [1]. Triacylglycerols 
(TG) and cholesterol esters (CEs) are the primary stor-
age lipids in lipid droplets (LDs) of eukaryotic cells [2]. 
LDs are dynamic cytoplasmic organelles that play a piv-
otal role in maintaining cellular energy balance, lipid 
homeostasis, and signaling [2–5]. In mammals, LDs are 
abundant in adipose and liver tissues. In insects such as 
the fruit fly Drosophila melanogaster, fat body is the pri-
mary fat storage tissue, which contains numerous, vari-
ably sized LDs. The nervous system, including neurons 
and glial cells, also contains high concentrations of lipids 
[6, 7]. It has been reported that abnormal accumulation 
of LDs in the nervous system is associated with several 
neurodegenerative diseases [8–11]. For example, abnor-
malities in the lipolysis pathway can lead to the accu-
mulation of LDs in cells [12, 13]. In the fruit fly model of 
Parkinson’s disease, the lipid droplet membrane protein 
dPlin1/2 inhibits lipolysis, leading to the accumulation of 
LDs and the aggregation of pathogenic α-Syn proteins in 
neurons [14]. In addition, lipophagy is a selective form of 
autophagy that degrades LDs within the lysosomes [15]. 
Inhibiting lipophagy can result in LD accumulation in the 
nervous system of model organisms such as fruit flies and 
mice, leading to neurodegeneration [16–19].

Excessive lipogenesis can also result in abnormal 
accumulation of LDs in the nervous system [20]. Sterol 
regulatory element binding protein (SREBP) is a key tran-
scription factor for LD biogenesis. The proteolytically 
cleaved and activated form of SREBP enters the nucleus 
and promotes the expression of lipogenic genes, includ-
ing ATP citrate lyase (ATPCL), acetyl-CoA carboxylase 
(ACACA​), and fatty acid synthase (FASN) [21]. During 
the TCA cycle, citrate is formed and exported from the 
mitochondria. ATPCL and ACACA catalyze the forma-
tion of acetyl-CoA and malonyl-CoA from citrate. Mal-
onyl-CoA then undergoes a series of decarboxyl-CoA 
Claisen condensations with FASN to produce palmitic 
acid (16:0), which is an essential precursor for other fatty 
acids [22]. However, an excess of fatty acids can be harm-
ful to cells and lead to lipotoxicity. Therefore, most cells 
store fatty acids as TG in LDs [23]. The SREBP pathway 
is highly regulated [24]. For example, high glucose and 
insulin levels activate SREBP, promoting lipogenesis via 
PI3K-AKT and mTOR pathways in well-fed conditions 
[25, 26]. In addition, mitochondrial dysfunction leads to 
LD accumulation in glial cells via the ROS/JNK/SREBP 
signaling cascade, which accompanies neurodegenera-
tion in Drosophila [27].

An increasing number of non-coding RNAs (ncR-
NAs) have been implicated in a wide variety of biologi-
cal processes [28, 29], including the regulation of lipid 

metabolism through the action of SREBP. For example, 
loss of miR-210 causes aberrant activation of the SREBP 
signaling pathway, leading to LD accumulation and reti-
nal degeneration in Drosophila [30]. In addition, long 
non-coding RNA (lncRNA) H19 alters cellular lipid 
metabolism by binding to polypyrimidine tract‐bind-
ing protein 1 (PTBP1), leading enhanced transcriptional 
activation by SREBP-1 in mammalian hepatocytes [31]. 
In recent years, a new class of non-coding and regula-
tory RNAs, known as circular RNAs (circRNAs), have 
been found widely expressed in eukaryotes. circRNAs 
are involved in myriad biological processes such as innate 
immunity, neurodevelopment, gene expression, and lipid 
metabolism [32–37]. In particular, circPRKAA1 triggers 
lipid accumulation through the Ku80/Ku70/SREBP-1 
signaling cascade in colon cancer cells [38]. However, 
examples of circRNAs regulating the SREBP pathway in 
the nervous system are still limited.

Previously, we identified a number of circRNAs in 
Drosophila that regulate innate immunity and neu-
rodevelopment [32, 33, 37]. Among our circRNA col-
lection is circbabo(5,6,7,8S), which is derived from the 
babo locus. In this study, we report that depletion of 
circbabo(5,6,7,8S) in flies causes elevated LD accumula-
tion, progressive photoreceptor cell loss and shortened 
lifespan. We show that these abnormalities are caused 
by aberrant activation of the SREBP signaling pathway. 
In addition, circbabo(5,6,7,8S)-depleted tissues display 
enhanced TGF-β signaling, which inhibits mitochon-
drial function, leading to a reduction in ATP levels and 
an increase in ROS. Mechanistically, we present evi-
dence that circbabo(5,6,7,8S) regulates the TGF-β sign-
aling pathway through a functional protein encoded by 
this circRNA. Lastly, we show that the ROS/JNK/SREBP 
signaling cascade is responsible for the metabolism and 
neurodegeneration phenotypes of circbabo(5,6,7,8S)-
depleted flies. Taken together, our study reveals a crucial 
function of circbabo(5,6,7,8S) in regulating the TGF-β/
ROS/JNK/SREBP axis to impact lipid metabolism and 
neuronal integrity in Drosophila.

Results
Validation of circRNAcircbabo(5,6,7,8S) in Drosophila
Among the circRNA candidates identified in our previ-
ous study [32] is circbabo(5,6,7,8S). circbabo(5,6,7,8S) 
is derived from the babo gene, which encodes the 
type I receptor babo of TGF-β  signaling (Fig.  1A). 
circbabo(5,6,7,8S) is a product of backsplicing reaction 
involving the splice site upstream of exon 5 and a cryp-
tic 5’ splice site within the annotated exon 8, joining the 
3’ end of exon 8S with the 5’ end of exon 5 (Fig. 1A, B). 
A pair of divergent primers derived from exons 5 and 
8S were able to amplify products from cDNA templates, 
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Fig. 1  Validation of circRNA circbabo(5,6,7,8S). A A diagram showing circbabo(5,6,7,8S) and the linear babo mRNA derived from the babo locus 
as well as mapping of various shRNA reagents and various oligos. A cryptic 5’ splice site within exon 8 is utilized to generate circbabo(5,6,7,8S). 
Thick and thin bars represent exons and introns, respectively. B Divergent primers are shown on the top, which are derived from exons 5 (blue) 
and 8S (green). C Divergent primers amplify circRNA-derived products from cDNA template. No products were amplified from genomic DNA 
(gDNA) template. D Sanger sequencing confirms the head-to-tail back splice junction in circbabo(5,6,7,8S). E circbabo(5,6,7,8S) is resistant to RNase 
R treatment. After RNase R treatment and before reverse transcription, a small amount of mouse brain total RNA was added as “spike-in” controls. 
Levels of the circbabo(5,6,7,8S) and the linear mRNAs were quantified by qPCR. All the indicated RNAs were normalized to the mouse gapdh 
mRNA (Student’s t test, n = 3, ** p < 0.01; ns, non-significant). F A diagram showing the biotinylated probe complementary to the back-spliced 
exon junction (BSJ) of circbabo(5,6,7,8S). Streptavidin conjugated magnetic beads were used to purify the biotin-probe/circRNA complexes. 
G A biotinylated circbabo(5,6,7,8S) probe pulled down circbabo(5,6,7,8S). A control pull-down was performed using a biotinylated DNA probe 
that is sense to the back-spliced exon junction of circbabo(5,6,7,8S). After reverse transcription of the purified RNA, qPCR was performed to quantify 
the RNA levels (Student’s t test, n = 3, * p < 0.05; ns, non-significant). H, I Total RNA was prepared from various dissected tissues of third-instar 
larvae, and levels of circbabo(5,6,7,8S) (H) and linear babo mRNA (I) were measured (one-way ANOVA with Turkey post hoc test, n = 3, * p < 0.05; 
** p < 0.01; ns, non-significant). J Total RNA was prepared from fly heads and torso samples of young (2-day) and old (29-day) animals, and levels 
of the circbabo(5,6,7,8S) were measured (one-way ANOVA with Turkey post hoc test, n = 3, * p < 0.05; *** p < 0.001)
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but not from genomic DNA (gDNA) (Fig.  1B, C). In 
addition, Sanger sequencing confirmed the unique 
back-spliced exon junction (Fig.  1D). Furthermore, we 
performed RNase R treatment, which revealed that 
circbabo(5,6,7,8S) is resistant, whereas the linear mRNAs 
(Rp49 and babo) are susceptible to RNase R-mediated 
degradation (Fig.  1E). Moreover, to further validate 
circbabo(5,6,7,8S), a biotinylated oligo probe comple-
mentary to the unique back-spliced exon junction of 
circbabo(5,6,7,8S) was employed to purify the endog-
enous circbabo(5,6,7,8S) from Drosophila Schneider Line 
2 (SL2) cell lysate (Fig.  1F). RT-qPCR analysis revealed 
that circbabo(5,6,7,8S) was specifically pulled down by 
this antisense probe, but not by a control sense probe 
(Fig.  1G). Lastly, Sanger sequencing uncovered that 
circbabo(5,6,7,8S) is 1339 nt in length. Taken together, 
results from RT-PCR with divergent primers, Sanger 
sequencing, RNase R resistance analyses, and circRNA 
pull-down assay confirmed that circbabo(5,6,7,8S) is a 
circRNA containing four exonic segments from the babo 
locus (Fig. 1A; Additional file 1: Table S1).

Next, we analyzed the expression pattern of 
circbabo(5,6,7,8S) in different tissues. Total RNA was 
isolated from various larval organs/tissues, including the 
gut, brain, fat body, and muscle, followed by RT-qPCR. 
While circbabo(5,6,7,8S) and its linear sibling babo are 
present in all these tissues, they exhibit distinct expres-
sion patterns (Fig.  1H, I). Notably, circbabo(5,6,7,8S) is 
highly expressed in the fat body, with levels nearly 7 times 
higher than in the brain (Fig.  1H). In contrast, levels of 
the linear babo transcript are higher in the brain than in 
the fat body (Fig.  1I). We also detected fourfold higher 
levels of circbabo(5,6,7,8S) in the adult torso than in the 
fly head (Fig.  1J). In addition, our analysis reveals that 
levels of circbabo(5,6,7,8S) display a significant increase 
with age (Fig.  1J). Given that circRNAs are typically 

more stable than their linear counterparts, the observed 
increase in circRNA levels with age may be attributed, at 
least in part, to the differences in stability between circu-
lar and linear RNAs.

circbabo(5,6,7,8S) depletion leads to lipid accumulation 
in Drosophila fat body cells
The Drosophila fat body stores excess energy in the form 
of triglycerides, similar to the white adipose tissue in 
mammals. The high expression level of circbabo(5,6,7,8S) 
in the larval fat body prompted us to investigate whether 
it is involved in lipid metabolism. Two independent 
transgenic small hairpin RNA (shRNA) lines were gen-
erated that target the back-spliced exon junction site. 
shcircbabo(5,6,7,8S) animals were crossed with fat body 
driver lines, cg-Gal4, female larval progenies were col-
lected, and RT-qPCR was performed to measure levels of 
various RNAs. As expected, circbabo(5,6,7,8S) was effi-
ciently knocked down in cg > shcircbabo(5,6,7,8S)-A ani-
mals while levels of the linear babo transcript remained 
unchanged (Fig.  2A). The loss of circbabo(5,6,7,8S) 
resulted in LD accumulation in the fat body, as revealed 
by the enlarged LD size (Fig.  2B, C, F). In addition, we 
generated and analyzed a second shcircbabo(5,6,7,8S)-C 
transgene and similar phenotypes were observed, thereby 
ruling out off-target effects (Additional file  2: Fig. S1A-
C). Biochemical assays also confirmed an increase in tri-
glyceride levels in cg > shcircbabo(5,6,7,8S)-A and -C fat 
body, compared with controls (Fig. 2G; Additional file 2: 
Fig.S1D). Since these two lines exhibited almost identi-
cal phenotypes, we selected the shcircbabo(5,6,7,8S)-A 
transgenic line for further analysis. We also use a second 
fat body driver, ppl-Gal4 to validate the results from cg-
Gal4. Depletion of circbabo(5,6,7,8S) under control of 
ppl-Gal4 induces LD accumulation and increased tri-
glyceride levels in fat body (Additional file 2: Fig. S1F-J), 

