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Small Molecules that Rescue Multiple Phenotypic Aberrations in an iPSC-Derived Neuron Model of 
CLN3 Disease 

 

One sentence summary: A patient iPSC-derived neuron model of juvenile neuronal ceroid lipofuscinosis was 
fully characterized and used for drug screening. 

 

 

Nihar Kinarivala¶#, Ahmed Morsy‡#, Ronak Patel¶#, Angelica V. Carmona‡, Md. Sanaullah Sajib¶, Snehal Raut¶, 
Constantinos M. Mikelis¶, Abraham Al-Ahmad¶* and Paul C. Trippier‡,¶,§,* 

 

 
‡Department of Pharmaceutical Sciences, University of Nebraska Medical Center, Omaha, NE 68198, USA. 

¶Department of Pharmaceutical Sciences, Texas Tech University Health Sciences Center, School of Pharmacy, 

Amarillo, TX 79106, USA. 

§UNMC Center for Drug Discovery, University of Nebraska Medical Center, Omaha, NE 68198, USA. 

#Contributed equally to this work. 

*Corresponding Author: paul.trippier@unmc.edu 

*Corresponding Author: abraham.al-ahmad@ttuhsc.edu 

 

  



 2 

ABSTRACT 

The neuronal ceroid lipofuscinoses (NCLs) commonly referred to as Batten disease are a family of rare lysosomal 

storage disorders (LSDs). The most common form of NCL occurs in children harboring a mutation in the CLN3 

gene. This form is lethal with no existing cure or treatment beyond symptomatic relief. The pathophysiology of 

CLN3 disease is complex and poorly understood, with the current in vivo and in vitro models failing to identify 

pharmacological targets for therapeutic intervention. This study reports the characterization of the first CLN3 

patient-specific induced pluripotent stem cell (iPSC)-derived model of the blood-brain barrier (BBB) and adds to 

the few available iPSC-derived neuron models of the disease. Upon differentiation, hallmarks of CLN3 disease 

were displayed including lipofuscin and subunit C of mitochondrial ATP synthase accumulation, mitochondrial 

dysfunction and aberrant lysosomal pH.  Small molecules were identified that cleared subunit C accumulation by 

the mTOR-independent modulation of autophagy, conferred protective effects through induction of Bcl-2 and 

rescued mitochondrial dysfunction.  
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INTRODUCTION 

The neuronal ceroid lipofuscinoses (NCLs) are a family of rare pediatric neurodegenerative diseases that 

are commonly referred to as Batten disease(1, 2). The incidence of the NCLs is estimated at 1 in 12,500 in the 

United States(3). The disease presents with early vision problems and/or seizures which progresses to mental 

impairment, increased severity seizures, progressive blindness and loss of motor skills. Children at the end-stage 

of the disease become blind, bedridden, spastic and demented with poorly controlled seizures. Death follows in 

the teens or early twenties (2, 4, 5). 

Individual NCLs are classified by the gene that is altered in the disorder, resulting in 13 different subtypes 

(2-6). However, common pathological hallmarks exist across all NCLs. Fat, but primarily protein deposits (termed 

storage material) build up in the brain, retina, and other tissues. The storage material specifically locates to 

lysosomes as a secondary effect (7, 8). Accelerated apoptosis, impaired autophagy, and secondary destructive 

inflammation have been documented (9, 10). Accumulation of subunit C of mitochondrial ATP synthase in 

lysosome-derived organelles is a hallmark of the NCLs; however, the exact biochemical mechanism of 

accumulation is unknown (8-11). No cure for the NCLs has yet been realized (12-16). However there is one 

pharmacological intervention available; in 2017 the FDA approved the gene therapy Cerliponase® (Brineura) for 

CLN2 disease which is an enzyme replacement therapy for tripeptidyl peptidase 1 (TPP1) that can slow or halt 

progression of the disease (17). There is an urgent and unmet medical need for the identification of new drug 

candidates that are disease-modifying, yet this is hampered by the largely unknown pathophysiology of NCL 

progression and a lack of phenotypic in vitro model systems for drug screening. 

The CLN3 subtype of Batten disease, hereto referred to as CLN3 disease, is the most common. Mutations 

in the CLN3 gene result in reduced production, or dysfunction, of the gene product protein battenin, also referred 

to as the CLN3 protein, or CLN3P. This protein is primarily located in the membranes surrounding lysosomes. 

The exact function of battenin is unclear and how this mutation results in expression of the CLN3 phenotype is 

poorly understood (18). The role of apoptosis in neurodegenerative diseases is implicated in neuronal cell death 

(19, 20). Apoptosis, among other cellular death mechanisms, has been proposed as one of the mechanisms of 
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neuronal death in the NCLs (21). One of the known functions of the CLN3 gene, is to modulate the anti-apoptotic 

protein Bcl-2 (21-23). This protein is located to the outer mitochondrial membrane where it plays a key role in 

regulating cell death by controlling apoptotic protease (caspase) activation (24).  Small molecules that induce 

Bcl-2 would partially mimic the function of the native protein. Further, CLN3 is known to modulate endogenous 

ceramide, resulting in suppression of apoptosis (23-25). Defects in autophagy contribute to the neurodegenerative 

process in many diseases including CLN3 disease (26). Accumulation of lipofuscin and subunit C of 

mitochondrial ATP synthase in the lysosomes of CLN3 disease patients implicates dysfunctional autophagy (27-

29). Indeed, the lysosomal storage disorders (30), such as CLN3 disease, can be thought off as primarily 

autophagy disorders as lysosomes play a fundamental role in the autophagy pathway by fusing with 

autophagosomes and digesting their content (31). We have previously disclosed compounds designed in our 

laboratory that are protective in CLN3-patient derived lymphoblasts and healthy IMR90-c4-induced pluripotent 

stem cell (iPSC)-derived neurons (32-34). The compounds upregulate expression of the anti-apoptotic protein 

Bcl-2 and suppress ceramide levels, directly countering two of the phenotypes of CLN3 disease. These 

compounds possess a multi-faceted mechanism of action (35), also acting to modulate autophagy.  

While CLN3-patient-derived lymphoblasts, CLN3 knock-down immortalized cells and primary neurons 

isolated from CLN3 mouse models provide useful in vitro models for pharmacological evaluation, they do not 

fully recapitulate the phenotype of human CLN3 neurons. The use of iPSCs to model neurodegenerative diseases 

in vitro has gained much recent interest. In particular, several studies highlighted the use of patient-derived iPSCs 

to model neurodegenerative diseases such as amyotrophic lateral sclerosis, adrenoleukodystrophy, the familial 

form of Alzheimer’s disease, Huntington’s disease and Parkinson’s disease (36). Such models provide a potential 

alternative to classical approaches. In addition to the presence of a cellular and molecular phenotype in iPSC-

derived neurons, several studies have highlighted the presence of an abnormal phenotype at the blood-brain barrier 

(BBB) upon differentiation of such iPSCs into brain microvascular endothelial cells (BMECs). Thus, the possible 

identification of a dysfunctional BBB in addition to a more established neuronal phenotype can provide an 
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inclusive model that can account for assessing the permeability of drug candidates targeting such conditions early 

in the drug development process (37). 

Neural progenitor cells (NPCs) differentiated from CLN3 patient-derived iPSCs have been reported to 

display autophagy dysfunction, lysosomal dysfunction and mitochondrial defects consistent with CLN3 disease. 

Similarly, CLN2 patient-derived iPSCs possess the TPP1 enzyme deficiency characteristic of CLN2 disease (38). 

