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Chapter 1  

INTRODUCTION 

1.1  The human brain barriers  

Brain exerts centralized control over a body’s other organs by receiving the cues from the 

periphery including the cellular and molecular signals. Hence, brain energy metabolisms are 

regulated under these cues, and further altered during aging and neurodegeneration [1]. To 

maintain the anatomical and functional integrity of the brain, an integrated barrier system, 

including the blood-brain barrier (BBB), the blood-cerebrospinal fluid barrier (BCSFB), and the 

meningeal arachnoid barrier, contribute to the central nervous system (CNS) protection and the 

brain homeostasis [2].  

The brain vasculature ensures a continuous supply of blood, which can satisfy the high 

energy demand of the CNS and compensate for the lack of fuel reserves in the brain [3]. The 

capillaries, contributing to 85% of ~400 miles of total cerebral vessel length, are the major site of 

the BBB and play an important role in maintaining optimal neuronal function [4,5]. The BBB, 

composed of brain microvascular endothelial cells (BMECs) that form the inner layer of the 

capillary vessel wall, strictly regulates the bidirectional molecular exchange between the CNS and 

the bloodstream [6]. Unlike leaky endothelium of other vascular beds in the body, the BBB is 

characterized by specialized tight junction proteins, including claudins, occludin, Zonula 

occludens-1 (ZO-1), etc., that result in highly restrictive transcellular permeability and further 

cause high trans-endothelial electrical resistance (TEER) [7–9]. Especially, vascular endothelial 

cadherin (VE-Cadherin), an adhesion molecule located on the lateral endothelial cell surface, plays 

a critical role in vascular permeability and inflammation regulation [10]. Capillaries penetrate the 
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brain and spinal cord of most mammals and other organisms [11]. Outside of the capillaries, 

BMECs are surrounded by pericytes, astrocyte end-feet, and extracellular matrix that consists of 

collagen IV, laminin, nidogen, and perlecan [12]. Along with neurons, these components form the 

neurovascular unit to maintain the anatomical and functional integrity of the BBB [13]. 

CSF is a clear liquid in the CNS to provide a buoyant force to the brain and protects the 

brain from a sudden movement of the skull [14]. As a major part of the extracellular fluid of the 

CNS, CSF separates neuronal tissue from ependyma and the pia, further providing mechanical 

support, a drainage pathway, and a communication route for the brain [15]. The BCSFB, formed 

by the epithelial cells, is localized in the choroid plexus of the brain ventricles.  At the BCSFB, 

barrier permeability and integrity are also regulated by apical tight junctions, including occludin, 

claudins, and ZOs, to modulate the paracellular diffusion of water-soluble molecules, maintain the 

electrical resistance, and mediate contact at the epithelial layer of the choroid plexus [16]. 

Basolateral adherent junction proteins, including the calcium-dependent manner-E-cadherins, 

regulate the cell contact and determine the cell polarity [17]. Also, intercellular protein channels, 

the gap junctions, are formed by six connexins to mediate the intercellular exchange of metabolites, 

electrolytes, and second messengers across the adjacent epithelium [18]. Since the BCSFB is more 

accessible compared to the BBB, the spread of inflammation from the periphery through the 

BCSFB would cause the pathogenesis and progression of many neurological disorders [16,19]. 

The meninges, composed of three layers of membranes, connect the brain and spinal cord 

to the skull and spinal canal and protect the CNS against trauma [20,21]. From superficial to deep 

of the three membranes, the dura adheres to the inner surface of the skull and vertebrae and the pia 

adheres to the surface of the brain and spinal cord [22]. Between the dura mater and pia, the 

arachnoid functions as an avascular membrane between the outer CSF in the subarachnoid space 
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and the fenestrated blood vessel in the dura by means of a cell layer joined by tight junctions [23]. 

Especially, the formation of the arachnoid barrier layer is represented by the strong claudin-11 

expression. Functionally, the arachnoid barrier can prevent the invasion of activated immune cells 

into the CSF from the dural blood vessels [24,25]. However, bacteria and tumor cells can enter the 

CSF by molecular mimicry and hijacking mechanisms used by inflammatory cells through the 

arachnoid barrier [26]. Hence, the arachnoid barrier might play an important role in developing 

the treatments of autoimmune CNS disorders and tumor metastases [23].   

These biological barriers contribute to a highly controlled microenvironment, promoting 

the normal functioning of the CNS. As the major contributing barrier to CNS protection and brain 

homeostasis, the BBB will be mainly discussed here. 

 

 

Figure 1.1 Biological barriers are protecting the brain. a Blood-brain barrier; b blood-CSF barrier; 

c the arachnoid barrier. Imaged adopted from Kadry et al. Fluids Barriers CNS 17, 69 (2020), with 

permission from Springer Nature [2]. 
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1.2  The human blood-brain barrier transport mechanisms 

Transport across the BBB is highly regulated. Except for the free diffusion of gases and 

small lipophilic molecules, the BBB meets the energetic and metabolic needs with a cohort of 

specific receptors, transporters, and channels [27]. Solute carrier-mediated transporters enable the 

supply and/or exchange of carbohydrates (glucose, the main energy source of the brain) [28–31], 

some amino acids (including Glutamine, GABA, etc.) [32–34], hormones [35,36], fatty acids 

(important for brain development and postnatal neural functions) [37,38], nucleotides (key 

substrates for DNA and RNA synthesis in the brain) [39], organic ions [39–41], monocarboxylates 

[42], and other solutes (including vitamins, choline, and amines) [43–45] in a delicate substrate-

specific way. While most circulating proteins and macromolecules are excluded from BBB 

transport, limited species of proteins and peptides (including transferrin, insulin, leptin, 

lipoproteins, etc.) can be traversed across the BBB in the receptor-mediated transport [46–49]. 

Moreover, considering the necessity of regulating the electrophysiological activity of neuronal 

cells, the BBB helps to control the concentrations of sodium, calcium, potassium, hydrogen, and 

chloride ions in the CNS through ion channel-mediated movement [5]. Besides, the BBB fulfills 

its protective function through active efflux transport. ATP-binding cassette (ABC) transports are 

primarily located on the luminal side of the BBB endothelium, including p-glycoprotein, multidrug 

resistance-related protein (MRP) family transporters, and breast cancer resistance protein (BCRP) 

transporters [50]. They drive unidirectional efflux from the endothelium to the blood to prevent 

the perfusion of neurotoxic substances into the brain. Specifically, owing to its luminal localization 

and the broad spectrum of substrates, p-glycoprotein is the critical component of the BBB’s 

xenobiotic clearance machinery, as well as the major obstacle for drug delivery into the brain [51]. 
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With well specialized and highly classified transport system, the BBB enables its function in 

maintaining the homeostasis of the CNS.   

Transport at the BBB also can be classified as passive diffusion, carrier-mediated transport, 

and vesicular transcytosis [52]. Due to its physicochemical properties, small lipophilic molecules 

with fewer than six hydrogen bonds can possibly diffuse across the endothelium [6]. At the apical 

and basolateral sides, nutrients that are small and polar, are transported through respective solute 

carriers. For vesicular transcytosis, large molecules including peptides and proteins are transported 

through endocytotic transcellular pathways comprising the receptor-mediated transport and non-

specific adsorptive-mediated transcytosis [53]. Considering the capacity to transport molecules 

without size limitations, vesicular transcytosis is a promising and popular way to achieve CNS 

drug delivery. Specifically, therapeutic targets are engineered to conjugate with substrates of 

receptors to pass the BBB, where transferrin receptor has been largely employed to fulfill this 

process [54,55]. However, this rationale requires frequent and substantial treatments to ensure 

effective dosing in the brain parenchyma. An alternative way to deliver the drug is to target the 

adsorptive-mediated transcytosis by cationizing certain serum proteins, which can improve 

pharmacokinetic properties and brain targeting [53]. Along with changes in BBB integrity after 

ischemic stroke and aging, upregulated caveolae transport can be adapted as a transport pathway 

utilizing albumin as the strategy to backpack the therapeutic targets [52]. However, this avenue is 

understudied and may result in adverse effects. Overall, a comprehensive understanding of the 

BBB transport mechanisms will help to overcome the obstacle to CNS drug delivery and provide 

more avenues for developing treatments for neurodegenerative diseases. 
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1.3  From the blood-brain barrier transport physiology to diseases 

The BBB disruption, manifesting as increased BBB permeability, microbleeds, leukocyte 

infiltration, impaired glucose transport, dysregulated transporter expression, and impaired 

xenobiotic clearance machinery, has been implicated in many neurodegenerative diseases [56], 

causing huge medical, social, and economical burdens worldwide [57,58]. Until now, the actual 

pathophysiology behind most of these diseases is still obscure. For instance, Alzheimer’s disease 

(AD) and related dementias, characterized by irreversible and progressive memory loss, is the most 

prevalent neurogenerative disease and the 6th leading death cause in the united states by 2019 [59]. 

With many hypotheses proposed based on characterized pathological features, clinical trials are 

mainly focused on the extracellular amyloid plaques and intracellular neurofibrillary tau but 

haven’t gained great success [60]. Herein, considering the long-term progression of AD and non-

negligible pathologies [61], a hypothesis based on vascular dysfunction might provide a promising 

path for AD treatment strategies. According to the two-hit vascular hypothesis of AD, initial 

vascular damage can influence the BBB function, initializing the cascades of neuronal injury and 

amyloid plaques accumulation that can further accelerate the BBB breakdown [62]. Meanwhile, 

at the molecular level, the BBB shows impairments in its transport system in AD, including 

increased receptor for advanced glycation endproducts (RAGE) levels that can facilitate the 

amyloid accumulation in the brain [63,64], decreased LDL receptor-related protein 1 (LRP-1) 

transporter levels that can alleviate the clearance of amyloid plaques [64,65], and diminished p-

glycoprotein activity that can compromise the barrier’s abilities in protection and the clearance of 

neurotoxic substances [66–68].  

Altered transporter expression and related transport change also contributed to the onset 

and progression of neurodegenerative diseases. Cerebral glucose hypometabolism, including the 
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reduction of the regional cerebral glucose metabolic rate and the alteration of glucose transporters, 

characterizes AD and further may precede a clinical diagnosis of AD [69]. Due to the broad 

coverage of the BBB within the brain vasculature, glucose transporter 1 (GLUT1) is mainly 

responsible and highly correlated with glucose uptake into the brain [70]. Reduced glucose supply 

caused by the loss of major glucose transporters (including GLUT2 on astrocytes [71] and GLUT3 

on neurons [72]) may limit the energy supply of the brain [73–76] and lead to a brain glucose 

deficit, further halting the relevant and subsequent processes dependent on adenosine triphosphate 

(ATP) production [77].  

Damage in the BBB and the alterations in its transport properties also happen in other 

neurological disorders. Other than AD, downregulated endothelial p-glycoprotein has been found 

in the midbrain of patients with Parkinson’s disease (PD) [78] and patients with human 

immunodeficiency virus (HIV)-1-associated dementia [79]. The dysfunction in BBB transport is 

also involved in metabolic syndrome, which can cause related disorders and further worsen the 

neurological deficits [80]. For instance, impaired BBB has been demonstrated in obesity, which 

can result in BBB transport change of peripheral hormones, including leptin, adiponectin, insulin, 

amylin, and Ghrelin [81]. Especially, insensitivity to leptin and insulin can result in the perturbed 

signal exchange between the CNS and peripheral tissues, further leading to exacerbated obese state 

and some associated CNS pathological changes, such as neuroinflammation and cognitive 

impairment [82,83]. As such, elucidation on BBB transport physiology will bridge the links 

between BBB dysfunction and CNS-associated pathologies and lay the groundwork for in vivo 

studies and targeted therapies. 
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1.4  Currently available models to understand the blood-brain barrier transport regulation 

A living organism as a whole animal is an ideal way to observe the BBB physiology and 

its pathophysiology in complex diseases process [84]. Early in vivo studies help to characterize the 

mechanisms of the BBB transport system, which is mainly about penetration kinetics of different 

drugs targeting CNS through the carotid artery, and provide critical insights into understanding the 

development and regulation of the BBB [85,86]. However, even traditional animal models are 

allowed to manipulate the cells, molecules, and genes in the brain, the fundamental differences in 

brain structure and functions still hamper the precise mimicking of complexity in human BBB [87]. 

Other than that, considering the limitations of in vivo models in consuming time, demanding 

precise setup, and bearing low throughput characterization, in vitro models would be a preferred 

tool to study the complex properties of the BBB at the molecular level and a high throughput 

scale[88]. To date, in vitro cell-based BBB models have been utilized extensively due to their 

advantage in effective cost, simplified working condition, and versatility. This platform mainly 

relies on the cerebrovascular endothelial cells obtained from multiple sources including mice [81], 

rats [90,91], bovine [92], porcine [93,94], and human cell derivates [95–97], along with astrocytes 

and/or pericytes cocultured to provide neighboring cell signaling [90]. Specifically, the 

interactions between microvascular endothelium and neural tissue are well regulated by the 

neurovascular unit, which constitutes BBB endothelium, astrocytes, pericytes, neurons, and 

extracellular matrix [99]. Even they cannot fully reproduce the physiological functions and 

responses of the in vivo BBB owing to the complexity of anatomical and functional coupling within 

the neurovascular units in the human brain, current in vitro BBB models definitely offer a great 

path to recapitulate the properties of the BBB structure and functions and further facilitate the drug 

discovery for CNS therapeutics.  
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However, there are several major requirements for an ideal in vitro BBB model, including 

robust tight junctions resulting in the characteristically high TEER, polarized distribution of 

transporters, functional efflux mechanisms, and robust supply [80]. BMECs isolated from primary 

animal sources cannot meet the need owing to low yield and intrinsic species difference [100].  

Even utilizing human resources, isolated human BMECs suffer from genetic heterogeneity 

between donors, low yield, cell viability, and limited availability [101]. Moreover, many human 

cell lines of non-cerebral origin have been utilized as in vitro BBB models, such as epithelial colon 

carcinoma cell line (Caco2) exhibiting limited paracellular permeability and similar tight junction 

structure [102,103], and human vein umbilical endothelial cells (HUVEC) keeping key endothelial 

cell signaling pathway [104], but they cannot fully recapitulate brain capillary properties. To obtain 

the renewable and scalable brain endothelium, fully-human in vitro BBB models have employed 

immortalized endothelial cell lines and stem cell-generated BMECs. Derived from human 

temporal lobe microvessels, immortalized hCMEC/D3 BMECs have been extensively 

characterized for its BBB phenotypes [105]. The hCMEC/D3 monolayer displays the characteristic 

junctional proteins of BBB, functional efflux transporters, specific transporters for the nutrient 

influx, and robust growth capacity [95]. However, the immortalization process harms its passive 

barrier property, which in vitro is often measured via TEER, yielding low TEER values of 30-40 

Ωxcm2 [106]. Thus, hCMEC/D3 BMECs are not ideal for drug screening applications because of 

its high permeability to small molecules but are suitable for assessing the BBB intracellular 

machinery such as transporter expression [107]. As a renewable and scalable resource, human 

induced pluripotent stem cells (iPSCs) have been successfully differentiated into BMECs [96]. 

After reprogramming somatic cells to the pluripotent stage, iPSCs are differentiated into a mix of 

neural precursors and endothelial precursors, purified and matured onto a collagen/fibronectin 
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matrix mimicking the in vivo BBB environment. These iPSC-derived BMEC-like cells exhibit 

essential in vivo BBB properties, including tight junctions, nutrient carriers, active efflux 

transporters, restrictive paracellular permeability, and especially high TEER close to 

physiologically relevant values, facilitating the biological interrogation and CNS drug-

permeability studies [97,108]. The limitation of human iPSC-derived BMEC-like cells displays no 

proliferation after barrier induction, thus rendering its capability for sorting and outgrowth of a 

selected population. As such, suitable cell-based in vitro BBB models need to be selected 

depending on research subjects to compensate and refine in vivo investigation. Meanwhile, 

validation in in vivo conditions is necessary due to a lack of exposure to physiological factors in 

cell-based in vitro BBB models [88]. 