Fig. 2  circbabo(5,6,7,8S) depletion impacts lipid metabolism. A The UAS-shcircbabo(5,6,7,8S)-A or the control UAS-shGFP transgenic flies were 
crossed to cg > Gal4 driver flies. Total RNA was extracted from the fat body samples of the indicated genotypes, and levels of circbabo(5,6,7,8S) 
and linear babo mRNA were measured (Student’s t test, n = 3, ** p < 0.01; ns, non-significant). B–D Confocal images of the wandering 3rd instar 
larval fat body from animals expressing control shGFP (B), shcircbabo(5,6,7,8S)-A (C), or shbabo (D) driven by cg-Gal4. Nile red and DAPI staining, 
respectively, labels neutral lipids and nuclei. Scale bar, 50 μm. E The UAS-shbabo or the control UAS-shGFP transgenic flies were crossed to cg > Gal4 
driver flies. Total RNA was extracted from the fat body samples of the indicated genotypes, and levels of circbabo(5,6,7,8S) and linear babo mRNA 
were measured (Student’s t test, n = 3, * p < 0.05; ns, non-significant). F The size of LDs in fat bodies (B, C, D) was quantified (Student’s t test, n = 5, 
*** p < 0.001). G,H Samples were collected from the fat bodies of third-instar larvae carrying various UAS transgenes driven by cg-Gal4, and TG levels 
were measured and normalized to protein levels (Student’s t test, n = 3–4, * p < 0.05). I–P Flies carrying the fat body-specific cg-Gal4 driver were 
crossed to various combinations of the UAS-shcircbabo(5,6,7,8S)-A, control UAS-shGFP, empty vector or the UAS-circbabo(5,6,7,8S) transgene. Total 
RNA was prepared from the fat bodies of third-instar larvae, and levels of circbabo(5,6,7,8S) (I) and linear babo mRNA (J) were measured (one-way 
ANOVA with Turkey post hoc test, n = 3, * p < 0.05; ** p < 0.01; *** p < 0.001; ns, non-significant). Fat bodies from 3rd instar larvae of the indicated 
genotypes were collected (K–N). Nile red and DAPI staining, respectively, label neutral lipids and nuclei. Scale bar, 50 μm. The size of LDs in fat 
bodies (from K, L, M, N) was quantified (O) (one-way ANOVA with Turkey post hoc test, n = 3, *** p < 0.001; ns, non-significant). In addition, TG 
levels in fat bodies of a similar set of samples as in K, L, M, and N were measured and normalized to protein levels (P) (one-way ANOVA with Turkey 
post hoc test, n = 3, * p < 0.05; ** p < 0.01; ns, non-significant)

(See figure on next page.)
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which are consistent with the phenotypes observed in 
cg > shcircbabo(5,6,7,8S) animals. Next, we examined 
the impact of depleting the linear babo transcript in 

the fat body using a transgenic shRNA line. The linear 
babo transcript was effectively depleted, while levels 
of circbabo(5,6,7,8S) remained unaltered in cg > shbabo 

Fig. 2  (See legend on previous page.)
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animals (Fig. 2E). Notably, knocking down babo resulted 
in decreased LD size and TG storage in the fat body 
(Fig. 2D–F, H), consistent with previous findings that flies 
depleted of babo display reduced lipid storage in the fat 
body [39].

To further confirm the role of circbabo(5,6,7,8S) 
in lipid metabolism, we generated flies carrying the 
circbabo(5,6,7,8S) transgene under the control of 
upstream activating sequence (UAS). We first crossed 
various combinations of shcircbabo(5,6,7,8S), shGFP 
(control), circbabo(5,6,7,8S), and empty vector (control) 
transgenes with cg-Gal4 flies. The fat body cells from 
female 3rd instar larvae were collected, total RNA was 
extracted, and RT-qPCR was employed to measure levels 
of various RNAs. As expected, cg > shcircbabo(5,6,7,8S)-A 
animals showed efficient knockdown of circbabo(5,6,7,8S) 
while levels of the linear babo remained unchanged 
(Fig.  2I, J). Importantly, restoring circbabo(5,6,7,8S) 
expression in circbabo(5,6,7,8S)-depleted cells rescued 
the LD accumulation phenotype, indicating that the phe-
notypes elicited by circbabo(5,6,7,8S)-depletion were on-
target effects (Fig.  2K–P). Taken together, these results 
demonstrate the essential role of circbabo(5,6,7,8S) in 
maintaining lipid homeostasis in the larval fat body.

circbabo(5,6,7,8S) impacts neuronal integrity and animal 
survival
Imbalances in lipid metabolism in neuronal systems 
are strongly associated with the initiation and pro-
gression of neurodegenerative diseases [40]. Given 
that circbabo(5,6,7,8S) functions in adipose tissue to 
regulate lipid metabolism, we further explored the 
underlying role of circbabo(5,6,7,8S) in the nervous 
system. The neurons in the eyes of adult Drosophila 
are highly organized, allowing for easy assessment of 
any disruption in neural function caused by genetic 
alterations in  vivo. Therefore, we crossed various com-
binations of shcircbabo(5,6,7,8S)-A, shGFP (control), 
circbabo(5,6,7,8S), and empty vector (control) transgenes 
with flies carrying the eye-specific GMR-Gal4 driver. The 
heads of young (3 days) and old (30 days) adult flies were 
collected for TEM analysis (Fig.  3A–H). Rhabdomere 
loss was observed in a few ommatidia of 3-day-old 
GMR > shcircbabo(5,6,7,8S)-A fly eyes, but not in control 
flies (Fig.  3A, B, G). Moreover, moderate rhabdomere 
loss was detected in the lamina cartridges in the eyes of 
30-day-old GMR > shcircbabo(5,6,7,8S)-A flies, whereas 
the control samples are normal (Fig. 3D, E, H). Notably, 
we detected lipid droplet accumulation in the photore-
ceptor cells of 3-day-old GMR > shcircbabo(5,6,7,8S)-A 
flies, but not in control animals (Fig. 3A’–B’, I, indicated 
by arrows), suggesting that circbabo(5,6,7,8S) regu-
lates lipid metabolism in retinas as well. Interestingly, 

no lipid droplet accumulation was detected in aged 
GMR > shcircbabo(5,6,7,8S)-A flies (Fig.  3D’–E’, I), 
which is consistent with the notion that LD accumula-
tion represents an early, transient indicator/promoter 
of neurodegenerative disease [27]. Besides TEM analy-
sis, we also visualized LDs using Nile red, and detected 
LD accumulation in the ommatidia of 3-day-old 
GMR > shcircbabo(5,6,7,8S) flies (Additional file  3: Fig. 
S2B, S2E-F). Notably, the eye degeneration and LD accu-
mulation phenotypes in circbabo(5,6,7,8S)-depleted flies 
were rescued upon restoring circbabo(5,6,7,8S) expression 
(Fig. 3C, C’, F, G–I, Additional file 3: Fig. S2A-C). Inter-
estingly, in the 3-day-old GMR > shcircbabo(5,6,7,8S)-
A flies we found that majority of LDs were localized in 
neurons (Additional file  3: Fig. S2E, S2G), whereas only 
a small proportion of LDs were detected in the glia 
(Additional file  3: Fig. S2F, S2G). It has been reported 
that babo is expressed in both glial cells and neurons 
[41]. Therefore, it is highly likely that circbabo(5,6,7,8S) 
is expressed in both cell types as well. To analyze the 
role of circbabo(5,6,7,8S) in glia, we knocked down 
circbabo(5,6,7,8S) in the glia using the repo-Gal4 driver 
and found that the glial circbabo(5,6,7,8S) depletion led 
to photoreceptor cell loss (Additional file  3: Fig. S2H-
K). In contrast, we did not detect retinal LD accumula-
tion (Additional file  3: Fig. S2I). These data suggested 
that the expression of circbabo(5,6,7,8S) in glia facilitates 
to maintain neuronal integrity. In addition, we knocked 
down circbabo(5,6,7,8S) using the pan-neuronal elav-
Gal4 and detected LD accumulation in the photore-
ceptor cells of young flies, but not in control animals 
(Additional file  3: Fig. S2L-M, S2T). Moreover, retinal 
degeneration was detected in the lamina cartridges in the 
eyes of old elav > shcircbabo(5,6,7,8S) flies, whereas the 
control samples are normal (Additional file 3: Fig. S2O-
P, S2R-S). Lastly, the eye degeneration and LD accumu-
lation phenotypes in elav > shcircbabo(5,6,7,8S) flies were 
rescued upon restoring circbabo(5,6,7,8S) expression 
(Additional file 3: Fig. S2N, S2Q, S2R-T). Thus, although 
circbabo(5,6,7,8S) is not as highly expressed in the brain 
compared to fat body cells (Fig.  1H), our data demon-
strate that it still plays a crucial role in maintaining neu-
ronal integrity and lipid homeostasis.

Neuronal dysfunction is often associated with 
shortened lifespan in Drosophila. Thus, we knocked 
down circbabo(5,6,7,8S) in neurons by crossing the 
shcircbabo(5,6,7,8S)-A transgene with a second pan-neu-
ronal driver nSyb-Gal4. Female progenies were collected 
for the lifespan analysis. Compared with the control 
animals (nSyb > shGFP), nSyb > shcircbabo(5,6,7,8S)-A 
animals displayed shortened lifespan. Importantly, this 
phenotype can be rescued by restoring circbabo(5,6,7,8S) 
levels in nSyb > shcircbabo(5,6,7,8S)-A animals (Fig.  3J). 
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Fig. 3  circbabo(5,6,7,8S) depletion causes photoreceptor degeneration. A–F Flies carrying the eye-specific GMR-Gal4 driver were 
crossed to UAS-shcircbabo(5,6,7,8S)-A or control UAS-shGFP flies together with the empty vector or the UAS-circbabo(5,6,7,8S) transgene. 
The eyes of 3-day (A–C) or 30-day old (D–F) flies with the indicated genotypes were analyzed by TEM. Ommatidia were slightly 
affected at day 3 when circbabo(5,6,7,8S) was knocked down but showed moderate degeneration at day 30. The defects were rescued 
by introducing the UAS-circbabo(5,6,7,8S) transgene. The red arrows indicate the lipid droplet structure that was detected in the 3-day-old 
GMR > shcircbabo(5,6,7,8S)-A flies. Scale bar, 5 μm. A′–C′ Enlarged views of the boxed regions of A–C. Scale bar, 2.5 μm. G, H Quantification 
of the number of intact photoreceptors in each ommatidium from flies with the indicated genotypes of A–F. Different number of (A = 13, B = 14, 
C = 13, D = 19, E = 32, F = 15) ommatidia were counted. I, I’ Quantification of the number of LDs in each ommatidium from flies with the indicated 
genotypes. J Flies carrying the pan neuronal-specific nSyb-Gal4 driver were crossed to UAS-shcircbabo(5,6,7,8S)-A or control UAS-shGFP flies together 
with the empty vector or UAS-circbabo(5,6,7,8S) overexpression transgenes. The lifespan of flies of indicated genotypes is shown (n represents 
number of groups for each genotype, 16–20 flies for each group. shGFP, vector = 10; shcircbabo(5,6,7,8S)-A, vector = 10; circbabo(5,6,7,8S), shGFP = 8; 
shcircbabo(5,6,7,8S), circbabo(5,6,7,8S) = 8). K Levels of circbabo(5,6,7,8S) in flies of the indicated genotypes were measured (one-way ANOVA 
with Turkey post hoc test, n = 3, * p < 0.05; ** p < 0.01; *** p < 0.001)
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Furthermore, RT-qPCR confirmed the relative expres-
sion levels of circbabo(5,6,7,8S) in neurons with indi-
cated genotypes (Fig.  3K). We conclude that neuronal 
circbabo(5,6,7,8S) is essential for maintaining neuronal 
health and animal survival.