In a proceeding study, the CLN3 patient-derived iPSC NPCs were used as a phenotypic model to validate the 

effect of a small molecule autophagy modifier, identified from a screen conducted in a homozygous CbCln3Dex7/8 

cell line stably expressing GFP-LC3 transgene (29). Neural stem cells (NSCs) differentiated from CLN1 and 

CLN2 patient-derived iPSCs were found to exhibit the phenotype of reduced expression of the enzymes 

palmitoyl-protein thioesterase 1 (PPT1) or TPP1 respectively. These NSCs were used to evaluate the effect of 

two small molecules versus enzyme replacement therapy (39). Neurons differentiated from CLN5 patient-derived 

iPSCs expressed accumulation of autofluorescent storage material and subunit C of mitochondrial ATP synthase 

and are being used to further understand the mechanisms of CLN5 disease (40). An adeno-associated adenovirus 

serotype 2 (AAV2) carrying the full-length coding sequence of CLN3 was shown to be effective in restoring full-

length CLN3 protein in CLN3 patient iPSC-derived retinal neurons  (41). Thus, there is a sparsity of characterized 

CLN3 patient-derived iPSC models that can be differentiated from NSCs to NPCs to mature neurons.  

Herein, we report the differentiation and characterization of human CLN3 patient-derived iPSCs through 

the stages of NSCs, NPCs and ultimately to mature neurons. The reported CLN3 patient iPSC-derived neurons 

recapitulate several phenotypes of CLN3 disease, including accumulation of autofluorescent lipofuscin and 

subunit C of mitochondrial ATP synthase, mitochondrial dysfunction and aberrant lysosomal pH. Further, we 

report the differentiation and characterization of CLN3 patient-derived iPSCs to BMECs. These cells were used 

to generate a model of the BBB in CLN3 disease for the first time using human iPSC-derived cells. Similar to 

reports in CLN3 mouse models (42), we show an impaired barrier function. We also observed differences in 

efflux transporter expression between CLN3 and IMR90-c4 control iPSC-derived BMECs and high angiogenic 

phenotype. Moreover, mature neurons differentiated from CLN3 patient-derived iPSCs were employed to screen 
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previously identified lead compounds to determine their effect to modulate phenotypic aberrations of CLN3 

disease. Three compounds were determined to be novel scaffolds for the design of mammalian target of rapamycin 

(mTOR)-independent autophagy activators. The compounds significantly induced autophagy in the highly 

phenotypic CLN3 patient iPSC-derived neuron model system resulting in clearance of subunit C from the neurons. 

Further, the compounds were shown to induce expression of the protective anti-apoptotic protein Bcl-2 and rescue 

mitochondrial dysfunction. 

 

RESULTS 

iPSC-derived neurons from a CLN3 patient display neuronal phenotype: We first characterized the neuronal 

differentiation of CLN3 patient iPSCs and compared such differentiation to healthy IMR90-c4 iPSCs (43), using 

a differentiation protocol established by our group and summarized in Figure 1A (44), Differentiation of the 

CLN3-iPSC line into neuronal lineage occurred similarly with the IMR90-c4 iPSC line. The NSCs showed 

expression of PAX6 (a neuroepithelium marker) by day 10 of differentiation (Fig. 1B), whereas NPCs showed a 

robust expression of nestin by day 15 of differentiation (Fig. 1C). At day 35 of differentiation (Fig. 1D), both 

iPSC-derived neuron lines showed the expression of nestin, as well as expression of class III b-tubulin (Tuj1), 

albeit the immunoreactivity was lower in CLN3-derived neurons compared to IMR90-c4-derived neurons. 

Expression of MAP2 and NeuN were similar between the two lines, whereas NMDAR2 expression was higher in 

IMR90-c4-neurons. In conclusion, the presence of the CLN3 mutation appears not to impair the differentiation 

of iPSCs into neurons as compared to a healthy IMR90-c4 control cell line. 

 

Neurons derived from CLN3 patient iPSCs display increased lipofuscin and subunit C of mitochondrial 

ATP synthase accumulation in lysosomal and mitochondrial compartments: To assess the presence and 

localization of lipofuscin in both iPSC-derived neuron lines, detection of autofluorescence was combined with 

lysosomal staining using Lysotracker®. The CLN3-neurons displayed higher autofluorescence of lipofuscin 

compared to IMR90-c4-derived neurons (Fig. 2A). Such autofluorescence was particularly co-localized to 
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lysosomal compartments, suggesting an aggregation and restriction of lipofuscin inclusions in lysosomal 

compartments. Furthermore, change in lysosomal activity was assessed in both iPSC-derived neuron lines using 

Lysosensor Green® dye (Fig. 2B). The CLN3-derived neurons displayed a higher acidification of lysosomes 

compared to control, as reflected by an increased fluorescence intensity. Similar outcomes were observed 

following treatment with acridine orange (AO, Fig. 2C). Higher acidity of lysosomal pH was observed in CLN3-

derived neurons compared to IMR90-c4-derived neurons, as a higher red signal (aggregated AO)/green 

(oligomeric AO) was observed. Such shift was further aggravated by induction of autophagy via either serum 

starvation or by treatment with rapamycin at 10 µM. Taken together, this data suggests impaired lysosomal 

activity in CLN3-derived neurons compared to IMR90-c4-derived neurons. 

In addition to changes in lysosomal activity, changes in mitochondrial function were assessed in both 

IMR90-c4-derived neurons and CLN3-derived neurons (Fig. 3). The CLN3-derived neurons showed higher 

immunoreactivity to subunit C of mitochondrial ATP synthase and lipofuscin compared to IMR90-c4-derived 

neurons (Fig. 3A). Although no changes in overall mitochondrial content were observed, a faint immunoreactivity 

was observed in CLN3-derived neurons (Fig. 3B), suggesting possible impaired mitochondrial function. To assess 

difference in overall metabolic activity, iPSC-derived neurons were challenged with increasing concentrations of 

rotenone, a superoxide inducer, (200 and 400 nM concentrations for 24 hours), and changes in cell metabolic 

activity were measured using MTS reagent (Fig. 3C). Unlike IMR90-c4-derived neurons that showed no 

differences in cell metabolic activity, CLN3-derived neurons showed a dose-dependent decrease in cell metabolic 

activity following treatment with rotenone. Such a difference was further demonstrated by changes in 

mitochondrial superoxide generation using MitoSOX® assay (Fig. 3D, left panel). Under resting conditions, 

CLN3-derived neurons showed a higher MitoSOX® fluorescence intensity compared to IMR90-c4-derived 

neurons, suggesting higher production of superoxide free radicals at basal level. Increase in MitoSOX® 

fluorescence was significant in IMR90-c4-derived neurons following treatment with rotenone at 10 µM and was 

significant, but remained mild, in CLN3-derived neurons. Similar outcomes were observed by assessing 

mitochondrial potential using JC-1 staining (Fig. 3D, right panel). The CLN3-derived neurons showed a higher 
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depolarization status (as reflected by a decrease in red/green JC-1 fluorescence ratio) under resting conditions 

compared to control. However, no significant differences were observed between these two cell lines following 

treatment with carbonyl cyanidem-chlorophenylhydrazone (CCCP; an uncoupling agent) at 50 µM. In conclusion, 

CLN3 mutation appears to impair mitochondrial function and activity in iPSC-derived neurons. 

 

CLN3 mutation is associated with impaired BMEC differentiation: In addition to the effect of CLN3 mutation 

on iPSC-derived neurons, the presence of a phenotype in non-neuronal cells associated with such mutation was 

investigated in iPSC-derived BMECs (Fig. 4). Differentiation of iPSCs to BMECs was achieved employing the 

same differentiation protocol established by Lippmann and colleagues (45), commonly used in our studies (44) 

and summarized in Fig. 4A. The BMECs derived from CLN3 patient iPSCs displayed a similar BMEC identity 

to IMR90-c4-derived BMECs (Fig. 4B), with these cells showing immunoreactivity to vascular markers 

(PECAM-1, CDH5), as well as the expression of blood-brain barrier selective markers including GLUT1 and the 

tight junction proteins claudin-5 (CLDN5) and occludin (OCLDN). In addition, both IMR90-c4-derived BMECs 

and CLN3-derived BMECs showed positive expression (Fig. 4C) for several drug efflux pumps including P-

glycoprotein (PGP), breast cancer resistant protein (BCRP) and multidrug resistance protein 1 (MRP). Notably, 

CLN3-derived BMECs appeared to show higher expression of MRP1 compared to IMR90-c4-derived BMECs, 

as displayed by a higher immunoreactivity. In conclusion, CLN3-derived BMECs were capable to differentiate 

and display a BMEC phenotype similar to IMR90-c4-derived BMECs. 

