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Abstract

Juvenile neuronal ceroid lipofuscinosis (JNCL, aka. juvenile Batten disease or CLN3 disease) 

is a lysosomal storage disease characterized by progressive blindness, seizures, cognitive and 

motor failures, and premature death. JNCL is caused by mutations in the Ceroid Lipofuscinosis, 
Neuronal 3 (CLN3) gene, whose function is unclear. Although traditionally considered a 

neurodegenerative disease, CLN3 disease displays eye-specific effects: JNCL often first presents 

as vision loss; and vision loss has also been reported in non-syndromic CLN3 disease. Here we 

described the roles of CLN3 protein in maintaining healthy retinal pigment epithelium (RPE) 

and normal vision. Using electroretinogram, fundoscopy and microscopy, we showed impaired 

visual function, retinal autofluorescent lesions, and RPE disintegration and metaplasia/hyperplasia 

in a Cln3 ~1 kb-deletion mouse model [1] on C57BL/6J backgroun. Utilizing a combination 

of biochemical analyses, RNA-Seq, Seahorse XF bioenergetic analysis, and Stable Isotope 

Resolved Metabolomics (SIRM), we further demonstrated that loss of CLN3 increased autophagic 

flux, suppressed mTORC1 and Akt activities, enhanced AMPK activity, and up-regulated gene 

expression of the autophagy-lysosomal system in RPE-1 cells, suggesting autophagy induction. 

This CLN3 deficiency induced autophagy induction coincided with decreased mitochondrial 

oxygen consumption, glycolysis, the tricarboxylic acid (TCA) cycle, and ATP production. We 

also report for the first time that loss of CLN3 led to glycogen accumulation despite of impaired 

glycogen synthesis. Our comprehensive analyses shed light on how loss of CLN3 affect autophagy 

and metabolism. This work suggests possible links among metabolic impairment, autophagy 

induction and lysosomal storage, as well as between RPE atrophy/degeneration and vision loss in 

JNCL.

Graphical Abstract
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Introduction

Neuronal ceroid lipofuscinoses (NCLs) are the most common pediatric neurodegenerative 

disorders [2]. Juvenile Neuronal Ceroid Lipofuscinosis (JNCL, aka. juvenile Batten disease 

or CLN3 disease), a form of NCLs with juvenile onset, is the most common form of 

NCLs [3]. Children with JNCL suffer from progressive vision loss, seizures, cognitive 

and motor failure, and premature death. Long considered a disease of the CNS, emerging 

evidence suggests disease pathology in the heart and the immune system [4–8], with non-

syndromic CLN3 disease restricted to the eye [9–11]. JNCL is caused by mutations in 

the Ceroid Lipofuscinosis, Neuronal 3 (CLN3) gene, with the predominant mutation being 

a homozygous deletion of 966 bp in the region spanning exons 7 and 8 (aka. the ~1 

kb-deletion mutation) [12]. Despite the monogenetic nature and severity of the disease, the 

mechanisms of its pathology are still ill-defined almost 200 years after its discovery [13].

Vision loss is often the earliest symptom of syndromic JNCL disease and the only symptom 

of non-syndromic disease, making ophthalmology the first point of care for patients 

(reviewed in [3, 14]). JNCL patients display a wide range of functional vision impairment, 

e.g., nystagmus, photophobia, nyctalopia, loss of visual acuity, and loss of peripheral and 

color vision [15]. JNCL ophthalmoscopic features include diffuse retinal pigment epithelium 

(RPE) atrophy of the macula, Bull’s eye macular dystrophy, optic disc pallor, attenuated 

vessels, and accumulation of autofluorescent cytoplasmic ceroid granules in photoreceptors 

and retinal ganglion cells (RGCs) (reviewed in [3]). JNCL patients also show profound 

electroretinogram (ERG) abnormalities, ranging from detectable reduction in rod- and 

coneresponse amplitudes early in disease to un-recordable rod-mediated activity and greatly 
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reduced cone-mediated activity late in disease (reviewed in [3]). Recent utilization of optical 

coherence tomography (OCT) and confocal scanning laser ophthalmoscope (cSLO) reveals 

abnormalities in various retinal layers including RPE and papillomacular bundles of JNCL 

patients [16, 17].

Despite extensive ocular pathologies, the etiology of JNCL-related vision loss is poorly 

understood. Often occurred only at advanced disease stages, postmortem examination of the 

retina from JNCL patients reveals a substantial degeneration of photoreceptors and loss of 

the outer nuclear layer (ONL), accumulation of ceroids within RGCs, and a paradoxical 

reduction in lipofuscin granules within the RPE (Goebel et al., 1974; Bensaoula et al., 2000). 

Therefore, the primary or early defects due to JNCL in the vision system is uncertain: They 

could be either in the photoreceptors and the inner retinal neurons, as evidenced by the 

subnormal scotopic a-wave and the electronegative b-wave ERG [18], or external to the 

retina, as shown by the reported optic atrophy and retrograde degeneration of the optic nerve 

(i.e., the RGC axon bundle) and its downstream dorsal lateral geniculate nucleus (LGNd) 

thalamic neurons in the visual cortex [19]. Thus, it is important to identify the retinal cell 

type(s) that are crucial in JNCL-related vision loss initiation and progression.

The RPE is a monolayer of polarized pigmented cells that play critical roles in retinal 

physiology, including light absorption, phagocytosis of shed photoreceptor outer segments 

(POS), recycling retinoids in the visual cycle, synthesis and release of growth factors, 

as well as serving as the outer blood-retina barrier and transporting nutrients and 

metabolites into and out of the neural retina [20, 21]. Due to the importance of the 

RPE in retinal physiology, its dysfunction contributes significantly to retinal degenerative 

diseases, including age-related macular degeneration (AMD) [22, 23], vitelliform macular 

degeneration [24] and Sorsby fundus dystrophy [25]. Thus, it stands to reason that RPE 

dysfunction may contribute to vision loss in JNCL. The RPE is particularly important for 

energy metabolism in the retina: It supplies ~60% of the glucose consumed by the neural 

retina [26], one of the most metabolically active tissues [27]; and the RPE itself is highly 

metabolically active. Metabolic impairment, which includes suppression of mitochondrial 

metabolism [28], chronic HIF2αmediated metabolic stress [29], or deficient autophagy [30–

32] in RPE cells, has been shown to cause RPE dysfunction, photoreceptor and retinal 

degeneration, and vision impairment. Despite observations of RPE abnormalities in both 

JNCL patients [3, 16, 17] and a mouse model [33], the contributions of RPE as well as 

RPE metabolism to JNCL-related vision loss remain elusive. Here we focus on RPE cell 

metabolism in JNCL-related vision loss.

CLN3, the sole gene mutated in JNCL, encodes a 438 amino acid-long protein named 

CLN3 or Battenin, whose structure, localization and functions remain elusive (reviewed 

in [34–37]). Although CLN3 has been postulated to have myriad of potential roles1, it is 

1CLN3 has been postulated to have roles in maintenance of vacuolar/lysosomal sizes [38–40] and pH [40–45], transport of small 
molecules and amino acids (e.g., arginine) into vacuoles/lysosomes [46, 47], endosome-Golgi /TGN transport [48, 49], anterograde/
retrograde transport of lysosomal enzymes [39], endocytic trafficking [39, 45, 50–55], autophagy and organelle fusion [45, 56–58], 
degradation of proteins [45], maintenance of normal mitochondrial morphology and cellular ATP levels [39, 51], lipid metabolism 
[53, 55, 58–64], RNA metabolism [65], the nitrogen compound biosynthesis process [62, 66], intracellular signaling [62, 65, 67, 68], 
osmoregulation [53, 69–71], and cell death, cell cycle and cell proliferation [58, 61, 63, 69, 72–75].
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unknown which of these cellular functions, when impaired, lead to disease pathologies or in 

which order cellular functions are impaired upon losing CLN3 protein; and cell type-specific 

roles of CLN3 in the retina have rarely been studied beyond neurodegeneration. In this 

work, we focus on how CLN3 deficiency impacts RPE cell metabolism in JNCL-related 

vision loss. Using a homozygous CLN3 ~1 kb-deletion mutant mouse model [1] with a 

late retinal degeneration phenotype as compared to JNCL patients, we showed that loss of 

CLN3 protein results in RPE dystrophy and degeneration. Utilizing an integrated approach 

involving biochemical analyses, RNA-Seq, Seahorse XF bioenergetic analysis, and SIRM, 

we further demonstrate that CLN3 deficiency in RPE-1 cells results in autophagy induction 

and concomitant disturbances in glycolysis, the TCA cycle, oxidative phosphorylation 

(OXPHOS), de novo nucleotide synthesis, glycogen metabolism, and lipid metabolism. Our 

work suggests that CLN3 protein plays a critical role in maintaining RPE cellular metabolic 

homeostasis and normal vision. We also provide a working model for how RPE metabolic 

impairment and degeneration may be linked to each other upon CLN3 deficiency, leading to 

JNCL-related vision loss.

Results

1. The common ~1 kb-deletion CLN3 disease mutation caused RPE atrophy and 
degeneration, and vision impairment in mice.

To investigate JNCL-related vision loss, we characterized a mouse model (i.e., Cln3Δex7/8) 

which was generated by replacing the mouse Cln3 gene with the most common ~1 kb-

deletion JNCL mutation of the CLN3 gene [1]. This “knock-in” eliminated exons 7 and 8 as 

well as surrounding non-coding DNA, causing a frameshift and premature termination [1]. 

Similar to other JNCL mouse models [33, 76–78], Cln3Δex7/8 mice recapitulated JNCL 

morphologies, including autofluorescent storage materials, electron-dense deposits with 

fingerprint profiles, and mitochondrial ATP synthase F0 sub-complex subunit C (abbreviated 

as subunit C hereafter) deposits, and exhibited neurodegeneration in the brain and retina [1, 

79–81]. However, Cln3Δex7/8 mice used in these studies were all on genetic backgrounds that 

carried CLN3-independent retinal degenerative genetic loci [1, 79–81].

To determine retinal phenotype of Cln3Δex7/8 mice without other confounding retinal 

degenerative genetic loci, we investigated Cln3Δex7/8 mice on a C57B6/J background. We 

first confirmed that these mice and their wild-type (WT) controls did not carry either 

Crb1 (i.e., Rd8) or Pde6b (i.e., Rd1) mutation [82], both of which are spontaneous, retinal 

degenerative mutations [83, 84]. We found that the scotopic ERG response from dark 

adapted WT mice showed normal wave form with a trough (a-wave) followed by a peak 

(b-wave) (Supplemental Figure 1A). We observed a trend of reduction in both the scotopic 

a- and bwave amplitudes in homozygous Cln3Δex7/8 mice as compared to those in WT mice 

as early as 8-month old (Figure 1A, Supplemental Figure 1A). With aging, the scotopic a- 

and bwave amplitudes decrease in both WT and Cln3Δex7/8 mice (Figure 1A). Importantly, 

scotopic b-wave amplitudes in 14-month old Cln3Δex7/8 mice were significantly diminished 

compared to those in WT mice (Figure 1A). The ratio of b-wave amplitude to a-wave 

amplitude in 14month old Cln3Δex7/8 mice had a decreasing trend as compared to that in 

WT mice, even though it did not reach statistical significance (Supplemental Figure 1B). 
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As a- and b-waves are derived from photoreceptors and inner retinal neurons, respectively 

[85], our data suggest that the ~1 kb-deletion mutation in the CLN3 gene led to decreased 

functions of inner retinal neurons and that photoreceptor responses might also be mildly 

diminished in this model.

To address whether neurodegeneration was the only cause of vision loss in JNCL, we 

employed Fundus autofluorescence (FAF) imaging, which provides a density map of 

ocular fluorophores (predominantly lipofuscin) in the RPE [86, 87]. We observed diffuse 

autofluorescent lesions in the retina of Cln3Δex7/8 mice as young as 8-month old (data not 

shown); these retinal autofluorescent lesions were extensive in 12-month old Cln3Δex7/8 

mice (Figure 1B). In addition, using Micron IV color fundus imaging, which can display 

subtler details of retinal degeneration as a result of its higher resolution, we observed diffuse 

hypo-pigmented lesions (Figure 1C). To determine if the retinal autofluorescent lesions 

seen by FAF imaging and the hypo-pigmented lesions seen by color fundus imaging were 

originated from ceroids/lipofuscins in the RPE, we examined autofluorescence in cryo cross 

sections of the Cln3Δex7/8 mouse retina using confocal fluorescence microscopy. As we 

reported in the companion Data in Brief article [82], detection of RPE autofluorescence was 

hindered by the extensive light absorption by the pigments in the melanosomes in the RPE, 

consistent with the literature [87]; rather, autofluorescent lesions were present mostly at the 

outer plexiform layer (OPL) and inner nuclear layer (INL) of Cln3Δex7/8 mouse retina, and 

positive for subunit C immunoreactivity, consistent with neural retinal dysfunction above. 

To characterize potential JNCL phenotype in RPE besides neural retina, we examined fresh 

flat-mount RPE isolated from both WT and Cln3Δex7/8 mice. Zonula occludens-1 (ZO-1) 

was used as a marker for RPE tight junctions. Immunostaining of 21-month old (but not 

9-month old) Cln3Δex7/8 mouse retina with a ZO-1 antibody showed increased cell sizes, 

irregular cell shape, and discontinuous tight junctions, consistent with RPE atrophy and 

degeneration; in contrast, immunostaining of WT mouse retina with the same ZO-1 antibody 

showed regular hexagonal RPE monolayer regardless of age (Figure 1D).