1.5  CRISPR/Cas9 techniques in high throughput genetic screening 

To uncover the linkage between genomic manipulation and phenotypic change, genomic 

engineering techniques have employed RNA sequences that bind to specific DNA sequences, 

target adjoined nucleases, and DNA repair mechanisms of cells [109]. Traditionally commercial 

approaches utilize either zinc finger nucleases (ZFN) [110] or transcription activator-like effector 

nucleases (TALEN) [111] coupled to the respective binding domain to generate the loss of base 

pairs in the genome. However, different DNA targets require new customized DNA binding 

domains, which is time-consuming and costly. Clustered regularly interspaced short palindromic 

repeat (CRISPR) system, originally from the adaptive immune system of prokaryotes [112], 

utilizes universal Cas9 endonuclease and engineered guide RNA (gRNA) complex to produce the 

site-specific cleavage, offering flexibility and easy scaling [113]. Since the targeting specificity of 

Cas9 is conferred by short guide sequences, the CRISPR/Cas9 system can be easily adapted into 
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a genome-scale screen with the synthesis of pooled gRNA libraries [114,115]. Also, compared to 

existing loss-of-function screening using small interference RNA (siRNA), Cas9/gRNA-based 

knockout screening has shown advantages including high consistency, high efficiency, and low 

off-target activity [116]. Forward CRISPR screen provides a feasible way of characterizing 

specific genetic elements associated with a phenotype of interest, allowing for an unbiased 

“phenotype-to-genotype” approach for understanding gene function and epigenetic regulation 

[117]. 

Target phenotypes of interest require different formats for conducting a screen. Utilizing 

individual reagents aliquoted in separate wells of multi-well plates, arrayed screens enable the 

individual genetic perturbation targeting a single gene. After the screen is completed, measurable 

phenotypes including fluorescence, luminescence, and direct imaging of cellular phenotypes will 

be acquired to evaluate the resultants [118]. Usually, gRNAs can be delivered with the plasmid, 

viral particle, or pack with lipids, and the selection of sgRNA-containing cells is not necessary for 

the arrayed screen. Another format, pooled screens, will transduce cells together in a single vessel 

with pooled lentiviral libraries where a low multiplicity of infection is applied to ensure that most 

of the cells can only receive one gRNA [115,119]. After successful selection of transduced cells, 

phenotypic positive or negative cells will be selected based on growth phenotypes (e.g., resistance 

to drugs) or fluorescence-activated cell sorting (FACS)-selectable phenotypes (e.g., fluorescence-

based marker). Also, next-generation sequencing is required to assess the enrichment of respective 

sgRNAs in the pooled screen since transduced cells are in a mixed population [120]. Thus, certain 

formats of screen, gRNA delivery method (considering hard-to-transfect cell types), selection 

pressure, and analysis method will need to be determined based on the phenotype of interest and 

feasibility of cells.  
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Also, the CRISPR-Cas system is divided into 2 classes, consisting of class 1 system 

utilizing an effector complex with multiple Cas9 proteins and crRNA in the interference loop and 

class 2 system with a single, large, and multidomain Cas9 protein bonded with crRNA [121]. For 

the purpose of therapeutics, this system has been widely used for treating genetic diseases, 

managing infectious diseases, and managing cancers. CRISPR also has been programmed into an 

epigenetic memory with a single dead Cas9 fusion protein that establishes DNA methylation and 

repressive histone modifications [122]. Even with concerns about off-target effects, gene drive 

technology, human genome editing, and biological warfare, CRISPR still offers a way to achieve 

genome technologies with affordability and extensive availability [123]. At this point, aligned with 

high throughput techniques, direct links between BBB genotype and function will be established 

to enhance the understanding of BBB-specific machinery, further facilitating the identification of 

novel therapeutic targets to help treat neurological diseases.  

1.6  Nuclear receptor signaling in transporter expression and energy homeostasis 

Nuclear receptors, a large family of eukaryotic transcription factors involved in metabolism, 

development, and reproduction, regulate the intracellular response to hormones and other 

metabolic ligands [124]. Generally, extracellular lipophilic ligands get through the cell membrane, 

bind with respective nuclear receptors either in the cytoplasm or nucleus with high affinity, and 

then form complex that can function on the chromatin to signal the basal transcriptional machinery 

[125]. There are also ligand-independent transcription factors in this superfamily. In particular, 

nuclear signaling pathways have been involved in nutrient and efflux transporter function in solid 

organs and tissue barriers such as the gut, peripheral endothelium, and BBB [126–129]. The 

expression of active efflux transporters on the BBB, especially p-glycoprotein, can be regulated 
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through peroxisome proliferator-activated receptor alpha, pregnane X receptor (PXR), aryl 

hydrocarbon receptor, and constitutive androstane receptor (CAR) [128–131].  

Other than regulators of drug and xenobiotic metabolism, nuclear receptors also play 

important roles in lipid dysfunction and obesity-related diseases [132].  For instance, using a 

specific agonist, CAR activation can prevent the onset of obesity or reverse induced obesity in the 

high-fat diet-induced obesity model [133]. CAR and PXR also are involved in energy metabolism 

including lipogenesis and gluconeogenesis, further associated with insulin resistance and 

hyperglycemia [123,124]. Moreover, the nuclear receptor signaling pathway also participates in 

the development, maintenance, and function of the BBB such as retinoic acid receptor and liver X 

receptor [136,137]. Together with its role in metabolism and BBB functions, manipulation through 

a wide variety of nuclear receptor signaling pathways will provide great insights into the 

interrogation of endogenous functions of receptors, which can be further associated with targeting 

specific pathways for the novel therapies for obesity and other metabolic disorders. 

1.7  Organization of Dissertation 

This dissertation consists of 5 chapters. 

Chapter 2 proposes to use the genome-wide screen to gain a more comprehensive 

understanding of the specific mechanisms and intracellular machinery that regulate GLUT1 

expression at the BBB. An arrayed CRISPR screen was conducted to identify determinants of 

GLUT1 expression in an unbiased manner, and hits whose removal regulates GLUT1 expression 

level were validated in human cell-based models and the mouse cortical explant system utilizing 

AAV-mediated gene modulation. We expect this study will provide important insights into BBB 
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function and lay the groundwork for drug screening campaigns in AD and other neurodegenerative 

diseases to restore GLUT1 expression and glucose entry into the brain. 

Chapter 3 explores to identify the unknown contributors to shuttle leptin across the human 

BBB. The SCREEN WELL nuclear receptor ligands library was applied to a high-fidelity in vitro 

BBB model, which was generated from human iPSCs, and leptin transport was assayed using an 

enzyme-linked immune sorbent assay. Differentially regulated genes and pathways were identified 

by RNA sequencing, and the role of a select hit in leptin transport was tested with the competitive 

substrate assay and after gene knockdown using CRISPR techniques. Outcomes from this work 

provide insights into the regulation of hormone transport across the BBB. 

Chapter 4 describes ways to assess the expression and functions of p-glycoprotein in 

different in vitro BBB models. Efflux activity was assessed with established functional cell-based 

assays. Feasible ways to generate the p-glycoprotein knockdown were explored in an immortalized 

human brain endothelial cell line, and its effects were confirmed both from the change in 

expression level and activity. Results generated from this venture would provide some useful 

information for further investigations of the efflux system at the BBB. 

Chapter 5 provides conclusions for all the work presented so far to give a summarized 

picture of the current scope as well as future trajectories for continued efforts and new insights.  
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Chapter 2  

HIGH THROUGHPUT CRISPR SCREEN TO IDENTIFY INTRINSIC REGULATORS OF 

GLUT1 TRANSPORTER  

2.1  Summary 

The brain meets its high energy demand with the support of nutrients provided by a 

continuous blood supply. Glucose, the essential metabolic fuel, is mainly shuttled through glucose 

transporter 1 (GLUT1) at the blood-brain barrier (BBB) to enter the brain parenchyma. However, 

this energy supply is disrupted in Alzheimer’s disease (AD), representing reduced regional 

cerebral glucose metabolic rate and diminished GLUT1 expression. The glucose hypometabolism 

even precedes a clinical diagnosis of AD. Here, we report the use of a genome-wide screen to 

identify the determinants of GLUT1 expression. 

An arrayed CRISPR screen, using Caco-2 cells as the model system, was conducted in an 

unbiased manner. The screen was performed in a 96-well plate format with quantitative 

immunostaining of per-cell GLUT1 expression as the primary readout. Hits whose removal can 

downregulate GLUT1 expression were evaluated in the human induced pluripotent stem cell 

(iPSC)-derived BBB model using CRISPR techniques and mouse cortical explant model using 

Adeno-associated virus (AAV)-mediated gene modulation. 

Following a screen of 8322 genes, 237 genes whose removal can upregulate GLUT1 

expression and 359 genes whose removal can downregulate GLUT1 expression were identified. 

Hits were further evaluated in accordance with the expression abundancy in human and mouse 

brain endothelial cells. Of these, YBX1 was selected for follow-up analyses. Knockdown of 
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respective gene expression via CRISPR-mediated epigenome editing as well as AAV-mediated 

shRNA interference was applied to confirm its roles in GLUT1 expression. 

A more comprehensive understanding of the specific mechanisms and intracellular 

machinery that regulate GLUT1 expression was revealed. Outcomes from this work provide 

important insights into BBB function and lay the groundwork for drug screening campaigns in AD. 

2.2  Introduction 

The brain requires substantial energy to exert centralized control over the body’s other 

organs. As the brain accounts for 2% of the body weight, it consumes 20% of glucose to support 

the physiological function of the central nervous system [138]. To meet the high energy demand 

and compensate for the lack of energy reserves in the brain, the brain vasculature provides a 

continuous blood supply to the brain [139]. Capillaries, the major site of the blood-brain barrier 

(BBB), provide a highly selective interface for bidirectional molecular exchange between the 

bloodstream and brain [28]. Except for the free diffusion of gases and small lipophilic drugs, most 

permeable molecules are transported to and from the brain through a cohort of specific receptors, 

transporters, and channels [56]. At the BBB, glucose transporter 1 (GLUT1), expressed by brain 

endothelial cells, is the major transporter to facilitate glucose transport into the brain parenchyma 

[140,141].  

Alzheimer’s disease (AD) is a progressive neurodegenerative disease with representations 

of amyloid-β (Aβ) plaques and neurofibrillary tangles in patients’ brains [142]. AD is also 

characterized by abnormal metabolic alterations on both the central nervous system (CNS) and 

systematic level [143]. Especially, cerebral glucose hypometabolism, which is believed to be 

caused in part by diminished GLUT1 expression and reduced glucose influx into the brain, has 
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been observed in AD subjects [144,145] and predicts the cognitive decline in normal aging subjects 

[146–148]. Decreased level of GLUT1 has been observed in sporadic AD rats along with increased 

tau phosphorylation and neurofilaments [149] while restoration of GLUT1 has been shown to slow 

the development of amyloid pathology in mice overexpressing Aβ-peptide precursor protein [150]. 

Hence, a therapy aimed at restoring GLUT1 transporter expression can be potentially used to treat 

AD. 

To help determine how and why GLUT1 expression is lost in AD, a more comprehensive 

understanding of the specific mechanisms and intracellular machinery that regulate GLUT1 

expression is needed. Originally adapted from the immune system of prokaryote [151,152], 

clustered regularly interspaced short palindromic repeat (CRISPR) system utilizes a universal 

CRISPR-associated (Cas9) endonuclease to cleave specific DNA sites through engineered guide 

RNA (gRNA) to generate double-stranded DNA breaks [113,153,154]. Since the targeting 

specificity of Cas9 is conferred by short guide sequences, the CRISPR/Cas9 system can be easily 

adapted into a genome-scale screen with the synthesis of pooled gRNA libraries, allowing for an 

unbiased “phenotype-to-genotype” approach to understanding gene function and epigenetic 

regulation [155]. Of these, arrayed CRISPR screen maintains physical separation towards genetic 

perturbations and performs mechanistic research at scale through the acquisition of measurable 

phenotypes [156]. 

Compared to in vivo studies linking BBB transport to specific genes, in vitro BBB models 

are more amenable to higher throughput screening approaches. As a renewable and scalable 

resource, human induced pluripotent stem cell (iPSC) technology has provided brain 

microvascular endothelial cell (BMEC)-like cells that recapitulate the BBB properties 

[97,108,157–160], including a cohort of essential transporters and restrictive paracellular 
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permeability to facilitate CNS drug-permeability studies [161,162], investigate disease biology 

[163–166], and study mechanisms of molecular transport [167–169], and further validate in 

physiologically relevant ex vivo and in vivo systems [170]. However, the differentiation of iPSCs 

into BMEC-like cells requires specific purification and maturation, which is not feasible for 

conducting high-content screens. As a human intestinal barrier cell, Caco-2 cells exhibit limited 

paracellular permeability, similar tight junction patterns, and abundant GLUT1 expression coupled 

with their extensive growth capacity [102,171,172]. Hence, CRISPR screening can be conducted 

in Caco2 cells while outcomes can be validated in human iPSC-derived BMEC-like cells and ex 

vivo mouse cortical explant system. 

Here, we aimed to conduct an arrayed CRISPR screen, covering 8322 genes, using Caco-

2 cells as a model system to identify determinants of GLUT1 expression in an unbiased manner. 

The screen was performed in a 96-well plate format with quantitative immunostaining of per-cell 

GLUT1 expression as the primary readout, which identified 237 genes whose removal can 

upregulate GLUT1 expression and 359 genes whose removal can downregulate GLUT1 

expression. CRISPRoff-mediated epigenome editing in iPSC-derived BMEC-like cell system and 

Adeno-associated virus (AAV)-mediated short hairpin (sh) RNA interference in the mouse brain 

slice culture system were utilized to confirm the role of YBX1 in downregulating GLUT1 

expression. We expect this study will provide important insights into BBB function and lay the 

groundwork for drug screening campaigns in AD and other neurodegenerative diseases to restore 

GLUT1 expression and glucose entry into the brain. 
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2.3  Materials and Methods 

2.3.1  Caco2 Medium Preparation 

Caco2 complete growth medium was prepared with 445 mL of DMEM (Corning #10-013-

CV), 50 mL of heat-inactivated fetal bovine serum (FBS, Thermo Fisher Scientific #26140079), 

and 5 mL of MEM Non-essential amino acid solution (Sigma-Aldrich #M7145). FBS was thawed 

completely at room temperature, heated at 56°C in the water bath for 30 minutes, and cooled on 

ice immediately.  

Caco2 lentiviral transduction medium was prepared with 495 mL of DMEM and 5 mL of 

MEM Non-essential amino acid solution.  

Caco2 single cell sorting medium was prepared with phenol-red free DMEM medium 

(Fisher Scientific #21-063-029) supplemented with 10 μM Y27632 (Tocris #1254) and 1X 

penicillin-streptomycin (Thermo Fisher Scientific #15140122). 

Caco2 cell sorting medium was prepared with phenol-red free DMEM supplemented with 

10 μM Y27632 and 1X Antibiotic-Antimycotic (100X, Thermo Fisher Scientific #15240062).  

Caco2/2X anti-anti medium was prepared with 490 mL of Caco2 complete growth medium 

supplemented with 10 mL of Antibiotic-Antimycotic. 

Caco2/1X anti-anti medium was prepared with 495 mL of Caco2 complete growth medium 

supplemented with 5 mL of Antibiotic-Antimycotic.  

0.1% of gelation solution was prepared by solving 500 mg of gelatin (Sigma-Aldrich 

#G1890) into 500 mL of UltraPure DNase/RNase-free distilled water (Thermo Fisher Scientific 

#10977015) at 55°C.  
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2.3.2  Caco2 Cell Maintenance 

Caco2 epithelial cells were maintained in the Caco2 complete growth medium on 0.1% 

gelatin-coated 6-well plates (Fisher Scientific #07-200-83) at 37°C in a humidified CO2 incubator. 

Medium was changed every 2 days. Cells were passaged every 6 days upon reaching 80%-100% 

confluency. To passage cells, Caco2s were washed once with DPBS (Fisher Scientific #14-190-

144), dissociated with TrypLE Express (Fisher Scientific #12604013) for 5-7 minutes, collected 

via centrifugation, and resuspended into Caco2 complete growth medium. For screening purposes, 

cells were maintained in T175 TC-treated flasks (Corning #431080).  