 

CLN3-derived BMECs display an impaired barrier function compared to IMR90-c4-derived BMECs: 

Differences in barrier function between IMR90-c4-derived BMECs and CLN3-derived BMECs was assessed 

using transendothelial electrical resistance (TEER) (Fig. 5A) and paracellular permeability using fluorescein (Fig. 

5B). The CLN3-derived BMECs displayed a very poor barrier function, with reported TEER in the CLN3-derived 

BMEC monolayers significantly lower than that of IMR90-c4-derived BMECs (127 ± 31.44 and 1589 ± 470.6 

Ω.cm2 respectively). Such discrepancy between the two monolayers was further confirmed by significant 



 9 

differences in paracellular permeability between CLN3-derived BMECs and IMR90-c4-derived BMECs (1.364 

± 0.49 x10-4 cm/min and 0.64 ± 0.19 x10-4 cm/min respectively). Such results suggest that CLN3-derived BMECs 

have an impaired barrier function. To exclude the possible difference in maturation process between CLN3-

derived BMECs and IMR90-c4-derived BMECs as a contributor to this data, an alternative differentiation 

protocol was set for CLN3-derived BMECs, by extending the UM treatment from 6 days to 7 days and by 

extending the EC+/+ treatment from 2 days to 6 days based on the alternative protocol described by Lippman (45). 

Such extended differentiation protocol also showed impaired barrier function of CLN3-derived BMECs (Fig. 5C), 

with no significant differences in TEER (62.14 ± 34.16 Ω.cm2 vs. 48.29 ± 5.21 Ω.cm2) and fluorescein 

permeability (5.335 ± 2.639 vs 13.79 ± 7.43 x10-4cm/min) when the two differentiation protocols are compared. 

The ability of CLN3-derived neurons to induce a barrier phenotype in both IMR90-c4 and CLN3-derived BMECs 

were assessed by co-culture method. Notably, the presence of CLN3-derived neurons in co-cultures worsened the 

barrier outcomes in both IMR90-c4-derived BMECs and CLN3-derived BMECs monolayers compared to 

IMR90-c4-derived neuron co-cultures, as a decrease in TEER and increased fluorescein permeability were 

apparent (Fig. 5D). In conclusion, our data suggest that the presence of CLN3 mutation may impair BMEC 

differentiation and barrier induction by neurons.  

 

CLN3 mutation does not affect efflux pump expression and activity: To further demonstrate that such 

impaired barrier function in BMEC monolayers was associated with impaired drug transport activity, changes in 

drug efflux pump expression and activity was determined (Fig. 5E&F). The CLN3-derived BMECs displayed 

higher PGP expression and lower BCRP expression compared to IMR90-c4-derived BMECs. However, no 

differences in drug efflux pump activity were observed between the two BMEC monolayers. In addition, 

trafficking of larger molecules such as bovine serum albumin (BSA) and transferrin (Tf) were assessed between 

the two monolayers (Fig. 5G&H). Notably, uptake of both BSA and Tf were higher in CLN3-derived BMECs 

compared to IMR90-c4-derived BMECs suggesting dysfunctional membrane trafficking in such cells. Such 

trafficking was temperature sensitive as a significant decrease in BSA and Tf uptake was noted following 
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incubation at 4 ºC compared to 37 ºC. Finally, to assess the nature of such impaired membrane trafficking, 

differences in clathrin and caveolin-1 (cav-1) levels were assessed by immunoblot (Fig.5I). We noted lower levels 

of clathrin in CLN3-derived BMECs compared to IMR90-c4-derived BMECs, whereas no differences in cav-1 

were noted. In conclusion, CLN3-derived BMECs barrier dysfunction was associated with impaired clathrin-

mediated membrane trafficking.  

 

CLN3-derived BMECs possess a highly angiogenic phenotype: A previous study reported abnormal 

angiogenic phenotype in iPSC-derived BMECs obtained from Huntington’s disease patients (46). Changes in 

angiogenic phenotype were measured in our developed CLN3-derived BMEC model (Fig. 6). Using a scratch 

assay (Fig. 6A), no differences in migration were noted between IMR90-c4 and CLN3-derived BMECs 

monolayers, following 12 hours incubation after scratch (50.02 ± 10.94 vs 52.36 ± 13.94% respectively). 

However, CLN3-derived BMECs displayed a proliferative status compared to IMR90-c4-derived BMECs (100 

± 2.759 vs 197.7 ± 22.01%) after 12 hours, as measured by MTT assay (Fig. 6B). To further determine if such 

increased proliferation was associated with an angiogenic phenotype, both types of BMECs were plated on 

Growth Factor-Reduced (RGF) basement membrane extract and assessed for changes in various angiogenic 

features at different time intervals following seeding (4, 6, 12, 24, 48 and 72 hours; Fig. 6C-E). We further 

compared if the presence of bFGF or retinoic acid in EC media can affect the outcome of tube formation by 

performing the assay with EC+/+ and EC-/- medium. We observed formation of tube-like structures with both 

mediums (EC+/+ and EC-/-) with no marked effect of bFGF or retinoic acid on tube formation (Supplemental Fig. 

1A,B). The CLN3-derived BMECs (red) contrasted IMR90-c4-derived BMECs (blue) by displaying an 

angiogenic phenotype marked by a higher number of nodes and junctions, as well as a higher total length of tube-

like structures (Supplemental Fig. 1A&B). In conclusion, CLN3-derived BMECs display an angiogenic 

phenotype compared to IMR90-c4-derived BMECs.   
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Small molecules with neuroprotective activity induce autophagy in neurons differentiated from CLN3 

patient-specific iPSCs in a mTOR-independent manner: Previous studies employing novel aromatic 

carbamate analogues demonstrated induction of autophagy in ‘neuron-like’ PC12 cells (33). A selection of 

aromatic carbamates, including inactive analogues as control, were screened at a concentration of 3 µM in CLN3-

derived neurons to determine the translational activity of these molecules (for structures see Supplemental Fig. 2) 

in a highly phenotypic model. Several molecules demonstrated significant increase in acridine orange staining 

compared to vehicle, suggesting translational activity to induce autophagy in CLN3-derived neurons (Fig. 7A). 

Notably, almost all of the screened aromatic carbamates outperformed rapamycin positive control. Further, 

changes in autophagy for three selected molecules were determined using the more sensitive CytoID stain. All 

three molecules showed a general trend of modulating autophagy above vehicle control with compound 9h 

providing a significant increase (Fig. 7B). To determine the mechanism of autophagy induction, mammalian 

target of Rapamycin (mTOR) dependency was determined. It has been suggested that mTOR-independent 

activation of autophagy would be a more relevant therapeutic option for the treatment of neurodegenerative 

disorders (47). Increased expression of the autophagy marker Beclin 1 was observed upon treatment with 

rapamycin (a known mTOR inhibitor and autophagy modulator) and compounds 9e, 9h and 9g by Western blot, 

but not with rasagiline (a Bcl-2 inducer but with no known effect to modulate autophagy) (Fig. 7C), further 

supporting the autophagy induction activity of these compounds. As expected, rapamycin showed a decrease in 

ratio of phosphorylated p70 s6 kinase to total p70 s6 kinase. A function performed by mTOR and disrupted upon 

mTOR inhibition. None of the small molecules showed a decrease in ratio of phosphorylated p70 s6 kinase to 

total p70 s6 kinase, suggesting that these molecules act by mTOR-independent pathways (Fig. 7C). Elevation of 

autophagy can be cytotoxic to cells and thus we evaluated the cytotoxic effect of aromatic carbamate analogues 

on CLN3-derived neurons. All compounds at 3 µM were found to be non-toxic based on propidium iodide staining 

(Supplemental Fig. 3). Gratifyingly, all selected small molecule mTOR-independent autophagy inducers 

significantly enhanced the clearance of subunit C of mitochondrial ATP synthase from CLN3-derived neurons by 
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immunoblot (Fig. 7D). In conclusion, small molecule aromatic carbamates are mTOR-independent autophagy 

modulators that enhance the clearance of subunit C from CLN3-derived neurons. 