We further performed electron microscopy to examine the ultrastructure of the Cln3Δex7/8 

mouse retina. Toluidine blue (TB) stain of thick sections revealed drusen-like deposits 

in Cln3Δex7/8 retina, despite relatively normal photoreceptor and inner retinal layers 

(Supplemental Figure 2A). Ultrastructural images of thin sections showed a single RPE 

layer with organized POS in WT retina (Figure 1E, left). In contrast, disintegrated RPE 

(Figure 1E, middle; Supplemental Figure 2B, left) and RPE metaplasia/hyperplasia (Figure 

1E, right; Supplemental Figure 2B, right) were present in Cln3Δex7/8 retina as early as 

14-month old, even though POS were largely normal. In addition, double-membraned 

autophagosome-like structures filled with materials, including mitochondria and other 

vesicles, were present in the drusen-like deposits in the Cln3Δex7/8 retina (Supplemental 

Figure 2C). These data demonstrated RPE atrophy and degeneration in the Cln3Δex7/8 JNCL 

mouse model, consistent with frequent observations of RPE atrophy and degeneration in 

JNCL patients. Therefore, we focused the rest of this study on the roles of the JNCL disease 

gene CLN3 in the RPE.
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2. CLN3 deficiency enhanced autophagy in RPE-1 cells

Our observations of double-membraned autophagosome-like structures in the drusenlike 

deposits in Cln3Δex7/8 retina (Supplemental Figure 2C) prompted us to investigate the 

roles of CLN3 in autophagy. Autophagy is an essential lysosomal degradation pathway 

that supplies cells with metabolites for energy production and anabolism, as well as clears 

unwanted or harmful intracellular materials, e.g., damaged mitochondria, protein aggregates, 

and oxidized lipids. CLN3 was found to be a component of the human autophagy 

proteinprotein interaction network [88] and a mutation in CLN3 (p.Gly165Glu) was 

associated with autophagic vacuolar myopathy [89]. We examined how loss of CLN3 alters 

autophagy in a human RPE cell line, RPE-1. To knock down CLN3 expression from RPE-1 

cells, we tested three CLN3 siRNAs, and found that the one targeting exon 8 of CLN3 
(labeled CLN3-Exon8, sequence 5′-GCC GUG AUC UCC UGG UGG U-UU-3’) was the 

most effective in decreasing the CLN3 protein levels in RPE-1 cells (Figures 2A–B). Of 

note, CLN3 protein migrated as a smeared band around 70 kDa (Figures 2A, Supplemental 

Figure 3B), which is upshifted compared with its theoretical molecular weight of 48 kDa. 

The CLN3 transcript levels were greatly reduced by the CLN3-Exon8 siRNA, as shown 

by both quantitative real-time polymerase chain reaction (qRT-PCR) (Supplemental Figure 

4A) and RNA-Seq (Figure 4B and Supplemental Table 1). Autophagic flux was measured 

by two assays: 1) the protein levels of the cargo adaptor p62/SQSTM1 in the absence of 

lysosomal inhibitors and 2) the differences in the autophagosome membrane marker LC3II 

levels in the presence and absence of lysosomal inhibitors. Loss of CLN3 caused a reduction 

in p62/SQSTM1 protein levels in the absence of lysosome inhibitors (Figures 2A–C) 

without decreasing p62/SQSTM1 mRNA levels (Figure 4A and Supplemental Figure 4B), 

suggesting enhanced degradation of p62/SQSTM1. Treatment with the lysosomal inhibitor 

bafilomycin A1 (Baf A1), which inhibits autophagosome-lysosome fusion, drastically 

increased LC3II levels (Figure 2B, short exposure; quantified in Figure 2D), suggesting 

enhanced autophagosome biogenesis upon loss of CLN3. Together, these results indicate 

that loss of CLN3 caused enhanced autophagic flux in RPE-1 cells.

3. CLN3 deficiency triggered autophagy-inducing signaling cascades in RPE-1 cells

We next investigated possible mechanism(s) causing enhanced autophagic flux upon 

loss of CLN3. mTORC1, when activated by nutrients (e.g., amino acids), promotes 

protein synthesis and inhibits autophagy. Activated mTORC1 promotes protein synthesis 

through phosphorylating the ribosomal protein S6 kinase (S6K) at the amino acid T389. 

Phosphorylated S6K was not detectible in CLN3 siRNA-treated RPE-1 cells, suggesting 

inactive mTORC1 (Figures 3A–B). We further examined the kinases that regulate mTORC1. 

AMPK, when activated by low energy state (indicated by phosphorylation at T172), inhibits 

mTORC1. Akt activation, as indicated by phosphorylation at T308 and S473, stimulates 

mTORC1. Treating RPE-1 cells with CLN3 siRNA led to phosphorylation of AMPK at 

T172 (Figures 3A & 3C) and dephosphorylation of Akt at both T308 and S473 (Figures 3A, 

3D, 3E), suggesting that loss of CLN3 increases AMPK activity and decreases Akt activity, 

both of which are consistent with inactive mTORC1. Together, these results show that loss 

of CLN3 triggers signaling cascades that induce autophagy in RPE-1 cells.

Zhong et al. Page 7

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2022 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. CLN3 deficiency up-regulated the autophagy-lysosomal system through global 
transcriptional reprogramming

To define additional mechanism(s) leading to enhanced autophagic flux upon loss of CLN3, 

we compared transcription profiles of CLN3 siRNA- and non-targeting siRNA-treated 

RPE-1 cells by RNA-Seq analysis. The Gene Set Enrichment Analysis (GSEA) [90] 

of the RNA-Seq data show that autophagy and lysosome-related gene ontology (GO) 

terms were significantly enriched among the up-regulated genes in CLN3 siRNA-treated 

RPE-1 cells (Table 1 and Supplemental Table 2). Significantly up-regulated autophagy 

genes in response to CLN3 deficiency included those encoding the core autophagy 

machinery (e.g., ULK1, BECN1, ATG14, WIPI2, ATG9A, MAP1BLC3B, MAP1BLC3B2, 

GABARAP, GABARAPL1, GABARAPL2/GATE16, EPG5) and autophagy adaptors (e.g., 
p62/SQSTM1, OPTN, TAX1BP1, NBR1, TOLLIP) (Figure 4A and Supplemental Table 

1). qRT-PCR analyses confirmed the down-regulation of CLN3 and the up-regulation of 

autophagy genes (e.g., ULK1, BECN1, ATG14, VPS34/PIK3C3, VPS15/PIK3R4, WIPI2, 

ATG7, MAP1BLC3B, and GABARAP; Supplemental Figure 4).

RNA-Seq and qRT-PCR analyses further indicated that loss of CLN3 significantly 

upregulated lysosomal genes, including some genes that are mutated in other forms of 

NCL − CLN1/PPT1, CLN2/TPP1, CLN5, CLN10/CTSD, CLN11/GRN and CLN13/CSTF; 

in contrast, CLN6 and CLN8, two NCL genes which encode ER membrane resident proteins 

[37], were down-regulated in the CLN3-deficient RPE-1 cells (Figure 4B, Supplemental 

Table 1, and Supplemental Figure 5). Significantly up-regulated lysosomal genes in 

CLN3 (vs. nontargeting) siRNA-treated RPE-1 cells also included lysosomal hydrolases 

(e.g., peptidases, proteases, glycosidases, lipases, sulfatases, nuclease), vacuolar ATP 

synthase, and other lysosomal membrane proteins (Figure 4B, Supplemental Table 1 and 

Supplemental Figure 5). These results suggest that CLN3 deficiency-ensued lysosomal gene 

up-regulation is a specific cellular response as opposed to a general decay/dying of cells. 

Similar conclusion was drawn when analyzing the RNA-Seq data using CategoryCompare2 

[91].

We further performed Ingenuity Pathway Analysis (IPA) upstream analysis of the RNA-

Seq data. FOXO3 is a forkhead box O family transcription factor that is sufficient and 

necessary for inducing autophagy in skeletal muscles [92, 93] and in haematopoietic stem 

cells [94]. We found that FOXO3 was significantly activated in CLN3-deficient RPE-1 

cells, based on the expression pattern of its target genes (activation z-score 2.6, p value 

3.1E-13); and the up-regulated FOXO3 target genes include autophagy genes ULK1, 

BECN1, SH3GLB1/Bif-1, MAP1BLC3B, GABARAPL1, TP53INP1, and BNIP3L/NIX 
as well as lysosome gene CTSB (Figure 4A–B and Supplemental Table 1). Moreover, 

TFEB, the master transcription factor of autophagy and lysosome biogenesis [95], was 

also significantly activated in CLN3-deficient RPE-1 cells (activation z-score 4.3, p value 

1.6E-09); and the upregulated TFEB target genes include ARSA, ARSB, ATP6V0C, 

ATP6V1A, ATP6V1B2, CLCN7, CTSA, CTSB, CLN10/CTSD, CLN13/CTSF, GBA, GNS, 

HEXA, LAMP1, MCOLN1, NAGLU, PSAP, SGSH, TMEM55B and CLN2/TPP1 (Figure 

4B and Supplemental Table 1).
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We next asked if transcriptional up-regulation of the autophagy-lysosomal system led to 

an increase in degradative compartments in CLN3-deficient RPE-1 cells. To address this, 

we stained siRNA-treated cells with LysoTracker Red DND-99. LysoTracker staining was 

significantly increased on a per cell basis in CLN3 (vs. non-targeting) siRNA-treated RPE-1 

cells (Figures 4C–D), suggesting more acidic and/or greater numbers of late endosomes and 

lysosomes. The observed transcriptional up-regulation of the autophagy-lysosomal system 

(in part due to FOXO3 and TFEB activation) and increase in acidity and/or numbers of 

degradative compartments in response to CLN3 deficiency are consistent with and likely 

contributed to increased autophagic flux.

5. CLN3 deficiency impaired energy metabolism in RPE-1 cells

Autophagy plays important roles in metabolism, e.g., providing fuels for energy metabolism, 

recycling building blocks for anabolism, and conducting mitochondrial quality control. Our 

observations of autophagy induction upon CLN3 deficiency (Fig. 2), concomitant AMPK 

activation (a response to low energy) and mTORC1 inhibition (a response to low energy 

and amino acid insufficiency) (Fig. 3), and transcriptional up-regulation of the autophagy-

lysosomal system (Fig. 4) further support a link between autophagy and metabolism. 

Therefore, we investigated whether and how loss of CLN3 altered energy metabolism in 

RPE-1 cells.

5.1. CLN3 deficiency impaired glycolysis/lactic fermentation—We first 

investigated whether and how glycolysis/lactic fermentation (Fig. 5A) is affected by loss of 

CLN3. Seahorse XF bioenergetic analysis uses 1) oxygen consumption rate (OCR) as a real-

time measurement of cellular oxygen level changes resulting primarily from mitochondrial 

respiration and OXPHOS, and 2) extracellular acidification rate (ECAR) as a real-time 

measurement of changes of medium acidification due to proton extrusion that correlates 

with lactic fermentation from glucose. We applied the Seahorse XF Glycolysis Stress 

Test to non-targeting and CLN3 siRNA-treated RPE-1 cells assayed in glucose/pyruvate-

deprived medium. During the test, glucose (10μM), oligomycin A (1μM; a mitochondrial 

ATP synthase inhibitor), and 2-deoxy-D-glucose (2-DG, 100μM; a glucose analog whose 

metabolite blocks phosphoglucose isomerase) were sequentially injected (Fig. 5B). Our 

data show that loss of CLN3 reduced glucose-stimulated ECAR regardless of OXPHOS 

inhibition by oligomycin (i.e., glycolysis and glycolytic capacity, respectively) (Fig. 5B–C), 

suggesting that CLN3 impaired glycolysis/lactatic fermentation.

SIRM utilizes stable-isotope tracing via a combination of high resolution NMR and MS 

to simultaneously track various metabolic pathways via isotopically enriched metabolites. 

We used 13C6-glucose as the tracer and SIRM to directly measure the altered metabolic 

network in CLN3 siRNA- and non-targeting siRNA-treated RPE-1 cells as well as the 

corresponding growth media. We first analyzed media samples. The 1H NMR spectra show 

that 13C6glucose levels in the media 24 h after labeling (red and black spectra) versus 

those before labeling (light red and grey spectra), were reduced for both CLN3-deficient 

and control cells (Supplemental Fig. 6A), indicating 13C6-glucose consumption from the 

media. Less 13C6-glucose was consumed from the 24 h media for the CLN3-deficient cells 

than that for the control cells (Fig. 5D and Supplemental Fig. 6A), suggesting reduced 
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13C6-glucose uptake upon CLN3 deficiency. This result was confirmed by 1H{13C}-HSQC 

NMR analysis (Supplemental Fig. 6C–D). Of note, 13C6-glucose uptake was reduced upon 

CLN3 deficiency despite transcriptional up-regulation of glucose transporter 3 (GLUT3/
SLC2A3, the higher affinity and high capacity glucose transporter [96]) as shown by 

RNA-Seq (Supplemental Table 1). Moreover, both 1H (Fig. 5E and Supplemental Fig. 6B) 

and 1H{13C}-HSQC (Supplemental Fig. 6C,E) NMR analyses show lower levels of 13C3-

lactate in the 24 h media of the CLN3-deficient cells versus the control cells, suggesting 

decreased lactatic fermentation and/or excretion upon CLN3 deficiency. NMR analyses of 

the media also showed decreased production and/or excretion of 13C3-pyruvate (Fig. 5F 

and Supplemental Fig. 6F). This was further confirmed by 1H{13C}-HSQC NMR analysis 

showing the decreased production and/or excretion of 13C-alanine (Fig. 5G), which is a 

direct transamination product of pyruvate. Together, these results from analyzing the media 

suggest overall decreased glycolysis in CLN3-deficient RPE-1 cells.

We then analyzed the polar fractions from the cell extracts. Both 1H (Fig. 5H) and 
1H{13C}-HSQC (Supplemental Fig. 7A) NMR analyses of the polar cell extracts show 

surprisingly higher intracellular 13C6-glucose in the CLN3-deficient RPE-1 cells than in 

control cells, despite reduced 13C6-glucose consumption upon CLN3 deficiency (Fig. 5D 

and Supplemental Fig. 6A,C,D). Consistent with this result, analyses of these polar cell 

extracts using Ion Chromatography Mass Spectrometry (ICMS) show that loss of CLN3 

increased intracellular incorporation of 13C into glucose 6-phosphate (G6P, Fig. 5I). As 
13C6-glucose uptake was reduced upon CLN3 deficiency, CLN3-deficiency-ensued increase 

in intracellular 13C6-glucose and 13C6-G6P must result from decreased utilization of G6P. 