Caco2 cells were maintained in the Caco2 complete growth medium unless noted.  

2.3.3  Generation of Monoclonal Cas9-expressing Caco2 Cells 

Caco2 epithelial cells were seeded onto 2 wells of a 24-well cell culture plate (Fisher 

Scientific #09-761-146) coated with 0.1% gelation at the density of 60,040 cells/well. 24 h after 

seeding, one well of cells was used to measure the density using the Countess II automated cell 

counter (Thermo Fisher Scientific). Cells in another well were transduced with lentiviral 

constitutive Cas9 nuclease reagent (Dharmacon #VCAS11865) at the multiplicity of infection 

(MOI) of 0.3 in 0.25 mL of Caco2 lentiviral transduction medium supplemented with 5 μg/mL 

polybrene (Sigma-Aldrich #TR-1003-G). The lentiviral particles contained mKate2 reporter and 

hEF1ɑ promoter. 5 h after the initiation of transduction, 0.75 mL of Caco2 complete growth 

medium was added to transduced well. 48 h after the initiation of transduction, medium was fully 

switched to Caco2 complete growth medium. Cells were maintained and expanded for 

fluorescence-activated cell sorting (FACS).  

To select monoclonal Cas9-expressing cells, Caco2 cells were washed with DPBS, 

dissociated with TrypLE Express, collected via centrifugation, and resuspended into the Caco2 
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single cell sorting medium at the density of 5×106 cells/mL. Single cells were sorted based on the 

expression level of fluorescent mKate2 using a 5-laser FACS Aria III (BD Biosciences) with a 

100-μm nozzle. Sorted cells were plated onto a gelatin-coated 96-well cell culture plate containing 

100 μL of single cell sorting medium supplemented with 10 mM HEPES (Thermo Fisher Scientific 

#15630080) with one cell per well. 24 hours after sorting, 100 μL of Caco2 complete growth 

medium was added to each well. 48 hours after sorting, medium was fully switched to Caco2 

complete growth medium. The select clone was expanded for further analysis and downstream 

experiments. 

2.3.4  Sorting of High GLUT1-expressing Cas9/Caco2 Cells 

After expansion, Cas9/Caco2 clone C6 cells sorted from FACS were selected for screening. 

To select high GLUT1-expressing cells, Cas9/Caco2 Clone C6 cells were cultured on 0.1% 

gelatin-coated plates until 80% confluency. Cells were washed with DPBS, dissociated with 

TrypLE Express, and collected via centrifugation. Collected pellets were resuspended into the 

Caco2 cell sorting medium supplemented with Alexa Fluor 488 primary conjugated GLUT1 

antibody (Abcam #FAB1418G, 1:1000 dilution) at the density of 5×106 cells/mL. Cells with high 

fluorescent intensity were sorted into one well of 0.1% gelatin-coated 12-well plate using a 5-laser 

FACS Aria III with a 100-um nozzle. 24 hours after sorting, 1 mL of Caco2/2X anti-anti medium 

was added to each well. 48 hours after sorting, medium was fully switched to Caco2/1X anti-anti 

medium. Cells were further expanded, and GLUT1 expression was confirmed using western blot.  

2.3.5  Western Blot Analysis 

Cells were rinsed once with DPBS, scraped with the cell lifter (Fisher Scientific #08-100-

240), and collected via centrifugation. Cells were lysed in RIPA buffer (Sigma Aldrich #R0278) 

supplemented with 1% v/v of protease inhibitor cocktail (Sigma-Aldrich #P8340) and 1% v/v of 
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phosphatase inhibitor cocktail 3 (Sigma-Aldrich #P0044). After 30-minute lysis on ice, samples 

were centrifugated at 12,000xg for 15 minutes at 4°C and the supernatants were collected. Protein 

concentrations were measured with a Pierce BCA protein assay kit (Thermo Fisher Scientific 

#23225). Protein concentrations were measured with Pierce BCA protein assay kit (Thermo Fisher 

Scientific #23225). 25 μL of sample mixture was prepared, including Laemmli buffer (Bio-Rad 

#1610747), β-mercaptoethanol (Sigma-Aldrich #M3148), 25 μg of total protein, and UltraPure 

DNase/RNase-free distilled water. Proteins were loaded into 4-20% Criterion TGX precast midi 

protein gel (Bio-Rad #5671094) and transferred onto nitrocellulose membrane (Thermo Fisher 

Scientific #IB23001) using iBlot 2 gel transfer device (Thermo Fisher Scientific #iB21001). After 

dry transfer, membranes were blocked with LiCor Odyssey blocking buffer (Li-Cor #92750000) 

at room temperature for 30 minutes, incubated with LiCor Odyssey blocking buffer supplemented 

with primary antibody and 0.05% Tween 20 (Millipore Sigma #P9416) at 4°C overnight, and 

incubated with 1X Tris Buffered Saline (TBS, Corning #46-012-CM) supplemented with 

respective secondary antibody and 0.05% Tween 20 at room temperature for 2 hours. Membranes 

were imaged with Odyssey XF imaging system (Li-Cor), and images were quantified with Image 

Studio. 

2.3.6  Synthetic gRNA transfection 

Edit-R predesigned non-targeting control CRISPR RNA (crRNA, Dharmacon #U-

007501/2/3/4), pooled SLC2A1 crRNA (Dharmacon #CM-007509) and trans-activating RNA 

(tracrRNA, Dharmacon #U-002005) were resuspended in nuclease-free 10 mM Tris-HCl buffer 

pH 7.4 (Dharmacon #B-006000-100) for the desired final concentrations. Transfection mix was 

prepared in 20 μL of Opti-MEM I reduced serum medium (Thermo Fisher Scientific #319850-62) 

containing 0.5 μL of DharmaFECT1 reagent (Dharmacon #T-2001) and 125 nM of 
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crRNA:tracrRNA complex. 20 minutes after incubation, 80 μL of high GLUT1-expressing 

Cas9/Caco2 clone C6 single cell suspension in Caco2 complete growth medium was seeded onto 

each well of the flat-bottom, black-walled 96-well μCLEAR microplate (Greiner Bio-One 

#655096) coated with 0.1% gelatin at the density of 44,000 cells/well. In the end, each well 

contained 100 μL of medium containing 25 nM of crRNA:tracrRNA and 0.5 μL of DharmaFECT1. 

24 hours after the initiation of transfection, 100 μL of Caco2/2X anti-anti medium was added to 

each well. 48 hours after the initiation of transfection, medium was replaced with 200 μL of 

Caco2/1X anti-anti medium. 72 hours after the initiation of transfection, cells were rinsed once 

with DPBS, fixed with 4% paraformaldehyde solution for 20 minutes (Thermo Fisher Scientific 

#AAJ19943K2), and washed once with DPBS. Plates were stored at 4°C for immunostaining 

thereafter. 

2.3.7  Immunocytochemistry 

Fixed cells were blocked with DPBS containing 5% donkey serum (Millipore Sigma 

#D9663) and 0.3% Triton-X 100 (Sigma-Aldrich #X100), referred to as PBSDT, at room 

temperature for 1 hour. Cells were then incubated with primary antibody diluted in PBSDT at 4°C 

overnight. After primary antibody incubation, cells were washed three times with DPBS, incubated 

with secondary antibody diluted in PBSDT at room temperature for 2 hours, incubated with 4’,6-

diamidino-2-pheny-lindoldihydrochloride (DAPI, Thermo Fisher Scientific #D3571) diluted in 

DPBS for 10 minutes, and then washed with DPBS three times. Secondary labeling would be 

skipped if primary antibody was conjugated with a fluorophore. Images were acquired using Leica 

DMi8 microscope and analyzed with Fiji ImageJ or ImageXpress Micro XL Widefield high 

content screening system. For images acquired with ImageXpress, analysis process would be 

described below. All antibody information is listed in Table A. 2.1 and Table A. 2.2. 
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2.3.8  Arrayed CRISPR Screen 

Library plates were stamped prior to the screening. Libraries of Human predesigned Edit-

R crRNA in 96-well format were purchased from Dharmacon, covering genes across human 

transcription factors, human protein kinases, human GPCR, human protease, human ion channel, 

human phosphatase, human druggable genome, and human ubiquitin enzyme. Within each plate, 

a single well contained 0.1 nmol of pooled four crRNAs. After brief centrifugation, crRNA was 

resuspended in 100 μL of nuclease-free 10 mM Tris-HCl pH 7.4 buffer using a Multidrop Combi 

Reagent Dispenser (Thermo Fisher Scientific #5840300) and incubated on the orbital shaker for 

70 minutes. Non-targeting control crRNAs, SLC2A1 crRNAs, and tracrRNA were resuspended in 

10 mM Tris-HCl pH 7.4 buffer at the desired concentrations and incubated on the orbital shaker 

for 70 minutes at room temperature. To prepare the screening plates, 2.5 μL of 10 μM respective 

crRNAs was added into flat-bottom, black-walled 96-well μCLEAR microplates using the Bravo 

Automated Liquid Handling Platform (Agilent Technologies). Specifically, 2.5 μL of 10 μM non-

targeting crRNAs and SLC2A1 crRNAs were added into empty wells as the control, with 4 wells 

for each condition. 7.5 μL of 333 nM tracrRNA, with 100 μM tracrRNA diluted in Opti-MEM I 

reduced serum medium, was added into each well thereafter. Each plate was barcoded in the 

reference to original library plate. Prepared plates were sealed with adhesive aluminum seals and 

stored at -80°C. 

High GLUT1-expressing Cas9/Caco2 cells were cultured in T175 flasks until 100% of 

confluency for screening seeding. On the day of seeding, stamped library plates were pre-warmed 

at room temperature until reagents were thawed in each well. After brief centrifugation, 10 μL of 

Opti-MEM I reduced medium containing 0.5 μL of DharmaFECT1 reagent was added into each 

well of barcoded plates using a Multidrop Combi Reagent Dispenser. Transfection reagents were 
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incubated for a minimum of 20 minutes at room temperature. While transfection mix was 

incubating, cells cultured in T175 flasks were washed once with DPBS, dissociated with TrypLE 

Express for 7-10 minutes, collected via centrifugation, and suspended into Caco2 complete growth 

medium at the density of 550,000 cells/mL. 80 μL of cell suspension was then added into each 

well of 96-well plates using the Multidrop Combi Reagent Dispenser to bring the final volume to 

100 μL and the final concentration of crRNA:tracrRNA complex to 25 nM. 24 hours after the 

transfection initiation, 100 μL of Caco2/2X anti-anti medium was added into each well using 

EL406 Washer Dispenser (BioTek). 48 hours after the transfection initiation, medium was 

replaced with 200 μL of Caco2/1X anti-anti medium using the EL406 Washer Dispenser. 96 hours 

after the transfection initiation, cells were fixed and stained as follows.  

Before fixation, 8% of formaldehyde solution was prepared by diluting 37% of 

formaldehyde solution (Sigma-Aldrich #F1635) in UltraPure DNase/RNase-free distilled water. 

To fix and stain the cells without much disturbance, 100 μL of DPBS was added into each well 

first to bring the total volume to 300 μL. 200 μL of solution was then removed from each well to 

bring the total volume to 100 μL. 100 μL of 8% formaldehyde was added into each well to bring 

the concentration of formaldehyde to 4%, and plates were fixed at room temperature for at least 

20 minutes. Once fixation was finished, liquid was fully aspirated and replaced with 200 μL of 

DPBS. All fixation procedures were completed with the EL406 Washer Dispenser.  

For immunostaining, 200 μL of DPBS was fully aspirated and replaced with 50 μL of 

PBSDT using EL406 plate washer. After 60-minute blocking, 50 μL of PBSDT was removed from 

each well using the EL406 plate washer, and 50 μL of Alexa Fluro 488-conjugated GLUT1 

antibody diluted in PBSDT was added into each well using the electronic multichannel pipette. 

Fixed cells were incubated with conjugated antibody overnight at 4°C. After primary incubation, 
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50 μL of DAPI diluted in PBST was added to each well using the electronic multichannel pipette, 

and plates were incubated at room temperature for 20 minutes. Once staining was finished, 200 

μL of PBST was added to each well, and 300 μL of liquid was fully aspirated and replaced with 

100 μL of DPBS in each well using the EL406 plate washer.  

Stained plates were imaged using ImageXpress Micro XL automated imager (Molecular 

Devices). To fully automate the imaging process, plates were shuttled from Matrix Platemate 

(Thermo Fisher Scientific) to the microscope stage using Catalyst Express robotic arm (Thermo 

Fisher Scientific). Once plate loading was completed, six images were acquired from the same 

areas within each well under the 20X objective. All acquired images were barcoded in reference 

to initial library plates and saved as a tagged image file format for further analysis. 

To score the fluorescence intensity on a per cell basis, a customized multi-wavelength cell 

scoring application module was built in MetaXpress software (Molecular Devices). For the 

configuration settings, wavelengths for DAPI and Alexa Fluro 488 were selected. Stained areas, 

approximate minimum width, approximate maximum width, and positive scoring criteria were 

specified to detect the signal of interest within images. Detection sensitivity was adjusted for each 

wavelength to specify the intensity above the local background. Following image quantification, 

selected measurements were exported and analyzed using the Python script (Script Appendix). In 

every single plate, well values were generated by averaging the measurements of six images 

collected from each well and matched with gene symbols of the original library plate. Values of 

non-targeting control, positive control, untreated control, and unstained control were generated by 

averaging the measurements of four wells for each condition. Averaged well values aligned with 

gene symbols were then normalized to non-targeting control in its plate. Positive control, untreated 

control, and unstained control were normalized to non-targeting control as the quality control. 
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Normalized values were then compiled together, and significant hits were filtered based on the 

assigned threshold.  

Data was compiled with python, and python scripts are available in Figure A. 2.1, Figure 

A. 2.2, and Figure A. 2.3. 

2.3.9  qPCR Analysis 

Cells were washed once with DPBS, lifted using a cell lifter, and collected via 

centrifugation. Resultant cell pellets were lysed in TRIzol reagent (Thermo Fisher Scientific 

#15596026) at room temperature for 10 minutes and stored at -80°C. Following the manufacturer’s 

guideline, RNA from each sample was purified using a Direct-zol RNA Miniprep kit (Zymo 

Research #R2051) simultaneously. cDNA was generated using a High-Capacity cDNA Reverse 

Transcription kit (Applied Biosystems #4368814). qPCR was performed in a 20 µL of reaction 

mix containing 9 µL of cDNA template, 10 µL of TaqMan Universal PCR Master Mix (Applied 

Biosystems #4304437), and 1 µL of TaqMan probe (Table A. 2.3) on a CFX96 Thermocycler 

(Bio-Rad). Relative quantification was performed using the ∆∆Cq method.  

TaqMan probes information is available in Table A. 2.3. 

2.3.10  iPSC Maintenance, Transfection, Sorting, and Differentiation  

CC3 iPSCs were maintained and differentiated at 37°C in a humidified CO2 incubator 

following our previously published methods [97]. In general, CC3 iPSCs were maintained in E8 

medium on 6-well tissue culture plates coated with growth-factor reduced Matrigel (Corning 

#354230), and cells were passaged every 3-4 days once reaching 70-80% confluency using pre-

warmed Versene (Fisher Scientific #15-040-066).  
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Stable CC3 iPSC cell lines with inducible expression of CRISPRoff were generated 

following our previously published methods [173]. Before transfection, CC3 iPSCs were 

maintained in mTeSR Plus medium (StemCell Technologies #100-0276) and transfected with 

TransIT-LT1 reagent (Mirus Bio #MIR2304) to deliver the Sleeping Beauty (SB) 100x transposase, 

transposon vectors, and sgRNA vectors. All Transfected cells were selected mTeSR Plus medium 

supplemented with 115 µg/mL of Hygromycin B (Sigma-Aldrich #H3274) for 3 days. After 

selection, cells were changed to mTeSR Plus medium supplemented with 2 µg/mL of doxycycline 

hyclate (Sigma Aldrich #D9891). The following day, cells were sorted with a BD FACSAria lll 

based on blue fluorescent protein (BFP) expression and plated onto Matrigel-coated plates in 

mTeSR Plus medium supplemented with 10 µM Y27632. After 3 days, sorted iPSCs were changed 

to E8 medium supplemented with 2 µg/mL of doxycycline and differentiated into BMEC-like cells. 