Activation of SREBP signaling 
in circbabo(5,6,7,8S)‑depleted flies contributes to LD 
accumulation
To identify potential effector genes that act downstream 
of circbabo(5,6,7,8S) to impact lipid metabolism, we per-
formed RNA-seq to compare the RNA expression profile 
in the fat body of cg > shcircbabo(5,6,7,8S)-A larvae with 
that of cg > shGFP control animals. In total, 1405 tran-
scripts displayed significant changes in expression upon 
circbabo(5,6,7,8S) depletion, including 449 upregulated 
transcripts and 956 downregulated transcripts (Fig.  4A; 
Additional file 4: Table S2). Functional enrichment analy-
sis of the upregulated genes revealed several important 
gene ontology (GO) categories. Notably, lipid homeo-
stasis was among the top ten enriched functional terms 
(Fig. 4B). Genes that show increased expression in lipid 
homeostasis include SREBP, an important regulator of 
lipogenesis, along with known SREBP targets such as 
ATPCL and Fasn1 (Fig.  4A), which are responsible for 
de novo fatty acid synthesis [42, 43]. We selected 8 genes 
relevant to lipid metabolism and conducted RT-qPCR to 
assess their expression levels in cg > shcircbabo(5,6,7,8S)-
A fat body cells. Notably, we detected higher lev-
els of SREBP, ATPCL, and Fasn1 transcripts in 
circbabo(5,6,7,8S)-depleted tissues than in control sam-
ples (Fig. 4C), suggesting a potential role of SREBP sign-
aling in the LD accumulation phenotype observed in the 
circbabo(5,6,7,8S)-depleted flies. Next, we performed 
immunoblot using lysates from cg > shcircbabo(5,6,7,8S)-
A and the control cg > shGFP fat body samples. We 
detected a ~ three-fold increase in levels of active/nuclear 
form SREBP (nSREBP) in cg > shcircbabo(5,6,7,8S)-A ani-
mals compared with controls (Fig.  4D, E). We conclude 
that SREBP is upregulated in cg > shcircbabo(5,6,7,8S)-A 
animals.

In addition, we explored the role of a collection of 
established lipid regulatory genes such as Lsd-1/Lsd-2, 
Hsl, and bmm, which are known to regulate lipid for-
mation and lipolysis [44] in circbabo(5,6,7,8S)-depleted 
tissues. Firstly, we measured their expression levels and 
detected a significant reduction in Lsd-1 levels (approxi-
mately ~ twofold). In contrast, Lsd-2 and bmm exhibited 
increased expression (~ 1.5 fold and ~ 2.5 fold respec-
tively). Level of the Hsl transcript remained unchanged 
(Additional file 5: Fig. S3A). These results indicate that the 
transcription of Lsd-1, Lsd-2, and bmm could be directly 
or indirectly regulated in circbabo(5,6,7,8S)-depleted 

tissues. Next, we introduced UAS-bmm or UAS-shLsd-2 
transgenes to the cg > shcircbabo(5,6,7,8S)-A background 
and examined the impact on LD accumulation pheno-
type (Additional file  5: Fig. S3D-E, S3J). As expected, 
overexpression of bmm enhances lipolysis, resulting in 
small LD size (Additional file  5: Fig. S3E, S3J), which is 
constant with previous reports [44]. Notably, overex-
pression of bmm in circbabo(5,6,7,8S)-depleted fat body 
effectively reduces LD accumulation (Additional file  5: 
Fig. S3D, S3J). Lsd-2 has been reported to promote fat 
storage in lipid droplets [44]. Depletion of Lsd-2 dis-
rupts the lipid storage process, resulting in small LD size 
(Additional file  5: Fig. S3G, S3J). Simultaneous knock-
down of Lsd-2 and circbabo(5,6,7,8S) in the fat body 
reduces LD accumulation (Additional file  5: Fig. S3F, 
S3J). These results suggest that the lipolysis or lipid stor-
age process remain mostly intact in shcircbabo(5,6,7,8S)-
depleted flies, and that the LD accumulation phenotype 
in shcircbabo(5,6,7,8S)-depleted flies is unlikely due to 
dysfunction of lipolysis or lipid storage process. Given 
that promoting lipolysis or disrupting lipid storage in the 
circbabo(5,6,7,8S) depleted tissues can rescue the lipid 
accumulation defects (Additional file 5: Fig. S3B-G, S3J), 
these results further strengthen the notion that LD accu-
mulation phenotype in shcircbabo(5,6,7,8S)-depleted flies 
is primarily due to alterations in lipogenesis.

To determine whether SREBP signaling is responsi-
ble for the LD accumulation and neurodegeneration 
phenotypes of circbabo(5,6,7,8S)-depleted flies, we first 
knocked down SREBP in the cg > shcircbabo(5,6,7,8S)-A 
flies and examined the impact on LD accumulation phe-
notype (Fig. 4F–K). Depletion of SREBP disrupts lipogen-
esis, resulting in small LD size and reduced TG storage 
(Fig. 4F, H, J, K). Simultaneous knockdown of SREBP and 
circbabo(5,6,7,8S) in the fat body effectively reduces LD 
accumulation (Fig.  4G, I, J, K). In addition, introducing 
one copy of the SREBP mutant allele, SREBPΔ189 to the 
cg > shcircbabo(5,6,7,8S) background was able to suppress 
LD accumulation in fat body (Additional file 5: Fig. S3H-
J) and partially rescue retinal degeneration (Additional 
file 5: Fig. S3K-R). Furthermore, since the aged neuronal 
circbabo(5,6,7,8S)-depleted flies display the most noticea-
ble phenotypes, we reduced SREBP expression in the neu-
rons of 30-day-old GMR > shcircbabo(5,6,7,8S)-A flies and 
assessed whether this would lessen the severity of photo-
receptor cell loss. The results showed that the removal of 
SREBP in the eyes of GMR > shcircbabo(5,6,7,8S)-A flies 
improved neuronal integrity (Additional file 5: Fig. S3S-
V). Moreover, we found that the reduction of SREBP in 
the nSyb > shcircbabo(5,6,7,8S)-A flies could also rescue 
the shortened lifespan phenotype (Additional file 5: Fig. 
S3W). Hence, our results strongly indicate that SREBP is 
a downstream effector of circbabo(5,6,7,8S) contributing 
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Fig. 4  Depletion of circbabo(5,6,7,8S) promotes the SREBP signaling pathway. A A volcano plot of gene expression profile 
of cg-gal4 > shcircbabo(5,6,7,8S)-A samples compared to control cg-gal4 > shGFP samples (fat body). Significantly upregulated genes (blue, 
p ≤ 0.05 and log2FC > 1), downregulated genes (yellow, p ≤ 0.05 and log2FC <  − 1), and genes with no change in expression (green) are shown. B 
Significantly upregulated genes were grouped into 10 categories based on Gene Ontology analysis. C Total RNA from the fat bodies of indicated 
genotypes were extracted and RT-qPCR was performed to quantify levels of select RNAs (Student’s t test, n = 3, * p < 0.05; ** p < 0.01; *** p < 0.001; 
ns, non-significant). D Immunoblot shows levels of the nuclear form of SREBP (nSREBP) are elevated in the fat bodies of cg > shcircbabo(5,6,7,8S) 
flies. Tubulin serves as a loading control. E Quantification of results in D (n = 3). F–I Nile red was employed to stain LDs in the fat bodies of indicated 
genotypes. LDs accumulated in the fly fat bodies upon circbabo(5,6,7,8S) depletion (F and G). Knockdown of SREBP in the shcircbabo(5,6,7,8S) 
background reduces the degree of LD accumulation (compare G and I). Scale bar, 50 μm. J Quantification of LD size in F, G, H, and I (one-way 
ANOVA with Turkey post hoc test, n = 3, *** p < 0.001). K TG levels in fat bodies of genotypes similar to those in F, G, H, and I were measured 
and normalized (one-way ANOVA with Turkey post hoc test, n = 3, ** p < 0.01; *** p < 0.001)
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to the LD accumulation and neurodegeneration pheno-
types in circbabo(5,6,7,8S)-depleted flies.

circbabo(5,6,7,8S) encodes a functional protein
While circRNAs were initially thought to be non-coding 
RNAs, recent findings suggest that select circRNAs have 
the potential to be translated into functional proteins [32, 
33, 45, 46]. We noticed that circbabo(5,6,7,8S) contains 
a potential open reading frame (ORF) (see Additional 
file  1: Table  S1 for the highlighted sequence), which 
includes two closely located start codons and one com-
mon stop codon. The hypothetical protein product con-
sists of 350 amino acids, overlapping with the C-terminus 
of the babo protein and encompassing the GS and the 
kinase domains of babo (Fig. 5A). We named the hypo-
thetical protein product as circbabo(5,6,7,8S)-p. To test 
the protein-coding potential of circbabo(5,6,7,8S), we 
performed RNA immunoprecipitation using the ribo-
somal protein RpL22, which is an essential ribosomal 
protein for translation. Lysates were prepared from 
Drosophila SL2 cells stably expressing TAP-RpL22 or a 
control TAP tag only, and immunoprecipitation assays 
using IgG-conjugated agarose beads. Total RNA was 
extracted from immuno-purified samples, levels of vari-
ous RNAs were measured and compared with controls. 
We found that similar to protein-coding mRNAs Rp49 
and Reaper, circbabo(5,6,7,8S) was significantly enriched 
in the RpL22 pull-down sample compared to the control, 
indicating protein-coding potential (Additional file  6: 
Fig. S4A). To validate this hypothesis, we generated a 
circbabo(5,6,7,8S) transgene with a 3XFlag epitope tag 

positioned immediately upstream of the putative stop 
codon in the ORF of circbabo(5,6,7,8S) (Fig.  5B). Lysate 
from SL2 cells stably expressing the circbabo(5,6,7,8S)-
Flag transgene was subjected to immunoprecipitation 
using the anti-Flag antibody, and both cell lysates and 
immuno-purified anti-Flag complexes were subjected 
to immunoblot. Two Flag-tagged protein bands (p1 
and p2) were detected in both cell lysate and immuno-
purified anti-Flag complexes, presumably due to the 
presence of two closely spaced initiation codons in the 
putative ORF (Fig. 5C, D). We note that levels of the sec-
ond product (p2) are weaker than p1, consistent with the 
notion that the first AUG codon primarily serves as the 
main translation initiation site [47]. However, we can-
not exclude the possibility that p2 could also be a deg-
radation product of p1. To confirm that the Flag-tagged 
protein products are derived from circbabo(5,6,7,8S), 
immuno-purified anti-Flag samples were subjected to 
mass spectrometry. We detected 7 distinct peptides 
originating from the putative circbabo(5,6,7,8S) ORF 
(Fig. 5D, Additional file 7: Table S3), thereby demonstrat-
ing the protein-coding capability of circbabo(5,6,7,8S). 
In the circbabo(5,6,7,8S)−3XFlag transgene employed in 
Fig. 5B, the stop codon is located downstream of the ini-
tiation codon; therefore, we could not exclude the possi-
bility that the protein product could be derived from the 
linear transcript. To rule out this possibility, we gener-
ated a second 3XFlag-stop-circbabo(5,6,7,8S) transgene in 
which the stop codon is positioned upstream of the ini-
tiation codon, and the backspliced junction is positioned 
within the ORF, while still maintaining the circRNA 