ICMS analyses further show that loss of CLN3 decreased intracellular incorporation of 
13C into fructose 1,6-bisphosphate (Fig. 5J), 1,3-bisphosphoglycerate (Fig. 5K), 3- and/or 

2-phosphoglycerate (Fig. 5L), phosphoenolpyruvate (PEP; Fig. 5M), pyruvate (Fig. 5N), and 

lactate (Fig. 5O). Also both 1H (Fig. 5P) and 1H{13C}-HSQC (Supplemental Fig. 7B) NMR 

analyses show decreased intracellular incorporation of 13C into alanine (thus pyruvate) 

upon loss of CLN3. In addition, RNA-Seq data show transcriptional down-regulation of 

hexokinase 1 (HK1), phosphofructokinase, platelet (PFKP), triosephosphate isomerase 1 

(TPI1), phosphoglycerate kinase (PGK), and enolase 2 (ENO2) (Fig. 5A and Supplemental 

Table 1), consistent with reduced labeling of glycolysis/lactatic fermentation metabolites. 

Together, our data show that CLN3 deficiency impairs glycolysis/lactatic fermentation, 

leading to concurrent intracellular accumulation of glucose and G6P, and reduction in other 

intracellular glycolysis intermediates and glucose consumption from media.

5.2. CLN3 deficiency impaired mitochondrial TCA cycle and OXPHOS—We 

next examined the mitochondrial function in CLN3-deficient RPE-1 cells by monitoring 

the TCA cycle and OXPHOS activity. 13C3-pyruvate, generated from 13C6-glucose through 

glycolysis, can enter into the TCA cycle via either 13C2-acetyl-CoA or 13C3-oxaloacetate 

(Fig. 6A). ICMS analyses of polar cell extracts reveal that levels of 13C2-labeled TCA 

cycle metabolites, including the m2 isotopologues of citrate (Fig. 6B), cis-aconitate (Fig. 

6C), α-ketoglutarate (Fig. 6D), succinate (Fig. 6E), fumarate (Fig. 6F) and malate (Fig. 

6G), decreased upon CLN3 deficiency. These results are consistent with decreased 13C2-

acetylCoA production from 13C3-pyruvate via the action of pyruvate dehydrogenase (PDH) 
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and reduced citrate synthase (CS) activity. ICMS analyses further reveal that CLN3 siRNA-

treated RPE-1 cells had reduced levels of 13C5-citrate (Fig. 6B), 13C3-fumarate (Fig. 

6F), 13C3-malate (Fig. 6G), and 13C3-aspartate (Fig. 6H), consistent with reduced 13C3-

oxaloacetate production via an ATP-dependent anaplerotic reaction catalyzed by pyruvate 

carboxylase (PC). Consistent with ICMS results, NMR analyses also show decreased 

levels of fumarate (Supplemental Fig. 7C) and aspartate (Fig. 6I and Supplemental Fig. 

7D) in both unlabeled and labeled CLN3-deficient cells. In addition, RNA-Seq data 

show transcriptional downregulation of the TCA cycle enzymes, including CS, aconitase 

2 (ACO2), isocitrate dehydrogenase 2 (IDH2), oxoglutarate dehydrogenase (OGDH), 

succinyl-CoA ligase (SUCLA2, SUCLG1, SUCLG2), fumarate hydratase (FH), and PC 
(Fig. 6A and Supplemental Table 1), consistent with reduced 13C incorporation from 13C6-

glucose into the TCA cycle metabolites. We also observed decreased PC protein levels in 

CLN3 siRNA-treated RPE-1 cells (Fig. 6J), further supporting reduced carbon flux through 

pyruvate carboxylase in CLN3-deficient RPE-1 cells. Together, these results show that 

regardless of the route for pyruvate entry, CLN3 deficiency impairs the TCA cycle.

Utilizing FADH2 and NADH generated from the TCA cycle, mitochondrial OXPHOS 

produces ATP through a five-member electron transport chain. To monitor mitochondrial 

OXPHOS, we performed Seahorse XF Cell Mito Stress Test, using DMEM-based XF 

modified media containing 25 mM glucose and 1 mM pyruvate, with subsequent addition of 

oligomycin A (1μM), FCCP (0.5μM), antimycin A and rotenone (1μM each). We found that 

loss of CLN3 greatly reduced ATP-producing oxygen consumption without any significant 

change in spare respiration capacity (Fig. 6K–L). Therefore, the Mito Stress Test results 

indicate that CLN3 deficiency likely impaired mitochondrial ATP synthase. Consistently, 

ATP5B/ATP5F1B, the gene encoding the β subunit of the mitochondrial ATP synthase 

catalytic core F1 was transcriptionally down-regulated as shown by RNA-Seq (Supplemental 

Table 1), and the corresponding ATP5B protein levels were modestly decreased (Fig. 

6M) in CLN3 siRNA-treated RPE-1 cells. Together, this set of results support impaired 

mitochondrial metabolism, including both the TCA cycle and OXPHOS, upon CLN3 

deficiency.

5.3. CLN3 deficiency led to decreased ATP levels in RPE-1 cells—Due to 

impaired glycolysis (Fig. 5) and mitochondrial TCA cycle and OXPHOS (Fig. 6), we 

predicted reduced cellular ATP levels upon CLN3 deficiency. 1H{13C}-HSQC and 1H NMR 

analyses of the polar cell extracts showed decreased intracellular incorporation of 13C into 

AXP (i.e., AMP, ADP and/or ATP; Fig. 7A) and decreased unlabeled AXP (Fig. 7B) 

respectively upon loss of CLN3. ICMS analyses of these polar cell extracts further showed 

that the levels of 13C5-ATP, 13C5-ADP and 13C5-AMP were all reduced in CLN3-deficient 

RPE1 cells (Fig. 7C–E); in contrast, although total ADP and ATP levels decreased, total 

AMP levels increased in CLN3-deficient RPE-1 cells (Fig. 7F), consistent with increased 

AMP/ATP ratio and AMPK activation (Fig. 3). As the depletion of labeled AXP (primarily 
13C5-AXP) in response to loss of CLN3 (Fig. 7C–E) concurred with reduced levels of 
13C5-ribulose/ribose 5phosphate (Fig. 7G), this 13C5-AXP response was at least in part due 

to reduced 13C incorporation into the pentose phosphate pathway (PPP) intermediate 13C5-

ribulose/ribose-5phosphate and subsequently 13C5-labeled AXP during de novo nucleotide 
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synthesis. This was consistent with the depletion of 13C-ribose-AXP (AXP-1’ in Fig. 7A) 

evident in the 1H{13C}-HSQC NMR data of CLN3-deficient RPE-1 cells. Taken as a whole, 

our data clearly showed that loss of CLN3 in RPE-1 cells led to impaired energy and 

anabolic metabolism by attenuating glycolysis, the TCA cycle and OXPHOS, as well as PPP 

and de novo nucleotide synthesis.

6. CLN3 deficiency led to glycogen accumulation in RPE-1 cells.

As JNCL is a lysosomal storage disease and impaired autolysosomal degradation was 

reported in Cln3Δex7/8 mouse livers [56] and Cln3Δex1−6 mouse RPE [33], we were also 

particularly interested in identifying metabolites that accumulated in response to CLN3 

deficiency. In addition to primary lysosomal storage of autofluorescent subunit C [97–100], 

JNCL is also known to accumulate lipids, particularly sphingolipids including ceramides, 

sphingomyelins (SM), galactosylceramides (GalCer), glucosylceramides (GluCer), and 

globosides in fibroblasts [64, 101, 102]. We analyzed the lipid-containing nonpolar cell 

extracts by direct infusion Fourier-transform ion cyclotron resonance mass spectrometry 

(FTICR-MS). Our data showed less fractional enrichment of even-number 13C-labeled 

SM, triacylglycerols (TAG), and phospholipids (e.g., phosphatidylcholines (PC) and 

phosphatidylethanolamines (PE)) in the CLN3 siRNA-treated RPE-1 cells than in 

nontargeting siRNA-treated cells (Supplemental Fig. 8, “Even”). These data suggested 1) 

reduced 13C2-acetyl-CoA incorporation into fatty acids (i.e., impaired lipid synthesis), 2) 

enhanced usage of non-glucose (unlabeled) carbon source(s) for lipid synthesis, and/or 3) 

block in lipid (primarily unlabeled) hydrolysis and/or fatty acid β oxidation upon loss of 

CLN3. The latter two effects are more consistent with lipid accumulation in JNCL.

Glycogen accumulation has been observed in glycogen storage diseases (GSDs) (reviewed 

in [103]). Lafora bodies, aggregates of abnormal form(s) of glycogen, has been definitively 

demonstrated to be the cause of neurodegeneration and neurobehavioral phenotypes in 

Lafora disease [104, 105]. However, to the best of our knowledge, there is no report on 

whether or not glycogen is accumulated in JNCL. We used 1H and 1H{13C}-HSQC NMR to 

determine the levels of intact glycogen particles in the polar extracts of RPE-1 cells treated 

with CLN3 or non-targeting siRNAs. Glycogen is a polymer of glucose units joined by 

α−1,4-glycosidic linkages with evenly distributed branches via α−1,6-glycosidic linkages, 

forming a largely water-soluble spherical-like structure with newly-added glucose units 

constitute a mobile hydrophilic surface [104, 106]. Both 1H and 13C NMR have long been 

used to detect intact glycogen in vitro and in vivo [107–109]. We showed a large buildup of 

unlabeled intact glycogen (Fig. 8A–B; the 1H resonance at ~5.4 ppm) in the polar extracts 

of CLN3 siRNA-treated RPE-1 cells, consistent with impairment in glycogen mobilization 

upon loss of CLN3.

We next measured glycogen metabolism intermediates to gain further understanding of the 

effects of CLN3 deficiency on glycogen metabolism (Fig. 8C). ICMS analyses showed 

that 13C6-glucose 1-phosphate (G1P) accumulated but unlabeled G1P depleted upon CLN3 

deficiency (Fig. 8D). As G1P is the product of both glycogen synthesis and degradation, 

these data suggest suppression of both glycogen synthesis downstream of G1P and glycogen 

degradation via glycogenolysis, respectively. Attenuated glycogen synthesis is further 
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supported by the depletion of 13C-labeled (Fig. 8E–F) and unlabeled (Fig. 8F) UDPglucose, 

the direct precursor of glycogen synthesis, based on both 1H{13C}-HSQC NMR (Fig. 

8E) and ICMS (Fig. 8F) analyses. ICMS analyses also showed that CLN3 deficiency led 

to increased m6 isotopologue but decreased m5 and m11 isotopologues of UDP-glucose 

(Fig. 8F), which respectively represent changes in the 13C6-glucose, 13C5-ribose, and 
13C6-glucose + 13C5-ribose moieties of UDP-glucose [110]. These changes reflected 

those in the precursors of UDP-glucose, i.e., 13C6-glucose (Fig. 5H and Supplemental 

Fig. 7A) and 13C5ribulose/ribose 5-phosphate (Fig. 7G). Moreover, RNA-Seq analysis 

showed transcriptional down-regulation of UGP2 (encoding UDPG pyrophosphorylase 

which catalyzes the formation of UDP-glucose from G1P and UTP during glycogenesis) 

and PYGL (encoding liver glycogen phosphorylase, which catalyzes dephosphorylation 

of glycogen during glycogenolysis) (Fig. 8C and Supplemental Table 1), consistent with 

reduced UDP-glucose synthesis (Fig. 8E–F) and glycogenolysis (Fig. 8D), respectively, 

which in turn may lead to the buildup of unlabeled glycogen (Fig. 8A–B) and opposite 

changes in labeled and unlabeled G1P levels (Fig. 8D).

Discussion

In this work, we characterized the effects of CLN3 deficiency on retinal function and 

morphology, as well as RPE cell biology, focusing on autophagy-lysosomal system 

and metabolism. JNCL mutant mice showed impaired retinal function, subunit C 

immunoreactive autofluorescent lesions in the OPL/INL, and RPE atrophy and degeneration. 

We further demonstrated in human RPE-1 cells that CLN3 deficiency led to enhanced 

autophagy and lysosomal system, and coincidently impaired energy metabolism and 

anabolism. In addition, CLN3 deficiency led to glycogen accumulation and possible lipid 

accumulation. Based on these results, we propose the following working model for JNCL-

related vision loss (Fig. 9): CLN3 deficiency in RPE results in 1) an energy crisis and 

compensatory induction of autophagy, and 2) reduced utilization of glycogen and lipids 

as well as their accumulation; despite not knowing whether energy crisis or storage is the 

primary defect, these defects lead to RPE atrophy and degeneration, contributing to retinal 

degeneration and vison loss in JNCL.

1. Besides neurodegeneration, RPE atrophy and degeneration likely also contribute to 
JNCL-related vision loss

Although retinal phenotype in Cln3Δex7/8 mice has been examined previously, these earlier 

studies were confounded by genetic backgrounds, e.g., an outbred 129Sv/Ev/CD1 mixed 

background that carried unspecified CLN3-independent retinal degenerative genetic loci 

[1, 79], C57B6/N [79], a background that is known to carry the retinal degenerative Rd8 
mutation [84], and an unspecified C57B6 background tested positive for the Rd8 mutation 

[80, 81]. We bred Cln3Δex7/8 mice on C57B6/J background which did not carry either 

Rd8 or Rd1 mutation [82]. Our study using these mice confirmed previously reported 

differential loss of scotopic ERG signals (with the b-wave amplitudes affected more than the 

a-wave amplitudes) in Cln3Δex7/8 mice on the above-mentioned confounding backgrounds. 