Single gRNAs (sgRNAs) were selected from a published CRISPR library [174] and sequences are 

available in Table A. 2.4. 

To differentiate iPSCs to BMEC-like cells, CC3 iPSCs were washed once with DPBS, 

dissociated with Accutase for 3-4 minutes (Fisher Scientific #A1110501), collected via 

centrifugation, and resuspended into E8 medium supplemented with 10 µM Y27632. On Day -1, 

cells were seeded on 6-well tissue culture plates coated with Matrigel at the density of 150,000 

cells/well. On Day 0, the medium was switched to E6 medium and then changed every 24 hours 

for 4 days. On Day 4, cells were changed to EC medium consisting of human endothelial serum-

free media (hESFM; Thermo Fisher Scientific #11111044), 0.25X B27 supplement (Fisher 

Scientific #17-504-044), 20 ng/mL basic fibroblast growth factor (bFGF; PeproTech #100-18b), 

and 10 µM all-trans retinoic acid (RA; Sigma-Aldrich #R2625); no media changes were performed 

for 48 hours. On Day 5, Transwell filter inserts (Fisher Scientific #07-200-154) or cell culture 
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plates were coated with extracellular matrix (ECM) containing 400 μg/mL collagen IV (Sigma-

Aldrich #C5533) and 100 μg/mL fibronectin (Sigma-Aldrich #F1141) in UltraPure DNase/RNase-

free distilled water. On Day 6, differentiated cells were washed with DPBS, dissociated with 

Accutase for 20-30 minutes, collected via centrifugation, resuspended in EC medium, and plated 

on pre-coated Transwell inserts or cell culture plates. On Day 7 (Day 0 of subculture), the medium 

was changed to EC medium without bFGF and RA. On Day 8 (Day 1 of subculture), protein and 

RNA were extracted for further analysis. TEER was measured every 24 hours on Day 0, Day 1, 

and/or Day 2 of subculture using the EVOM2 voltohmmeter (World Precision Instruments) with 

STX2 chopstick electrodes (World Precision Instruments). TEER was measured in an empty 

Transwell containing no cells as the baseline control. Three measurements were taken from one 

filter at each time point. TEER values were corrected by subtracting the empty filter reading and 

multiplying by the surface area of the filter. 

2.3.11  AAV-mediated shRNA Interference in Mouse Corticol Explant System  

Plasmid mCherry-mTie1-shRNA was constructed by VectorBuilder Inc. Plasmid 

pAdDeltaF6 was a gift from James Wilson (Addgene #112867). pUCmini-iCAP-PHP.V1 was a 

gift from Viviana Gradinaru (Addgene #127847) [175]. Before transfection, HEK293T cells were 

seeded at optimized density and maintained at 37°C in a humidified CO2 incubator. 24 hours after 

seeding, HEK293T cells were transfected with these three plasmids at a 1:2:1 molar ratio with 

Lipofectamine 3000 (Thermo Fisher Scientific # L3000015). 18 hours after seeding, the medium 

was replaced with fresh HEK medium. Spent medium was then harvested 3 days and 5 days post 

transfection and incubated with AAVanced Concentration Reagent (System Biosciences 

#AAV100A) at 4°C overnight. Viral particles were harvested via centrifugation at 1,500g for 30 
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minutes and resuspended into the slice culture medium. All shRNA sequences are available in 

Table A. 2.5. 

Mouse brain slices were prepared using P6 C57BL/6J mice (both male and female pups) 

by cervical dislocation. All animal procedures were performed in accordance with a protocol 

approved by the Institutional Animal Care and Use Committee at Vanderbilt University. Brains 

were removed, mounted, and cut into 300 μm coronal slices with PELCO easiSlice Vibratory 

Tissue Slicer (Ted Pella #11000) in cold Hank’s Balanced Salt Solution (Thermo Fisher Scientific 

#14025076) supplemented with 100 U/ml penicillin/streptomycin, 10 mM HEPES, and 4.5 mM 

sodium bicarbonate (Thermo Fisher Scientific #25080094). Each slice was transferred to a 

membrane insert (Sigma-Aldrich #PICMORG50) in a 35 mm culture dish with 1.2 mL slice culture 

medium including DMEM (Thermo Fisher Scientific #12100046) supplemented with 3.5 g/L D-

glucose (Thermo Fisher Scientific #A2494001), 0.2 mM GlutaMax (Thermo Fisher Scientific 

#35050061), 10 mM HEPES, 25 U/ml penicillin/streptomycin, 50x B27, and 0.1 mM D-Luciferin 

sodium salt (Tocris #5427). For knockdown, slice cultures were transduced with AAV particles at 

the onset of culture and maintained at 37°C in a humidified CO2 incubator for 7 days.  

2.3.12  Immunohistochemistry 

Cryosectioned slice cultures were fixed with 4% paraformaldehyde and processed for 

immunofluorescence staining. Samples were permeabilized with PBST, blocked with 10% goat 

serum (Thermo Fisher Scientific #50062Z) in PBST (PBSGT), and incubated with primary 

antibodies diluted in PBSGT at 4°C overnight. After primary antibody incubation, samples were 

washed three times with DPBS, incubated with secondary antibody diluted in PBSGT at room 

temperature for 1 hour, and mounted with the anti-fade Fluoromount-G medium containing DAPI 
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(Southern Biotechnology #0100-35). Images were acquired with a Leica DMi8 epifluorescence 

microscope and analyzed with Fiji ImageJ.  

2.3.13  Statistical Analysis 

All data are presented as mean ± standard deviation. One-way ANOVA and the Student’s 

unpaired t-test were used to determine statistical significance as described in each figure. 

2.4  Results and Discussion 

2.4.1  Establishment of Cas9-expressing Caco2 line with higher GLUT1 expression 

The utilization of CRISPR/Cas9 has opened new avenues for interrogating the linkage 

between genotype and phenotype. To simplify the process of the forward genetic screen, Cas9 

nuclease was inserted in advance to achieve the gene knockout by gRNA delivery only. Lentiviral 

particles carrying constitutive Cas9 nuclease were utilized to transduce Caco2 epithelial cells at 

the MOI of 0.3 under a hEF1α promotor. Monoclonal Cas9-expressing Caco2 cells were sorted 

through FACS based on the expression of mKate2 reporter (Figure 2.1A). Cas9/Caco2 clone C6 

was selected and Cas9 was confirmed with western blot (Figure 2.1B). Considering the 

heterogeneity of Caco2 cells, Cas9/Caco2 clone C6 cells were further sorted for a population with 

higher GLUT1 expression, which was confirmed with western blot (Figure 2.1C). Cas9 expression 

was also sustained over several passages after FACS (Figure 2.1C). Overall, the data demonstrated 

the establishment of monoclonal Cas9-expressing Caco2s with a higher GLUT1 expression. 
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Figure 2.1 Establishment of monoclonal Cas9-expressing Caco2 cells with higher GLUT1 

expression. (A) Cas9 nuclease insertion was confirmed with mKate2 reporter in Caco2 cells. (B) 

Western blot for the assessment of Cas9 nuclease protein in monoclonal Cas9/Caco2 clone C6. 

(C) Western blot assessment of GLUT1 expression level in transfected Cas9/Caco2 cells before 

and after cell sorting. 

2.4.2  Image-based confirmation of transfection efficiency using synthetic gRNA 

To confirm the feasibility of the way to quantify the transfection efficiency, Cas9/Caco2 

clone C6 cells were transfected with Dharmafect1-packed synthetic gRNA and fluorescent images 

were acquired with an automated microscope (Figure 2.2A). Cells were seeded on the 96-well 

black plate, and four conditions were included for the confirmation. Of these four conditions, cells 

treated with non-targeting control gRNA were used to represent the extent of targeted gene 

knockout while pre-generated monoclonal GLUT1 knockout Caco2 line [176] was used to show 
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the baseline for threshold setup. After six images were taken under each condition, a reduced signal 

was detected in the group of cells treated with SLC2A1 sgRNA, which was not comparable to the 

level of the monoclonal GLUT1 knockout Caco2 line (Figure 2.2B). Furthermore, measurements 

of single-cell GLUT1 expression levels were calculated after normalizing integrated fluorescence 

intensity to cell density within each acquired image. Compared to the scramble gRNA group, cells 

treated with SLC2A1 sgRNA generated a significant 48% reduction in GLUT1 expression while 

GLUT1 knockout cells only had a significant 4% of GLUT1 expression (Figure 2.2C). In contrast, 

there was no significant change between the scramble gRNA and DharmaFECT1 only condition. 

Downregulated GLUT1 was also confirmed with western blot (Figure 2.2D). Overall, the 

transfection method using synthetic gRNA delivered with DharmaFECT1 was able to generate an 

efficient gene knockout, which can be distinguished with fluorescence intensity-based 

quantification using images acquired with the automated imaging system.  
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Figure 2.2 Image-based validation of transfection efficiency using synthetic gRNA. of monoclonal 

Cas9-expressing Caco2 cells with higher GLUT1 expression. (A) Schematic procedure for 

transfecting Cas9/Caco2 clone C6 cells. Synthetic gRNAs were packed with DharmaFECT1 and 

delivered into cells. After transfection, cells were subjected to imaging using ImageXpress Micro 

XL automated imager, and images were further analyzed with MetaXpress software. (B) 

Representative images of Cas9/Caco2 cells. Six images were taken per condition. NT denotes non-

targeting control. GLUT1 KO denotes GLUT1 knockout. Scale bars indicate 200 μm. (C) 

Quantification of fluorescence intensity of each condition. Each data point is the mean of a single 
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biological replicate calculated using six images taken from each well (n=6 technical triplicates). 

Data are represented as mean ± standard deviation from n=3 biological replicates per experimental 

condition. A one-way ANOVA with a post Dunnett test was used to evaluate the statistical 

significance across conditions (****, p<0.0001). (D) Western blot assessment of GLUT1 protein 

in transfected Cas9/Caco2 cells. GAPDH served as the loading control. 

2.4.3  Arrayed CRISPR screen identified genes that regulate GLUT1 expression 

In the arrayed CRISPR screen, an automated process is required with handing system and 

high-content screening method involved (Figure 2.3A). Synthetic sgRNAs, covering genes across 

phosphatase, GRCR, ion channel, protease, protein kinase, ubiquitin enzymes, transcriptional 

factors, and human drug targets, were first stamped into barcoded 96-well plates, where each plate 

contained four wells targeting SLC2A1, four wells targeting non-targeting control, and four wells 

as unstained controls (Figure 2.3B). 96 hours after transfection, Cas9/Caco2 clone C6 cells were 

fixed and stained to assess the change on GLUT1 expression level with the automated imaging 

system. Within each plate, six images were taken from each well under the 20x objective 

magnification. Representative images acquired from one 96-well plate were presented with a good 

alignment, where there was no signal from unstained wells and decreased fluorescence intensity 

from SLC2A1 gRNA treated wells (Figure 2.3C).   
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Figure 2.3 Automated process of genetic arrayed screen. (A) Schematic procedure for conducting 

an arrayed CRISPR screen in Cas9/Caco2 clone C6 cells. Library plates were stamped and 

barcoded first with Bravo automated liquid handling platform, single cell suspension along with 

reagent were distributed with Multidrop Combi reagent dispenser, medium was replaced with 

EL406 washer dispenser, and cells were fixed, stained, and imaged with ImageXpress Micro XL 

automated imager. (B) Schematic layout for conducting imaging with 96-well plates. Six images 

were taken from each well under 20x objective lens magnification and sgRNAs were distributed 

within each plate as presented. (C) Representative images taken from one 96-well plate. Plate 

configuration is annotated. 

Following the procedure, 8322 genes from CRISPR synthetic gRNA library were screened 

to assess the effect on GLUT1 expression levels after the removal of respective genes. After 

normalizing to non-targeting control within each plate with quantitative immunostaining of per-

cell GLUT1 expression as the primary readout, most of genes were not able to generate a 

significant change on GLUT1 expression level after its removal (Figure 2.4A). However, gRNA 

targeting SLC2A1 in the library generated a significant decrease on GLUT1 expression relative to 

the non-targeting sgRNA control cells (Figure 2.4B). To select the hits more specific to brain 
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endothelial cells, genes were first filtered based on the expression level in mouse brain endothelial 

cells [177]. Of these genes, 359 genes were identified to generate an over 17% of decrease on 

GLUT1 expression after removal while 237 genes generated an over 17% of increase on GLUT1 

expression after removal (Table A. 2.6 and Table A. 2.7). Intriguingly, genes whose removal leads 

to GLUT1 downregulation are mostly involved in GPCR signaling pathways whereas genes whose 

removal leads to GLUT1 upregulation are related to drug targets (Figure 2.4C). These hits were 

further subject to over-representation analysis for enriched Reactome signaling pathways (false-

discovery rate less than 0.05), where genes whose removal can downregulate GLUT1 expression 

are enriched in the signaling pathway of nucleotide-like (purinergic) receptors while genes whose 

removal can upregulate GLUT1 expression are enriched in the signaling pathways related to DNA 

replication (Figure 2.4D).  
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Figure 2.4 Arrayed CRISPR screen identified genes that can regulate GLUT1 expression. (A) 

Compiled datasets of CRISPR screening covering 8322 genes represent the number of genes 

corresponding to GLUT1 expression level. GLUT1 expression was non-targeting controls within 

each plate. Data are calculated as mean from n=2 biological replicates per experimental condition. 

(B) Assessment of GLUT1 expression level change in monoclonal Cas9/Caco2 cells that received 

non-targeting gRNAs or gRNAs targeting SLC2A1 within the library. Each data point is the mean 

of a single biological replicate calculated using six images taken from each well (n=6 technical 

triplicates). Data are presented as mean ± standard deviation from 2 biological replicates. 

Statistical significance was calculated using the Student’s unpaired t-test (*, p<0.05). NT denotes 

non-targeting control. (C) Compiled datasets of hit distribution corresponding to biological 

functions. Of these hits, 359 genes whose removal can downregulate GLUT1 expression (i) and 

237 genes whose removal can upregulate GLUT1 expression (ii). (D) Over-representation analysis 

for enriched Reactome signaling pathways (false-discovery rate less than 0.05). Genes whose 

removal can downregulate GLUT1 expression were shown in (i) while genes whose removal can 

upregulate GLUT1 expression were shown in (ii). 

2.4.4  Secondary validation identified the hit that downregulated GLUT1 expression 

To further select and validate hits more specific to human brain endothelial cells, pre-

selected hits were re-evaluated based on the GLUT1 expression level in iPSC-derived BMEC-like 

cells and human endothelial cells [141]. Other than the enrichment, genes that were downregulated 

in patients with AD were further chosen for validation [141]. Of twelve select hits, YBX1 produced 

a significant decrease in GLUT1 expression when assayed across multiple replicates with 

quantitative immunostaining of per-cell GLUT1 expression as the primary readout (p<0.05) 

(Figure 2.5A). To more precisely interrogate the role of YBX1, the knockdown of YBX1 and 

SLC2A1 was confirmed using qPCR measurement. In transfected Cas9/Caco2 cells, YBX1 mRNA 

level was decreased by sgRNAs targeting YBX1 significantly (~70%, p<0.01) relative to the non-

targeting sgRNA control cells (Figure 2.5B). Meanwhile, SLC2A1 mRNA level was decreased by 

the knockdown of sgRNAs targeting SLC2A1 (~70%, p<0.001) and sgRNAs targeting YBX1 

(~30%, p<0.05) relative to the non-targeting sgRNA control cells (Figure 2.5B). Hence, YBX1 

modulates the expression of GLUT1 within this in vitro epithelial cell model.  
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Figure 2.5 Secondary hits validation for genes that downregulate GLUT1 expression. (A) 

Compiled datasets represent the GLUT1 expression level corresponding to the noted gene, 

normalized to the non-targeting control. Each data point is the mean of a single biological replicate 

calculated using three wells and eighteen images. Data are represented as mean ± standard 

deviation from n=3 biological replicates per nuclear receptor ligand. A one-way ANOVA with a 

post Dunnett test was used to evaluate the statistical significance across conditions (*, p<0.05). 