 

Neuroprotective small molecules induce expression of the anti-apoptotic protein Bcl-2: Previously conducted 

experiments using aromatic carbamates demonstrated neuroprotective activity, in part, by inducing the anti-

apoptotic protein Bcl-2 (33). To determine if the Bcl-2 induction effect translates from low passage ‘neuron-like’ 

PC12 cells (48) to neurons differentiated from CLN3 patient-specific iPSCs an ELISA was performed 

(Supplemental Fig. 4). All three small molecules, 9e, 9g and 9h induce significant increase in Bcl-2 expression 

in CLN3-derived neurons (Fig. 8A), returning expression to comparable levels as IMR90-c4-derived control 

neurons. Notably CLN3-derived neurons express significantly lower levels of Bcl-2 than IMR90-derived neurons. 

In conclusion, all three small molecules significantly induce Bcl-2 expression in CLN3-derived neurons to levels 

greater than healthy IMR90-c4-derived neuron controls and with greater effect than the known Bcl-2 inducer 

rasagiline. 

 

Neuroprotective small molecules rescue mitochondrial dysfunction in CLN3-derived NPCs: Mitochondrial 

dysfunction is a hallmark of the NCLs (49-51). We determined the mitochondrial respiration of CLN3-derived 

NPCs and IMR90-c4-derived NPCs on a Seahorse extracellular flux analyzer (Fig. 8B). Basal respiration in 

CLN3-derived NPCs was significantly lower than in healthy IMR90-c4-derived control NPCs (Fig. 8C). This 

level was increased, but not significantly, by treatment of the CLN3-derived NPCs for 48 hours with the maximum 

non-toxic concentration of rapamycin (0.5 µM) and restored to healthy IMR90-c4-derived NPCs levels by 

compound 9e (3 µM), with similar effects observed on spare respiratory capacity (Fig. 8D).  Production of ATP 

in CLN3-derived NPCs trended lower than that of IMR90-c4-derived NPCs. Treatment of CLN3-derived NPCs 

with Rapamycin (0.5 µM) increased ATP production, but not significantly, with levels being restored to above 
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IMR90-c4-derived NPCs controls with 9e (3 µM) after 48 hours incubation (Fig. 8E). In conclusion, compound 

9e rescues the dysfunctional mitochondrial phenotype of CLN3-derived NPCs. 

 

DISCUSSION 

The NCLs are a set of neurodegenerative diseases marked by an irreversible and progressive onset 

ultimately resulting in death. To date, there are no curative treatments available. A major pitfall in developing 

pharmacological intervention for the NCLs is the limited repertoire of in vitro models suitable for the screening 

of novel neuroprotective drug candidates. The emergence of iPSC-based models has revolutionized the field of 

disease modeling, resulting in deeper insight into the pathological mechanisms of several neurological diseases 

including Batten disease (28, 36, 40). In this study, we are the first to report the successful differentiation of 

neurons and BMECs from a patient-derived iPSC line originating from a 21-year-old male bearing a 1kb deletion 

in the CLN3 gene and heterozygous for E13 c.988G>T, p.Val330Phe mutation, using established protocols (44, 

45). The BMECs and neurons were fully characterized against the IMR90-c4 iPSC line.  

The CLN3 patient iPSC-derived cells recapitulated several phenotypic hallmarks of CLN3 disease; the 

inclusion of lipofuscin within lysosomes, the accumulation of subunit C of ATP synthase above that of control 

cells, mitochondrial impairment, and alteration of lysosomal pH. Another key characteristic observed in CLN3 

disease is the accelerated apoptosis of neurons (52). Cells with CLN3 knocked down, demonstrate diminished 

expression of Bcl-2, indicating a role for the CLN3 protein in Bcl-2 regulation and apoptosis control (53). 

Reduced expression of Bcl-2 compared with IMR90-c4-derived controls was observed in this iPSC-derived 

neuron model. 

In addition to neuronal features observed in CLN3-derived neurons, we also noted an impaired phenotype 

in BMECs derived from the CLN3 iPSCs compared to IMR90-c4 iPSCs. We observed a decreased barrier 

function indicative of increased permeability of the BBB, in particular to the uptake of large molecules at the 

barrier. Such observation was consistent with the existing literature, as Tecedor and colleagues reported impaired 
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membrane trafficking in brain endothelial cells transfected with a mutant CLN3 gene (54), whereas Saha and 

colleagues reported an increased permeability in an in vivo model of CLN1 disease (55).  The level of tight 

junction proteins and abnormalities in claudin-5 levels observed in CLN3-derived BMECs partly explains reduced 

barrier tightness. Such studies on BBB modeling of rare diseases utilizing iPSCs provides scalable and 

reproducible human disease models (46, 56). This report also highlights that BMECs show expression and activity 

of efflux transporters including P-gp, BCRP and MRP-1. Prior studies have suggested impaired membrane 

dynamics and endocytic pathways in Batten disease BMECs, although our model of CLN3 BMECs did not show 

any such phenotype and presented healthy endocytic transport. 

Such observation is important and in agreement with other studies reporting an altered BBB function in 

other neurological diseases including Adrenoleukodystrophy (ALD) (57) and Huntington’s disease.(46) As 

reported by Lim and colleagues, we noted an increased angiogenic phenotype in CLN3-derived BMECs compared 

to control BMECs, suggesting that CLN3 may be associated with signaling pathways involved in angiogenesis 

and/or barriergenesis. Highly angiogenic vessels impart towards leaky vessels and reduced BBB tightness which 

is detrimental in multiple disease conditions (46, 58, 59). Herein we report the first indication of increased 

angiogenesis in CLN3-derived BMECs.  In agreement with the literature, the co-culture of CLN3-derived neurons 

with IMR90-c4-derived BMECs was sufficient to worsen barrier function, suggesting the importance of the 

inclusion of neurovascular coupling when modeling neurological diseases in vitro. More investigation into the 

pathways responsible for increased angiogenesis may help understand and provide methods to counter barrier 

break down in CLN3 disease.  

Presented herein, to the best of our knowledge, is the first report of using mature neurons derived from 

CLN3 patient iPSCs for a small molecule screen. Lojewski et al. have previously demonstrated development of 

CLN2 and CLN3 iPSCs using patient fibroblasts and differentiated the iPSCs to neurons. Screening of three small 

molecules was performed in NPCs differentiated from CLN2 iPSCs, but not mature neurons (38). We have 

previously reported small molecule aromatic carbamates that possess multi-functional neuroprotective activity by 

inducing Bcl-2 levels and increasing autophagy (33). The neuroprotective effect of selected analogues was further 
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demonstrated in lymphoblasts derived from CLN1, CLN2, CLN3, CLN6 and CLN8 patients (32). Here, using 

neurons differentiated from CLN3 patient iPSCs, we demonstrate that selected compounds from our small 

molecule library translate their mechanistic effect to induce Bcl-2 and enhance autophagy in a highly phenotypic 

model of Batten disease. The selected small molecule probes significantly induce expression of the anti-apoptotic 

protein Bcl-2, resulting in levels comparable to those observed in IMR90-c4-derived control neurons. The three 

small molecule probes outperformed the positive control compound rasagiline, a clinically available compound 

with neuroprotective activity.  