This ERG phenotype observed in Cln3Δex7/8 mice is consistent with the observations in 

Cln3Δex1−6 mice on C57B6/J background [78] and in JNCL patients [18]. The consensus 
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in the ERG phenotype across different species, mouse models and genetic backgrounds 

suggests that differential loss of scotopic ERG signals is a strong phenotype of CLN3 

deficiency. As the b-waves are generated by bipolar cells, prominent loss of the scotopic 

b-wave amplitudes suggest that bipolar cells are likely one of the retinal cell types that are 

affected early in the development of JNCL-related vision impairment. Unlike the consensus 

in the JNCL ERG phenotype, although extensive photoreceptor loss was reported in the 

original Cln3Δex7/8 mice on the outbred 129Sv/Ev/CD1 mixed background [1], we did not 

observe overt photoreceptor loss in Cln3Δex7/8 mice on C57B6/J background [82]. Our result 

is consistent with the reported photoreceptor phenotype in Cln3Δex1−6 mice also on C57B6/J 

background [78]. Therefore, extensive photoreceptor loss observed in the original Cln3Δex7/8 

mice [1] likely reflected a mouse genetic background effect.

We observed diffuse autofluorescent (by FAF imaging) and hypo-pigmented (by color 

fundus imaging) lesions in the fundus of the CLN3Δex7/8 mice as early as 8-month old when 

visual function (e.g., as assessed by ERG) was barely affected. Our observations suggest that 

these fundoscopic features can serve as an early marker for JNCL-related vision impairment 

and that FAF and color fundus imaging can provide simple, sensitive, and noninvasive tools 

for monitoring JNCL eye pathologies. In accordance with this idea, autofluorescent lesions 

were previously reported in the fundus of 8–10 week old CLN3Δex7/8 mice (on C57B6/J 

background) carrying the light-sensitive RPE65 leucine variant [111] as well as the fundus 

of 16-month old Cln3Δex1−6 mice [77, 112] by the BluePeak Blue laser autofluorescence 

(BAF) method.

FAF provides a density map of ocular fluorophores, predominantly lipofuscin in the 

RPE [86, 87]. RPE autofluorescence was reported to either not decrease in Cln3Δex1−6 

mice [78] or decrease in JNCL patients [113], the latter of which likely reflecting the 

degeneration of affected cells. Therefore, we postulated that autofluorescent lesions in 

the fundus of the CLN3Δex7/8 mice as seen by FAF imaging might originate from RPE. 

However, our cross-section images of CLN3Δex7/8 mouse retina showed predominant 

distribution of autofluorescent lesions in the OPL/INL; and these autofluorescent lesions 

were immunoreactive for subunit C, suggesting that they were JNCL storage materials [82]. 

These data are in accordance with bipolar cell dysfunction as indicated by the prominent 

loss of the scotopic b-wave amplitudes, as bipolar cells, together with horizontal cells, 

amacrine cells and photoreceptor pedicles, reside and form a dense network of synapses in 

the OPL/INL. Thus our study points to early JNCL defects at least in part in the bipolar 

cells and their communication with photoreceptors and other retinal neurons. Future studies 

are needed to identify the specific cell type(s) that harbor autofluorescent lesions in the 

OPL/INL and functional defects of these cells, so as to understand of the etiology of 

JNCL-related vision loss. To this end, our preliminary studies show close proximity of JNCL 

autofluorescent lesions to PNA-stained cone pedicles and CHX10 immunoreactive bipolar 

cell nuclei [82],

We did not observe high RPE autofluorescence in the cryo cross sections of mouse 

retinas, likely because detection of RPE autofluorescence was hindered by the extensive 

light absorption by the pigments in the melanosomes in the RPE [87]. However, we 

observed disorganized ZO-1 immunoreactivity in the flat mount RPE samples, as well as 
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RPE metaplasia/hyperplasia and degeneration. These observations, together with others’ 

reports of RPE abnormalities in both JNCL patients [3, 16, 17] and Cln3Δex1−6 mice 

[33, 112], clearly demonstrated that besides neurons, RPE was also affected by CLN3 

deficiency in vivo. Our in vitro studies in RPE-1 cells further revealed extensive alterations 

in the autophagy-lysosome system and metabolism in response to CLN3 siRNA treatment. 

Most recently, fingerprint lysosomal storage material that is positive for subunit C, and 

accumulation of autolysosomes and un-fused phagosome-lysosomes have been reported in 

the RPE of the CLN3Δex1−6 [112] JNCL mouse model [33]. As RPE plays critical roles 

in retinal physiology including providing growth factors and glucose to the neural retina 

(see Introduction), it is possible that impairment in RPE functions due to CLN3 deficiency 

may result in inadequate support of neural retina (even prior to pathologies of RPE itself 

becomes apparent), contributing to degeneration of retinal neurons including bipolar cells 

and ultimate vision loss in JNCL. Future studies such as those using RPE- and bipolar cell-

specific CLN3-deficient mouse models are needed to further dissect the roles of individual 

retinal cell types in JNCL-related vision loss.

2. Enhancement of the autophagy-lysosome system as a compensatory stress response 
to impaired energy metabolism upon CLN3 deficiency

As discussed below, our results of enhanced autophagy-lysosomal system in the CLN3-

deficient RPE-1 cells, despite consistent with numerous reported observations, are in 

discordance with JNCL being a lysosomal storage disease (see Section 2.1). Our results 

also show extensive metabolic impairment in the CLN3-deficient RPE-1 cells. As autophagy 

supplies cells with metabolites for energy production and anabolism, it is likely that 

CLN3 deficiency-ensued metabolic impairment boosts the autophagy-lysosome system as 

a compensatory stress response (see Section 2.2). Adopting the same strategy, it has recently 

been shown that overexpressing TFEB, the master transcription factor of the autophagy-

lysosomal system, reversed the CLN3-deficient phenotypes in JNCL mouse models [114].

2.1. Autophagy-lysosomal system plays important roles in RPE; and 
JNCL leads to extensive autophagy-lysosomal dysregulation.—Autophagy plays 

important roles in virtually all cell types in the eye (reviewed in [115]), including the lens 

[116, 117], photoreceptors, and RPE [30, 32, 118]. Autophagy dysregulation is involved 

in numerous eye diseases (reviewed in [115]), including AMD – a major cause of vision 

loss among the elderly which initially affects RPE [119–121]. RPE cells are important 

phagocytic cells, engulfing 5% of POS on a daily basis. POS phagocytosis in RPE cells 

is a key step during the visual cycle. Autophagy plays critical roles in POS phagocytosis 

in RPE cells: RPE autophagy appears to follow a bimodal pattern of daily light-dark 

cycle in response to ingestion of POS [122]; a noncanonical autophagy process termed 

LC3-associated phagocytosis has been reported to be essential for POS phagocytosis [32, 

123]. Deficient expression of autophagy genes in mouse RPE leads to not only impaired 

POS phagocytosis and visual cycle (e.g., in Atg5flox/flox;Best1-Cre/+ [32]), but also 1) RPE 

cell hypertrophy and vacuolization (e.g., in Atg7flox/flox;Tyr-Cre/+ [124]); 2) accumulation 

of p62/SQSTM1, ubiquitin-tagged debris, mitochondria, oxidatively-damaged proteins, and 

autofluorescent lesions; 3) RPE and secondary photoreceptor degeneration; and 4) impaired 

ERG (e.g., in Rb1cc1flox/flox;Best1-Cre/+ [30]).
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CLN3, the protein mutated in JNCL, appears to be a component of the autophagy 

protein-protein interaction network [88]. A mutation in CLN3 (p.Gly165Glu) has been 

associated with autophagic vacuolar myopathy [89]. These studies suggest a role for CLN3 

in autophagy and potential contribution of autophagy dysregulation to JNCL pathologies. 

Our data show that CLN3 siRNA-treated RPE-1 cells displayed increased autophagic flux, 

autophagy induction signaling (as indicated by Akt/mTORC1 suppression and AMPK 

activation), and transcriptional up-regulation of autophagy and lysosome genes including 

many targets of the FOXO3 and TFEB transcriptional factors. As discussed below, these 

results are not only in accordance with numerous reports but also self-consistent (Fig. 

9A). For example, down-regulation of mTORC1 activity, which we observed in the 

CLN3 siRNA-treated RPE-1 cells, was previously shown in JNCL patient lymphoblastoid 

cells, homozygous Cln3Δex7/8 mouse brain, and CbCln3Δex7/8 cells, a cerebellar neuronal 

precursor cell model of JNCL [56]. AMPK is primarily activated by increased AMP:ATP 

ratio [125]. AMPK activation is known to induce autophagy, through 1) phosphorylating 

autophagy proteins ULK1 (S317 and S777) [126, 127] and Beclin 1 (S91/S94) [128], 

2) phosphorylating TSC2 and Raptor thus suppressing mTORC1, a kinase complex 

that phosphorylates ULK1 (S757) and inactivates the ULK1 complex [127], and 3) 

phosphorylating FOXO3a in the nucleus thus resulting in transcriptional activation of 

TFEB via the transcriptional suppression of SKP2 and subsequently stabilization and 

increased levels of CARM1 protein, the transcriptional co-activator for TFEB [129, 

130]. Moreover, mTORC1 phosphorylates TFEB, blocking it from entering the nucleus 

to activate transcription [131]. Therefore, our observations of ATP shortage and AMP 

accumulation, mTORC1 inhibition, AMPK activation, transcriptional up-regulation of 

FOXO3 and TFEB target genes, and autophagic flux increase in CLN3 siRNA-treated 

RPE-1 cells are consistent with the interplays among these molecules (Fig. 9A). FOXO3 

[132] and mTORC1 are parallel pathways that are downstream of Akt to modulate the 

autophagy-lysosome system, with Akt suppressing autophagy-lysosomepromoting FOXO3 

and activating autophagy-lysosome-inhibiting mTORC1 [93, 133]. Akt is phosphorylated 

(at T308 and S473 respectively) and activated by PDK1 and mTORC2 [134]. Therefore, 

our observations of enhanced FOXO3 activation and suppression of Akt, mTORC1 and 

mTORC2 in CLN3 siRNA-treated RPE-1 cells are also self-consistent (Fig. 9A). In addition, 

our observation of transcriptional up-regulation of autophagy and lysosome genes in CLN3 

siRNA-treated RPE-1 cells is also consistent with increased levels of LAMP1 protein 

in cultured astrocytes from Cln3Δex7/8 mice [114], increased lysosomal proteins CLN1/

PPT1, CLN2/TPP1, DPP7, GAA and ATP6AP1 in CbCln3Δex7/8 cells [55], and increased 

cathepsin D immunoreactivity in the RPE and OPL/INL of aged or light-exposed young, 

RPE65 leucine variant-carrying Cln3Δex7/8 mice [111]. Our results also agree with the 

notion that accumulation of lysosomal proteins and associated elevation in the activity 

of lysosomal enzymes is a common feature of lysosomal storage diseases (Burditt et al., 

1980; Young et al., 1997). In addition, our observation of significantly increased total 

intensity of LysoTracker observed in CLN3 siRNA-treated RPE-1 cells is consistent with 

transcriptional up-regulation of the autophagy-lysosomal system and increased autophagic 

flux. This result is also in agreement with previously reported increase in LysoTracker 

staining with prolonged treatment of lysosomotropic compounds [135–137] and in other 

lysosomal storage diseases such as Mucolipidosis type IV [138] and Niemann-Pick disease 
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type C1 [139, 140]. It is thought that such increase of LysoTracker staining likely reflects a 

compensatory attempt of cells to overcome lysosomal dysfunction [135].

Although CLN3-deficiency-elicited enhancement in the autophagy-lysosomal system was 

observed by us and others (see above), compromised autophagy-lysosomal system in 

the absence of CLN3 has also been reported. For example, lysosomal accumulation of 

storage materials (e.g., lipofuscin and subunit C [97–100]) occurs in JNCL. Treatment 

with inhibitors of lysosomal proteases recreates certain features of the pathology of Batten 

disease, resulting in the accumulation of lipofuscin-like dense bodies in neurons (Ivy et 

al., 1984). JNCL lysosomes displayed a 69.8% decrease in the activity of the v-ATPase 

compared with their matching controls [47]. LysoTracker staining [51] and levels of the 

mature cathepsin D heavy chain [39] in homozygous CbCln3Δex7/8 cells were reduced 

compared to those in wild-type controls. Impaired autolysosomal degradation has also 

been reported in the homozygous Cln3Δex7/8 knock-in mouse livers [56] and Cln3Δex1−6 

mouse RPE [33]. Most recently, a lysosomal proteome analysis revealed decreased levels of 

numerous lysosomal proteins including lysosomal enzymes that catalyzes the degradation of 

lipids and glycans in CbCln3Δex7/8 cells [55]. These reports suggest that dysfunction of one 

or more aspects of lysosomal biology may contribute to JNCL pathogenesis [112].

There are several possible explanations for the discrepancies regarding whether the 

autophagy-lysosomal system is enhanced or compromised in the absence of CLN3. It 

is possible that: 1) dysfunction of one or more specific aspects concurs with overall 

enhancement of the autophagy-lysosomal system; 2) cell-type specific effects of CLN3 

deficiency may occur for cerebellar granule neurons and RPE cells; 3) CbCln3Δex7/8 cell 

line may have acquired secondary mutation(s); and 4) different autophagy assays (e.g., EM 

[33, 56] versus the biochemical assays used in our study) may reveal different aspects of 

autophagy. Future studies are needed to resolve these discrepancies. In addition, the effects 

of CLN3 deficiency on LC3-associated phagocytosis in RPE is yet to be investigated.

2.2. RPE and retina are highly metabolically active; and JNCL leads to 
impaired energy metabolism, likely triggering compensatory autophagy.—Like 

brain or tumor tissue, the retina is one of the most metabolically active tissues in vertebrates 

[27]. Energy metabolism in the retina is highly important for visual functions, as shown by 

attenuated ERG signals in response to removal of glucose or O2 in both vascular [141–143] 

and avascular [144] retina. Retinal ischemia, i.e., shortage in nutrient (e.g., glucose) or O2 

supply, is evident in most retinal diseases including glaucoma, artery or vein occlusions, 

diabetic retinopathy, and AMD [27].