(See figure on next page.)
Fig. 5  circbabo(5,6,7,8S) encodes a functional protein. A Schematic of the babo and circbabo-p proteins. Positions of the LB (ligand bind), 
TM (transmembrane), GS (TTSGSGSG sequence), and kinase domains are shown. B Schematic of a circbabo(5,6,7,8S) minigene driven 
by the metallothionein promoter. The ORF and the corresponding UTR are shown in green and blue, respectively. Two candidate start codons 
and one stop codon are noted. A 3X FLAG epitope tag-coding sequence was placed immediately upstream of the putative stop codon. C SL2 cells 
were transfected with empty vector or the circbabo(5,6,7,8S) minigene described in B. Cell lysates were subject to anti-Flag immunoprecipitation. 
Two Flag-tagged protein bands (p1 and p2) were detected in cell lysates and enriched in immunopurified samples. p2 could be either a product 
derived from the shorter ORF or a degradation product of p1. C’ is the long exposure of C. D Lysate from stably transfected SL2 cells carrying 
the constructs described in B was subjected to anti-Flag IP followed by mass spectrometry. Seven independent peptides (in green) derived 
from circbabo(5,6,7,8S)-p were identified. E–H Flies carrying the fat body-specific cg-Gal4 driver were crossed to UAS-shcircbabo(5,6,7,8S)-A 
or control UAS-shGFP flies together with the empty vector or the UAS-Flag-circbabo(5,6,7,8S)-p transgene. Nile red and DAPI staining, respectively, 
labels neutral lipids and nuclei in fat bodies of the indicated genotypes. Expression of Flag-circbabo(5,6,7,8S)-p in the shcircbabo(5,6,7,8S) 
background rescues the LD accumulation phenotype. Scale bar, 20 μm. I Levels of Flag-circbabo(5,6,7,8S)-p protein were measured by immunoblot. 
J Quantification of LD size in E, F, G, and H (one-way ANOVA with Turkey post hoc test, n = 5, *** p < 0.001; ns, non-significant). K TG levels in a similar 
set of samples as in E, F, G, and H (fat bodies) were measured and normalized (one-way ANOVA with Turkey post hoc test, n = 3, *** p < 0.001; 
ns, non-significant). L–N Flies carrying the GMR-Gal4 driver were crossed to UAS-shcircbabo(5,6,7,8S)-A or control UAS-shGFP flies together 
with the empty vector or the UAS-Flag-circbabo(5,6,7,8S)-p transgene. The eyes of 30-day-old flies with the indicated genotypes were analyzed 
by TEM. The photoreceptor cell loss phenotype was rescued by introducing the Flag-circbabo(5,6,7,8S)-p transgene in the shcircbabo(5,6,7,8S)-A 
genetic background. Scale bar, 5 μm. O Quantification of the number of intact photoreceptors in each ommatidium from flies with the indicated 
genotypes of L–N. Different number of L = 19, M = 32, N = 19 ommatidia were counted. P Flies carrying the pan neuronal nSyb-Gal4 driver were 
crossed to UAS-shcircbabo(5,6,7,8S)-A or control UAS-shGFP flies together with the empty vector or the UAS-Flag-circbabo(5,6,7,8S)-p transgene. 
The lifespan of flies of select genotypes is shown (n represents number of groups for each genotype, 16–20 flies for each group. shGFP, vector = 10; 
shcircbabo(5,6,7,8S)-A, vector = 10; shGFP, Flga-circbabo(5,6,7,8S)-p = 8; shcircbabo(5,6,7,8S), Flag-circbabo(5,6,7,8S)-p = 8)
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Fig. 5  (See legend on previous page.)
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configuration (Additional file  6: Fig. S4B). Upon intro-
ducing this construct into S2-TM cells, we were able to 
detect two Flag-tagged protein bands in immuno-puri-
fied Flag-tagged protein complexes, and the sizes are 
comparable to p1 and p2 in circbabo(5,6,7,8S)−3XFlag 
expressing cells (Additional file  6: Fig. S4C). Thus, we 
conclude that circbabo(5,6,7,8S) has protein-coding 
potential, at least in the transgene setting.

To uncover the biological function of the circRNA-
encoded protein circbabo(5,6,7,8S)-p, we examined 
whether circbabo(5,6,7,8S)-p can rescue the phenotypes 
elicited by circbabo(5,6,7,8S) depletion in  vivo. To this 
end, we generated transgenic flies carrying the protein-
coding sequence of Flag-circbabo(5,6,7,8S)-p under the 
control of UAS. Expression of Flag-circbabo(5,6,7,8S)-p 
in fat body rescued the enlarged LD size and TG over-
storage phenotypes of cg > shcircbabo(5,6,7,8S) animals 
(Fig.  5E–K). In addition, the defective ommatidium 
structure in 30-day-old circbabo(5,6,7,8S)-depleted 
flies driven by GMR-Gal4 was also rescued by Flag-
circbabo(5,6,7,8S)-p (Fig.  5L-O). Lastly, expression of 
Flag-circbabo(5,6,7,8S)-p in neurons using nSyb-Gal4 
rescued the shortened lifespan resulting from the deple-
tion of circbabo(5,6,7,8S) (Fig. 5P). Taken together, these 
data solidify the notion that circbabo(5,6,7,8S) encodes a 
functional protein.

circbabo(5,6,7,8S) regulates the TGF‑β signaling pathway
Our data show that expression of circbabo(5,6,7,8S)-p 
or depletion of SREBP rescues the phenotypes elicited 
by circbabo(5,6,7,8S) depletion. We first set out to exam-
ine whether there is any physical interaction between 
circbabo(5,6,7,8S)-p and SREBP. Our immunoprecipi-
tation assay failed to detect such interactions (Addi-
tional file  8: Fig. S5A). In addition, our analysis reveals 
that circbabo(5,6,7,8S)-p is primarily localized in the 
cytoplasm, thus it is unlikely to directly regulate tran-
scription (Additional file  8: Fig. S5B). We conclude that 
circbabo(5,6,7,8S) may indirectly regulate the SREBP 
signaling pathway to impact lipid metabolism.

Babo is the type I receptor for the activin-like ligands of 
the TGF-β signaling pathway in Drosophila [48]. Ligand 
binding to the type I receptor babo induces the formation 
of a receptor complex consisting of both babo and type 
II receptors (put or wit). The constitutively active type II 
receptors in turn phosphorylate babo, ultimately leading 
to Smad phosphorylation. Subsequently, phosphorylated 
Smad binds to Medea and translocates to the nucleus to 
initiate a transcriptional response [49]. Previous studies 
have shown that ectopic activation of the babo-depend-
ent TGF-β signaling pathway in the fat body leads to 
lipid accumulation and mitochondrial dysfunction [39]. 
Since circbabo(5,6,7,8S)-p is a truncated form of babo, 

we hypothesized that circbabo(5,6,7,8S) may regulate 
lipid metabolism by interfering with the TGF-β signal-
ing pathway. To test this hypothesis, we first conducted 
KEGG pathway analysis using the RNA-seq data from 
cg > shcircbabo(5,6,7,8S)-A and the cg > shGFP control 
animals. Our analysis revealed that the TGF-β pathway 
(p = 0.041) is among the processes with enrichment of 
differentially expressed genes in cg > shcircbabo(5,6,7,8S)-
A flies (Additional file  8: Fig. S5C). Indeed, immuno-
blot revealed a ~ fivefold increase in levels of p-Smad 
in circbabo(5,6,7,8S)-depleted fat body cells compared 
with controls (Fig.  6A), reflecting enhanced activation 
of TGF-β signaling. In contrast, we detected a ~ 25% 
reduction in levels of p-Smad in Flag-circbabo(5,6,7,8S)-
p overexpressing fat body cells compared with controls 
(Fig. 6B). As a positive control for TGF-β pathway acti-
vation, overexpression of babo Q302D, a constitutively 
active form of babo, induced a prominent increase in lev-
els of p-Smad in the fat body (Fig. 6B). In addition, con-
sistent with previous reports, forced expression of babo 
Q302D in fat body cells also led to lipid accumulation 
(Additional file  9: Fig. S6A, B, E). Interestingly, deple-
tion of SREBP in babo Q302D-expressing cells could 
rescue the lipid accumulation phenotypes, suggesting 
that SREBP acts downstream of TGF-β signaling (Addi-
tional file 9: Fig. S6B-E). Furthermore, forced expression 
of babo Q302D in the Drosophila eyes could lead to LD 
formation in the ommatidia (Additional file 9: Fig. S6F-
G). Taken together, our analyses indicated that the TGF-β 
signaling pathway regulates lipid metabolism in both fat 
body and neurons.

Our data suggest that circbabo(5,6,7,8S) regulates the 
TGF-β signaling pathway. Since circbabo(5,6,7,8S)-p 
is presumably a soluble cytoplasmic fragment of babo, 
it may act in a dominant negative fashion by compet-
ing with babo for limiting components required for the 
activation of TGF-β signaling, thereby interfering with 
babo-dependent TGF-β signaling. To test this hypoth-
esis, we first examined whether circbabo(5,6,7,8S)-p 
could associate with core components of babo-depend-
ent TGF-β signaling pathway. We expressed Flag-tagged 
circbabo(5,6,7,8S)-p and HA-tagged babo in SL2 cells. 
Reciprocal co-immunoprecipitation assays confirmed 
that circbabo(5,6,7,8S)-p interacts with babo (Fig.  6C). 
We also confirmed the interaction between babo and 
put (Additional file 10: Fig. S7), consistent with previous 
report showing that babo associates with put to form a 
heterodimeric receptor complex [50]. Interestingly, we 
found that Flag-circbabo(5,6,7,8S)-p co-precipitated with 
put-HA, but not with Smad-HA (Fig. 6D, E), suggesting 
that either circbabo(5,6,7,8S)-p does not interact with 
Smad, or the interaction is weak/transient and beyond 
detection limits. Since babo and put interact each other, 
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and both can associate with circbabo(5,6,7,8S)-p, we pos-
ited that circbabo(5,6,7,8S)-p might interfere with TGF-β 
signaling by weakening the interaction between put and 
babo. To test this, we co-expressed in SL2 cells babo-HA 
and put-Flag with or without Flag-circbabo(5,6,7,8S)-p, 
performed IP using an anti-HA antibody, and measured 
levels of put-Flag in the immuno-purified babo-HA com-
plexes. Indeed, in the presence of Flag-circbabo(5,6,7,8S)-
p, the amount of put that co-immunoprecipitated 
with babo was significantly reduced (Fig.  6F, G). Taken 
together, our analyses show that circbabo(5,6,7,8S)-p may 
dampen the interaction between the type II receptor put 
and type I receptor babo, thereby fine-tuning the output 
of the TGF-β signaling pathway.