We show the small molecule probes modulate autophagy in an mTOR-independent manner, a 

characteristic of several known neuroprotective molecules (60). Rapamycin, a known mTOR-dependent activator 

of autophagy, fails to deliver the same magnitude of autophagy activation in the CLN3 patient-specific iPSC-

derived neurons as our developed mTOR-independent activators of autophagy. Likewise, a recent report 

demonstrates that rapamycin is ineffective at activating transcription factor EB (TFEB), a master regulator of 

lysosomal pathways, in a CLN3 mouse model due to mTOR-dependence, while mTOR-independent activation 

of TFEB by trehalose, a small molecule with a sugar structure, promoted cellular clearance and increased survival 

in Cln3Δex7/8 mice (61). Furthermore, all three probe compounds provided statistically significant clearance of 

subunit C from CLN3-derived neurons. Thus, the discovery and optimization of mTOR-independent activators 

of autophagy with ‘drug-like’ profiles of activity, BBB penetration,(62) and stability (Supplemental Fig. 5A-7B) 

may provide for greater therapeutic effect in this rare disease. Autophagy and Bcl-2 are known to possess 

interdependency in a physiological setting; Bcl-2 and beclin1 demonstrate protein-protein interaction (PPI) and 

disruption of this PPI activates autophagy (63). Data obtained from trials of two other small molecules; 

cysteamine bitartrate and N-acetylcysteine, in CLN1 disease patients did not support the hypothesis that clearance 

of storage material (or at least granular osmiophilic deposits (GRODs)) correlates to clinical benefit (64). 

Additionally, it has been suggested that in a CLN6 sheep model, storage body accumulation and 

neurodegeneration may be independent facets of CLN6 mutation (65). Accumulation of lipofuscin has been 

shown to result in autophagy dysfunction and lower turnover of affected mitochondria. This in turn creates a 
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feedback loop wherein defective mitochondria produce more reactive oxygen species (ROS; which is observed 

in our developed model system) that increase lipofuscin accumulation, questioning if activation of autophagy 

would necessarily clear lipofuscin accumulation (66). If the hydrolytic function of the lysosome is irreparably 

damaged by CLN3 mutation or other pathogenesis event, small molecule autophagy inducers would not be able 

to induce clearance. Such an eventuality occurred in Nieman Pick Type 1 disease, wherein enhanced autophagic 

flux failed to clear cholesterol levels (26). However, the observed clearance of subunit C demonstrated herein 

would suggest no irreparable damage. 

In addition to the significant effect of 9e on inducing Bcl-2 expression and autophagy, the small molecule 

successfully rescued mitochondrial dysfunction of the CLN3-derived NPCs. Basal respiration and ATP 

production have been reported to be significantly reduced in Cln3Dex7/8 mouse model astrocytes (67). Basal 

respiration, spare respiratory capacity and ATP function of the CLN3-derived NPCs were all significantly 

increased to similar or greater levels as seen in healthy IMR90-c4-derived NPC controls. While study of iPSC-

derived neurons obtained directly from patients provide for a highly phenotypic model, they also pose some 

limitations. These include the absence of other cell types in the model system, such as astrocytes, which likely 

have a role to play in the disease, the effects of in vivo metabolizing enzymes on our small molecules and the lack 

of a BBB to penetrate, although our studies have provided the first model of the BBB of Batten Disease brains 

for further study. 

In conclusion, we report the first iPSC-derived model of the blood-brain barrier for CLN3 disease, 

characterizing a dysfunctional barrier that responds to neuronal co-culture. To the best of our knowledge, this is 

the first report of employing CLN3 patient iPSC-derived neurons for small molecule screening. The screened 

small molecules rescue CLN3 neurons from three phenotypic consequences of the disease; upregulating Bcl-2, 

modulating autophagy resulting in enhanced clearance of subunit C and correction of mitochondrial dysfunction. 

These results identify small molecule 9e as a valuable probe compound for further study of CLN3 disease and 

mTOR-independent autophagy modulation and as a compound for further optimization along the drug discovery 

pipeline. Development of small molecule therapeutics with multiple mechanisms of action is likely to have a 



 17 

major impact on the treatment of complicated neurological diseases such as Batten disease. Our study establishes 

that modulation of autophagy and mitochondrial respiration, and induction of Bcl-2 rescues multiple Batten 

Disease phenotypes. While the identified compounds show great potential, further studies are needed to determine 

the pharmacokinetic and pharmacodynamic properties of the small molecules in normal and diseased in vivo 

models and to develop potentially more effective derivatives for testing in human trials. 

 

MATERIALS AND METHODS 

Study design  

The objective of this study was to examine the effects of protective compounds in a CLN3 disease patient-specific 

iPSC-derived neuron model. Current disease models for CLN3 are lacking and no reports exist of screening 

potential drug molecules in a fully differentiated iPSC-derived neuron model. CLN-3 iPSCs were obtained from 

the New York Stem Cell Foundation iPS core facility (NYSCF, New York City, NY, USA) originating from a 

21-year-old male bearing a 1kb deletion in the CLN3 gene and heterozygous for E13 c.988G>T, p.Val330Phe 

mutation. We fully characterized these iPSCs through NSCs and NPCs to neurons and to BMECs. The iPSC-

derived neurons were characterized for CLN3 phenotype and the BMECs for blood-brain barrier transporters and 

characteristics compared to control healthy iPSC cells. A targeted library of compounds known to be 

neuroprotective in immortal cell lines was screened for their ability to rescue phenotypic aberrations of CLN3; 

elevation of Bcl-2 expression, correction of mitochondrial dysfunction and clearance of subunit c of mitochondrial 

ATP synthase. 

 

Cell lines: iPS(IMR90)-4 iPSC (RRID: RRID:CVCL_C437) line was purchased from WiCell cell repository 

(WiCell, Madison, WI, USA; ref. 43). CLN-3 iPSCs were obtained from the New York Stem Cell Foundation 

iPS core facility (NYSCF, New York City, NY, USA) originating from a 21-year-old male bearing a 1kb deletion 

in the CLN3 gene and heterozygous for E13 c.988G>T, p.Val330Phe mutation. Somatic cells used for the 
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derivation of these iPSC lines were obtained with informed consent of subjects and were approved by the 

respective repositories institutional review boards. Undifferentiated iPSC colonies were maintained on hPSC-

grade growth factor-reduced Matrigel (C-Matrigel; Corning, Corning, MA, USA) in the presence of Essential 8 

medium (E8; ThermoFisher, Waltham, MA, USA).  

 

BMECs differentiation: iPSCs were differentiated into BMECs following the protocol established by Lippmann 

and colleagues (45, 68). iPSCs were seeded as single cells on T-Matrigel (Trevigen, Gaithersburg, MD, USA) at 

a cell density of 20000 cells/cm2 in E8 supplemented with 10 µM Y-27632 (Tocris, Minneapolis, MN, USA). 