The retina is highly glycolytic, converting 80–96% of glucose it consumes into lactate [145–

147]. The majority of aerobic glycolysis occurs in the outer retina, i.e., the photoreceptors 

and RPE [148–150]. Pyruvate kinase (PK) catalyzes the last step in glycolysis to convert 

PEP to pyruvate. Deficiency in PKM2, the predominant isoform of PK expressed in 

photoreceptors, in mouse rods or cones leads to their degeneration [151, 152]. This suggests 

that glycolysis is essential for photoreceptor health and normal vision.
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Earlier reports also suggest that mitochondrial metabolism is essential for retinal health and 

normal vision. For example, conditional knocking-out of mitochondrial pyruvate carrier 1 

(MPC1; using Six3-Cre) in the developing neural retina of mice led to degeneration of 

both photoreceptors and inner retinal neurons [153]. Genetic disruptions that caused loss 

of CS or PDH in Drosophila resulted in light-induced photoreceptor degeneration [154]. 

Loss-of-function mutation of IDH3B, the gene encoding the β subunit of the NAD-specific 

TCA cycle key enzyme isocitrate dehydrogenase, caused photoreceptor degeneration and 

retinitis pigmentosa [155]. Moreover, RPE utilizes the TCA cycle or reductive carboxylation 

for energy production via consuming lactate [148] and proline [156, 157]. Suppression of 

mitochondrial metabolism [28] or chronic HIF2α-mediated metabolic stress [29] in RPE 

cells caused RPE dysfunction and photoreceptor degeneration.

Despite growing knowledge about RPE and neural retinal metabolism, how they are 

involved in JNCL-related vision loss is unclear. As discussed above, a defect in PKM2, 

MPC1, CS, PDH, or IDH3B alone led to retinal degeneration [151–155], our observations 

of CLN3 deficiency-induced defects in glycolysis, and the mitochondrial TCA cycle and 

OXPHOS likely underlie RPE atrophy and degeneration in JNCL. The reduced ATP 

levels in CLN3-deficient RPE-1 cells is consistent with earlier findings in fibroblasts 

[158], CbCln3Δex7/8 cells [39], and Cln3Δex7/8 astrocytes [39, 159]. The reduced ATP 

levels without a decrease in spare respiratory capacity further suggests a defect in ATP 

synthesis. Indeed, we found transcriptional suppression of ATP5B and the resulting 

attenuation in the ATP5B protein levels in CLN3 siRNA-treated RPE-1 cells. As ATP5B 

is required for proper assembly of ATP synthase, our finding of CLN3 deficiency-ensuded 

attenuation in the ATP5B protein levels and ATP levels in RPE-1 cells are self-consistent 

and in accordance with previously reported JNCL mitochondrial abnormalities including 

1) reduced mitochondrial ATP hydrolysis in JNCL skin fibroblasts [160]; 2) lysosomal 

accumulation of subunit C in JNCL brains [98, 100], Cln3Δex7/8 mouse brains [39, 51, 56], 

and Cln3Δex7/8 mouse RPE [33]; and 3) significant downregulation of genes associated with 

mitochondrial bioenergetics, including those encoding cytochrome b, cytochrome oxidase, 

and mitochondrial ATP synthase F0 sub-complex subunit B, in the whole eyes (but not the 

cerebellum) of the Cln3Δex1−6 mice prior to the appearance of lysosomal deposits [161]. 

Also, abnormal mitochondrial elongation and decreased cellular ATP levels were reported to 

precede subunit C accumulation in CbCln3Δex7/8 cells [39], suggesting that decreased ATP 

levels may be an earlier event leading to other events such as enhancement of the autophagy-

lysosomal system and cell death during the course of JNCL (Fig. 9A–B). In addition, our 

observation of defective mitochondria, which may trigger mitophagy, is consistent with 

autophagy induction.

3. Storage as a cause or a consequence of CLN3 deficiency-ensued energy crisis

As stated above, JNCL is known to accumulate autofluorescent subunit C [97–100] and 

sphingolipids [55, 64, 101, 102]. However, our lipidomic analysis revealed reduced 13C 

fractional enrichment in fatty acyl chains of lipids (e.g., SM, TAG, PC and PE) in the 

CLN3 siRNA-treated cells than in control cells (Supplemental Fig. 8, “Even”). This result 

is consistent with the depletion of 13C2-citrate (Fig. 6B) and -cis-aconitate (Fig. 6C) in the 

CLN3 siRNA-treated cells, suggesting reduction in 13C2-acetyl-CoA incorporation into fatty 
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acids thus impaired lipid synthesis upon loss of CLN3. In contrast, fractional enrichment 

of 13C-labeling in the glycerol backbone of TAG, PC and PE was unchanged upon loss 

of CLN3 (Supplemental Fig. 8, m3 isotopologues). Of note, we observed negligible m3 

isotopologue in SM, consistent with lack of a glycerol backbone in SM (Supplemental Fig. 

8 m3 isotopologue). Therefore, our SIRM analyses suggested impaired fatty acyl chain 

synthesis despite reported lipid accumulation [55, 64, 101, 102]. Although our RNA-Seq 

analysis showed global transcriptional up-regulation of the autophagy-lysosomal system, 

several key (glycol)sphingolipid metabolism genes were drastically down-regulated in 

CLN3-deficient RPE-1 cells (Supplemental Table 1). For example, the transcript of GALC, 

the gene encodes a lysosomal galactosylceramidase that hydrolyzes the galactose ester 

bonds of GalCer, psychosine, lactosylceramide (LacCer) and monogalactosyldiglyceride, 

was largely down-regulated. This result is consistent with decreased galactocerebrosidase 

protein levels reported in CbCln3Δex7/8 cells [55]. In addition, GALC mutations have been 

associated with Krabbe disease (aka. globoid cell leukodystrophy), with human pathologies 

similar to those of JNCL, including blindness, seizures, ataxia, and psychomotor decline 

[162]; and the dog model of GALC mutations also developed blindness [162]. Therefore, 

defects in lipid hydrolysis may contribute to lipid accumulation; likewise, impaired TCA 

cycle that we observed in CLN3-deficient RPE-1 cells may contribute to lipid accumulation 

as a result of defective fatty acid β oxidation by the TCA cycle (Fig. 9B). In addition, RPE 

cells not only phagocytose POS which is rich in lipids but also transport dietary lipids from 

blood vessels into the retina. Thus RPE cells require robust lipid handling capabilities and 

are likely to be sensitive to impaired lipid handling. Future investigation, including absolute 

lipid quantification, is needed to determine which aspect(s) of lipid handling are impaired 

upon CLN3 deficiency.

This work is the first to report glycogen accumulation upon CLN3 deficiency. A previous 

report using electron microscopy stated an increase in the storage of glycogen granules in 

the CLN3 siRNA-treated Hela cells without showing either quantification or micrographs of 

control cells [163]. Glycogen accumulation, which is characteristic of glycogen storage 

diseases (GSDs) (reviewed in [103]), may result from increased glycogenesis and/or 

defective glycogen utilization. Our results of reduced levels of both unlabeled and labeled 

UDP-glucose (Fig. 8E–F), and transcriptional down-regulation of UGP2 (Fig. 8C and 

Supplemental Table 1) argue against increased glycogenesis, despite the large accumulation 

of unlabeled glycogen (Fig. 8A–B). In contrast, decreased glycogenolysis is consistent 

with the transcriptional down-regulation of PYGL (Fig. 8C and Supplemental Table 

1), leading to depletion of unlabeled G1P (Fig. 8D). Taken together, despite decreased 

glycogenesis, glycogen still accumulated in CLN3-deficient RPE-1 cells, likely due to 

impaired glycogenolysis. Future experiments are needed to further determine whether there 

is intracellular glycogen accumulation in JNCL patients and mouse models. As Lafora 

bodies have been demonstrated to be the cause of neurodegeneration and neurobehavioral 

phenotypes in Lafora disease [104, 105], in the future, it is of great importance to 

investigate whether glycogen accumulated upon loss of CLN3 is also toxic and contributes 

to neurodegeneration and vision loss in JNCL.

Although we observed impaired energy metabolism and glycogen accumulation in CLN3-

deficient RPE-1 cells (Figs. 5–8), our results cannot distinguish whether impaired energy 
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metabolism or storage is more upstream in the development of JNCL etiology (Fig. 9B). It 

is possible that defects in glycolysis, the TCA cycle, and/or OXPHOS may result in reduced 

production of ATP and other metabolites, leading to cell death, akin to retinal degradation 

resulting from a defect in PKM2, MPC1, CS, PDH, or IDH3B as we discussed above [151–

155]. As such, lipids and glycogen storage is a consequence of ATP shortage that reduces 

consumption of lipids and glycogen. Conversely, it is possible that toxic storage of lipids 

and glycogens, rather than shortage of ATP or other essential metabolites, may lead to cell 

death in JNCL, as occurred in Lafora disease [104, 105]. Even if accumulated lipids and 

glycogen are not toxic, degrading these storage materials may over-consume ATP and result 

in a detrimental energy crisis. It is also possible that both ATP shortage and accumulation 

of toxic materials contribute to cell death in JNCL. Future investigations are needed to fully 

understand the causal relationship between storage and impaired production ATP and other 

metabolites, and their contributions to JNCL pathologies.

In summary, this work provides detailed characterization of the JNCL retinal phenotype, 

including retinal pathologies and visual function impairment in a mouse model as well 

as molecular and cellular deficits in a human RPE cell line. Our data suggest a possible 

contribution of RPE atrophy and degeneration to JNCL-related vision loss. Our work 

is the first study on the effect of CLN3 deficiency on the catastrophic disruption of 

RPE cell metabolism, establishing the importance of CLN3 for cell metabolism. Our 

work is also the first to report glycogen accumulation upon CLN3 deficiency. What we 

learned from RPE will likely facilitate our understanding of JNCL-related vision loss and 

neurodegeneration. Our study will shed light on developing novel therapeutics for treating 

JNCL, and potentially other NCL and lysosomal storage diseases, through targeting cell 

metabolism.

Experimental Procedures

Mouse strains and genotyping

All animal experiments were approved by the University of Kentucky Institutional 

Animal Care and Use Committee (IACUC) and were in accordance with the Association 

for Research in Vision and Ophthalmology Statement for the use of Animals in 

Ophthalmic and Visual Research. C57BL/6J wild-type (WT; 000664) and JNCL mutant 

B6.129(Cg)Cln3tm1.1Mem/J (Cln3Δex7/8; 017895, on the C57BL/6J background) mice were 

purchased from the Jackson Laboratories (Bar Harbor, ME) and aged at the University of 

Kentucky under standard housing conditions with a 14:10 hour light-dark cycle. WT and 

Cln3Δex7/8 mutant mice were genotyped as described in the companion Data in Brief article 

[82] with WT primers (oIMR3012, 5’-CAC CTT CCT CTC ACT GAC TGC-3’; oIMR3013, 

5’-ACC ACC ATG AGA TCA CAG CA-3’; ~145 bp band) and mutant primers (5’-GCC 

TTT ACT TGC TGC CTT ACA-3’; 5’-GGG TCT CGG TGC CTA TGA-3’; ~750 bp band).

Like the reported Cln3Δex1−6 mice [78], the Cln3Δex7/8 mice that we used in this study 

were on the C57B6/J background. We also genotyped the mice for the potential presence 

of the retinal degeneration Pde6b (Rd1) mutation and the Crb1 (Rd8) mutation [82]. Our 

genotyping results excluded either of these mutations in the Cln3Δex7/8 mice used in our 

study (data not shown). Therefore, retinal atrophy and degeneration that we observed in the 
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Cln3Δex7/8 JNCL mouse model used in our study did not result from either Rd1 or Rd8 
mutation. In contrast, the Cln3Δex7/8 mice previously reported by others were either on a 

C57B6/N background [79] that is known to have the retinal degenerative Rd8 mutation [84] 

or on an unspecified background that was tested positive for the Rd8 mutation [80, 81]. 

Moreover, none of the previous reports [78–81] examined the Rd1 mutation.

Electroretinography

Mice were dark adapted overnight before assessing the scotopic ERG response. Experiments 

were conducted with the aid of dim red lighting. Following anesthesia (i.p., ketamine 

hydrochloride (100 mg/kg body weight) combined with xylazine hydrochloride (10 mg/kg 

body weight)), the eyes were dilated using 1% tropicamide (Akorn Inc., IL) and 2.5% 

phenylephrine hydrochloride (Alcon Laboratories, TX). Mice were placed on a pre-warmed 

heating pad with both eyes at a constant relative position inside the Ganzfeld globe (Espion 

full field Ganzfeld; Diagnosys LLC, USA). Silver recording electrodes were placed over 

the corneas, a reference skin electrode at the base of the head, and a ground electrode 

at the base of the tail. Electrodes were impedance matched between both eyes. The eyes 

were kept moist using methylcellulose solution (Goniovisc; Sigma Pharmaceuticals, IA). 

The eyes were then exposed to flashes of light with increasing intensities (1E5, 0.000158, 

0.0025, 0.04, 0.63 and 10 cd·s/m2; measured at the target area rather than at the light 

source), triggered using the Espion software (Espion v3) with a preset automatic protocol. 

Responses from multiple flashes (19, 13, 9, 6, 5 and 3 flashes for 1E-5, 0.000158, 0.0025, 

0.04, 0.63 and 10 cd.s/m2, respectively) were averaged to obtain a single waveform at each 

light intensity.

Statistical analyses were performed using PRISM 7 (GraphPad, CA). All results were 

expressed as mean ± standard error of the mean (SEM). Differences between groups were 

compared using an unpaired, non-parametric Mann-Whitney test, with two-tailed p-values 

<0.05 considered statistically significant.

Fundus autofluorescence and photography

Fundus autofluorescence was imaged from unanesthetized mice using the TRC 50-IX 

imaging system with standard filters (excitation filter 536/40 nm and barrier filter 650/100 

nm; Topcon, Tokyo, Japan) linked to a digital color camera (Sony, Tokyo, Japan). Mice 

were then anesthetized and their eyes were dilated as described above. Color images of the 

mouse fundus were taken using a Micron IV retinal imaging microscope (Phoenix Research 

Labs, CA, USA). Images were exported as TIFF files and processed identically using Adobe 

Photoshop.