The ROS/JNK/SREBP cascade regulates lipid homeostasis 
and neuronal integrity in circbabo(5,6,7,8S)‑depleted flies
Previous studies have shown that TGF-β signaling can 
inhibit various mitochondrial functions, including oxida-
tive phosphorylation, glycolytic capacity, and respiratory 
capacity in different organisms. For example, activation 
of TGF-β signaling autonomously leads to decreased 
ATP production and an excess of ROS in cells [39, 51, 
52]. Consistent with previous reports, forced expres-
sion of babo Q302D in the fat body cells led to a marked 
decrease in ATP levels, which reflects mitochondrial dys-
function (Additional file 11: Fig. S8A). Next, we measured 
ROS levels in the fat body using the ROS-related fluo-
rescent dye, 2’,7’-dichlorodihydrofluorescein (DCF), and 

Fig. 6  circbabo(5,6,7,8S)-p dampens TGF-β signaling by interfering with babo/put receptor heterodimerization. A Flies carrying the cg-Gal4 
driver were crossed to shGFP (control) or shcircbabo(5,6,7,8S) flies. Immunoblot analysis of fat bodies of the indicated genotypes shows that levels 
of pSmad are elevated upon circbabo(5,6,7,8S) depletion. Tubulin serves as a loading control. B Levels of pSmad are decreased in the fat bodies 
of cg > Flag-circbabo(5,6,7,8S)-p flies, and elevated in fat bodies overexpressing babo.Q302D. Tubulin serves as a loading control. C Flag tagged 
circbabo(5,6,7,8S)-p could pull-down HA tagged babo. Various combinations of expression constructs for Flag-tagged circbabo(5,6,7,8S)-p 
and HA-tagged babo were transfected into S2 cells. Both 10% of cell lysates and immuno-purified HA and Flag complexes were analyzed 
by immunoblot. D Flag tagged circbabo(5,6,7,8S)-p could pull-down HA tagged put. Various combinations of expression constructs for Flag-tagged 
circbabo(5,6,7,8S)-p and HA-tagged put were transfected into S2 cells. Both 10% of cell lysates and immuno-purified HA and Flag complexes 
were analyzed by immunoblot. E circbabo(5,6,7,8S)-p and Smad did not interact with each other. Various combinations of expression constructs 
for Flag-tagged circbabo(5,6,7,8S)-p and HA-tagged Smad were transfected into S2 cells. Both 10% of cell lysates and immuno-purified HA and Flag 
complexes were analyzed by immunoblot. F circbabo(5,6,7,8S)-p interferes with babo/put receptor heterodimerization. Various combinations 
of expression constructs for Flag-tagged circbabo(5,6,7,8S)-p, Flag-tagged put and HA-tagged babo were transfected into S2 cells. Both 10% 
of cell lysates and immuno-purified HA complexes were analyzed by immunoblot. G Quantification of the ratio of Flag-put/HA-babo intensity 
in the immuno-purified HA complexes as shown in F. The experiment has been repeated 3 times (student t-test, ***p < 0.001)
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detected higher levels of ROS in fat body expressing babo 
Q302D than in controls, further confirming that aberrant 
activation of TGF-β signaling led to mitochondrial dys-
function (Additional file 11: Fig. S8B-D). Since depletion 
of circbabo(5,6,7,8S) led to enhanced TGF-β signaling, 
we hypothesized that it may also cause mitochondrial 
dysfunction. Indeed, we found that the depletion of 
circbabo(5,6,7,8S) in the fat body resulted in reduced 
ATP levels and elevated ROS, as shown by increased 
DCF fluorescence intensity compared with control ani-
mals (Additional file  11: Fig. S8A, E, F, H). In addition, 
we employed the oxidative stress reporter GstD1-GFP to 
quantify ROS levels in circbabo(5,6,7,8S)-depleted tissues 
[53]. This analysis revealed that fat body-specific deple-
tion of circbabo(5,6,7,8S) led to elevated GstD1-GFP 
reporter activity compared with control (Fig.  7A, B, D), 
reflecting ROS over-accumulation.

ROS affects the homeostasis of intracellular lipid 
metabolism in both Drosophila and mammals [27, 54, 
55]. Expression of hSOD1, which encodes an enzyme that 
removes ROS, using the fat body driver cg-GAL4 elimi-
nated ROS in circbabo(5,6,7,8S)-depleted cells (Addi-
tional file 11: Fig. S8G, H; Fig. 7C, D), and also reduced 
LD accumulation (Fig.  7E–G, I, J). In addition, expres-
sion of hSOD1 in circbabo(5,6,7,8S)-depleted eyes using 
GMR-GAL4 partially rescues the eye degeneration and 
LD accumulation defects (Fig.  7K-M, O, Additional 
file 12: Fig.S9). Furthermore, the shortened lifespan phe-
notype elicited by neuron-specific circbabo(5,6,7,8S) 
depletion was rescued upon hSOD1 expression (Fig. 7P). 
Taken together, our data show that the depletion of 
circbabo(5,6,7,8S) induces ROS production, which con-
tributes to lipid accumulation and neuronal degeneration.

It has been reported that ROS activates transcrip-
tion factors such as FoxO and NF-κB/Rel, and the 
JNK signaling pathway, which in turn impact SREBP 
activity [27, 56–58]. To determine whether these fac-
tors play a role in the LD accumulation phenotype in 

circbabo(5,6,7,8S)-depleted flies, we knocked down FoxO, 
JNK, or Rel in the cg > shcircbabo(5,6,7,8S)-A background, 
and examined the impact on LD formation. We found 
that removal of bsk (the homolog of JNK in Drosophila) is 
sufficient to reduce lipid accumulation in the fat body of 
circbabo(5,6,7,8S)-depleted flies (Fig. 7H–J), while deple-
tion of Rel or FoxO had no impact (Additional file 13: Fig. 
S10). In addition, we performed immunoblot to measure 
levels of JNK in the fat body lysate from the 3rd instar 
larvae. We found that circbabo(5,6,7,8S)-depletion or 
babo Q302D expression led to notable elevation of total 
JNK levels (Additional file  14: Fig. S11). To investigate 
the role of JNK in the neurodegeneration phenotype of 
circbabo(5,6,7,8S)-depleted flies, we depleted bsk in the 
GMR > shcircbabo(5,6,7,8S)-A background. We found that 
the eye degeneration phenotype in circbabo(5,6,7,8S)-
depleted flies was partially rescued by bsk knockdown 
(Fig.  7N,O). Additionally, the lifespan was extended by 
depletion of bsk in nSyb > shcircbabo(5,6,7,8S)-A flies 
(Fig. 7P). All those data confirm that JNK signaling con-
tributes to the LD accumulation and retina degeneration 
in circbabo(5,6,7,8S)-depleted flies. Taken together, our 
analyses show that circbabo(5,6,7,8S) depletion enhances 
TGF-β signaling and promotes the ROS/JNK/SREBP cas-
cade to impact lipid homeostasis and neuronal health.

Discussion
In this study, we identified a circRNA derived from the 
babo locus, circbabo(5,6,7,8S), which is highly abundant 
in the fat body cells of Drosophila. We show that fat 
body-specific depletion of circbabo(5,6,7,8S) causes LD 
accumulation and increased TG contents. In addition, 
despite its relatively lower expression in the brain than 
in fat body, circbabo(5,6,7,8S) is essential for neuronal 
health. Specifically, circbabo(5,6,7,8S)-depletion leads to 
a shortened lifespan and photoreceptor cell degeneration 
accompanied by LD accumulation in retinas, a phenotype 
that manifests predominantly in young flies. Regarding 

(See figure on next page.)
Fig. 7  Reducing levels of ROS, JNK, or SREBP in circbabo(5,6,7,8S)-depleted flies rescues the LD accumulation and neurodegeneration phenotypes. 
A–C Fat bodies carrying the GstD1-GFP reporter and expressing the indicated transgenes under the control of cg-Gal4 were imaged to visualize 
GFP (green). circbabo(5,6,7,8S) depletion led to increased levels of GstD1-GFP. This phenotype can be rescued by introducing the hSOD1 transgene. 
Scale bar, 20 μm. D Quantification of GFP fluorescence intensity in A, B, and C (one-way ANOVA with Turkey post hoc test, n = 3–4, ** p < 0.01; 
*** p < 0.001). E–H Various combinations of the indicated transgenes were expressed under the control of cg-Gal4. Nile red and DAPI were 
employed to label lipid droplets and nuclei, respectively. Overexpression of hSOD1 or knockdown of bsk rescued the LD accumulation phenotype 
in cg > shcircbabo(5,6,7,8S) flies. (I) Quantification of LD size in E, F, G, and H (one-way ANOVA with Turkey post hoc test, n = 5, * p < 0.05; *** p < 0.001; 
ns, non-significant). J TG levels in a similar set of samples as in E, F, G, and H were measured and normalized (one-way ANOVA with Turkey post hoc 
test, n = 3, * p < 0.05; ** p < 0.01). K–N The eyes of 30-day-old flies carrying the indicated combinations of transgenes driven by GMR-Gal4 were 
analyzed with TEM. The photoreceptor cell loss phenotype elicited by the depletion of circbabo(5,6,7,8S) was rescued by hSOD1 overexpression 
or bsk depletion. Scale bar, 5 μm. O Quantification of the number of intact photoreceptors in each ommatidium from flies with the indicated 
genotypes of K–N. Different number of (K = 19, L = 32, M = 11, N = 11) ommatidiawere counted. P Lifespan of flies carrying the indicated 
combinations of transgenes driven by the pan neuronal nSyb-Gal4 driver is shown (n represents number of groups for each genotype, 15–20 flies 
for each group. shGFP, vector = 10; shcircbabo(5,6,7,8S)-A, vector = 10; shcircbabo(5,6,7,8S), hSOD1 = 9; shcircbabo(5,6,7,8S), shbsk = 8)
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the molecular mechanism underlying circbabo(5,6,7,8S) 
function, we provide evidence that circbabo(5,6,7,8S) 
encodes a functional protein and regulates TGF-β sign-
aling by interfering with babo/put heterodimeric recep-
tor assembly, consequently impairing downstream 
Smad protein phosphorylation. In addition, depletion of 
circbabo(5,6,7,8S) leads to enhanced activation of TGF-β 

signaling, resulting in mitochondrial dysfunction and 
increased ROS levels. Lastly, we show that ROS promotes 
the expression of lipogenesis genes through the JNK/
SREBP signaling cascade, leading to enhanced lipid syn-
thesis and accumulation in cells (Fig. 8). Thus, our study 
establishes a regulatory role for circbabo(5,6,7,8S) in lipid 
metabolism and neuronal integrity.

Fig. 7  (See legend on previous page.)
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Our study revealed that circbabo(5,6,7,8S) can encode 
a functional protein, which is essentially a truncated 
form of babo (Fig. 5A–D). Since there are no new amino 
acid sequences in circbabo(5,6,7,8S)-p that can differ-
entiate from babo, it would be challenging to detect 
the endogenous circbabo(5,6,7,8S)-derived proteins by 
mass spectrometry. In addition, our attempts to insert 
epitope tags into the exons that give rise to endogenous 
circbabo(5,6,7,8S) were unsuccessful, possibly because 
this modification would result in the addition of exog-
enous amino acid sequences to the endogenous babo 
protein, which may cause a growth disadvantage and 
prevent the formation of SL2 cell clones. Therefore, it 
remains unclear whether endogenous circbabo(5,6,7,8S)-
p can be produced in  vivo. Nonetheless, our functional 
analyses revealed that expression of circbabo(5,6,7,8S)-
p rescued the LD accumulation, neurodegenera-
tion, and shortened lifespan phenotypes elicited by 

circbabo(5,6,7,8S) depletion (Fig.  5E–P). Thus, we pro-
pose that circbabo(5,6,7,8S)-p is a functional module of 
circbabo(5,6,7,8S) in regulating lipid metabolism and 
neuronal integrity.