NT denotes non-targeting control. (B) qPCR assessment of YBX1 expression in monoclonal 

Cas9/Caco2 cells that received non-targeting gRNAs or gRNAs targeting YBX1. Data are 

represented as mean ± standard deviation from 2 biological replicates. Statistical significance was 

calculated using the Student’s unpaired t-test. (**, p<0.01). qPCR assessment of SLC2A1 

expression in monoclonal Cas9/Caco2 cells that received non-targeting gRNAs or gRNAs 

targeting SLC2A1 or YBX1. Data are represented as mean ± standard deviation from 2 biological 

replicates. A one-way ANOVA with a post Dunnett test was used to evaluate the statistical 

significance across conditions (***, p<0.001; *, p<0.05). NT denotes non-targeting control. 

2.4.5  Proposed validations in in vitro and ex vivo BBB Models 

To interrogate the role of YBX1 in altering GLUT1 expression level at the BBB, we chose 

to use a human iPSC-derived in vitro BBB model and a mouse ex vivo brain cortical explant system. 
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We previously reported the use of iPSC-derived BMEC-like cells to investigate the role of a gene 

through modulation of gene expression [173]. An inducible CRISPR platform was introduced into 

iPSCs with the SB transposon system [178,179] to program heritable epigenetic memory that 

persists through the differentiation of iPSCs [122]. After transient transfections with plasmids 

encoding the CRISPRoff system, sgRNAs, and the SB transposase (Figure 2.6A), iPSCs were 

subjected to doxycycline treatment to initiate gene silencing through induction of the CRISPRoff 

expression, then sorted based on BFP expression (Figure 2.6B). After 9 days of treatment, we 

confirmed CRISPRoff expression in iPSCs via western blot (Figure 2.6C), as well as maintenance 

of the knockdown after differentiating iPSCs into BMEC-like cells (Figure 2.6D). In these same 

cells, endothelial or BBB markers were observed after the incorporation of the CRISPRoff system 

(Figure 2.6E). We also previously reported the use of a mouse cortical explant model [170] to 

permit an astrocyte-specific transgene expression driven by a short GFAP (GfaBC1D) promoter 

utilizing an AAV-based system upon PHP.B capsid [180] and shRNA interference [181]. To adapt 

this method for endothelial cell-specific transgene expression, we replaced the recombinant AAV 

capsid with PHP.V1 [175] and used endothelial cell-specific tyrosine kinase with 

immunoglobulin-like and EGF-like domains 1 (TIE-1) harboring mCherry [182–184]. After 

transducing explant cultures with AAVs, we confirmed the alignment of GLUT1 and mCherry in 

the mouse brain section tissue (Figure 2.6G). Overall, our data suggest the feasibility of proposed 

in vitro and ex vivo BBB models for validating the role of YBX1 in GLUT1 expression at the BBB. 
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Figure 2.6 Feasibility of validating screening hits in in vitro and ex vivo BBB models. (A) 

Schematic of vectors that were used for generating gene silencing, including SB transposase vector 

(i), SB transposon/CRISPRoff vector (ii), and SB transposon/U6-sgRNA vector (iii). 3L denotes 

Dnmt3L. (B) Schematic procedure for iPSC transfection, sorting, and differentiation. After 

transfections, iPSCs were sorted based on BFP expression. BFP+ cells were then differentiated 

into BMEC-like cells for assessing the expression level of GLUT1. (C) Western blot for 

assessment of dCas9-based CRISPRoff protein in iPSCs with or without doxycycline treatment 

for 9 days. (D) qPCR assessment of SLC7A1 expression in BMEC-like cells differentiated from 

iPSCs that received a non-targeting gRNA or gRNAs targeting SLC7A1. Data are represented as 

mean ± standard deviation from 3 biological replicates. Statistical significance was calculated 

using the Student’s unpaired t-test. (E) Representative immunostaining of endothelial or BBB 

markers in CRISPRoff BMEC-like cells. Scale bars indicate 100 μm. (F) Schematic procedure for 

AAV transduction in mouse brain slice culture system. (G) Representative immunostaining of 

GLUT1 and mCherry markers in mouse brain slice tissue. The signal of mCherry indicates the 

transduction efficiency of AAV. Scale bars indicate 200 μm. Images adapted from [173]. 

2.5  Conclusion 

AD and related dementias are incurable, and their incidence is expected to increase 

concurrently with life expectancies worldwide. Even the clinical diagnosis of AD is followed by 

the criteria of cognitive or behavioral (neuropsychiatric) symptoms [185], disease markers of AD 

still can impact diagnosis [185], treatment [186], and prognosis [187,188]. Despite the abundance 
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of failed trials, the current clinical trial landscape targeting AD is dominated by the strategies of 

Aβ reduction and tau reduction [189]. The contribution of vascular dysfunction to AD onset and 

progression has garnered significant interest, and the correlation between cerebrovascular 

dysfunction and severity of AD and cognitive impairment has been suggested in patients [190–

197]. Especially, cerebral glucose hypometabolism occurs before the onset of brain atrophy and 

clinical symptoms [69,143]. As a rate-limiting step in glucose metabolism, glucose transport 

mainly supported by the GLUT1 across the BBB was altered partially due to the reduced density 

of vascular glucose transporters in AD patients [74,145,198,199]. Given the effect of GLUT1 

restoration on slowing the development of amyloid pathology in a preclinical AD mouse model 

[150], a more comprehensive understanding of the specific mechanisms and intracellular 

machinery that regulate GLUT1 expression is necessary to help determine how and why GLUT1 

expression is lost in AD. 

To prospectively identify intrinsic regulators of GLUT1 expression, we combined the 

arrayed CRISPR screening with quantitative immunostaining imaging analysis in a well-

established in vitro epithelial barrier cell model, CRISPR-mediated epigenome editing in our 

representative in vitro BBB model, and AAV-mediated RNA interference in ex vivo mouse cortical 

explant system. We first engineered Caco2 epithelial cell line with lentiviral particles to insert 

constitutive Cas9 nuclease and further sorted monoclonal Cas9/Caco2s with higher GLUT1 

expression. Further, we confirmed the efficiency of transfection efficiency using synthetic gRNA 

with image-based quantification utilizing an automated microscopy system. An arrayed CRISPR 

screen, covering 8322 genes across human transcription factors, human protein kinases, human 

GPCR, human protease, human ion channel, human phosphatase, human druggable genome, and 

human ubiquitin enzyme, was conducted in Cas9/Caco2 cells with quantitative immunostaining of 



44 

 

per-cell GLUT1 expression as the primary readout in an unbiased manner. Outcomes from the 

primary screen offered a thorough investigation of the functions of various genes on GLUT1 

expression, which has systematic applications in universal metabolic syndromes [200,201]. 

Moreover, according to the expression level of respective genes in the mouse brain endothelial 

cells, 237 genes whose removal can upregulate GLUT1 expression and 359 genes whose removal 

can downregulate GLUT1 expression were identified from the primary screen [177]. Intriguingly, 

genes whose removal leads to GLUT1 downregulation are mostly involved in GPCR signaling 

pathways whereas genes whose removal leads to GLUT1 upregulation are related to drug targets. 

Of these genes, hits that have a spontaneous trend of change in AD were subjected to secondary 

validation [141], and one specific hit, YBX1, was identified.  

The Y-Box binding protein 1 (YB-1, encoded by YBX1) is a highly conserved cold shock 

domain protein with the functionality of a transcription factor [202]. However, YB-1 has been 

implicated in all DNA- and mRNA-dependent processes [203] and positioned in the upstream of 

numerous cellular signaling pathways [204]. Its potential roles as a biomarker and future 

therapeutic target in brain tumors have been extensively discussed previously [205]. Even the co-

localization of YB-1 and GLUT1 was not investigated in the brains of rats, macaques, and humans 

microvessels previously, the mRNA has been confirmed in iPSC-derived BMEC-like cells [173], 

mouse brain endothelial cells [177], and human endothelial cells [141]. We expect to provide new 

insight on GLUT1 expression utilizing our reported models. More related hits generated from our 

screen also provide other possible avenues toward GLUT1 expression pattern, would require 

extensive molecular interrogation, and will be the subject of future investigations. 
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2.6  Appendix 

Table A. 2.1 Primary antibodies. 

Target 

Antigen 

Species Vendor Product number Dilution 

GLUT-1 Mouse R&D Systems FAB1418G 1:1000 

GLUT-1 Rabbit Abcam 15309 1:1000 

VE-cadherin Goat R&D Systems AF938 1:100 

GLUT-1 Mouse Abcam Ab195359 1:100 

PECAM-1 Rabbit Thermo Fisher Scientific RB-10333-P 1:25 

GAPDH Mouse Cell Signaling Technology D4C6R 1:1000 

Cas9 Mouse Diagenode C15200203 1:1000 

mCherry Chicken Novus NBP2-25158 1:1000 

 

Table A. 2.2 Secondary antibodies. 

Species Reactivity Host Conjugate Vendor Dilution 

Mouse Donkey Alexa Fluor 488 Thermo Fisher Scientific 1:200 

Rabbit Donkey Alexa Fluor 488 Thermo Fisher Scientific 1:200 

Goat Donkey Alexa Fluor 488 Thermo Fisher Scientific 1:200 

Goat Donkey Texas Red Thermo Fisher Scientific 1:200 

Chicken Goat Alexa Fluor 647 Thermo Fisher Scientific 1:1000 

Rabbit Goat IRDye 800CW LI-COR 1:15,000 

Mouse Goat IRDye 800CW LI-COR 1:15,000 

 

Table A. 2.3 TaqMan probes. 

Gene Target Catalog number 

SLC2A1 Hs00892681_m1 

YBX1 Hs00358903_g1 

USP47 Hs00215725_m1 

HERC4 Hs00905784_m1 

GAPDH Hs02786624_g1 

PRKX Hs00746337_s1 

 

Table A. 2.4 Sequences for chimeric gRNAs. 

Gene Target Sequences 

SLC2A1 GTCCCCGAGTGAGCACGCCA 

SLC2A1 GTCCCTGGCGTGCTCACTCG 

SLC2A1 GGGGACCCGCGACTAGCGAC 
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YBX1 GTCGAACTAGCGAGAATGGC 

YBX1 GTCCCCGCGAGAGGGAGTGA 

YBX1 GCCGGTGGGCACCGACTCCG 

USP47 GGCGCGCAGACACCGACCCA 

USP47 GGCCTGCGCTCCAGCAATAG 

USP47 GGGAGGCGTGAGGCAGTCGG 

Non-targeting control GATCGTCGGTCGGGTCATACG 

Non-targeting control GTTCGTCGCGATAGATGATCG 

Non-targeting control GCGCGTATCGTTTCATCGGCG 

 

Table A. 2.5 Sequences for shRNAs. 

Gene Target Sequences 

SLC2A1 TTGAGGAGTTCTACAATCAAAC 

SLC2A1 CTGAGCATCGTGGCCATCTTTG 

YBX1 CCTGTTAATAAAGGTCTTAAA 

YBX1 AGCAGACCGTAACCATTATAG 

USP47 GATGATGGTGCCGTCATATTT 

USP47 GCTGGATATGAGCACATTTAT 

Non-targeting control CCCTAAGGTTAAGTCGCCCTCG 

Non-targeting control CCAACAAGATGAAGAGCACCAA 
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Table A. 2.6 Genes whose removal can upregulate GLUT1 expression. 

GeneSymbol Replicate 1 Replicate 2 Zscore (Replicate1) Zscore (Replicate2) 

DDX50 1.16 1.17 0.31 0.56 

TIMP2 1.17 1.17 -0.53 -0.13 

POLA2 1.17 1.18 1.52 0.14 

EWSR1 1.18 1.17 1.62 1.19 

AKAP5 1.18 1.17 1.19 0.72 

CCL14 1.17 1.20 2.34 1.32 

CRTC1 1.21 1.17 1.53 1.74 

HK2 1.17 1.20 -0.42 0.72 

XDH 1.20 1.18 1.40 0.53 

ALOX12 1.21 1.17 0.91 0.86 

SLC7A6 1.20 1.19 -0.33 0.05 

PRIM1 1.20 1.19 1.83 1.15 

ADGRB1 1.19 1.20 1.40 0.99 

AQP9 1.21 1.19 1.80 1.28 

EREG 1.22 1.17 2.92 1.07 

FDX1 1.22 1.17 1.60 1.09 

HMGA1 1.19 1.21 0.27 0.91 

UBTF 1.20 1.20 0.40 1.33 

IGFBP7 1.18 1.21 1.27 0.77 

PRDM12 1.21 1.19 1.40 1.86 

ATP2B4 1.19 1.22 1.30 0.82 

CDC42 1.24 1.17 1.78 2.86 

TRHR 1.20 1.21 2.68 3.25 

STAR 1.23 1.19 1.62 1.24 

SLC16A3 1.21 1.21 1.82 1.54 

CNOT2 1.22 1.20 0.40 0.86 

PRDX4 1.23 1.19 1.62 1.74 

LPAR6 1.23 1.20 1.55 1.00 

PDE8A 1.21 1.23 2.72 1.67 

MINK1 1.20 1.24 1.76 1.43 

SNX9 1.23 1.20 -0.06 0.16 

SLC12A2 1.18 1.26 -0.47 0.69 

PDHX 1.21 1.22 -0.21 0.36 

B4GALNT2 1.27 1.17 2.38 1.21 

CPNE7 1.25 1.19 1.71 1.99 

POLE 1.23 1.22 2.11 2.10 

PLA2G2D 1.28 1.17 0.26 -0.17 

POLE2 1.27 1.17 1.91 0.74 

MEF2C 1.22 1.23 1.36 1.66 

EXTL2 1.28 1.17 0.31 -0.18 

PTGES3 1.21 1.24 0.63 1.10 

MYC 1.27 1.18 1.61 2.35 
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FKBP2 1.21 1.24 1.99 2.92 

FIGLA 1.21 1.25 1.16 2.64 

ST13 1.18 1.28 2.38 2.11 

TRIM55 1.23 1.23 2.10 1.49 

NDUFB4 1.19 1.27 -0.36 0.76 

B4GALT1 1.30 1.16 1.28 0.52 

ABCG1 1.22 1.24 -0.17 0.54 

SULT1C4 1.24 1.23 -0.01 0.38 

HINFP 1.25 1.22 1.44 1.23 

ANAPC4 1.22 1.25 1.92 1.99 

RALA 1.26 1.21 1.96 0.75 

TTF2 1.26 1.21 1.58 0.94 

SLC9A5 1.25 1.24 0.91 1.06 

DPYSL2 1.20 1.29 1.14 1.50 

TAF9B 1.19 1.30 1.49 1.73 

ECM1 1.24 1.25 -0.01 0.57 

ABCB1 1.25 1.23 0.10 0.44 

HMGCLL1 1.28 1.21 0.30 0.19 

FOXD1 1.27 1.22 0.94 1.09 

UVRAG 1.21 1.28 1.47 2.01 

PTRH1 1.32 1.17 1.45 0.58 

LIPF 1.30 1.19 1.67 1.53 

PAPPA2 1.30 1.19 2.04 1.06 

BCL2L14 1.30 1.20 3.70 1.88 

RSAD2 1.25 1.24 0.09 0.52 

TFRC 1.17 1.33 0.87 1.70 

PIGU 1.28 1.22 0.32 0.27 

FTSJ3 1.28 1.22 0.28 0.33 

ZNF674 1.20 1.31 2.14 1.54 

DDB1 1.31 1.20 0.52 0.12 

SCD5 1.35 1.17 2.38 1.90 

PIK3R6 1.27 1.24 0.65 0.44 

GALNT8 1.26 1.25 1.88 2.37 

CHPT1 1.25 1.26 2.31 3.12 

HS6ST2 1.17 1.34 1.56 0.76 

ZNF345 1.23 1.29 0.86 1.42 

SLC2A4RG 1.33 1.20 0.88 0.83 

ETF1 1.26 1.26 2.99 0.89 

HADHB 1.26 1.27 0.13 0.76 

NUTF2 1.26 1.26 2.48 2.05 

TUBG1 1.34 1.18 2.36 2.12 

NEURL3 1.31 1.22 1.17 1.25 

ADSS 1.20 1.33 1.43 1.68 

GUCY1A3 1.30 1.24 2.11 1.48 

KIF20B 1.25 1.29 0.06 0.97 
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APTX 1.33 1.21 2.71 2.17 