RPE and retinal morphologies

Mouse eyes were enucleated after euthanization by CO2. RPE/choroid flat mounts were 

prepared and fixed with 4% paraformaldehyde for 30 min. Following washes with PBS 

for 3 times, the flat mounts were blocked for 1 h in 3% bovine serum albumin (BSA) 

and 4% goat serum at 4°C. Flat mounts were then incubated overnight with anti-ZO-1 

antibody (Invitrogen 61–7300, rabbit pAb) followed by washing and 1 h incubation with 

fluorescent secondary antibody (Invitrogen A-11072, F(ab’)2-goat anti-rabbit IgG (H+L) 
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cross-adsorbed, Alexa Fluor 594). For staining nuclei of RPE flat mounts, Hoechst 33342 

(Invitrogen, H3570) was incubated for 5 min. RPE flat mounts were then imaged on 

an Acousto-Optical Beam Splitter SP5 confocal microscope (AOBS SP5, Leica GmbH, 

Germany). RPE and retinal morphologies were also assessed by Toluidine blue stain of 

cross sections of resinembedded retinas (see Supplemental Methods) and by differential 

interference contrast microscopy and confocal fluorescent microscopy of cross sections of 

cryo-preserved retinas (see the companion Data in Brief article [82]).

Transmission electron microscopy of retina

Mouse eyes were enucleated after euthanization, fixed with 4% paraformaldehyde/3.5% 

glutaraldehyde, post-fixed in 2% osmium tetroxide, dehydrated in ethanol, and embedded 

in resin. Ultrathin (80–90 nm) sections were cut and stained first with uranyl acetate (2% 

w/v in 70% ethanol) for 5 min and then lead citrate (0.4% w/v in boiled ddH2O cooled to 

room temperature and basified by adding 1/10 v/v of 1 M NaOH to avoid lead carbonate 

precipitation) for 2 min. Electron micrographs were collected on a transmission electron 

microscope (BioTwin 12, Phillips).

Cell culture

RPE-1 cells were authenticated by ATCC to be an exact match to the ATCC cell line 

CRL-4000 (hTERT RPE-1), using Short Tandem Repeat (STR) analysis [164, 165]. Cells 

were cultured in DMEM supplemented with 10% FBS in a cell culture incubator set at 

37°C and with 5% CO2. Cells (6–8×105) were suspended to 3 ml of DMEM medium 

supplemented with 10% FBS without antibiotics before reverse transfected with 40 nM of 

non-targeting control siRNA, human CLN3 exon-6, exon-8, or exon-10 siRNA using Opti-

MEM® I Reduced Serum Medium and Lipofectamine RNAiMAX (Invitrogen), following 

the manufacturer’s instructions. The siRNAs ON-TARGETplus non-targeting siRNA pool 

was purchased from Dharmacon (D-001810–10-20). The sequences of siRNAs against the 

human CLN3 gene were: 5′-GUG GGA UUU GUG CUG CUG GAA-UU-3’ (against 

exon-6), 5′-GCC GUG AUC UCC UGG UGG U-UU-3’ (against exon-8) and 5′-CCA 

GCC UCU CCC UUC GGG AAA-UU-3’ (against exon-10), with the corresponding target 

sequences underscored. The cell-siRNA mixtures were seeded onto 6-cm dishes. Cells were 

cultured for 3–4 days before harvesting. For Baf treatment, one day before harvesting, cells 

were washed with room temperature 1× PBS and cultured in freshly added DMEM either 

with or without 10% FBS in the presence or absence of 200 nM Baf for 18 h.

Antibodies and immunoblot analysis

Anti-CLN3 (ab87438, rabbit pAb; currently discontinued) was purchased from Abcam. 

Amnong many tested, this was the only commercial anti-CLN3 antibody that we verified to 

be able to recognize a 64–76 kDa band that was greatly suppressed in CLN3 siRNA-treated 

RPE-1 cells. Anti-p70 S6 kinase (2708, rabbit mAb), phospho-p70 S6 kinase (at T389; 

9205, rabbit pAb), Akt (9272S, rabbit pAb), phospho-Akt (at S473; 4060S, rabbit mAb), 

phosphoAkt (at T308; 2965, rabbit mAb), AMPK (2532S, rabbit pAb) and phospho-AMPK 

(at T172; 2535S, rabbit mAb) were purchased from Cell Signaling. Anti-Nrbf2 (A301–

852A, rabbit pAb) was purchased from Bethyl Laboratories (Montgomery, TX). Guinea 

pig anti-p62 antibody (03-GP62-C) was purchased from American Research Products 
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(Waltham, MA). LC3–2G6 (0260–1000, mouse mAb) was purchased from nanoTools 

Antiköerpertechnik (Teningen, Germany). Anti-rabbit IgG-HRP (sc-2004) and anti-mouse 

IgG-HRP (sc-2005) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA). Peroxidase-rabbit anti-guinea pig IgG (H+L) was purchased from Invitrogen. Anti-β-

actin (A5441, mouse mAb) was purchased from Sigma.

Cells were washed with ice-cold PBS and harvested using scrapers. Cell pellets were 

lysed with 1x RIPA buffer (Santa Cruz Biotechnology, Inc.) supplemented with Pierce 

halt protease and phosphatase inhibitor cocktail (78442, Thermo Fisher Scientific). Cell 

lysates were centrifuged at 13,000 x g for 5 minutes and supernatants were used for 

immunoblot analyses on an equal protein basis. For probing LC3, cell lysates were 

run on NuPAGE™ 12% BisTris gels (NP0343BOX, Invitrogen) using MOP (NP0001, 

Invitrogen) or MES (NP0002, Invitrogen) buffer. For probing all other proteins, cell 

lysates were run on NuPAGE™ 4–12% BisTris gels (NP0323BOX, Invitrogen) using MOP 

buffer. Proteins were transferred to methanol-pre-activated PVDF membranes using a Mini 

Trans-Blot apparatus (Bio-Rad) that was run at 4°C and 30 V overnight in NuPAGE™ 

transfer buffer (NP00061, Invitorgen), supplemented with NuPAGE™ antioxidant (NP0005, 

Invitrogen), 20% methanol, and 0.025% SDS. PVDF membranes were then incubated 

with primary antibodies at 4°C overnight, followed by secondary antibodies at the room 

temperature for 1 h. Chemiluminescent signals were detected by SuperSignal™ West Femto 

Maximum Sensitivity Substrate (Thermo Fisher Scientific, 34096), except for β-actin, which 

was detected by SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Fisher 

Scientific, 34087). Films were exposed for various time periods and scanned using positive 

mode to ensure that the protein levels could be quantified within a linear range. The 

protein levels were quantified using ImageJ and normalized to either β-actin or, for phospho-

proteins, corresponding total proteins.

RNA-Seq

Three independent batches of RPE-1 cells were reversely transfected with 40 nM non-

targeting and CLN3 exon-8 siRNA, respectively, and harvested 72 h post-transfection. Total 

RNA was extracted from freshly harvested cells using TRIzol™ reagent (Thermo Fisher 

Scientific, 15596018). Preliminary QC of total RNA samples was done using a NanoDrop 

microvolume spectrophotometer. Total RNA samples with A260/A280 or A260/A230 ratios 

less than 1.8 were cleaned by RNeasy Mini Kit (QIAGEN, 74104). Final QC of total 

RNA samples was run on an Agilent 2100 Bioanalyzer. All samples utilized for RNA-Seq 

were with A260/A280>2.03, A260/A230>1.98, 28s/18s>1.9, and RIN>7.4. RNA-Seq library 

preparations, next generation sequencing, and quality control steps were performed by the 

UT Southwestern Genomics and Microarray Core. Total RNAs were reverse transcribed 

and barcoded using a TruSeq™ RNA Sample Prep Kit v2 (RS-122–2001 or RS-122–2002 

kit). Next-generation sequencing (paired-end, 100-bp read length) of the bar-coded cDNA 

libraries was carried out on an Illumina Hiseq1000/2000, with 10 randomized samples per 

lane.

For data analysis, low quality reads and reads containing adapters were removed from 

the raw sequencing data. FastQC [166] was used to investigate RNA sequencing quality. 
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Reference transcripts were extracted using Ensembl GRCh38 v82 annotation gtf file. 

Transcriptome alignment was carried out using STAR [167]. Gene abundance was estimated 

using RSEM [168]. We performed differential expression analysis using edgeR [169], 

comparing CLN3 siRNA with non-targeting siRNA control.

Significantly up/down-regulated genes were determined using a FDR < 0.05. Functional 

analyses were performed using Ingenuity Pathway Analysis (IPA®, QIAGEN, Redwood 

City, www.qiagen.com/ingenuity). The gene set enrichment analysis (GSEA) was performed 

using the GSEA software (http://www.broad.mit.edu/gsea/) and the gene sets in the 

Molecular Signature Database (MSigDB) [90].

GO enrichment was also carried out using CategoryCompare2 [91] for transcripts with an 

adjusted p-value (FDR) <0.01. GO terms for each ENSEMBL transcript were extracted 

from the org.Hs.eg.db Bioconductor annotation resource [170], with ENSEMBL as the 

keytype, and returning all GO annotations for each (columns GOALL, EVIDENCEALL, 

and ONTOLOGYALL). For each of the up- and down-regulated gene sets, hypergeometric 

statistics were calculated. P-values were adjusted using a Benjamini-Hochberg correction 

[171]. GO terms with an FDR <0.001 and >2 genes annotated were considered significant 

and reported.

High content imaging

For LysoTracker® Red (LTR) imaging, 3,000 RPE-1 cells were seeded in a 96-well plate 

and treated with 20 nM, 40 nM or 100 nM non-targeting or CLN3 exon-8 siRNA for 48 h or 

96 h, followed by LysoTracker® Red DND-99 staining (Thermo Fisher Scientific, Waltham, 

MA). The resultant images (>6 images or more per well) were automatically captured and 

quantified using ArrayScan XTI (Thermo Fisher Scientific, Waltham, MA). Quantification 

of fluorescence intensity was conducted using cell health profiling algorithm.

Seahorse XF bioenergetic analyses.

Seahorse analyses were done following the procedures described in [172] with minor 

modifications. In brief, RPE-1 cells were reverse transfected with non-targeting siRNA and 

CLN3 exon-8 siRNA, respectively, and seeded at ~5×105 (for 4-day growth) or ~1×106 (for 

3-day growth) per 10-cm plate in DMEM media (Cellgro 10–013-cv) containing 10% FBS. 

The day before Seahorse analyses, cells were split into a 96-well plate at a seeding density 

of ~3×104 per well. The first and last columns of each 96-well plate were kept cell-free. 

These cell-free wells (16 in total) were filled with 175μL of corresponding assay media 

during OCR and ECAR measurements to do background correction and monitor any change 

in the baseline level of oxygen and pH.

For both glycolysis and mitochondrial stress tests, the Seahorse XFe96 Analyzer was 

programmed for 3 cycles of drug injection followed by 3 mixing and 3 measuring 

steps (3 min each). The glycolysis stress test was performed in Seahorse Biosciene XF 

assay media (102365–100) containing 2 mM GlutaMAX supplement but no glucose or 

pyruvate. D-glucose (10 mM), oligomycin A (1μM) and 2-DG (100 mM) were added 

sequentially. The mitochondrial stress test was carried out in DMEM-based XF modified 

media (10236–100) containing 25 mM glucose and 1 mM pyruvate (pH was adjusted 
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to 7.40 ± 0.05 at 32°C, 37°C and 42°C). Oligomycin A (1μM), carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP; 0.5μM), and a combination of antimycin A and 

rotenone (1μM each) were added sequentially.

When data collection was completed, the assay medium from each well was removed 

and replaced with 25μl of cell lysis buffer containing 0.32 M sucrose, 2 mM EDTA, 2 

mM EGTA, 20 mM HEPES, 0.2 mM PMSF, 4μg/mL leupeptin, 4μg/mL pepstatin and 

5μg/mL aprotinin. Increasing volumes (1.25 to 12.5μL) of known protein standard (2μg/μl 

BSA) were added to the background wells to create a standard curve for the protein levels 

(ranging from 2.5 to 25μg). Thermo Scientific Pierce BCA Protein Assay Kit was used for 

determining protein concentrations.

The XFD raw data files, which were generated by Seahorse software (version 1.4.2.3), were 

processed using Seahorse Wave software (version 2.2.0), including detection of outliers and 

creation of base line phenograms. Automated data analysis for the OCR and ECAR signals 

were performed with XF Stress Test Report Generators V2. Figures and statistical analyses 

were generated with Prism 7 (GraphPad). For statistical analyses, two-way ANOVA and 

Welch’s t-test were used for glucose and mitochondrial stress tests, respectively.

Stable isotope-resolved metabolomics (SIRM).

SIRM experiment was carried out as previously described [173, 174] with minor 

modifications. In brief, non-targeting and CLN3 exon-8 siRNA transfected RPE-1 cells were 

grown in DMEM in 10 cm plates at 37°C with 5% CO2. Two days after transfection, when 

cells reached 70–80% confluence, cells were washed with glucose- and FBS-free DMEM, 

and traced in glucose-free DMEM supplemented with 10% dialyzed FBS and 4.5 g/L (25 

mM) either unlabeled or 13C6-glucose (Cambridge Isotope). Due to limit of resources, only 

single unlabeled sample and duplicated labeled samples were set up for either non-targeting 

or CLN3 exon-8 siRNA treatment. Aliquots of 100μL of medium was collected at 0, 3, 

6, 9, and 24 h after tracing began. Tracing was stopped at 24 h by quickly washing cells 

for 3 times with ice-cold PBS to remove medium components, and then lysing cells with 

1 ml of cold acetonitrile (CH3CN; kept at −20°C) for 5 min. After addition of 0.55 ml 

ddH2O and 0.2 ml 0.2 mM Tris-HCl (pH 8, used as an internal standard for NMR), cell 

lysates in CH3CN:H2O (2:1.5 v/v) were collected. After addition of 1 ml of chloroform, 

cell lysates were rigorously mixed before phase separation by centrifugation at 4°C and 

3500 x g for 20 min. A second extraction was carried out in 500μl of chloroform:methanol 

(2:1) with 1 mM BHT after the top and lower phases were transferred to a 5 ml Eppendorf 

tube and a glass vial, respectively. The pooled top aqueous phase (polar fraction) was 

aliquoted and lyophilized for downstream analyses using NMR and ICMS. The lower 

non-polar phase (lipid fraction) was dried in a Vacufuge at room temperature, reconstituted 

in chloroform:methanol (2:1) with 1 mM BHT, and analyzed by a Solarix FT-ICR MS. 