Although select circRNAs encode proteins and perform 
distinct functions from their linear counterparts [45, 50, 
59, 60], recent studies showed that some circRNAs par-
ticipate in the same biological processes and even exert 
dominant-negative effects on proteins encoded by their 
linear sibling mRNAs [32, 59, 61]. Here, we found that 
circbabo(5,6,7,8S) and babo are derived from the same 
pool of pre-mRNAs, yet they display opposing functions, 
as depletion of babo and circbabo(5,6,7,8S), respectively, 
leads to a reduction and an increase in lipid accumula-
tion. This is consistent with our findings showing that 
circbabo(5,6,7,8S) encodes a truncated form of babo pro-
tein, which exerts a dominant negative effect on babo 
by competing with babo for limiting core components 

Fig. 8  A diagram depicting the role of circbabo(5,6,7,8S) in lipid metabolism. A With normal levels of circbabo(5,6,7,8S) expression, circbabo(5,6,7,8S) 
is translated into the circbabo(5,6,7,8S)-p protein, which interferes with the babo/put receptor heterodimerization, thereby dampening 
the phosphorylation of Smad and reducing the output of TGF-β signaling. B Upon circbabo(5,6,7,8S) depletion, Smad phosphorylation/activation 
is enhanced, leading to an increase in the output of TGF-β signaling. C TGF-β signaling inhibits mitochondrial function, leading to an increase in ROS 
levels. ROS in turn triggers JNK-SREBP signaling, which promotes the transcription of lipogenesis genes (FASN1, ATPCL), leading to lipid accumulation
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of TGF-β signaling, such as put, thereby inhibiting the 
TGF-β signaling (Fig.  6A, B, F, G). Thus, the babo gene 
locus appears to produce multiple protein isoforms to 
achieve more precise control of TGF-β signaling through 
the canonical and back-splicing events. This would mini-
mize the necessity of evolving additional transcription 
initiation sites at the babo locus or protease cleavage sites 
in the babo protein, and represents an efficient strategy 
to achieve precise fine-tuning of the activity of proteins 
or the output of a given biological pathway/process.

Ectopic activation of the SREBP signaling pathway, 
which promotes lipid synthesis, is responsible for the 
lipid metabolism phenotype in circbabo(5,6,7,8S)-
depleted fat body cells (Fig. 4, S3). However, we did not 
detect a direct interaction between circbabo(5,6,7,8S)-p 
and SREBP, implying that circbabo(5,6,7,8S)-p may indi-
rectly regulate the SREBP signaling pathway (Additional 
file 8: Fig. S5A). Indeed, overactive TGF-β signaling can 
lead to mitochondrial dysfunction, resulting in increased 
ROS generation and reduced ATP production (Fig. 7A–
D, Additional file 11: Fig. S8). Our analysis revealed that 
hSod1-mediated clearance of ROS rescued the LD accu-
mulation and neurodegeneration phenotypes (Fig. 7E–P, 
Additional file  12: Fig.S9), consistent with previous 
reports showing that ROS activates the SREBP signaling 
in Drosophila [27].

We note that the overexpression of circbabo(5,6,7,8S) 
and Flag-circbabo(5,6,7,8S)-p extend the lifespan of fruit 
flies. This lifespan extension effect could be a result of 
the inhibitory effect of circbabo(5,6,7,8S) on the TGF-β 
signaling pathway (Figs. 6B and 8). Reduced TGF-β sign-
aling has been reported to extend longevity by modulat-
ing insulin signaling [62] and autophagy process [63]. 
Further investigation is needed to elucidate the detailed 
molecular mechanisms of circbabo(5,6,7,8S) in regulating 
lifespan.

In most cases, the over-produced lipid in neurons can 
be further transported to the glia with the help of mono-
carboxylate transporters (MCTs), fatty acid transport 
proteins (FATPs), and apolipoproteins (APOE) [64–66]. 
In the retinas of circbabo(5,6,7,8S) depletion flies, we 
found that enhanced lipogenesis causes LD formation 
predominantly in neurons, and only a small amount of 
LDs are detected in the glia (Additional file 3: Fig. S2A-
G). This could be due to that the LD accumulation pheno-
type of circbabo(5,6,7,8S)-depleted flies is relatively weak; 
therefore, there are not enough lipids to be transported 
to the glia. In addition, it has reported that activation of 
TGF-β signaling in neurons results in the repression of 
APOE RNA and protein levels [67]. Thus, enhanced-acti-
vation of TGF-β signaling in circbabo(5,6,7,8S)-depleted 
neurons may impact the lipid transport system between 
neurons and glia. The formation of LDs in glial cells is 

crucial for protecting neurons under stress conditions 
[68]. In contrast, LD accumulation in neurons contrib-
utes to pathology. For example, loss of the lipolysis gene 
ATGL-1 / LID-1 causes LD accumulation in neurons and 
neurodegeneration in C. elegans [13]. Thus, a delicate 
balance between lipolysis and lipogenesis is critical for 
regulating neuronal lipid homeostasis and health.

Conclusions
The circbabo(5,6,7,8S) encoded protein circbabo(5,6,7,8S)-
p regulates the TGF-β signaling pathway by interfering 
with the assembly of babo/put heterodimeric receptor 
complex. Depletion of circbabo(5,6,7,8S) leads to enhanced 
activation of TGF-β signaling and compromised mito-
chondrial function. Moreover, dysregulation of the ROS/
JNK/SREBP signaling cascade is responsible for the LD 
accumulation, neurodegeneration, and shortened lifes-
pan phenotypes elicited by circbabo(5,6,7,8S) deple-
tion. Thus, we conclude that the protein-coding circRNA 
circbabo(5,6,7,8S) is a regulator of lipid metabolism and 
neuronal integrity.

Methods
Molecular cloning
To knock down circRNAs, shRNA constructs were gen-
erated using the Valium 20 parental vector as previously 
described [32]. To overexpress circbabo(5,6,7,8S) in SL2 
cells, a DNA fragment containing the circbabo(5,6,7,8S)-
generating exons was amplified by PCR, and cloned into 
the Hy_pMT Laccase2 MCS exon vector using AgeI and 
SacI [69]. Overexpression construct for circbabo(5,6,7,8S) 
in flies: a DNA fragment containing the circbabo(5,6,7,8S) 
and flanking Laccase2 intronic sequences was puri-
fied from the Hy_pMT Laccase2-circbabo(5,6,7,8S) by 
sequential treatment of XhoI, T4 DNA polymerase, and 
NotI and inserted into the pUAST plasmid sequentially 
treated with EcoRI, T4 DNA polymerase, and NotI. The 
Hy_pMT Laccase2-circbabo(5,6,7,8S)−3XFlag-stop and 
Hy_pMT Laccase2-3XFlag-stop-circbabo(5,6,7,8S) con-
structs were generated by Gibson assembly based on the 
Hy_pMT Laccase2-circbabo(5,6,7,8S) construct. Expres-
sion vector for Flag-circbabo(5,6,7,8S)-p: a DNA frag-
ment encoding Flag-tagged circbabo(5,6,7,8S)-p was 
amplified by PCR and cloned into pUASTattB using 
EcoRI and XhoI restriction sites, to generate pUASTattB-
3-Flag- circbabo(5,6,7,8S)-p. To generate constructs 
expressing C-terminal HA or Flag-tagged put, full-length 
put was subcloned into pUASTattB-HA and pUASTattB-
flag vectors using XbaI and XhoI restriction sites, respec-
tively. To generate pUASTattB-babo-HA, babo cDNA 
from clone (RE55648) was amplified and inserted into the 
pUASTattB-HA vector using EcoRI and XhoI restriction 
sites. To generate pUASTattB-Smad-HA, Smad cDNA 
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from clone (LD15813) was amplified and inserted into 
the pUASTattB-HA vector using XbaI and XhoI restric-
tion sites. To generate pUASTattB-SREBP-HA, SREBP 
cDNA from clone (LP12374) was amplified and inserted 
into the pUASTattB-HA vector using XbaI and XhoI 
restriction sites.

Drosophila genetics
The fly stocks information and the genotypes of the flies 
used in this study are listed in Additional file 15: Table S4. 
Flies were maintained at room temperature with stand-
ard fly food. The composition of the fly food are as fol-
lows: “The fly food media recipe includes the following 
components, sucrose (40  g/L), dry yeast (25  g/L), corn-
meal (66.8  g/L), soy flour (9.1  g/L), agar (6  g/L), malt-
ose (42.4  g/L), sodium benzoate (1  g/L), propionic acid 
(6.8 mL/L), and Nipagin 15% (2.5 mL/L).

Lifespan assays
We crossed the indicated genotypes of flies with a pan 
neuronal-specific nSyb-Gal4 driver. Groups of 160–200 
female flies for each genotypes were collected and 15–20 
flies were in each group. All the flies were collected at 1 
to 3 days old after eclosion and maintained at 25 °C. We 
transferred the flies to fresh food and recorded deaths 
every 2 to 3 days, until all the flies were dead.

Cell culture and transfection
SL2 and S2-TM cells were cultured in Schneider’s 
medium (Sigma, S0146) supplemented with 10% heat-
inactivated fetal bovine serum (Hyclone), 100 U/mL of 
penicillin, and 100  µg/mL streptomycin (Invitrogen-
GIBCO, Carlsbad, CA) at 25  °C. To overexpress the 
Hy_pMT Laccase2_circbabo(5,6,7,8S)-Flag construct, 
transfection was performed by following the calcium 
phosphate protocol. After 24  h, cells were treated with 
25 μM CuSO4 for 2 days for overexpression. To overex-
press pUASTattB-related constructs, the plasmids were 
transfected into cells together with pAC-Gal4 using 
lipo8000™ (Beyotime, C0533). Two days after transfec-
tion, cells were harvested and used for immunoprecipita-
tion assay or western blotting.

RNA extraction and RT‑qPCR
Total RNA was extracted with TRIzol reagent (Invitro-
gen, 15,596,018). RNA samples were reverse transcribed 
using Superscript III (Invitrogen, 18,080,044). Real-time 
RT-PCR analysis was performed with the SYBR Green 
PCR master mix (BioRad, 1,725,275). Relative mRNA 
levels were calculated by normalization against the 
endogenous Rp49 mRNA (internal control). For each 
experiment, qPCR reactions were performed in triplicate. 

Oligonucleotides used in this assay are listed in Addi-
tional file 16: Table S5.

RNase R treatment
RNase R treatment was performed as the following [70, 
71]. RNA samples were either left untreated or treated 
with RNase R at 37  °C for 30  min. Subsequently, 2  μg 
of mouse total RNA was added to the samples and the 
samples were subjected to reverse transcription using 
Superscript III (Invitrogen). Levels of various circular 
and linear RNAs were measured by RT-qPCR using the 
iQ SYBR-green reagents on a CFX384 Real-Time PCR 
Detection System (Bio-Rad) and normalized against the 
mouse gapdh transcript. Fold changes in RNA levels were 
calculated using the ΔΔCt method.

RNA‑seq data analysis
The RNA-seq data were analyzed as previously described 
[37]. Briefly, high-quality reads were aligned to the Dros-
ophila reference genome (dm6) using the STAR align-
ment algorithm (version 2.6.0c) with default parameters 
[72]. The read count for each gene was extracted using 
Subread featureCounts (version 2.0.1) [73] based on the 
FlyBase r6.40 gene annotation. The Bioconductor pack-
age edgeR [74] was carried out to characterize differ-
ential expression between cg > shcircbabo(5,6,7,8S)-A 
flies and cg > shGFP controls. Genes with a fold change 
greater than 1 and a p-value less than 0.05 were consid-
ered significant. The RNA-seq data were deposited in the 
NCBI Gene Expression Omnibus with accession number 
GSE271420.

LD staining
The wandering 3rd instar larval fat bodies and adult fly 
eyes were dissected in PBS and fixed in 4% paraformal-
dehyde for 1 h. Subsequently, the tissues were rinsed with 
PBS and incubated with 200  ng/mL Nile Red (Sigma, 
72,485) for 5 min followed by washing with PBS. Stained 
samples were mounted in 80% glycerol with 5  ng/μL 
DAPI for microscopy analysis.