SLC22A25 1.37 1.17 0.94 -0.15 

POLQ 1.32 1.22 0.61 0.29 

KMT2C 1.18 1.36 0.35 2.20 

SP9 1.37 1.17 1.06 0.68 

FTSJ1 1.32 1.22 0.59 0.32 

DLX2 1.34 1.21 2.12 1.12 

SIX1 1.33 1.22 0.88 0.99 

ANGPTL2 1.35 1.20 0.82 0.12 

USPL1 1.30 1.25 2.05 2.94 

OVCA2 1.36 1.19 3.53 0.83 

CIAO1 1.24 1.32 0.54 1.95 

NFRKB 1.39 1.17 1.16 0.63 

RFC1 1.33 1.23 2.73 1.26 

RAB5A 1.23 1.32 2.59 1.46 

IDS 1.35 1.21 0.80 0.23 

TUBA8 1.32 1.25 2.40 2.41 

ETV4 1.24 1.33 2.42 1.63 

ARID3B 1.18 1.38 0.36 2.32 

BPNT1 1.27 1.30 2.19 1.76 

ALDH16A1 1.37 1.20 1.83 0.77 

RNF207 1.18 1.39 0.79 1.50 

IQGAP2 1.26 1.31 1.97 1.52 

NFKBIB 1.32 1.25 3.16 1.89 

SUB1 1.17 1.40 0.57 1.85 

HYAL2 1.20 1.38 -0.31 1.82 

CDC6 1.40 1.17 3.66 0.12 

MARCH6 1.31 1.27 2.08 3.71 

ZNF512B 1.30 1.28 2.50 1.61 

SUMO1 1.27 1.31 0.22 1.19 

ALG10 1.23 1.36 2.52 1.73 

ZNF449 1.29 1.30 1.79 1.79 

RREB1 1.23 1.37 2.33 1.83 

ACAD10 1.37 1.23 2.28 1.24 

KCNS3 1.19 1.41 2.05 0.46 

KMT2B 1.23 1.37 0.81 1.94 

RFC5 1.22 1.38 0.97 0.59 

TRIM3 1.41 1.19 1.63 1.14 

MYL3 1.19 1.43 1.97 1.30 

GSC2 1.32 1.29 2.66 1.72 

RBP1 1.37 1.25 0.93 0.61 

ST8SIA1 1.21 1.41 1.67 1.67 

RDH13 1.30 1.33 0.44 1.37 

AGT 1.35 1.28 2.85 3.03 

PSMC5 1.41 1.22 2.45 2.78 
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PSMB4 1.19 1.44 1.98 0.83 

TULP2 1.33 1.31 0.63 1.15 

MEF2D 1.36 1.27 1.75 1.33 

UGT2B28 1.37 1.26 2.98 1.15 

MIOX 1.42 1.22 1.31 0.29 

L3MBTL2 1.24 1.41 0.87 1.91 

GRIK4 1.17 1.48 1.82 0.60 

PRPF18 1.21 1.44 2.78 3.60 

PSMB6 1.20 1.46 1.15 2.31 

TIPARP 1.25 1.41 0.06 2.16 

DMRTA2 1.30 1.36 1.20 1.67 

NFIA 1.34 1.32 1.87 2.29 

KMT5A 1.21 1.45 1.70 1.95 

MRC1 1.23 1.44 1.56 4.33 

HIVEP2 1.31 1.35 0.81 1.84 

TFEB 1.47 1.21 2.45 1.53 

RRM2 1.40 1.29 4.36 3.48 

RNF31 1.20 1.50 0.88 1.87 

OTUD1 1.17 1.54 0.51 2.72 

RNF180 1.34 1.37 1.82 1.39 

SLC5A6 1.45 1.26 1.53 0.68 

ANKRD49 1.32 1.39 0.79 2.36 

SUFU 1.38 1.34 0.96 2.07 

CCND1 1.36 1.36 2.86 1.91 

RAB27B 1.51 1.21 4.74 2.73 

FBXL2 1.31 1.42 1.60 1.57 

FBXO21 1.40 1.34 1.58 1.81 

PHF19 1.30 1.45 1.12 2.31 

CISH 1.33 1.42 1.41 1.60 

KARS 1.50 1.26 1.90 0.70 

PHF13 1.36 1.40 1.38 2.10 

KLF4 1.50 1.26 1.66 1.25 

CENPE 1.36 1.41 0.88 2.14 

ACKR1 1.38 1.39 2.16 1.85 

ASB1 1.37 1.40 2.04 1.51 

PHF11 1.23 1.55 1.00 2.05 

CCNA2 1.27 1.53 2.08 3.81 

LSR 1.30 1.50 1.18 2.26 

GLP2R 1.50 1.31 2.67 1.46 

UBE2M 1.53 1.30 2.29 1.21 

HDHD3 1.44 1.40 1.47 2.06 

MAP3K19 1.27 1.58 3.72 2.80 

KIF11 1.48 1.37 4.19 2.77 

SP2 1.27 1.59 1.03 2.58 

FZD3 1.29 1.56 1.82 2.60 
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F2RL3 1.41 1.44 2.30 2.08 

RELA 1.23 1.63 0.80 2.94 

DDX23 1.38 1.49 1.93 2.89 

UBL5 1.38 1.50 1.63 1.85 

HOXB13 1.42 1.46 1.28 2.49 

ADAMTS13 1.17 1.70 1.85 1.38 

ADCK5 1.64 1.24 0.34 0.91 

FYCO1 1.55 1.35 2.26 1.84 

TRIM40 1.28 1.62 1.41 2.21 

RNF41 1.23 1.67 1.06 2.40 

SLC2A3 1.17 1.74 1.81 2.70 

MAP4K3 1.76 1.17 0.54 0.54 

OTUD7B 1.28 1.65 1.39 2.32 

TFEC 1.28 1.66 0.65 3.77 

ECHDC3 1.26 1.69 2.03 3.48 

AMFR 1.53 1.43 2.27 1.63 

SLAMF1 1.29 1.68 2.24 3.43 

NRG1 1.74 1.23 2.71 1.06 

CHD5 1.68 1.30 2.88 1.62 

CDK1 1.36 1.62 -0.11 2.76 

SCNN1D 1.18 1.81 1.85 1.25 

SLC16A10 1.36 1.63 1.76 1.44 

HPRT1 1.37 1.61 1.84 1.39 

TNIK 1.30 1.69 0.70 1.57 

PDP1 1.83 1.17 2.08 -0.12 

DTX3 1.40 1.61 2.24 2.18 

TDG 1.62 1.40 2.18 2.12 

CYP24A1 1.29 1.73 1.38 1.80 

ALPK1 1.82 1.21 0.64 0.74 

CTDSP1 1.56 1.47 1.34 0.57 

FBXO36 1.56 1.47 2.33 2.42 

NEDD4 1.47 1.59 2.03 2.16 

KAT6A 1.58 1.49 2.48 1.82 

DAPK1 1.87 1.23 0.72 0.87 

NRK 1.91 1.19 0.80 0.65 

KIT 1.18 1.95 2.16 0.32 

USP12 1.47 1.67 2.76 2.38 

TSSK6 1.44 1.69 1.06 1.57 

FYN 1.87 1.28 0.73 1.09 

RNF19B 1.68 1.53 2.86 2.68 

NPFFR2 1.86 1.34 4.16 1.63 

TRIM43B 1.32 1.89 1.72 3.14 

P2RX5 1.35 1.88 0.20 1.70 

GPR146 2.01 1.23 5.65 2.99 

BLZF1 1.81 1.47 3.00 2.58 
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TAOK3 2.01 1.28 0.96 1.12 

PPP2R1A 2.03 1.27 2.61 0.15 

AQP5 1.18 2.14 -0.26 2.26 

UBE2E1 1.88 1.48 3.76 1.81 

STYX 2.24 1.16 2.30 1.78 

GRIN3A 1.19 2.21 2.03 2.04 

EPHB3 2.13 1.33 1.16 1.36 

RRM1 1.38 2.12 4.33 3.16 

TTK 1.19 2.61 2.31 1.39 

WNK3 1.71 2.16 1.71 2.72 

ADCK2 2.58 1.34 1.91 1.40 

GLI2 2.60 1.33 4.16 3.06 

TRIO 2.04 1.99 2.52 2.29 

CAMK1G 2.90 1.29 2.43 1.13 

STK17B 2.45 2.40 3.52 3.31 

 

Table A. 2.7 Genes whose removal can downregulate GLUT1 expression. 

GeneSymbol Replicate 1 Replicate 2 Zscore (replicate 1) Zscore (replicate 2) 

SMO 0.83 0.83 -0.08 -0.66 

ZIC5 0.83 0.82 -0.59 -0.98 

ADRA1B 0.83 0.83 -0.50 -0.32 

TBK1 0.83 0.82 -0.76 -0.15 

GABRP 0.83 0.83 -1.83 -1.14 

PADI1 0.82 0.83 -1.70 -1.15 

SMUG1 0.83 0.81 -1.59 -1.10 

AHCTF1 0.81 0.83 -0.78 -0.35 

NFKBIZ 0.83 0.81 -0.65 -0.81 

TNFAIP3 0.83 0.81 -1.05 -0.62 

JPH2 0.82 0.82 -0.99 -0.97 

CYBB 0.83 0.81 -0.82 -1.12 

CELSR1 0.82 0.82 -0.07 0.63 

USP3 0.83 0.81 -0.74 -0.43 

BARX1 0.81 0.83 -0.43 -1.05 

HDAC6 0.81 0.82 -0.80 -0.73 

RFFL 0.83 0.80 -1.06 -0.66 

TRIM16 0.83 0.80 -0.69 -0.84 

SIX3 0.81 0.82 -0.40 -1.11 

CNR2 0.81 0.82 -0.58 -0.39 

P2RY12 0.81 0.82 -0.29 0.02 

RNF223 0.82 0.80 -0.77 -0.45 

ADGRF5 0.82 0.81 -0.54 -0.49 
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SHPK 0.83 0.80 -0.99 -1.27 

ADRBK2 0.83 0.79 -0.45 -0.65 

MAP3K4 0.80 0.82 -1.21 -0.13 

FZD4 0.82 0.80 -0.22 -0.11 

TGFBR1 0.81 0.81 -0.49 -0.62 

USP11 0.83 0.79 -0.76 -0.50 

ADGRE3 0.82 0.80 -0.14 -0.78 

ILF3 0.81 0.81 -0.40 -1.19 

MAP3K11 0.83 0.79 -0.86 -0.37 

P2RY2 0.82 0.80 -0.57 -0.25 

CACNA1F 0.78 0.83 -1.49 -0.89 

JAK1 0.83 0.79 -0.61 -0.54 

GPR61 0.81 0.81 -0.60 -0.48 

HTR3B 0.78 0.83 -0.39 0.73 

AK5 0.80 0.82 -0.52 -0.59 

AHCTF1 0.79 0.82 -1.55 -1.36 

RBCK1 0.83 0.78 -0.56 -1.43 

FBXL13 0.79 0.82 -0.78 -1.11 

CACNG7 0.81 0.80 -1.15 -1.19 

TMF1 0.80 0.80 -0.62 -0.88 

TRIM68 0.82 0.79 -0.62 -1.39 

TWF2 0.81 0.79 -0.48 -0.66 

CHRNA10 0.80 0.80 -1.24 -1.17 

MRGPRE 0.79 0.81 -0.26 -0.73 

TSHR 0.80 0.80 -0.72 -0.24 

HTR2A 0.82 0.78 -0.55 -0.69 

TCF21 0.80 0.80 -0.84 -0.85 

LPAR4 0.79 0.81 -0.29 0.51 

TRAF7 0.77 0.83 -0.90 -1.00 

RNF144A 0.79 0.81 -0.90 -0.43 

LGR6 0.81 0.78 -0.60 -0.39 

VENTX 0.83 0.77 -0.66 -1.03 

CNGA1 0.78 0.82 -1.55 -1.02 

YBX1 0.78 0.81 -0.74 -2.06 

RLF 0.83 0.76 -0.64 -1.06 

FZD6 0.78 0.81 -0.87 -0.16 

PPIL2 0.77 0.83 -0.80 -0.68 

CHRNB4 0.82 0.78 -1.02 -1.40 

GNAT2 0.80 0.79 -0.63 -0.64 

UBE2F 0.76 0.83 -1.40 -0.53 

PI4K2B 0.83 0.76 -0.86 -0.60 
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ADGRG7 0.81 0.78 -0.67 -0.38 

IL1RAPL1 0.82 0.77 -1.00 -1.44 

HERC4 0.82 0.77 -1.11 -0.82 

ADRB3 0.81 0.77 -0.55 -0.80 

OLIG3 0.78 0.81 -1.06 -0.83 

PPP2R4 0.78 0.81 -0.52 -0.74 

GPR52 0.81 0.78 -0.67 -0.43 

TRIM25 0.80 0.78 -1.22 -0.75 

ALPL 0.82 0.76 -0.43 -0.83 

EYA4 0.77 0.81 -0.54 -0.74 

PCGF2 0.78 0.80 -1.30 -0.67 

ZNF645 0.81 0.76 -0.64 -1.61 

TRIM10 0.79 0.79 -1.25 -0.72 

BIRC3 0.82 0.75 -0.73 -0.62 

GPR141 0.82 0.76 -0.55 -0.59 

GPR22 0.79 0.79 -0.68 -0.66 

HRH3 0.81 0.76 -0.10 0.15 

BCS1L 0.76 0.82 -1.71 -1.60 

ADGRA3 0.82 0.75 -0.04 0.08 

GRK1 0.79 0.79 -0.55 -0.66 

PXYLP1 0.76 0.82 -0.57 -0.72 

PAAF1 0.77 0.80 -0.97 -0.46 

DRD1 0.81 0.77 -0.67 -0.52 

PTH2R 0.77 0.80 -0.32 -0.79 

MCOLN1 0.79 0.78 -1.31 -1.38 

OTUB1 0.75 0.82 -0.88 -0.72 

AQP9 0.83 0.74 -0.78 -1.74 

TRIM41 0.78 0.78 -1.05 -0.53 

GJD4 0.80 0.77 -1.10 -0.97 

MPND 0.74 0.82 -1.08 -0.39 

USP5 0.79 0.78 -1.26 -0.76 

PLK5 0.75 0.81 -0.63 -0.60 

TEX30 0.77 0.79 -3.40 -1.23 

MTM1 0.75 0.82 -0.60 -0.72 

PRICKLE3 0.74 0.83 -0.91 -0.48 

CAPN8 0.76 0.80 -2.81 1.82 

TRAF5 0.79 0.77 -1.03 -0.59 

EHF 0.76 0.80 -1.22 -0.86 

PIGF 0.81 0.74 -1.10 -0.25 

RFX1 0.78 0.78 -1.07 -0.96 

PTGDR 0.75 0.81 -0.88 -0.51 
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MC2R 0.77 0.78 -0.59 -0.22 