The protein-containing interphase was washed with 500μl of methanol, dried in Vacufuge 

at room temperature, solubilized in SDS buffer (62.5 mM Tris, 2% SDS at pH 6.8, with 

1 mM final concentration of dithiothreitol), and denatured at 95°C for 10 min. Protein 

concentrations were determined by the Pierce Protein Assay Kit. Metabolites amounts were 

normalized by protein amounts of the corresponding samples.
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For NMR experiments, lyophilized aliquots of polar fractions were reconstituted in 

D2O (>99.9%, Cambridge Isotope Laboratories, MA) containing 0.1 mM d16-EDTA 

(Ethylenediaminetetraacetic acid, Sigma Aldrich, St. Louis, MO) and 0.5 mM d6-2,2-

dimethyl-2-silapentane-5-sulfonate (DSS) (Cambridge Isotope Laboratories, Tewksbury, 

MA) as the internal standard. The samples were centrifuged at 14,000 x g for 20 min to 

remove particulates. Supernatants were subsequently transferred into 1.7 mm NMR tubes 

for 1H-NMR and 1H{13C}-HSQC NMR data acquisition on a DD2 14.1 Tesla NMR 

spectrometer (Agilent Technologies, CA) equipped with a 3 mm inverse triple resonance 

HCN cold probe. Medium samples were extracted in −80% acetone, centrifuged to remove 

proteins, and aliquots lyophilized and reconstituted in phosphate buffer (pH 7) before NMR 

analyses. 1D 1H-NMR spectra were acquired with standard PRESAT pulse sequence at 15 

°C. A total of 16384 data points were acquired with 2 s acquisition time, 512 transients, 

12 ppm spectral width, and a 4 s relaxation delay time during which the residual HOD 

signal was suppressed with a weak transmitter pulse. The free induction decays were then 

linear predicted and zero filled to 128 k points and apodized with a 1 Hz line broadening 

exponential and a half Gaussian function. 1H{13C}-HSQC spectra were recorded with 13C 

adiabatic decoupling scheme for broad range decoupling during proton acquisition time of 

0.25 s with a relaxation delay of 1.75 s. A total of 1024 transients (1796 data points per 

transient) were acquired with 12 ppm spectral width. The 1H{13C}-HSQC spectra were 

apodized with un-shifted Gaussian function and 4 Hz exponential line broadening and zero 

filling to 16k data points before Fourier transformation, baseline correcting and phasing. Of 

note, NMR detects intact glycogen. In particular, NMR detects the mobile glycogen which is 

on the outer shell of the glycogen particles and corresponds to newly synthesized glycogen. 

Although the relaxation delay times (in seconds) that we chose for acquiring the NMR 

spectra of the metabolites in the polar cell extracts and the media were much longer than 

the optimal (in ms) for detecting intact glycogen [109], we still saw large signals from intact 

glycogen in the 1H-NMR spectra. Metabolites were assigned by comparison with in-house 

[175] and public NMR databases, the Biological Magnetic Resonance Data Bank (BMRB) 

[176] and the Human Metabolome Database (HMDB) [177]. Metabolite and their 13C 

isotopomers were quantified using the MestReNova software (version 10, Mestrelab, Spain) 

by peak deconvolution. The peak intensities of metabolites obtained from the 1H-NMR 

spectra were converted into nmoles by calibration against the peak intensity of internal 

standard DSS at 0 ppm before normalized to total protein weight of each sample. The peak 

intensities of metabolites obtained from the 1H{13C}-HSQC spectra were calibrated against 

the peak intensity of lactate, whose concentrations were determined from the 1H-NMR 

spectra, before normalized to total protein weight of each sample.

For ICMS analyses of polar fractions, a lyophilized 55-compound mix was reconstituted 

in 1μM DSS, the internal standard, to obtain 1 mM concentration for each compound. 

Each lyophilized aliquot of polar fractions was reconstituted into 20μl ddH2O containing 

1μM internal standard DSS. After 10 s centrifugation, the supernatant was transferred to 

a target PP polyspring insert (Thermo Fisher Scientific) that will be put in a 2 ml clear 

glass superstop vial (Thermo Fisher Scientific). Samples or the reconstituted 55-compound 

mix (10μl) will be injected for ICMS analysis. All ICMS analyses were performed on a 

ICS-5000+ ion chromatography (Dionex) coupled to a Thermo Fusion Orbitrap Tribrid mass 
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spectrometer (Thermo Fisher Scientific) equipped with the heated electrospray ion source 

(HESI). For ion chromatography, analytes were separated on an IonPac AG11-HC-4μm 

guard (2×50mm) followed by an IonPac AS11-HC-4μm RFIC&HPIC column (2×250 

mm) at 35˚C with the constant eluent flow rate at 0.38 ml/min. The following gradient 

program was employed: −8min-2min, kept at 1 mM KOH for equilibration; 2min-25min, 

KOH concentration increased from 1 mM to 40 mM; 25min-39.1min, KOH concentration 

increased from 40 mM to 100 mM; 39.1min-50min, kept at 100 mM KOH; 50min-50.1min, 

changed back to 1 mM KOH. KOH can be removed through the Dionex AERS 500 

suppressor (2 mm) with regeneration flow rate at 0.75 ml/min. MS analyses were carried out 

in the negative ionization mode and 0.06 ml/min methanol was added post-column as the 

makeup solvent to facilitate vaporization. The following MS parameter settings were used: 

capillary voltage 2800 V, sheath gas 35 Arb, Aux gas 4 Arb, ion transfer tube temperature 

300°C, vaporizer temperature 400˚C, mass scan range 80–700 m/z, automatic gain control 

(AGC) 2×105, and maximum injection time (MIT) 100 ms. The resolving power was set 

at 450,000 which can achieve resolution of 360,000 at m/z 400. Raw data were collected 

using Xcalibur and then imported to Thermo TraceFinder (version 3.3) software for peak 

area integration.
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Highlights

• A juvenile neuronal ceroid lipofuscinosis (JNCL) mouse model on a 

C57BL/6J background displayed vision impairment and retinal abnormalities 

including retinal pigment epithelium (RPE) disintegration and metaplasia/

hyperplasia.

• Treating RPE-1 cells with CLN3 siRNA led to autophagy induction, as shown 

by increased autophagic flux that coincided with suppressed mTORC1 and 

Akt activities, enhanced AMPK activity, and transcriptional up-regulation of 

the autophagy-lysosomal system.

• Treating RPE-1 cells with CLN3 siRNA also led to extensive metabolic 

abnormalities, including glycogen accumulation and ATP depletion, both of 

which are novel findings that provide critical clues to potential CLN3 disease 

etiology.
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Figure 1. Homozygous Cln3Δex7/8 mice show vision impairment as well as RPE atrophy and 
degeneration.
(A) Electroretinograms of 8- and 14-month old homozygous Cln3Δex7/8 mice showed vision 

impairment. As compared to WT, both a-wave and b-wave of homozygous Cln3Δex7/8 mice 

showed trends of reduction at both 8- and 14-month old of ages (e.g., p values were 0.23 

and 0.17 for 0.63 cd.s/m2 at 8- and 14-month old of age, respectively), even though only 

the reduction in b-wave of 14-month old homozygous Cln3Δex7/8 mice was statistically 

significant (using unpaired, nonparametric Mann-Whitney test, with two-tailed p values 
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<0.05; labeled by asterisks). Note that the light intensities were measured at the target area 

rather than at the light source. (B) Fundus autofluorescence imaging showed autofluorescent 

lesions in Cln3Δex7/8 but not WT mouse retinas at 12-month old. These autofluorescent 

lesions were visible in Cln3Δex7/8 mouse retinas at as early as 8-month old (data not shown). 

(C) Micron IV color fundus imaging showed diffuse hypo-pigmented punctate deposits 

consistent with subretinal drusen in Cln3Δex7/8 but not WT mouse retina at 12-month old. 

(D) ZO-1 staining of the fresh flat-mount RPEs showed RPE degeneration in 21-month (but 

not 9-month old) homozygous Cln3Δex7/8 (but not WT) mouse eyes. Scale bar: 100μm. (E) 

Electron micrographs showed RPE atrophies, including disintegrated RPE (middle panel) 
and RPE metaplasia/hyperplasia (right panel) in the 14- and 22-month old homozygous 

Cln3Δex7/8 mouse retina. The retina of a 17-month old WT mouse appeared normal (left 
panel). Scale bar: 2μm.
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Figure 2. CLN3 deficiency led to increased autophagic flux in RPE-1 cells.
(A) The siRNA against CLN3 exon 8 (as compared to the siRNA against CLN3 exon 6 or 

exon 10, or non-targeting siRNA) was the most effective in reducing both CLN3 and p62 

protein levels and in increasing LC3II levels. Of note, CLN3 protein ran as a 64–76 kDa 

band (Supplemental Figure 3). (B) Representative immunoblotting data showed that CLN3 

siRNA treatment resulted in decreased p62 protein levels in the absence of bafilomycin 

A1 (Baf A1) and increased LC3II levels in the presence Baf A1 (200 nM, 18 h). (C) 

Quantification of immunoblotting results for p62 in the absence of Baf A1 showed decreased 

p62 protein levels upon CLN3 exon 8 siRNA (versus non-targeting siRNA) treatments. 

(D) Quantification of immunoblotting results for LC3II in the presence of Baf A1 showed 

increased LC3II protein levels upon CLN3 exon 8 siRNA (versus non-targeting siRNA) 

treatments. For both (C) and (D), cells were cultured under non-starved (open bars) or 18 h 

FBS-starved (closed bars) conditions. Statistics were carried out using two-way ANOVA and 

p values for comparing CLN3 exon 8 siRNA versus non-targeting siRNA were displayed. 

For p62, experiments were performed 5 times under non-starved conditions and 3 times 

under FBS-starved conditions, respectively. For LC3II, experiments were performed 4 times 

under non-starved conditions and 3 times under FBS-starved conditions, respectively.
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Figure 3. CLN3 deficiency led to autophagy-inducing mTORC1/Akt suppression and AMPK 
activation in RPE-1 cells.
(A) Representative immunoblotting data showed that CLN3 siRNA treatment of RPE-1 

cells resulted in decreased S6K phosphorylation at T389, decreased Akt phosphorylation 

at T308 and S473, and increased AMPK phosphorylation at T172. Total S6K, Akt and 

AMPK protein levels as well as actin levels were largely unchanged. (B) Quantification 

of immunoblotting results showed decreased phospho-S6K (T389)/total S6K ratio that 

suggests mTORC1 suppression in response to CLN3 exon 8 siRNA (versus non-targeting 

siRNA) treatments under both non-starved (open bars) and 18 h FBS-starved (closed bars) 

conditions. (C) Quantification of immunoblotting results showed increased phospho-AMPK 

(T172)/total AMPK ratio that suggests AMPK activation in response to CLN3 exon 8 

siRNA (versus non-targeting siRNA) treatments under both non-starved (open bars) and 18 

h FBS-starved (closed bars) conditions. Quantification of immunoblotting results showed 

decreased (D) phospho-Akt (T308)/total Akt and (E) phospho-Akt (S473)/total Akt ratios 

that suggest Akt suppression in response to CLN3 exon 8 siRNA (versus non-targeting 

siRNA) treatments under non-starved conditions. Four-six independent experiments were 

averaged. Statistics were carried out using t-test.
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Figure 4. CLN3 deficiency led to transcriptional up-regulation of the autophagy-lysosomal 
system in RPE-1 cells.
(A) RNA-Seq analysis showed that CLN3 siRNA treatment resulted in significant up-

regulation of autophagy-related gene transcripts. Fold changes are either >1 (i.e., up-

regulation) or <−1 (i.e., down-regulation) in this presentation. Out of 38 significantly 

transcriptionally altered autophagy-related genes (FDR<0.05), only 4 were down-regulated: 

Nrbf2 (a negative autophagy regulator in RPE-1 cells), Atg10, Atg4C and TECPR2. 

Unchanged controls are GAPDH, FBXO11 and PPIA/CYPA. Transcriptional alterations for 
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selected genes were confirmed by qRT-PCR (t-test; ** indicates p<0.05; *, 0.05<p<0.105; 

see Supplemental Figures 4), following the procedures described in the Supplemental 

Methods and our previous work [178]. Targets of FOXO3 are labeled by (F). (B) RNA-

Seq analysis showed that CLN3 siRNA treatment resulted in significant up-regulation 

of lysosome-related gene transcripts. Fold changes are either >1 (i.e., up-regulation) or 

<−1 (i.e., down-regulation) in this presentation. Out of 71 significantly transcriptionally 

altered lysosome-related genes (FDR<0.05), only 6 were down-regulated: CLN3 (the target 

of siRNA), GLA, GALC, NAGA, HYAL3, ATP6V1E1 and LMBRD2. Of note, CLN6 
and CLN8 are ER-resident proteins. Unchanged controls are GAPDH, FBXO11 and PPIA/
CYPA (same as shown in A). Transcriptional alterations for selected genes were confirmed 

by qRT-PCR (t-test; ** indicates p<0.05; *, 0.05<p<0.16; see Supplemental Figures 5). 