Cells were maintained in E8 for 5 days prior to differentiation. Cells were maintained for 6 days in unconditioned 

medium (UM: Dulbecco’s modified Eagle’s medium/F12 with 15 mM HEPES (ThermoFisher), 20% knockout 

serum replacement (ThermoFisher), 1% non-essential amino acids (ThermoFisher), 0.5% Glutamax® 

(ThermoFisher), and 0.1 mM b-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA). After 6 days, cells were 

incubated for 2 days in the presence of EC+/+ [EC medium (ThermoFisher) supplemented with 1% platelet-poor 

derived serum (Alfa-Aesar, ThermoFisher, Haverhill, MA, USA), 20 ng/mL human recombinant basic fibroblast 

growth factor (Tocris, Abingdon, UK), and 10 µM retinoic acid (Sigma-Aldrich)]. After this maturation process, 

cells were dissociated by Accutase® (Corning) treatment and seeded as single cells on tissue culture plastic 

surface coated with a solution of collagen from human placenta (Sigma-Aldrich) and bovine plasma fibronectin 

(Sigma-Aldrich) (80 µg/cm2 and 20 µg/cm2, respectively). Twenty-four hours after seeding, cells were incubated 

in the presence of EC / (EC medium supplemented with 1% platelet-derived serum). Barrier phenotype 

experiments were performed 48 h after seeding.  

iPSC-derived BMEC barrier function: iPSC-derived BMECs were seeded on Transwells® (polyester, 0.4 µm 

pore size; Corning) and coated as previously described. iPSC-derived BMECs were seeded at a seeding density 

of 1x106 cells/cm2. Barrier function was assessed 48 h after seeding for iPSC-derived BMECs monolayers; these 

time points were determined as the most optimal for achieving the highest barrier tightness. Barrier tightness was 

measured by assessing both the TEER and paracellular diffusion. TEER was measured using an EVOHM STX2 
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chopstick electrode (World Precision Instruments, Sarasota, FL, USA). For each experiment, three measurements 

were performed for each insert, and the average resistance obtained was used to determine barrier function. In 

experiments involving paracellular diffusion, 10 µM sodium fluorescein (Sigma-Aldrich) was added in the donor 

(apical) chamber and 100 µL aliquots were sampled from the acceptor (basolateral chamber) every 15 min for up 

to 60 min. Permeability (Pe) for fluorescein was calculated using the clearance slopes obtained by extrapolation 

using the following formula:  

1/(Pe*S)=1/(Pt*S)-1/(Pf*S) 

with Pt and Pf indicative of the clearance slopes of samples and blank (empty coated) filters and S indicative of 

the insert surface area (cm2). 

 

Drug uptake assays: Cells were incubated in the presence of 10 µM rhodamine 123 (Sigma-Aldrich), 10 µM 

CM-DCFDA (ThermoFisher), 20 µM Hoechst (ThermoFisher) for 1 h in an incubator. In some experiments, cells 

were preincubated in the presence of 5 µM PSC833 (Sigma-Aldrich), 1 µM Ko143 (Sigma-Aldrich), or 10 µM 

MK571 (Sigma-Aldrich) for 1 h prior to incubation with fluorescent substrates. Following incubation, cells were 

quickly washed using ice-cold phosphate-buffered saline (PBS) and lysed using radioimmunoprecipitation assay 

buffer (ThermoFisher). Fluorescence in cell lysates was assessed using a SynergyMX2 ELISA plate reader (Bio-

Tek, Winooski, VT, USA). Relative fluorescence units (RFU) were normalized against the total protein content 

and the protein level was determined by bicinchoninic acid assay (Pierce, Rockford, IL, USA, ThermoFisher). 

Fluorescence values (expressed as relative fluorescence unit or RFU) obtained from cell lysates in the absence of 

inhibitor (named as controls) were normalized to the protein content and expressed as RFU/µg protein. 

 

Scratch plate assay (wound healing): Scratch plate assay was performed as previously described (46). BMECs 

were plated on collagen/fibronectin-coated 12-well plates after differentiation. After 24 hours, the cells reached 
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100% confluence and the initial scratch/wound was made. There were two images/well that were taken using 

light microscope at time 0 and 12 hours and six wells were used for each experiment/differentiation. 

 

Proliferation assay: Cell proliferation was assessed through the 3-[4, 5-dimethylthiazol-2-yl]-2, 5-

dimethyltetrazolium bromide (MTT) assay, as previously described (69). Briefly, cells were seeded at a density 

of 2.5 x 104 cells/well in fibronectin-coated 24-well tissue culture plates. After 24 hours, MTT (5 mg/mL in PBS; 

Fisher) was added at a volume equal to 1/10 of the medium and plates were further incubated at 37 °C for 2 hours. 

Cells were washed once with PBS and then diluted in 100 µL/well acidified isopropanol (0.33 mL HCL in 100 

mL isopropanol). After thorough agitation, the solution was transferred to a 96-well plate and read in a microplate 

reader at 570 nm.  

 

In vitro Matrigel tube formation assay: The Matrigel tube formation assay was performed as previously 

described (70). Wells of a 96-well plate were coated with 40 µL Growth Factor-Reduced (RGF) basement 

membrane extract (Trevigen) and incubated for 20 minutes at 37 °C to polymerize. Then, 104 cells suspended in 

EC medium supplemented with 1% PDS (EC-/-) were added to each well and incubated at 37 °C. Brightfield 

images were obtained after 4, 6, 12, 24, 48 and 72 hours of incubation period and were analyzed for the number 

of nodes, number of junctions and total sprout length, using the ‘Angiogenesis analyzer’ plug-in of ImageJ 

software. 

 

BSA and Transferrin uptake assay: Differentiated BMECs were plated at confluence on collagen/fibronectin 

coated 12 well plates. FITC labeled Bovine serum albumin (FITC-BSA-ThermoFisher) and FITC labeled 

transferrin (FITC-Tf-ThermoFisher) were incubated at 50 ug/mL concentration on cell monolayers for 25 minutes 

at 37 °C and 4 °C. Cells were lysed using RIPA buffer (ThermoFisher) and FITC fluorescence was measured in 
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collected buffer. Raw fluorescence intensity (RFU) was normalized against total protein content estimated in the 

total cell lysates. 

 

Western blot: Cells were washed once with PBS and lysed with RIPA buffer (ThermoFisher). Proteins were 

quantified via BCA assay (ThermoFisher-# PI-23221) and were then resolved by SDS-PAGE on 4–20% Tris-

Glycine gradient gels (BioRad). After transfer to nitrocellulose membranes, blocking was conducted for 1 h in 

Tris-buffered saline (10 mM Tris-HCl, 100 mM NaCl, pH7.5) containing 0.1% Tween-20 (TBST) and 1% BSA. 

Samples were probed overnight at 4 °C with anti-Clathrin (CST-#2410), anti-caveolin (ThermoFisher-#MA3-

600), anti-β-Actin (CST-#3700) (Santa Cruz Biotechnology; 155,000) anti-Subunit C (Abcam-# ab181243), anti-

Bcl-2 (ThermoFisher-# PA5-27094), anti-Beclin 1 (CST-#3738S) or anti-p70 S6 kinase (CST-#2708T) antibodies 

diluted in TBST with 1% BSA. After being washed five times with TBST, samples were incubated with a 

peroxidase-conjugated anti-mouse or anti-rabbit secondary antibody (Life Technologies) for 1 h at room 

temperature. Protein levels were detected via a Super Signal West Pico Chemiluminescent Substrate 

(ThermoFisher). 

 

Neuronal differentiation: iPSCs were differentiated into neurons using an adherent three-step differentiation 

method. Undifferentiated iPSCs were allowed to grow on C-Matrigel for 4 days prior to differentiation. 

Differentiation of these iPSCs into NSCs was induced using neural induction medium (ThermoFisher) for 11 days 

(71). After the induction period, NSCs were enzymatically dissociated by Accutase® (Corning) and seeded as 

single cells at a cell density of 1 x 105 cells/cm2 in the presence of 10 µM Y-27632 on C-Matrigel-coated plates. 

Twenty-four hours after seeding, NSCs were further differentiated into NPCs by incubating them in the presence 

of neural differentiation medium [human pluripotent stem cell serum-free medium (ThermoFisher), supplemented 

with 2% bovine serum albumin (ThermoFisher), 1% Glutamax I (ThermoFisher), 10 ng/mL human recombinant 

brain derived neurotrophic growth factor (ThermoFisher), and 10 ng/mL human recombinant glial-derived 
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neurotrophic factor (ThermoFisher)] for 5 days (72). Neurons were seeded on poly-D-lysine (2 µg/cm2; Sigma, 

St Louis, MO, USA) / laminin (1 µg/cm2; Sigma)-coated plates and maintained in neuron maturation medium 

[NMM: Neurobasal-A medium, 2% B27 supplement (ThermoFisher). Medium was replaced every 2 days for 21 

days (44).  