TG assay
The wandering 3rd instar larval fat bodies were dissected 
in PBS and then homogenized in 100  μL PBS (contain-
ing 0.5% Tween 20). The samples were centrifuged at 
14,000 rpm for 3 min. Protein content in 10 µl of super-
natant sample was measured using the BCA Protein 
Assay Kit (Beyotime, P0012). The remaining supernatant 
was immediately heated at 70 °C for 10 min. The result-
ant supernatants (20  μL) were incubated with either 
20 μL triglyceride reagent (Sigma, F6428) or PBS at 37 °C 
for 30 min. Subsequently, 30 μL of the resultant mixture 
was transferred to a 96-well plate and incubated with 
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100 μL free glycerol reagent (Sigma, T2449) for 5 min at 
37  °C. Samples were measured at 540  nm using a Glo-
Max plate reader (Promega Inc.; Madison, Wisconsin, 
USA). Each measurement was repeated three times. The 
amount of TG in each sample was defined as the total 
amount of glycerol in the triglyceride reagent–treated 
sample by subtracting the amount of free glycerol in the 
untreated samples. TG levels were normalized to the pro-
tein content.

ROS assay
For measurement of ROS levels, fly fat body tissue was 
dissected from 3rd instar larvae in Schneiders medium 
and incubated with 30  μM Dihydroethidium (Beyo-
time, S0063) for 5 min in a dark chamber on an orbital 
shaker. The tissues then were washed, mounted on a 
glass slide, and examined under a confocal laser scanning 
microscope.

ATP assay
ATP levels were measured by using the ATP testing assay 
kit (Beyotime, S0026). Briefly, fat body tissue from 3rd 
instar larvae was dissected and lysed in ATP lysis buffer 
on ice. The lysates were then centrifuged for 10  min 
at 12,000  g. Subsequently, the supernatants were used 
to measure ATP with the GloMax plate reader (Pro-
mega Inc.; Madison, Wisconsin, USA). Each sample was 
repeated three times, and three independent assays were 
performed. The ATP levels were calculated according to 
the standard curve.

Immunoprecipitation
Cells or tissues were collected and resuspended in lysis 
buffer (50 mM Tris–HCl, pH 7.5, 100 mM NaCl, 10 mM 
NaF, 1% NP40, 10% glycerol, 1.5  mM EDTA, 1  mM 
Na3VO4, 1X protease inhibitor). The samples were lysed 
for 30 min at 4 °C. The lysate was centrifuged at 16,000 g 
for 10  min at 4  °C and the supernatant was transferred 
into a new tube. About 2  μl of anti-HA (proteintech, 
51,064–2-AP) or anti-Flag (AlpVHHs, 016–303-001) 
antibody and 20  μl protein A + G Agarose beads (Beyo-
time, p2055) were added to the lysate and incubated 
overnight at 4  °C with constant rotation. Subsequently, 
the beads were washed 4 times with ice-cold washing 
buffer, SDS sample buffer was added to the beads, and 
immunoblot analysis was performed.

Immunoblot
Total lysates were loaded onto 10% SDS-PAGE and trans-
ferred to a PVDF membrane. The membrane was blocked 
with 5% non-fat milk in TBST buffer (50 mM Tris–Cl, pH 
7.4, 150 mM NaCl, 0.1% Tween 20) and incubated with 
primary antibodies: anti-SREBP (1:100) [43], anti-JNK 

(1:2000; Santa Cruz Biotechnology, sc-571), anti-Flag 
(1:2000; AlpVHHs, 016–303-001), anti-HA (1:8000; pro-
teintech, 51,064–2-AP), or anti-Tubulin (1:1000; Beyo-
time, AT819) in 5% BSA in TBST buffer overnight at 4 °C. 
The membrane was subsequently washed three times 
with TBST buffer and incubated with secondary antibod-
ies (1:1000; AlpVHHs, 001–402-005, 025–401-005) for 
1 h at room temperature. The membrane was then incu-
bated with ECL reagent and exposed.

RNA immunoprecipitation
To pull down the endogenous circbabo(5,6,7,8S), a bioti-
nylated oligo probe complementary to the back-spliced 
exon junction site of circbabo(5,6,7,8S) was applied as 
previously described [37]. A probe with sense sequence 
to the back-spliced exon junction serves as a negative 
control. Briefly, ~ 1 × 108 cells were lysed in 500  μl lysis 
buffer (20 mM Tris–HCl (pH 7.6), 150 mM NaCl, 2 mM 
EDTA, 10% glycerol, 1% Triton X-100, 1  mM DTT, 
1  mM orthovanadate). Then samples were centrifuged 
for 10 min at 15,000 rpm, and the supernatant was incu-
bated with 5 μg oligo probe and 30 μl of Streptavidin C1 
magnetic beads (Invitrogen, 65,001) were added to the 
supernatant and incubated for 5 h at room temperature. 
Next, the beads were washed 3 times with lysis buffer and 
resuspended with 300 μl 0.4 M NaCl and 300 μl phenol/
chloroform/isoamyl alcohol for RNA extraction. The 
resultant RNA was analyzed by RT-qPCR.

To perform RNA immunoprecipitation using protein 
as bait, ~ 1 × 108 SL2 cells stably expressing RpL22-TAP 
or TAP tag only were collected and lysed in 500 μl lysis 
buffer (20 mM Tris–HCl (pH 7.6), 150 mM NaCl, 2 mM 
EDTA, 10% glycerol, 1% Triton X-100, 1 mM DTT, 1 mM 
orthovanadate, 1 X protease inhibitor). About 20 μl IgG 
Sepharose (GE healthcare, GE17-0969–01) was added 
into lysates and incubated at 4  °C overnight. The beads 
were washed 3 times in lysis buffer and resuspended in 
0.4  M NaCl. Subsequently, RNA extraction and RT-
qPCR were performed to measure levels of various RNAs 
immune-purified TAP complexes and compared to input 
samples.

Transmission electron microscopy
Fly heads were dissected and fixed at 4  °C in 2% para-
formaldehyde (15,710, Electron Microscopy Sciences) 
with 2% glutaraldehyde (16,020, Electron Microscopy 
Sciences) and 0.1 M sodium cacodylate (pH 7.2) (12,201, 
Electron Microscopy Sciences). Subsequently, the tissues 
were post-fixed in 2% OsO4 (19,152, Electron Micros-
copy Sciences). After rinsing three times with PBS, 
samples were dehydrated via a graded ethanol series 
(50%, 70%, 80%, 90%, 95%, and 100%, respectively). Sub-
sequently, the samples were dehydrated in propylene 
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oxide (PO) (82,320, Sigma) for 30 min. Following infiltra-
tion with a series of Eponate 12 resin (50% and 75% in 
PO) and then embedded in a mixture of fresh Eponate 
12 resin, made up with Embed 812 (14,900, Electron 
Microscopy Sciences), DDSA (13,710, Electron Micros-
copy Sciences), NMA (19,000, Electron Microscopy 
Sciences), and DMP-30 (13,600, Electron Microscopy 
Sciences) and polymerized at 65 °C for 48 h. The 50-nm 
thin sections were cut on Leica EM UC7 ultramicrotome 
(Leica Microsystems, Vienna, Austria) and stained with 
4% uranyl acetate (22,400, Electron Microscopy Sciences) 
and 2.5% lead nitrate (17,800, Electron Microscopy Sci-
ences) for electron microscopy analysis (HT7700, Hitachi 
Ltd., Tokyo, Japan).

Immunofluorescence assays
The 3rd instar larvae were dissected in PBS and fixed with 
4% paraformaldehyde for 1 h at room temperature (RT). 
The tissues were washed with PBST (0.1% Triton X-100) 
at RT and incubated with anti-Flag antibodies (1:500; 
AlpVHHs, 016–303-001) overnight at 4  °C, followed by 
extensive washing. The tissues were then incubated with 
Alexa Fluor™ 594 secondary antibodies (1:1000; Invitro-
gen, A-21203) for 3 h at RT. The samples were mounted 
in 80% glycerol with 5 ng/μL DAPI. Confocal images were 
collected using a LSM710 confocal microscope (LSM710, 
Carl Zeiss, Oberkochen, Germany).

Statistical analysis
All statistical analyses in this manuscript were performed 
using biological replicates and the sample number (n) is 
shown for each dataset in the corresponding legend. All 
analyses were performed in Prism (GraphPad Prism 10). 
One-way ANOVA with Turkey post hoc test for mul-
tiple comparisons and two-tailed unpaired Student’s t 
test were performed. Defining lipid droplet size was per-
formed as the following: “Images were imported into the 
ImageJ software and converted to 8-bit grayscale format 
with the option of “Type”. Next, upon choosing the option 
of “Adjust”, a pop-up window is opened by choosing the 
option of “Threshold”. Next, we set the image as dark 
background and used the brightness sliding bar to high-
light the lipid droplets staining. Subsequently, we quanti-
fied the lipid droplets by choosing the “Analyze” menu, 
then analyzed particles. A new “Result” window then 
appeared which includes the raw data. Lastly, raw data 
were exported into Excel. The column of particle areas 
was used for subsequent statistical analysis. For lifespan 
assays, the curves represent the average percent survival 
and a Gehan-Breslow-Wilcoxon test was performed to 
determine significance. Unless noted otherwise, data 
is shown in this manuscript as mean values + SEM. A 
p-value < 0.05 was considered statistically significant.
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Additional file 1:  Table S1. circbabo(5,6,7,8S) sequence confirmed by 
Sanger sequencing. Sanger sequencing uncovered that circbabo(5,6,7,8S) 
is 1,339-nt in length. The potential open reading frame (ORF) is the green 
highlighted sequence and two putative start coding sequences are 
highlighted in purple.

Additional file 2: Fig. S1. circbabo(5,6,7,8S) depletion leads to lipid 
accumulation. (A-B) A second shRNA transgene (shcircbabo(5,6,7,8S)-C) 
or the control shGFP was expressed in the fat body under the control of 
cg-gal4. Nile red and DAPI, respectively, label neutral lipids and nuclei. 
Scale bar, 50 μm. (C) Quantification of LD size in (A and B) (student t-test, 
n = 3, *** p<0.001). (D) TG levels of a similar set of samples as in A and 
B (fat bodies) were measured and normalized (student t-test, n = 3, * 
p<0.05). (E) Total RNA was prepared from the fat bodies of third-instar 
larvae carrying the indicated transgenes driven by cg-Gal4, and levels of 
circbabo(5,6,7,8S) were measured (student t-test, n = 3, ** p<0.01). (F-G) 
The UAS-shcircbabo(5,6,7,8S)-A or the control UAS-shGFP transgenic 
flies were crossed to ppl>Gal4 driver flies. Nile red and DAPI staining, 
respectively, labels neutral lipids and nuclei. Scale bar, 50 μm. (H) Total 
RNA was extracted from the fat body samples of the indicated genotypes, 
and levels of circbabo(5,6,7,8S) were measured (student t-test, n = 3, *** 
p<0.001). (I) Quantification of LD size in (F and G) (student t-test, n = 3, *** 
p<0.001). (J) TG levels in fat bodies of genotypes similar to those in F and 
G were measured and normalized (student t-test, n = 3, ** p<0.01).