Targets of FOXO3 and TFEB are labeled by (F) and (T), respectively. (C) Representative 

images showing increased LysoTracker staining in CLN3 (as compared to non-targeting) 

siRNA-treated RPE-1 cells. Magenta: LysoTracker Red DND-99; blue: Hoechst. Images 

were taken for live cells after 48 h of treatment with 40 nM non-targeting or CLN3 exon 8 

siRNA. (D) Quantification of LysoTracker Red DND-99 total intensity per cell for RPE-1 

cells treated respectively with 20 nM, 40 nM and 100 nM non-targeting (open bars) versus 

CLN3 (closed bars) siRNA for 48 or 96 h. T-test; *, p<0.05; **, p<0.01.
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Figure 5. Loss of CLN3 led to decreased glycolysis from Seahorse and Stable-Isotope Resolved 
Metabolomics analyses.
(A) The glycolysis pathway with enzymes whose transcripts significantly changed 

(measured by RNA-Seq) upon CLN3 deficiency labeled. Red, up-regulation; blue, down-

regulation; grey, unchanged. HK, hexokinase; PGI, phosphoglucose isomerase; PFK, 

phosphofructokinase; TPI, triosephosphate isomerase; PGK, phosphoglycerate kinase; 

PGM, phosphoglycerate mutase; PK, pyruvate kinase; LDH, lactate dehydrogenase. (B-C) 

Representative Seahorse glucose stress test showed that CLN3 siRNA treatment reduced 

extracellular acidification rate (ECAR) in RPE-1 cells under both non-starved and 18 h 

FBS-starved conditions. (C) Quantification of (B). Basal ECAR is the rate before glucose 

injection. Glycolysis is defined as the difference between the maximum rate upon glucose 

injection and the basal ECAR. Glycolytic capacity (Cap) is defined as the difference 

between the maximum rate after oligomycin injection and the basal ECAR. Glycolytic 

reserve (Res) is defined as the difference between Glycolytic capacity and Glycolysis. 

Two-way ANOVA test was performed and all non-targeting versus CLN3 comparisons 

were significant with p<0.0001. (D-F) 1H NMR spectra of growth media at 24 h after 
13C6-glucose labeling, as compared to right before labeling, showed that CLN3-deficient 

RPE-1 cells had decreased (D) 13C6-glucose uptake, and decreased production and/or 

excretion of (E) 13C3-lactate and (F) 13C3-pyruvate. (G) 1H{13C}-HSQC NMR spectra 

of growth media at 24 h after 13C6-glucose labeling, as compared to right before labeling, 
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showed that CLN3-deficient RPE-1 cells had decreased production and/or excretion of 
13C3-alanine. (H) 1H NMR analysis of RPE-1 cell polar extracts showed increased levels of 

unlabeled and 13C-labeled glucose upon CLN3 deficiency. (I-O) ICMS analyses of RPE-1 

cell polar extracts showed that CLN3 deficiency decreased glycolysis/lactatic fermentation 

without reducing glucose 6-phosphorylation: (I) glucose 6-phosphate (G6P), (J) fructose 

1,6-bisphosphate (F1,6BP), (K) 1,3-bisphospho-glycerate (1,3BPG), (L) 2-phophoglycerate/

3-phosphoglycerate (2PG/3PG), (M) phosphoenolpyruvate (PEP), (N) pyruvate, and (O) 

lactate. m1-m5 indicate singly, doubly, triply, quadruply, and quintuply 13C-labeled 

isotopologues, respectively. (P) 1H NMR analysis of RPE-1 cell polar extracts showed 

decreased levels of unlabeled and 13C-labeled alanine upon CLN3 deficiency. Metabolites 

amounts were normalized by protein amounts of corresponding samples. Due to limit of 

resources, all SIRM experiments were performed with duplicated labeled samples but only 

single unlabeled sample for either non-targeting or CLN3 exon-8 siRNA treatment. Thus for 

all SIRM quantification results here (D-P) and hereafter, means and standard errors were 

only plotted for labeled samples.
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Figure 6. Loss of CLN3 led to impaired TCA cycle from Seahorse and Stable-Isotope Resolved 
Metabolomics analyses.
(A) The TCA cycle with enzymes whose transcripts significantly changed (measured by 

RNA-Seq) upon CLN3 deficiency labeled. Red, up-regulation; blue, down-regulation; grey, 

unchanged. PDH, pyruvate dehydrogenase; PC, pyruvate carboxylase; CS, citrate synthase; 

ACO2, aconitase 2; IDH2, isocitrate dehydrogenase 2; OGDH, oxoglutarate dehydrogenase; 

SUCLA2, succinyl-CoA ligase ADP-forming β subunit; SUCLG1/2, succinyl-CoA ligase 

α and GDP-forming β subunits; SDH, succinate dehydrogenase; FH, fumarate hydratase; 
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MDH, malate dehydrogenase. (B-H) ICMS analyses of RPE-1 cell polar extracts showed 

that CLN3 deficiency impaired TCA cycle: (B) citrate, (C) cis-aconitate, (D) α-ketoglutarate 

(αKG), (E) succinate, (F) fumarate, (G) malate, and (H) aspartate. m1-m6 indicate singly, 

doubly, triply, quadruply, quintuply and sextuply 13C-labeled isotopologues, respectively. (I) 
1H{13C}-HSQC NMR spectra of the polar extracts of the cells at 24 h after 13C6-glucose 

labeling showed that CLN3-deficient RPE-1 cells had decreased intracellular levels of 
13C3-aspartate. Metabolite amounts were normalized to protein amounts of corresponding 

samples. Due to limited resources, the SIRM experiment only included single unlabeled 

sample and duplicated labeled samples for either non-targeting or CLN3 exon-8 siRNA 

treatment. For all SIRM quantification results (B-I), means and standard errors were plotted 

for labeled samples. (J) An immunoblot showed reduction of PC protein levels upon CLN3 

deficiency in RPE-1 cells. Due to the discontinuation of the only available working CLN3 

antibody (see Figure 2) by the manufacturer, loss of Nrbf2 was used as an indicator of 

CLN3 deficiency. (K-L) Representative Seahorse mitochondrial stress test showed that 

CLN3-deficiency led to decreased mitochondrial basal respiration, ATP production and 

maximal respiration in RPE-1 cells under both non-starved and 18 h FBS-starved conditions. 

(L) Quantification of (K). ATP production is reflected by the decrease in OCR upon 

inhibiting mitochondrial ATP synthase by oligomycin A. Spare respiration capacity is 

reflected by the increase in OCR from basal levels upon uncoupling mitochondrial ATP 

synthase by FCCP. Non-mitochondrial respiration is the minimal OCR upon inhibiting 

Complex III cytochrome bc1 and Complex I NAD:ubiquinone oxidoreductase by antimycin 

A and rotenone, respectively. Basal respiration is the OCR before oligomycin injection, 

with non-mitochondrial OCR subtracted. Maximal respiration is the maximal OCR in the 

presence of the uncoupler FCCP, with nonmitochondrial OCR subtracted. The unpaired, 

two-tailed t-test was used to compare nontargeting with CLN3 siRNA treated samples: **, 

p<0.002; ****, p<0.0001. (M) An immunoblot showed reduction of ATP5B protein levels 

upon CLN3 deficiency in RPE-1 cells. The same samples as those in Figure 2B were used 

for this blot.
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Figure 7. Loss of CLN3 led to decreased intracellular ATP levels.
(A) 1H{13C}-HSQC NMR spectra of polar extracts of the cells at 24 h after 13C6-glucose 

labeling showed that CLN3-deficient RPE-1 cells had depleted intracellular levels of 13C-

labeled AXP (i.e., AMP, ADP and/or ATP) with labeling at position 2, 8 and 1’. The 

inset shows the atom positions of AMP. (B) 1H NMR spectra of polar extracts of the 

cells at 24 h after 13C6-glucose labeling showed that CLN3-deficient RPE-1 cells had 

reduced intracellular levels of unlabeled AXP when detected at positions 2, 8 and 1’. 

(C-E) ICMS analyses of RPE-1 cell polar extracts showed that CLN3 deficiency led to 

reduced intracellular (C) 13C5-ATP, (D) 13C5-ADP and (E) 13C5-AMP. (F) ICMS analyses 

of RPE-1 cell polar extracts showed that CLN3 deficiency led to reduced intracellular 

total ATP and ADP levels but increased intracellular total AMP levels. (G) ICMS analyses 

of RPE-1 cell polar extracts showed that CLN3 deficiency led to reduced intracellular 
13C5-ribulose-5-phosphate and/or 13C5-ribose-5-phosphate. m1-m7 indicate singly, doubly, 

triply, quadruply, quintuply, sextuply, and septuplet 13C-labeled isotopologues, respectively. 

Metabolite amounts were normalized by protein amounts of corresponding samples. Owing 
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to limited resources, the SIRM experiment only included single unlabeled sample and 

duplicated labeled samples for either non-targeting or CLN3 exon-8 siRNA treatment. For 

all SIRM quantification results (A-G), means and standard errors were plotted for labeled 

samples.
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Figure 8. Loss of CLN3 led to glycogen accumulation.
(A) 1H NMR spectra of polar extracts of the cells at 24 h after 13C6-glucose labeling showed 

that CLN3-deficient RPE-1 cells (in red; solid and dash traces for the duplicated samples) 

had increased intracellular levels of un-labeled glycogen than non-targeting siRNA-treated 

control cells (in black; solid and dash traces for the duplicated samples). (B) 1H NMR 

spectra of polar extracts of the cells at 24 h after 13C6-glucose labeling showed that 

CLN3-deficient RPE-1 cells had increased intracellular levels of unlabeled glycogen. (C) 

The glycogen metabolism with enzymes whose transcripts significantly changed (measured 

by RNA-Seq) upon CLN3 deficiency labeled. Red, up-regulation; blue, down-regulation; 
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grey, unchanged. (D) ICMS analyses of RPE-1 cell polar extracts showed that CLN3 

deficiency led to increased levels of intracellular 13C6-glucose-1-phosphate (G1P), the 

product of glycogen phosphorylase-catalyzed glycogen breakdown, the substrate of UDP-

glucose pyro-phosphorylase-catalyzed synthesis of UDP-glucose from G1P and UTP, and a 

metabolic intermediate that interconverses with G6P. (E) 1H{13C}-HSQC NMR spectra of 

polar extracts of the cells at 24 h after 13C6-glucose labeling showed that CLN3-deficient 

RPE-1 cells had depleted intracellular 13C-labeled UDP-glucose (UDP-Glc). (F) ICMS 

analyses of RPE-1 cell polar extracts showed that CLN3 deficiency led to increased 

levels of intracellular 13C6-UDP-glucose/galactose (UDP-Glc/Gal; labeling likely at glucose/

galactose), but reduced levels of intracellular 13C11-UDP-Glc/Gal (labeling likely at both 

glucose/galactose and UDP ribose ring) and 13C5-UDP-Glc/Gal (labeling likely at UDP 

ribose ring). Metabolites amounts were normalized by protein amounts of corresponding 

samples. Due to limit of resources, the SIRM experiment only included single unlabeled 

sample and duplicated labeled samples for either non-targeting or CLN3 exon-8 siRNA 

treatment. For all SIRM quantification results (B, D-F), means and standard errors were 

plotted for labeled samples.
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Figure 9. Working models of how CLN3 deficiency in RPE may lead to metabolic impairment 
and autophagy induction.
(A) CLN3 deficiency-ensued energy deprivation may trigger signaling cascades and 

transcriptional activations that enhance the autophagy-lysosomal system (see Section 2 in 

the Discussion). Enhancement and reduction shown by our data are labeled by red and blue 

arrows, respectively. Our data are consistent with the literature [56, 93, 125–134]. (B) Is 

energy deprivation or glycogen/lipid storage the primary cause of JNCL phenotype? We 

observed impaired ATP synthesis and de novo synthesis (red arrows) as well as reduced 
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flows of other metabolites (black arrows) in CLN3 siRNA-treated RPE-1 cells. We also 

observed glycogen accumulation. CLN3 deficiency-ensued energy deprivation may lead to 

JNCL phenotype including glycogen accumulation; alternatively, CLN3 deficiency may lead 

to glycogen accumulation which is toxic (like in the case of Lafora disease) and causes 

JNCL phenotype including metabolic impairment and energy deprivation.
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Table 1.

GSEA analysis on the C5: GO Gene Set database (total 3600 genes) shows that the GO terms closely 

associated with the autophagy-lysosomal system are highly enriched in the up-regulated RNA-Seq data of 

CLN3 siRNA-treated RPE-1 cells. Out of the 309 gene sets that are positively regulated with an FDR q-value 

less than 5% (41 are with an FDR q-value of 0), 21 are directly associated with the autophagy-lysosomal 

system. The whole list of our GSEA analysis output is provided in Supplemental Table 2.

Rank GO NAME SIZE NES FDR q-val

1 (total 41) AUTOPHAGOSOME 71 3.31 0

1 (total 41) LYSOSOMAL_LUMEN 62 3.65 0

1 (total 41) LYTIC_V AGUOLE 362 4.97 0

1 (total 41) LYTIC_VACUOLE_MEMBRANE 209 3.86 0

1 (total 41) VACUOLAR_LUMEN 76 3.61 0

1 (total 41) VACUOLAR_MEMBRANE 459 4.59 0

1 (total 41) VACUOLAR_TRANSPORT 216 3.20 0

1 (total 41) VACUOLE_ORGANIZATION 140 3.56 0

49 AUTOPHAGOSOME_MEMBRANE 22 3.03 2.40E-05

59 PRE_AUTOP HAGO SOM AL_STRU CTU RE 27 2.93 1.39E-04

65 PROTEIN_LOCALIZATION_TO_LYSOSOME 17 2.86 3.45E-04

68 AUTOPHAGOSOMEJDRGANIZATION 35 2.82 4.17E-04

82 PROTEIN_L OCALIZATI ON_T 0_V AGUOLE 42 2.69 1.07E-03

90 AUTOPHAGY 300 2.65 1.31E-03

101 LYSOSOMAL_TRANSPORT 60 2.57 2.24E-03

166 MAGROAUTOPHAGY 201 2.27 1.14E-02

189 ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_TO_VACUOLE 30 2.21 1.50E-02

200 PRE_AUTOPHAGOSOMAL_STRUCTURE_MEMBRANE 15 2.18 1.80E-02

234 REGULATION_OF_AUTOPHAGY 217 2.10 2.54E-02

269 POSITIVE_REGULATION_OF_AUT OPHAGY 71 2.02 3.56E-02

275 LYTIC_VACUOLE_ORGANIZATION 43 2.01 3.75E-02
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