 

Immunocytochemistry and flow cytometry: Cells were dissociated with Accutase® and centrifuged at 200 g 

for 5 min (BD Biosciences, San Jose, CA, USA). Cell pellets were fixed with 4% paraformaldehyde (Electron 

Microscopy Sciences, Hatfield, PA, USA) or 100% cold methanol (MeOH; Sigma Aldrich). Cells were blocked 

for 1 h at 25 °C in PBSG [PBS supplemented with 10% normal goat serum (Sigma-Aldrich)] with 0.2% Triton-

X100. Cells were incubated overnight in primary antibodies at various dilutions (see Table S1), washed with PBS 

containing 1% bovine serum album (Sigma-Aldrich), and incubated in the presence of Alexa-Fluor conjugated 

secondary antibodies (1 : 200; ThermoFisher) for 1 h at 25 °C. Cells were counter-stained with DAPI (40 ,6-

diamidino-2-phenylindole) (Sigma-Aldrich) and observed on an Leica DMi-8 inverted epifluorescence 

microscope (Olympus, Tokyo, Japan). Micrograph pictures were acquired using Leica Suite X acquisition 

program (Intelligent Imaging Innovations, Denver, CO, USA) and processed using ImageJ (NIH, Bethesda, MD, 

USA). Flow cytometry samples were acquired and analyzed using a FACSVerse system (BD Biosciences. 

Relative expression was obtained by subtracting the mean fluorescence index from samples versus the mean 

fluorescence index from the IgG isotype control.   

 

Lysosomal and mitochondrial staining: MitoTrackerTM Deep Red FM (ThermoFisher), JC-1 dye 

(ThermoFisher), MitoSOX®, Red Mitochondrial superoxide indicator (ThermoFisher), Lysosensor Green® 

DND-189 (ThermoFisher), Acridine Orange (ThermoFisher) or CYTO-ID (Enzo Life Sciences) were used as per 

manufacturer’s protocol. Appropriate controls as detailed by the supplier were used to validate the method. Upon 

incubation with aforementioned dyes, cells were subjected to flow cytometric or microscopic analysis using a BD 



 23 

FACSVerse or Leica DMi8 fluorescence microscope. For Rotenone challenge assay, control and CLN3 neurons 

were incubated with 200 and 400 nM rotenone for 24 hr and MTT assay (Promega) was performed to assess the 

metabolic rate. Data was presented as % of untreated control. 

 

Co-culture experiments: Twenty-four hours after purification, iPSC-derived BMECs in Transwell inserts were 

displaced on top of wells containing 40-day old respective iPSC-derived neurons differentiated as described 

previously. The apical chamber was maintained in EC-/-, whereas the bottom chamber was replaced with fresh 

NMM. Cells were maintained in co-cultures for 2 days. BMEC monocultures treated with similar conditions were 

used as controls. After 2 days of co-cultures, changes in barrier function were assessed by TEER and permeability. 

BMECs monocultures maintained in NMM served as control monocultures to normalize such barrier function. 

 

Acridine Orange Flow Cytometry: After 48 hours of treatment with the indicated compound, neurons 

differentiated from CLN3 patient specific iPSCs were washed with PBS, and then incubated with 1μg/mL of 

acridine orange for 30 minutes. The cells were washed using PBS, detached using accutase and washed once 

again with PBS. The cells were resuspended in PBS and 10,000 cells were analyzed using the FITC-A and PerCP-

Cy5.5A filter. Data was analyzed using FlowJo v10.2 (FlowJo, LLC) after removing cell debris. 

 

Bcl-2 ELISA:  Neurons differentiated from CLN3 patient specific iPSCs were treated with the selected chemical 

probe for 48h and changes in Bcl-2 protein levels were determined by an ELISA kit (R&D Systems, DYC827-B) 

using the manufacturer’s recommended protocol. Neurons differentiated from IMR90-c4 iPSCs were used as 

control and followed the same procedure. Briefly, cells were washed once with PBS and then lysed using RIPA 

buffer (ThermoFisher). The proteins were quantified by BCA assay (ThermoFisher-# PI-23221). Proteins were 

then normalized to 30 mcg of protein per sample to be used in Bcl-2 protein quantification.  
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Subunit C expression: Neurons differentiated from IMR90-c4 or CLN3 patient specific iPSCs were treated with 

the selected chemical probe for 48 hrs. Cells were then washed once with PBS and lysed with RIPA buffer 

(Thermofisher). Proteins were quantified via BCA assay (Thermofisher-# PI-23221). Normalized protein (30 mcg 

per sample) was then resolved by SDS-PAGE on 4–20% Tris-Glycine gradient gels (BioRad) and Western blot 

was performed using Anti-Subunit C (Abcam-# ab181243) antibody diluted in TBST with 1% BSA (1:1000). 

After being washed five times with TBST, samples were incubated with a peroxidase-conjugated goat anti-rabbit 

secondary antibody (Life Technologies-# G-21234) for 1 h at room temperature. Protein levels were detected via 

a SuperSignal West Pico Chemiluminescent Substrate (Thermofisher-# 34580). Protein band expression was then 

quantified using ImageJ. 

 

Mitochondrial Stress Test: Neural progenitor cells obtained from IMR90-c4 or CLN3 patient-specific iPSCs 

were separately plated at a density of 250,000 cells/well in 24-well assay plates (Seahorse Bioscience-# 100850-

001) using neuronal differentiation medium supplemented with StemPro™ hESC SFM (Life Technologies-# 

A1000701), BDNF (Peprotech-# 450-02) and GDNF (Peprotech-# 450-10)  and allowed to adapt for two days 

before treatment was added. After 48 h of treatment, the neuronal differentiation medium was replaced by assay 

medium consisting of XF Base Medium (Seahorse Bioscience-# 103575-100) supplemented with 10 mM glucose, 

10 mM pyruvic acid, and 1 mM L-glutamine. Subsequently, the analysis of mitochondrial oxygen consumption 

rate (OCR) was performed in a Seahorse Bioscience XFe 24 flux analyzer according to the manufacturer’s 

instructions. The OCR values were obtained both during baseline (prior to addition of any Mito Stress Test 

substances), and after the addition of 1.5 μM oligomycin, 2 µM FCCP and 0.5 μM rotenone + 0.5 μM antimycin 

A respectively. Prior to analysis, data were corrected by withdrawing non-mitochondrial respiration (measured 

after the injection of rotenone and antimycin A) from all measured OCR values. After the experiment, cells were 

lysed using RIPA buffer (Thermofisher) and proteins were quantified via BCA assay (Thermofisher-# PI-23221). 

Results were normalized to protein concentration of each well to its OCR value.  
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Propidium iodide toxicity: Neurons derived from CLN3 patient iPSCs were incubated with the indicated 

compound at 3 µM for 48 hours. Cells were dissociated and incubated with 50 µg/mL PI solution (Life 

Technologies-# P3566) in NMM medium for 15 minutes at 37 oC. PI Stained cells were analyzed by flow 

cytometry as previously described (32). 

 

Statistical Analysis 

Comparison of multiple groups was performed using analysis of variance (ANOVA) followed by Tukey’s post 

hoc test; comparisons between two groups were performed using t test. P values less than 0.05 were considered 

significant. Statistical calculations were per- formed using Microsoft Excel or GraphPad Prism Software, version 

7.0 (http://graphpad.com/scientific-software/prism/). All data shown are representative of experiments from n ≥ 

3 biologically independent samples (see figure legends). All errors bars represent standard deviation (SD).  
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Figure 1: Cellular phenotyping of iPSC-derived neurons. 