Additional file 3: Fig. S2. Restoring circbabo(5,6,7,8S) expression rescues 
LD accumulation phenotype in circbabo(5,6,7,8S)-depleted retina. (A-C) 
Confocal images showing the Nile red stained retinas from 3-day old 
flies carrying various combinations of the indicated transgenes under 
the control of GMR-Gal4. Green arrowheads indicate lipid droplets. Scale 
bar, 5 μm. (D-F) Flies carrying the GMR-Gal4 driver were crossed to UAS-
shcircbabo(5,6,7,8S)-A or control UAS-shGFP flies together with the empty 
vector. The eyes of 3-day old flies with the indicated genotypes were 
analyzed by TEM. The glial cells that surround the photoreceptors were 
shaded with light yellow color. Green arrowheads indicate lipid droplets. 
LDs were localized in neurons (E), LDs were detected in the glia (F). Scale 
bar, 2 μm. (G) Quantification of the number of LDs in each ommatidium 
from flies with the indicated genotypes. (H-J) Confocal images showing 
the Nile red stained retinas from 3-day old flies carrying various combina-
tions of the indicated transgenes under the control of repo-Gal4. Scale 
bar, 10 μm. (K) Quantification of the number of intact photoreceptors 
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in each ommatidium from flies with the indicated genotypes of H-J. 
Different number of (K=19, H=28, I=24, J=39) ommatidia were counted. 
(L-Q) Flies carrying the neuronal-specific elav-Gal4 driver were crossed to 
UAS-shcircbabo(5,6,7,8S)-A or control UAS-shGFP flies together with the 
empty vector or the UAS-circbabo(5,6,7,8S) transgene. The eyes of 3-day 
(L-N) or 30-day old (O-Q) flies with the indicated genotypes were analyze. 
Ommatidia were not affected at day 3 when circbabo(5,6,7,8S) was 
knocked down but showed moderate degeneration at day 30. The defects 
were rescued by introducing the UAS-circbabo(5,6,7,8S) transgene. The 
green arrowheads indicate the lipid droplet structure that was detected in 
the 3-day old elav>shcircbabo(5,6,7,8S)-A flies. Scale bar, 10 μm. (R and S) 
Quantification of the number of intact photoreceptors in each omma-
tidium from flies with the indicated genotypes of L-Q. Different number 
of (L=14, M=12, N=14, O=13, P=13, Q=14) ommatidia were counted. (T) 
Quantification of the number of LDs in each ommatidium from flies with 
the indicated genotypes (one-way ANOVA with Turkey post-hoc test, n = 
3, *** p<0.001).

Additional file 4: Table S2. RNA-seq analysis identifies genes that are 
impacted by circbabo(5,6,7,8S) depletion in vivo. Total RNA was extracted 
from Cg>shGFP and Cg>shcircbabo(5,6,7,8S) animals and subjected to 
RNA-seq. Three biological replicates were analyzed for each sample.

Additional file 5: Fig. S3. Knockdown of SREBP rescues the neurodegenera-
tion and shortened lifespan phenotypes in circbabo(5,6,7,8S)-depleted 
flies. (A) Total RNA from the fat bodies of indicated genotypes were 
extracted and RT-qPCR was performed to quantify levels of select RNAs 
(student t-test, n = 3, ** p<0.01; *** p<0.001; ns, non-significant). (B-I) 
Various combinations of the indicated transgenes were expressed under 
the control of cg-Gal4. Nile red and DAPI were employed to label lipid 
droplets and nuclei, respectively. Overexpression of Bmm, knockdown 
of Lsd-2, or introducing one copy of SREBP mutant allele rescued the LD 
accumulation phenotype in cg>shcircbabo(5,6,7,8S) flies. Scale bar, 20 μm. 
(J) Quantification of LD size in B-I (one-way ANOVA with Turkey post-hoc 
test, n = 3, * p<0.05; ** p<0.01; *** p<0.001). (K-Q) Flies carrying GMR-Gal4 
driver were crossed to UAS-shcircbabo(5,6,7,8S)-A or control UAS-shGFP 
flies together with the empty vector or the one copy of SREBP mutant 
allele. The eyes of 3-day (K-M) or 30-day old (O-Q) flies with the indicated 
genotypes were analyze. The retinal defects of shcircbabo(5,6,7,8S) flies 
were partially rescued by introducing one copy of SREBP mutant allele. 
Scale bar, 10 μm. (N and R) Quantification of the number of intact photo-
receptors in each ommatidium from flies with the indicated genotypes. 
(S-U) TEM images showing the ultrastructure of retinas from flies with the 
indicated combinations of transgenes driven by GMR-Gal4. The morphol-
ogy and number of GMR>shcircbabo(5,6,7,8S) rhabdomeres were severely 
affected at day 30. Knockdown of SREBP rescues the photoreceptor cell 
loss phenotype in the GMR>shcircbabo(5,6,7,8S) retina. Scale bar, 5 μm. 
(V) Quantification of the number of intact photoreceptors in each omma-
tidium from flies with the indicated genotypes. (W) Lifespan of flies carry-
ing the indicated combinations of transgenes driven by the pan neuronal 
nSyb-Gal4 driver is shown (n represents number of groups for each geno-
type, 16-20 flies in each group. shGFP, vector=10; shcircbabo(5,6,7,8S)-A, 
vector=10; shcircbabo(5,6,7,8S), shSREBP=8).

Additional file 6:  Fig. S4. circbabo(5,6,7,8S) is enriched in the RpL22 riboso-
mal protein complex. (A) Lysates from cells expressing TAP-tagged RpL22, 
or TAP tag only (negative control) were subjected to immunoprecipitation 
with IgG agarose beads. Total RNA was extracted from the immune-
purified complexes and a fraction of the input samples. Levels of select 
transcripts were measured by RT-qPCR. Percentage pulldown relative 
to the input sample is shown. Protein-coding mRNAs Reaper and Rp49 
serve as positive controls (student t-test, n = 3, ** p<0.01; *** p<0.001). 
(B) Schematic of the Flag-stop-circbabo(5,6,7,8S) minigene driven by 
the metallothionein promoter. The ORF and the corresponding UTR are 
shown in green and blue, respectively. Positions of the initiation codon 
and stop codon are noted. A 3X FLAG epitope tag-coding sequence was 
placed immediately upstream of the putative stop codon. (C) S2-TM cells 
were transfected with empty vector, the circbabo(5,6,7,8S) minigene or 
the Flag-stop-circbabo(5,6,7,8S) minigene described in B. Cell lysates 
from two independent pools of stably transfected S2-TM cells carry-
ing the Flag-stop-circbabo(5,6,7,8S) minigene were subject to anti-Flag 

immunoprecipitation, and immunopurified complexes were subjected to 
immunblot using anti-Flag antibody.

Additional file 7: Table S3. Mass spectrometry analysis identifies proteins 
from the immuno-purified anti-Flag samples. Lysate from SL2 cells stably 
expressing circbabo(5,6,7,8S)-Flag was subjected to immunoprecipitation 
using the anti-Flag antibody, Then the purfied samples were subjected to 
mass spectrometry.

Additional file 8: Fig. S5. circbabo(5,6,7,8S)-p does not directly interact 
with SREBP but modulates TGF-β signaling, as revealed by RNA-seq and 
KEGG analysis. (A) circbabo(5,6,7,8S)-p and SREBP did not interact with 
each other. Various combinations of expression constructs for Flag-
tagged circbabo(5,6,7,8S)-p and HA-tagged SREBP were transfected 
into S2 cells. Both 10% of cell lysates and immuno-purified HA and 
Flag complexes were analyzed by immunoblot. (B) Immunostaining of 
Flag-circbabo(5,6,7,8S)-p with the Flag antibody showed cytoplasmic 
distribution in fat body cells. Scale bar, 50 μm. (C) KEGG pathway enrich-
ment analysis of RNA-seq data (p<0.05). Count: number of target genes in 
each pathway; Gene ratio: the ratio of the number of target genes divided 
by the number of all the genes in each pathway. TGF-β signaling pathway 
was highlighted with a red line box.

Additional file 9:  Fig. S6. Knockdown of SREBP rescues the LD accumula-
tion phenotype elicited by babo.Q302D overexpression. (A-D) Various 
combinations of the indicated transgenes were expressed in the fat 
body under the control of cg-Gal4. Knockdown of SREBP rescues the LD 
accumulation phenotype elicited by babo.Q302D overexpression. Scale 
bar, 20 μm. (E) Quantification of LD size in A, B, C, and D (one-way ANOVA 
with Turkey post-hoc test, n = 4, ** p<0.01; *** p<0.001). (F-G) Overexpres-
sion of babo.Q302D under the control of GMR-Gal4 led to LD accumula-
tion in retinas. Green arrowheads indicate lipid droplets. White arrowhead 
indicates abnormal retina. Scale bar, 5 μm.

Additional file 10: Fig. S7. babo interacts with put. Flag tagged put could 
pull-down HA tagged babo in S2 cells. Various combinations of expression 
constructs for Flag-tagged put and HA-tagged babo were transfected 
into S2 cells. Both 10% of cell lysates and immuno-purified HA and Flag 
complexes were analyzed by immunoblot.

Additional file 11: Fig. S8. babo.Q302D overexpression or circbabo(5,6,7,8S) 
depletion leads to mitochondrial dysfunction. (A) The indicated 
transgenes were expressed in the fat body under the control of cg-Gal4. 
ATP levels in fat-body tissues were measured (one-way ANOVA with 
Turkey post-hoc test, n = 3, * p<0.01；*** p<0.001). (B, C, E, F, and G) The 
indicated transgenes were expressed in the fat body under the control of 
cg-Gal4. ROS levels in the fat-body of indicated genotypes were measured 
by DCF staining and analyzed by confocal microscopy. Scale bar, 50 μm. 
(D and H) Quantification of the DCF fluorescence intensity in the indicated 
genotypes (and one-way ANOVA with Turkey post-hoc test, n = 4-5, * 
p<0.05; ** p<0.01; *** p<0.001).  

Additional file 12: Fig. S9. Overexpression of hSOD1 rescues LD accu-
mulation and photoreceptor cell loss phenotypes in circbabo(5,6,7,8S)-
depleted flies. (A-F) Flies carrying the eye-specific GMR-Gal4 driver were 
crossed to UAS-shcircbabo(5,6,7,8S)-A or control UAS-shGFP flies together 
with the empty vector or the UAS-hSOD1 transgene. The eyes of 3-day 
old flies with the indicated genotypes were analyzed. Overexpression 
of hSOD1 rescued the LD accumulation and photoreceptor cell loss 
phenotypes in GMR>shcircbabo(5,6,7,8S) flies. The green arrowheads 
indicate the lipid droplet structure that was detected in the 3-day old 
GMR>shcircbabo(5,6,7,8S)-A flies. Scale bars for A-C, 2 μm; for D-F, 10 μm. 
(G) Quantification of the number of LDs in each ommatidium from flies 
with the indicated genotypes. (one-way ANOVA with Turkey post-hoc test, 
n = 3, *** p<0.001). (H) Quantification of the number of intact photorecep-
tors in each ommatidium from flies with the indicated genotypes of D-F. 
Different number of (D=13, E=14, F=20) ommatidia were counted.

Additional file 13: Fig. S10. The LD accumulation phenotype elicited by 
circbabo(5,6,7,8S) depletion is not dependent on Relish or FoxO. (A-D) 
Various combinations of the indicated transgenes were expressed in the 
fat body under the control of cg-gal4. Nile red and DAPI, respectively, 
label neutral lipids and nuclei. Knockdown of Relish (Rel) or FoxO did not 
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impact the LD accumulation phenotype of circbabo(5,6,7,8S)-depleted 
fat bodies. Scale bar, 50 μm. (E) Quantification of LD size in A, B, C, and 
D (one-way ANOVA with Turkey post-hoc test, n = 3-4, *** p<0.001; ns, 
non-significant).

Additional file 14: Fig. S11. Levels of JNK are elevated upon 
circbabo(5,6,7,8S) depletion or babo.Q302D overexpression in the fat 
body. (A) The indicated transgenes were expressed in the fat body under 
the control of cg-gal4. Immunoblot shows circbabo(5,6,7,8S) depletion or 
babo.Q302D overexpression in the fat body leads to an increase in total 
JNK levels compared to the shGFP (control). (B) shows the quantifica-
tion of results in A. The experiment has been repeated 3 times (one-way 
ANOVA with Turkey post-hoc test, **p < 0.01; ***p < 0.001).

Additional file 15: Table S4. Genotypes of flies analyzed and fruit fly rea-
gents used in this study.

Additional file 16: Table S5. Oligos used in this study.
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