P2RY14 0.76 0.80 -0.39 -0.79 

PIP5K1B 0.80 0.75 -0.66 -0.61 

AQP1 0.77 0.78 -1.63 -1.32 

ECSIT 0.78 0.77 -1.02 -1.00 

FPR1 0.77 0.79 -0.80 -0.67 

USP47 0.73 0.82 -1.40 -0.39 

HCRTR1 0.83 0.72 -0.46 -0.90 

SYTL3 0.76 0.79 -0.82 -1.04 

RNF186 0.81 0.74 -0.58 -1.50 

DUSP4 0.73 0.82 -0.64 -0.71 

ADGRG3 0.79 0.76 -0.47 -0.41 

NUDT15 0.76 0.79 -0.57 -0.78 

MARK3 0.82 0.72 -0.90 -0.94 

CACNA1H 0.77 0.77 -1.62 -1.41 

GPBAR1 0.78 0.77 -0.30 -0.93 

PSPH 0.77 0.77 -0.53 -0.81 

GPR65 0.79 0.75 -0.31 0.07 

FBXL5 0.78 0.76 -1.28 -0.86 

TPRA1 0.79 0.75 -0.78 -0.66 

PIK3R2 0.82 0.72 -1.13 -0.81 

HTR2B 0.80 0.74 -0.69 -0.76 

NADK 0.83 0.71 -0.84 -1.02 

ZNF214 0.83 0.71 -0.67 -1.29 

CELSR3 0.81 0.73 -0.32 -0.61 

S1PR5 0.80 0.74 -0.19 -0.08 

MPP7 0.81 0.72 -1.02 -0.95 

NPY1R 0.74 0.80 -1.24 -0.28 

PTGFR 0.75 0.79 -0.91 -0.66 

GRM5 0.73 0.81 -0.96 -0.05 

UBE2I 0.76 0.77 -1.38 -0.81 

TTYH1 0.81 0.72 -0.89 -1.55 

CCR5 0.81 0.72 -0.62 -0.92 

ADRA2B 0.79 0.74 -0.69 -1.04 

NPBWR2 0.71 0.82 -1.09 0.05 

ADGRA1 0.72 0.81 -1.05 -0.47 

DRD3 0.80 0.73 -0.39 -0.63 

NMUR2 0.78 0.74 -0.86 -0.72 

HIPK1 0.74 0.79 -0.80 -0.53 

TRIM46 0.73 0.79 -1.12 -0.49 

GPR160 0.79 0.73 -0.44 -0.61 
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AGTR2 0.77 0.75 -0.77 -0.96 

EDNRA 0.80 0.72 -0.63 -1.19 

GPR35 0.78 0.75 -0.76 -1.00 

AGTR1 0.79 0.73 -0.79 -0.83 

E2F8 0.69 0.83 -0.91 -1.05 

AVPR1A 0.72 0.80 -0.55 -0.78 

ADGRD1 0.75 0.77 -0.87 -0.83 

LTB4R2 0.79 0.73 -0.79 -0.87 

GPR1 0.79 0.73 -0.82 -0.85 

SLC26A3 0.69 0.82 -1.11 -0.67 

OXER1 0.79 0.73 -0.84 -0.85 

EPHA7 0.82 0.69 -0.95 -1.18 

CXCR4 0.71 0.80 -1.09 -0.08 

OR1A1 0.70 0.81 -0.63 -0.72 

GPR119 0.76 0.74 -0.81 -1.02 

GPR101 0.76 0.75 -1.09 -0.65 

LGR5 0.75 0.75 -0.87 -0.93 

PHF20L1 0.72 0.78 -1.16 -0.53 

C5AR1 0.75 0.76 -0.69 0.11 

VN1R1 0.79 0.72 -0.83 -0.93 

PTH1R 0.79 0.71 -0.43 -0.77 

TRIM72 0.75 0.76 -1.44 -0.88 

DZIP3 0.73 0.77 -0.97 -1.23 

NUP98 0.72 0.78 -2.54 -0.59 

BPHL 0.81 0.69 -1.10 -0.45 

ASB7 0.81 0.69 -0.78 -0.84 

GPR152 0.78 0.72 -0.89 -0.90 

FZD10 0.78 0.72 -0.85 -0.94 

TBXA2R 0.79 0.71 -0.83 -0.97 

PJA2 0.76 0.74 -1.41 -0.93 

S1PR3 0.78 0.71 -0.72 -1.27 

UBE2Q1 0.69 0.80 -1.19 -0.88 

CCR1 0.75 0.75 -1.17 -0.67 

C5AR2 0.68 0.82 -0.72 -0.70 

PRSS27 0.83 0.66 -1.47 -0.85 

PHF2 0.78 0.71 -0.91 -0.77 

NTSR2 0.76 0.74 -0.86 -1.08 

PHPT1 0.66 0.83 -0.79 -0.70 

AFF4 0.77 0.72 -1.11 -1.24 

MLLT1 0.73 0.76 -0.96 -0.96 

AXL 0.82 0.67 -0.97 -1.35 
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GPR26 0.76 0.73 -0.68 -0.62 

FFAR1 0.69 0.80 -0.65 -0.80 

CCR7 0.78 0.71 -0.72 -1.32 

P2RY4 0.74 0.75 -0.87 -0.47 

PPP1R3A 0.77 0.72 -0.55 -0.92 

NPY5R 0.74 0.75 -0.76 0.02 

NHLH1 0.71 0.78 -0.84 -1.40 

FFAR2 0.77 0.71 -0.95 -0.99 

GPR34 0.73 0.75 -0.95 -0.43 

ACVR2B 0.75 0.73 -0.64 -0.79 

ADRA1A 0.75 0.73 -0.63 -0.15 

CHRM4 0.72 0.76 -1.04 -0.90 

TNK2 0.72 0.76 -0.72 -0.73 

ADGRL1 0.74 0.74 -0.85 -0.57 

GPR183 0.78 0.70 -0.91 -1.10 

TAAR8 0.74 0.73 -0.92 -1.12 

GALR1 0.82 0.66 -0.26 -1.14 

BRCC3 0.67 0.81 -0.68 -1.30 

PIM1 0.72 0.76 -2.28 -0.65 

OPRD1 0.75 0.72 -0.75 -0.69 

RORA 0.67 0.80 -1.00 -1.23 

NUDT14 0.69 0.78 -0.73 -0.79 

ADGRB3 0.83 0.64 0.01 -0.84 

FFAR3 0.73 0.74 -0.92 -0.56 

BDKRB2 0.69 0.78 -0.67 -0.87 

HTR5A 0.78 0.69 -0.58 -0.88 

THNSL1 0.78 0.69 -0.57 -0.90 

P2RY13 0.71 0.75 -1.06 -0.43 

ZNF560 0.70 0.77 -1.06 -0.93 

PKN2 0.77 0.70 -0.74 -0.72 

PKMYT1 0.82 0.65 -1.22 -1.08 

GPR153 0.70 0.77 -1.09 0.18 

GPR19 0.80 0.66 -0.37 -1.10 

FBXO30 0.64 0.83 -1.46 -0.67 

HTR6 0.75 0.71 -1.14 -0.98 

USP31 0.70 0.76 -1.27 -0.58 

SIGMAR1 0.80 0.66 -0.19 -0.72 

DGKB 0.83 0.63 -0.61 -0.88 

TAAR9 0.66 0.80 -0.77 -0.80 

VIPR2 0.76 0.70 -0.68 -0.85 

PEX12 0.74 0.72 -1.08 -0.74 
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PVR 0.71 0.75 -0.59 -1.00 

OMG 0.74 0.72 -0.95 -1.21 

FZD5 0.77 0.69 -0.48 -0.49 

MRGPRD 0.74 0.72 -0.96 -1.21 

USP38 0.71 0.75 -1.22 -0.65 

SUCNR1 0.74 0.72 -1.25 -0.93 

SDR9C7 0.83 0.63 -0.98 -0.67 

RNF175 0.69 0.76 -1.18 -1.33 

FZD8 0.80 0.65 -0.24 -0.76 

CHD4 0.83 0.62 0.11 -2.54 

HUNK 0.82 0.62 -1.33 -0.87 

GRM6 0.80 0.64 -0.19 -0.85 

GPR87 0.71 0.74 -1.03 -0.05 

HTR1F 0.76 0.68 -0.67 -0.97 

MUTYH 0.81 0.64 -1.13 -0.64 

SYVN1 0.69 0.75 -1.71 -0.89 

GABPB1 0.72 0.72 -1.50 -1.23 

OXGR1 0.77 0.67 -0.96 -1.33 

MYCBP2 0.61 0.83 -0.95 -1.14 

POMK 0.67 0.78 -0.84 -0.69 

PTPRD 0.65 0.79 -0.84 -0.76 

PKN1 0.65 0.79 -0.87 -0.66 

ACKR2 0.73 0.71 -0.83 -0.29 

GSK3A 0.81 0.63 -0.65 -0.88 

TAAR1 0.76 0.68 -1.05 -1.27 

CUL4A 0.72 0.72 -1.18 -0.73 

GRPR 0.75 0.69 -1.12 -1.21 

HTR1D 0.73 0.71 -0.96 -0.75 

HECW2 0.67 0.76 -1.28 -1.31 

ADORA2B 0.75 0.69 -0.80 -0.93 

GABBR2 0.72 0.71 -1.02 -0.73 

RRH 0.77 0.66 -0.94 -1.42 

MARCH2 0.62 0.81 -0.92 -1.25 

RAD21 0.65 0.78 -2.63 -2.08 

CHKB 0.79 0.64 -1.29 -1.65 

GPR162 0.72 0.71 -1.02 -0.76 

PKIB 0.68 0.75 -2.82 -0.69 

SIX6 0.62 0.81 -1.23 -1.18 

RNF11 0.81 0.62 -1.15 -1.52 

PTGDR2 0.74 0.69 -0.77 -0.47 

PRSS41 0.81 0.62 -1.72 -0.94 
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QRFPR 0.79 0.63 -0.31 -0.92 

GPR3 0.75 0.67 -0.65 -0.60 

P2RY10 0.72 0.70 -1.40 -1.05 

TSSK3 0.73 0.70 -0.69 -0.89 

LPAR5 0.73 0.69 -0.82 -0.45 

GHSR 0.72 0.70 -1.02 -0.82 

CASR 0.69 0.73 -1.27 -0.59 

LANCL1 0.75 0.67 -0.63 -0.64 

HIPK4 0.70 0.72 -0.76 -0.82 

ADGRB2 0.69 0.73 -1.24 -0.62 

MLLT10 0.74 0.68 -0.89 -1.32 

FASTKD1 0.71 0.71 -0.73 -0.86 

KDM2B 0.72 0.70 -1.19 -0.80 

ADORA3 0.72 0.69 -1.01 -0.89 

RHO 0.70 0.71 -1.54 -1.02 

CRHR1 0.72 0.69 -1.02 -0.90 

CKMT1B 0.71 0.70 -0.74 -0.87 

S1PR4 0.79 0.62 -0.34 -1.00 

CCKAR 0.73 0.68 -0.95 -0.98 

PRKAR1A 0.79 0.62 -0.54 -1.08 

TF 0.72 0.68 -2.52 -0.80 

ADGRV1 0.79 0.61 -0.31 -1.10 

MAP2K7 0.78 0.62 -1.45 -1.79 

EFNA5 0.79 0.61 -1.55 -1.25 

TAF6L 0.71 0.69 -1.58 -1.39 

CXCR3 0.77 0.63 -0.49 -0.98 

GPR4 0.70 0.70 -1.12 -0.39 

GPR179 0.77 0.62 -0.45 -1.04 

SORCS1 0.72 0.67 -1.00 -1.04 

TRIM58 0.63 0.77 -0.87 -1.58 

PRKX 0.82 0.57 -1.42 -0.98 

CXCR1 0.74 0.65 -0.77 -0.76 

GPR174 0.73 0.65 -0.79 -0.77 

GPR132 0.77 0.61 -0.46 -1.09 

MPP2 0.82 0.56 -1.34 -1.00 

RHBDF2 0.55 0.83 -0.63 -1.33 

NME1 0.81 0.57 -0.65 -1.03 

BPTF 0.65 0.73 -0.78 -1.84 

SSTR2 0.74 0.63 -0.74 -0.96 

HCAR1 0.67 0.70 -1.44 -0.81 

HTR1B 0.76 0.61 -0.58 -1.13 
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STK31 0.79 0.58 -0.70 -0.99 

ZBTB38 0.71 0.66 -1.12 -2.57 

FPR3 0.68 0.68 -1.31 -1.00 

REN 0.80 0.57 -3.76 -0.99 

MAS1 0.73 0.63 -0.81 -0.97 

GALR2 0.68 0.68 -1.36 -0.97 

CAPN7 0.53 0.83 -0.70 -1.31 

NME3 0.82 0.53 -1.34 -1.07 

ADORA2A 0.72 0.63 -0.94 -0.93 

RXFP1 0.70 0.65 -1.19 -1.20 

JOSD1 0.65 0.70 -1.48 -0.80 

GPRC5C 0.76 0.59 -0.55 -1.33 

PREPL 0.52 0.83 -0.72 -1.31 

IKBKE 0.62 0.73 -0.97 -0.81 

RNF144B 0.71 0.63 -1.23 -1.03 

MC1R 0.70 0.64 -1.09 -0.90 

ADORA1 0.77 0.57 -0.49 -1.48 

NPR3 0.71 0.62 -0.98 -1.02 

NMUR1 0.67 0.67 -1.44 -1.07 

GPR17 0.73 0.60 -0.79 -1.25 

LACTB 0.79 0.53 -2.29 0.00 

PMPCB 0.52 0.80 -0.71 -1.58 

ADAM7 0.51 0.81 -0.75 -1.47 

KLK11 0.49 0.82 -0.78 -1.37 

CXCR2 0.70 0.61 -1.09 -1.13 

CELSR2 0.68 0.62 -1.26 -1.01 

MYB 0.50 0.81 -1.87 -2.10 

CLDN16 0.73 0.58 -1.88 -0.86 

GPR139 0.73 0.57 -0.84 -1.48 

RBP4 0.75 0.55 -1.69 -0.95 

GPR85 0.69 0.60 -1.20 -1.20 

AREL1 0.69 0.59 -1.20 -2.95 

SPINK1 0.77 0.51 -1.48 -1.09 

ADGRE5 0.71 0.56 -1.00 -1.57 

DRD4 0.68 0.58 -1.26 -1.40 

PHF23 0.76 0.47 -0.78 -2.54 

GPR12 0.65 0.59 -1.59 -1.66 

FBXL18 0.79 0.44 -0.88 -1.66 

MASP2 0.79 0.44 -2.32 -0.68 

ASB15 0.71 0.51 -1.04 -2.11 

F12 0.80 0.41 -2.16 -0.89 
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KLK4 0.80 0.40 -2.14 -0.93 

BAHD1 0.42 0.76 -3.58 -0.61 

ACOT6 0.75 0.43 -2.92 -0.70 

LONRF1 0.75 0.42 -0.83 -2.85 

ZFP36 0.34 0.80 -2.34 -0.79 

TLR1 0.54 0.58 -4.40 -2.93 

MYLIP 0.71 0.39 -1.03 -3.00 

SLC2A1 0.53 0.42 -4.43 -4.25 
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import numpy as np
import pandas as pd
import xlrd
import os

def DataProcessing_addition(path):
    dataText = open(path)
    TextTarget = open('dataTemp.txt', mode='w+')
    text = dataText.readlines()
    num = 0  # define the num based on the plate number
    r = text[5][-6] # extract round number
    plateId = text[5][27:-2] # extract plate ID
    plateName = text[5][-9:-2] # extract plate number
    plateId = int(plateId) + num # re-define plate ID
    for line in text[7:]:
        TextTarget.write(line.replace('\t', ','))
    dataText.close()
    TextTarget.close()

    # read data
    df_txt = pd.read_csv('dataTemp.txt')
    df_txt = df_txt.rename(columns={'Well Name': 'Well'})
    df_txt_mean = df_txt.groupby('Well').mean()

    # process data
    non_target_cell = df_txt_mean.loc[
        ['C01', 'D01', 'E12', 'F12'], 'Total Cells (MultiWaveScoring)'].mean()
    blank_cell = df_txt_mean.loc[
        ['A01', 'B01', 'G12', 'H12'], 'Total Cells (MultiWaveScoring)'].mean()
    non_target = df_txt_mean.loc[
        ['C01', 'D01', 'E12', 'F12'], 'All W2 Mean Stain Integr Intens (MultiWaveScoring)'].mean()
    untreated_cell = df_txt_mean.loc[
        ['A12', 'B12', 'G01', 'H01'], 'Total Cells (MultiWaveScoring)'].mean()
    positive_control_cell = df_txt_mean.loc[
        ['E01', 'F01', 'C12', 'D12'], 'Total Cells (MultiWaveScoring)'].mean()
    df_txt_mean.loc[:, 'All W2 Mean Stain Integr Intens (MultiWaveScoring)'] = df_txt_mean.loc[:,
                                                                               'All W2 Mean Stain Integr Intens 
(MultiWaveScoring)'] / non_target
    non_target=1

    blank = df_txt_mean.loc[
        ['A01', 'B01', 'G12', 'H12'], 'All W2 Mean Stain Integr Intens (MultiWaveScoring)'].mean()
    untreated = df_txt_mean.loc[
        ['A12', 'B12', 'G01', 'H01'], 'All W2 Mean Stain Integr Intens (MultiWaveScoring)'].mean()
    positive_control = df_txt_mean.loc[['E01', 'F01', 'C12', 'D12'], 'All W2 Mean Stain Integr Intens 
(MultiWaveScoring)'].mean()

    non_target_std = df_txt_mean.loc[
        ['C01','D01','E12','F12'],'All W2 Mean Stain Integr Intens (MultiWaveScoring)'].std()
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Figure A. 2.1 Python code to normalized measurements of controls to non-targeting controls for 

each plate. 