(A) Diagram of the differentiation protocol used in this study. (B) Expression of the neuroepithelial marker PAX6 

of iPSC-derived neural stem cells (NSCs) from IMR90-c4 and CLN3 iPSC lines. (C) Expression profile of nestin 

and doublecortin (DCX) in neural progenitor cells (NPCs) derived from IMR90-c4 and CLN3 iPSC lines. (D) 

Neuronal phenotype of iPSC-derived neurons at 30 days of differentiation. Differential expression of class III b-

tubulin (Tuj1) in IMR90-c4-neurons compared to CLN3-neurons.  
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Figure 2: CLN3-neurons display lipofuscin inclusion and impaired lysosomal activity 

(A) Representative micrograph picture of iPSC-derived neurons stained with Lysotracker® and lipofuscin 

autofluorescence. (B) CLN3-derived neurons (red bar) have a higher number of acidic lysosomes compared to 

IMR90-c4-derived neurons (blue bar). Representative micrograph picture of Lysosensor® Green. Semi-

quantitative analysis of Lysosensor® Green fluorescence following incubation of live cells with 100 nM 

Lysosensor® dye. (C) Acridine orange (AO) fluorometric ratio in IMR90-c4 and CLN3-derived neurons 

following autophagy induction by 10 µM rapamycin or serum-starvation treatment. N=3/group, * denotes P<0.05, 

** denotes P<0.01. 
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Figure 3: CLN3-derived neurons show impaired mitochondrial function. 

(A) Representative micrograph pictures of IMR90-c4 and CLN3-derived neurons staining for subunit C. (B) 

MitoTrackerTM® (green) micrograph picture (blue=DAPI). (C) Cell metabolic activity following rotenone 

treatment using an MTS-based assay. Absorbance was normalized to untreated cells. (D) Mitochondrial oxidative 

stress and activity measured by MitoSOX® and JC-1 dye fluorescence under control condition and following 

treatment with 10 µM rotenone for 10 minutes (left) or incubation with 50 µM treatment of carbonyl cyanidem-

chlorophenylhydrazone (CCCP) (right). N=3/group, * and # denotes P<0.05, ** P<0.01, ***P<0.001 and 

****P<0.0001. 
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Figure 4: Phenotypical characteristic of iPSC-derived BMECs from the CLN3 line 

(A) Simplified sketch representing the iPSC-derived BMECs differentiation protocol. (B) Representative 

micrograph pictures of iPSC-derived BMECs. Note the expression of vascular markers (PECAM-1, CDH5) in 

both iPSC lines, as well as the presence of BBB-specific markers (GLUT1, CLDN5 and OCLDN). (C) Expression 

profile of drug efflux transporters in both IMR90-c4-derived BMECs and CLN3-derived BMEC monolayers. 

DAPI staining is denoted in blue.  
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Figure 5: CLN3-derived BMECs display an impaired barrier phenotype. 

(A&B) Measurement of transendothelial electrical resistance (TEER) and fluorescein permeability between 

IMR90-c4-derived BMECs (Control, blue bar) and CLN3-derived BMECs (red bar). (C) Additional maturation 

time (7 days UM combined with 6 days EC) in CLN3-derived BMECs failed to improve the barrier outcomes. 

(D) BMEC/neuron co-cultures impact the barrier outcome. (E) Protein expression profile of P-glycoprotein (P-

gp), breast cancer resistance protein (BCRP) and multidrug resistance protein (MRP). (F) Drug efflux pump 

activity in iPSC-derived BMECs. (G) CLN3 mutation is associated with increased BSA and transferrin uptake 

between IMR90-c4-derived BMECs and CLN3-derived BMECs. (H) Temperature-dependent uptake of BSA and 

transferrin is more accentuated in CLN3-derived BMECs. (I) Immunoblot profile of clathrin and caveolin-1 (cav-

1) expression in iPSC-derived BMECs. Band densities were normalized to actin. N=3/group, * denotes P<0.05, 

**P<0.01, ***P<0.001 and ****P<0.0001. 
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Figure 6: CLN3-derived BMECs show an abnormal angiogenic phenotype. 

(A) Cell migration assay and (B) cell proliferation assay. Angiogenic assays were performed on iPSC-derived 

BMECs seeded on growth-factor reduced Matrigel® at a density of 10,000 cells/cm2. Total tube length (C), 

number of nodes (D) and number of junctions (E) were quantified from images obtained (Supplementary Fig. 

1A&B) at different time points. N=3/group, * denotes P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 
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Figure 7. Neuroprotective small molecules induce autophagy and Bcl-2 expression in CLN3-derived 

neurons.  

A) Aromatic carbamates induce autophagy as measured by acridine orange stain. n = 3/cell line, expressed as 

mean ± SD. Rapa = rapamycin. One-way ANOVA; 95% Confidence Interval; *, p<0.05; ****, p<0.0001. B) 

Aromatic carbamates induce autophagy as measured by CytoID stain. n = 3/cell line, expressed as mean ± SD, 

*p<0.05, **p<0.01. C) Expression of autophagy related proteins by Western blot after treatment of CLN3-derived 

neurons with selected compounds (3 µM), rapamycin (Rapa, 0.5 µM) and rasagiline (Ras, 1 µM). Representative 

Western blot image. n = 2/cell line. Graphs represent quantification of Western blot data expressed as mean ± 

SD. D) Expression of subunit C of mitochondrial ATP synthase in untreated IMR90-c4-derived neurons (IMR90 

Control), untreated CLN3-derived neurons (CLN3 Control), and CLN3-derived neurons treated with the indicated 

small molecules (3 µM) for 48 hours. Representative Western blot image. n = 2/cell line. Graph represents 

quantification of Western blot data expressed as mean ± SD. One-way ANOVA; 95% Confidence Interval; *, 

p<0.05. 
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Figure 8. Neuroprotective small molecules induce Bcl-2 expression in CLN3-derived neurons and rescue 

dysfunctional mitochondrial respiration in CLN3-derived NPCs. 

A) Bcl-2 induction expressed as percentage of Bcl-2 change upon small molecule treatment of CLN3-derived 

neurons at 3 µM. n = 2, expressed as mean ± SD. One-way ANOVA; 95% Confidence Interval; *, p= <0.05; **, 

p= <0.01; ***, p= <0.001; ****, p= <0.0001. B) Mitochondrial Respiration of IMR90-c4-derived NPCs (blue 

bar), CLN3-derived NPCs (red bar), treated with rapamycin (0.5 µM) for 48 hrs (green bar) or 9e (3 µM) for 48 

hrs (purple bar) as determined by the mito stress test on a Seahorse extracellular flux analyzer. C) Quantification 

of Basal respiration, D) spare respiratory capacity and E) ATP production as determined by the mito stress test 

on a Seahorse extracellular flux analyzer. n = 3, expressed as mean ± SD. One-way ANOVA; 95% Confidence 

Interval; *, p= <0.05; ***, p= <0.001; ****, p= <0.0001. 
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SUPPLEMENTARY MATERIALS 

Supplementary Figure 1a. Angiogenic phenotype characterization in EC+/+ medium 

Supplementary Figure 1b. Representative images of tube formation assay in EC- medium 

Supplementary Figure 2. Structures of all aromatic carbamates used in this study 

Supplementary Figure 3. Propidium iodide staining for toxicity 

Supplementary Figure 4. % Bcl-2 change in CLN3-neurons by each compound 

Supplementary Figure 5a. 1H NMR of 9e at day zero 

Supplementary Figure 5b. 1H NMR of 9e at day 10 

Supplementary Figure 6a. 1H NMR of 9g at day zero 

Supplementary Figure 6b. 1H NMR of 9g at day 10 

Supplementary Figure 5a. 1H NMR of 9h at day zero 

Supplementary Figure 5b. 1H NMR of 9h at day 10 

 

 

 