 

 

 

    blank_std = df_txt_mean.loc[
        ['A01', 'B01', 'G12', 'H12'], 'All W2 Mean Stain Integr Intens (MultiWaveScoring)'].std()
    untreated_std = df_txt_mean.loc[
        ['A12', 'B12', 'G01', 'H01'], 'All W2 Mean Stain Integr Intens (MultiWaveScoring)'].std()
    positive_control_std = df_txt_mean.loc[['E01', 'F01', 'C12', 'D12'], 'All W2 Mean Stain Integr 
Intens (MultiWaveScoring)'].std()

    list = []
    for k in ('01','12'):
        for i in range(65,71):
            list.append('{}{}'.format('%c'%(i),k))

    work = df_txt_mean.loc[list,'All W2 Mean Stain Integr Intens (MultiWaveScoring)']
    work['non_target'] = non_target
    work['non_target cell number']=non_target_cell
    work['positive'] = positive_control
    work['positive cell number'] = positive_control_cell
    work['untreated'] = untreated
    work['untreated cell number'] = untreated_cell
    work['blank'] = blank
    work['blank cell number'] = blank_cell
    work['non_target_std'] = non_target_std
    work['positive_std'] = positive_control_std
    work['untreated_std'] = untreated_std
    work['blank_std'] = blank_std
    df = pd.DataFrame(work)
    df = df.rename(columns={'All W2 Mean Stain Integr Intens (MultiWaveScoring)': 'value'})
    target_pd = pd.DataFrame(df.T,index=df.columns, columns=df.index)
    target_pd.insert(0,'plate name',plateName)
    print(target_pd)
    return target_pd

if __name__ == '__main__':

    excelDir = 'Excel_dir'
    # rootDir = 'txt_dir'
    for root, dirs, files in os.walk(excelDir):
        for name in files:
            str1 = str(os.path.join(root, name))
            lists = str1.split(' ')
            plate_temp = lists[4]
            plate_temp = plate_temp+'_update'
            #print(plate_temp)
            for root,dirs,files in os.walk(plate_temp):
                df = pd.DataFrame()
                for file in files:
                    df = df.append(DataProcessing_addition(os.path.join(root, file)))
                df.to_excel('{}-ESL.xlsx'.format(plate_temp))
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import numpy as np
import pandas as pd
import xlrd
import os

def create_temp_file(lists):
    for list in lists:
        Round = list.columns
        list.to_csv('txt_temp_dir/{}'.format(Round[0]))

def process_main(rootDir):
    dict = {}
    for root, dirs, files in os.walk(rootDir):
        for file in files:
            join_target, Round = DataProcessing(os.path.join(root, file))
            if Round in dict:
                dict[Round].append(join_target)
            else:
                dict[Round] = [join_target]
        for dir in dirs:
            traverse(dir)
    Round_list = []
    for dict_items in dict.items():
        Round, df_list = dict_items
        temp_df = pd.DataFrame()
        for df_r in df_list:
            temp_df = pd.concat([temp_df, df_r])
        Round_list.append(temp_df)
    return Round_list

def DataProcessing(path):

    dataText = open(path)
    TextTarget = open('dataTemp.txt', mode='w+')
    text = dataText.readlines()
    num = 0  # define the num based on the plate number
    r = text[5][-6] # extract round number
    plateId = text[5][27:-2] # extract plate ID
    plateId = int(plateId) + num # re-define plate ID
    for line in text[7:]:
        TextTarget.write(line.replace('\t', ','))
    dataText.close()
    TextTarget.close()

    # read data
    df_txt = pd.read_csv('dataTemp.txt')
    df_txt = df_txt.rename(columns={'Well Name': 'Well'})
    df_txt_mean = df_txt.groupby('Well').mean()
    df_txt_std = df_txt.groupby('Well').std()

    # process data
    non_target = df_txt_mean.loc[
        ['C01', 'D01', 'E12', 'F12'], 'All W2 Mean Stain Integr Intens (MultiWaveScoring)'].mean()
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    df_txt_mean.loc[:, 'All W2 Mean Stain Integr Intens (MultiWaveScoring)'] = df_txt_mean.loc[:,
                                                                               'All W2 Mean Stain Integr Intens 
(MultiWaveScoring)'] / non_target
    join_value = df_txt_mean.loc[:, 'All W2 Mean Stain Integr Intens (MultiWaveScoring)']

    join_target = pd.DataFrame(join_value)
    join_target['Round {} stdev'.format(r)] = df_txt_std.loc[:,'All W2 Mean Stain Integr Intens 
(MultiWaveScoring)']/non_target
    join_target['Round {} Total cells'.format(r)] = df_txt_mean.loc[:,'Total Cells 
(MultiWaveScoring)']
    join_target['PlateName'] = 'Plate {}'.format(plateId)
    RoundText = 'Round {}'.format(r)
    join_target = join_target.rename(columns={'All W2 Mean Stain Integr Intens 
(MultiWaveScoring)': RoundText})
    return join_target, r

def excelProcessing(rootDir):
    df_excel1 = pd.read_excel(str1,header=2, index_col=None, engine='openpyxl')
    df_excel2 = df_excel1.loc[:, ['PlateName', 'Well', 
'GeneSymbol']].drop_duplicates(['PlateName', 'Well'],ignore_index=True)
    rootDir = rootDir + '_update'
    for list in process_main(rootDir):
        target_excel = pd.merge(df_excel2, list, how='left', on=['Well', 'PlateName'])
        df_excel2 = target_excel
    return df_excel2,plate_temp

def changeName(df_excel2,plate_temp):
    num_x, num_y = df_excel2.shape
    plate_str = df_excel2.iloc[num_x - 1, 0]
    plate_num = plate_str.split(' ')
    num = int(plate_num[-1])
    for i in range(1, num + 1):
        df_excel2['PlateName'][df_excel2['PlateName'] == 'Plate {}'.format(i)] = '{} 
{}'.format(plate_temp, i)
    return df_excel2

def createExcel(df_excel2,plate_temp):
    excelName = 'target_{}.xlsx'.format(plate_temp)
    df_excel2.to_excel(excelName)

excelDir = 'Excel_dir'
for root,dirs,files in os.walk(excelDir):
    for name in files:
        str1 = str(os.path.join(root, name))
        lists = str1.split(' ')
        print(lists)
        plate_temp = lists[4]
        df,plateName = excelProcessing(plate_temp)
        changeName(df,plateName)
        createExcel(df,plateName)
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Figure A. 2.2 Python code to normalized measurements of each well to non-targeting controls for 

each plate. 

 

Figure A. 2.3 Python code to filter genes expressed in the mouse brain endothelial cells based on 

the results of single-cell RNA sequencing.  

print("done")

'''
        str1=str(os.path.join(root,name))
        lists = str1.split(' ')
        plate_temp = lists[4]
        df_excel1 = pd.read_excel(str1,index_col=None,engine='openpyxl')
        df_excel2 = df_excel1.loc[:, ['PlateName', 'Well', 
'GeneSymbol']].drop_duplicates(['PlateName', 'Well'],
                                                                                          ignore_index=True)
        for list in process_main(rootDir):
            target_excel = pd.merge(df_excel2, list, how='left', on=['Well', 'PlateName'])
            df_excel2 = target_excel

        num_x,num_y = df_excel2.shape
        plate_str = df_excel2.iloc[num_x-1,0]
        plate_num = plate_str.split(' ')
        num = int(plate_num[-1])
        print('num:',num)
        for i in range(1,num+1):
            df_excel2['PlateName'][df_excel2['PlateName'] == 'Plate {}'.format(i)] = '{} 
{}'.format(plate_temp,i)

        excelName = 'target_{}.xlsx'.format(plate_temp)
        df_excel2.to_excel(excelName)
'''

import numpy as np
import pandas as pd

if __name__ == '__main__':
    df = 
pd.read_csv('GSE98816_Brain_samples_normalized_counts_matrix.txt',sep='\t',header=0,index
_col=0) #mouse brain endothelial cell sinegle cell RNA sequencing
    df = df.filter(regex='Brain.EC*') # select columns
    df = df[df.apply(np.sum,axis=1)!=0]
    df=df.reset_index()
    df = df.rename(columns={'index':'GeneSymbol'})
    df['GeneSymbol']=df['GeneSymbol'].str.upper()
    df_excel = pd.read_excel('target_Protease.xlsx',index_col=0,engine='openpyxl')
    temp=df_excel[df_excel['GeneSymbol'].isin(df['GeneSymbol'])]
    print(temp)
    temp.to_excel('protease_temp.xlsx') 
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Chapter 3  

NUCLEAR RECEPTOR LIGAND SCREENING IN AN IPSC-DERIVED IN VITRO BLOOD-

BRAIN BARRIER MODEL IDENTIFIES NEW CONTRIBUTORS TO LEPTIN TRANSPORT 

Adopted from: Shi Y, Kim H, Hamann CA, Rhea EM, Brunger JM, Lippmann ES. Nuclear receptor 

ligand screening in an iPSC-derived in vitro blood-brain barrier model identifies new contributors 

to leptin transport. Accepted and soon to be published by Fluids and Barriers of the CNS. Open 

access and with permission from Springer Nature. 

3.1  Summary 

The hormone leptin exerts its function in the brain to reduce food intake and increase 

energy expenditure to prevent obesity. However, most obese subjects reflect the resistance to leptin 

even with elevated serum leptin. Considering that leptin must cross the blood-brain barrier (BBB) 

in several regions to enter the brain parenchyma, altered leptin transport through the BBB might 

play an important role in leptin resistance and other biological conditions. Here, we report the use 

of a human induced pluripotent stem cell (iPSC)-derived BBB model to explore mechanisms that 

influence leptin transport.  

iPSCs were differentiated into brain microvascular endothelial cell (BMEC)-like cells 

using standard methods. BMEC-like cells were cultured in Transwell filters, treated with ligands 

from a nuclear receptor agonist library, and assayed for leptin transport using an enzyme-linked 

immune sorbent assay. RNA sequencing was further used to identify differentially regulated genes 

and pathways. The role of a select hit in leptin transport was tested with the competitive substrate 

assay and after gene knockdown using CRISPR techniques.  

Following a screen of 73 compounds, 17β-estradiol was identified as a compound that 

could significantly increase leptin transport. RNA sequencing revealed many differentially 

expressed transmembrane transporters after 17β-estradiol treatment. Of these, cationic amino acid 
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transporter-1 (CAT-1, encoded by SLC7A1) was selected for follow-up analyses due to its high 

and selective expression in BMECs in vivo. Treatment of BMEC-like cells with CAT-1 substrates, 

as well as knockdown of CAT-1 expression via CRISPR-mediated epigenome editing, yielded 

significant increases in leptin transport.  

A major female sex hormone, as well as an amino acid transporter, were revealed as 

regulators of leptin BBB transport in the iPSC-derived BBB model. Outcomes from this work 

provide insights into regulation of hormone transport across the BBB. 

3.2  Introduction 

The brain harmonizes energy homeostasis by interacting with peripheral tissues. Leptin, a 

16 kDa hormone secreted by adipocytes, is released into the blood circulation and crosses the 

blood-brain barrier (BBB) in several regions of the brain to reduce food intake and increase energy 

expenditure [206]. However, despite serum leptin levels being elevated in direct proportion to the 

amount of body fat, the efficacy of its anorexic effect is decreased in obesity [207]. Most obese 

subjects exhibit resistance to leptin, and this resistance impedes sustained weight loss [208]. 

Intriguingly, many mouse models of obesity are still responsive to intracerebroventricularly 

delivered leptin with high sensitivity compared to peripheral infusion, indicating that impaired 

brain access via diminished BBB transport may contribute to leptin resistance and other biological 

conditions [209,210]. 

Unlike the leaky endothelium of other vascular beds in the body, the BBB is a highly 

selective interface. The BBB, whose functional properties are comprised by the brain 

microvascular endothelial cells (BMECs) that form the inner layer of the capillary vessel wall, 

strictly regulates bidirectional molecular exchange between the bloodstream and the brain [211]. 
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Except for the free diffusion of gases and small lipophilic drugs, most permeable molecules are 

transported to and from the brain through a cohort of specific receptors, transporters, and channels 

[56]. Similar to other hormones, leptin influx is enabled through saturable receptor-mediated 

transport at the BBB [212]. Although leptin brain uptake has been noted in regions not shielded 

by the BBB [212–214], the necessity of leptin BBB penetration has been confirmed in preclinical 

obesity models [215]. At the BBB, the leptin receptor (ObR) has been identified as a transporter 

of leptin [216]. However, in rodent models of obesity, leptin can be transported completely across 

the BBB in the absence of ObRs [217]. Further, inhibition [218] or deletion [219] of ObR at the 

BBB in cellular and in vivo models does not fully diminish leptin transport, suggesting that this 

process may not be ObR-dependent. In addition, low density lipoprotein receptor-related protein 

2 contributes to leptin transport at the BBB [218] and the choroid plexus [220], indicating that 

other mechanisms exist to regulate leptin uptake in the brain.  

In vivo studies linking BBB transport to specific genes are challenging to conduct due to 

low throughput. In contrast, in vitro BBB models have higher throughput and are more amenable 

to screening approaches. However, most in vitro models are not able to fully recapitulate the BBB 

properties. In particular, to study molecular transport, models must possess high trans-endothelial 

electrical resistance (TEER) that limits passive diffusion. The advent of human induced pluripotent 

stem cell (iPSC) technology has provided BMEC-like cells that exhibit robust BBB properties 

[97,108,157–160], including a cohort of essential transporters and restrictive paracellular 

permeability to facilitate central nervous system (CNS) drug-permeability studies [161,162], 

investigate disease biology [163–166], and study mechanisms of molecular transport [167–169]. 

Outcomes from these studies can provide critical insights into BBB biology, particularly when 

validation work is performed in physiologically relevant ex vivo and in vivo systems [170]. 
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Here, we aimed to use iPSC-derived BMEC-like cells to better understand transcytosis of 

leptin across the BBB. Our strategy was to screen a nuclear receptor agonist library and assessed 

changes to leptin transport. We chose this strategy because nuclear receptors control a broad range 

of biological processes through activation by small lipophilic ligands [124]. Nuclear receptor 

signaling pathways have been implicated in nutrient and efflux transporter function in solid organs 

and tissue barriers such as the gut, peripheral endothelium, and BBB [126,127,130]. These 

pathways also play important roles in energy metabolism, lipid dysfunction, and obesity-related 

diseases, including manipulating the process of lipogenesis and gluconeogenesis, preventing the 

onset of obesity, and reversing the induced obesity in obese mouse models [133–135]. Moreover, 

nuclear receptor signaling influences the development, maintenance, and function of the BBB 

[136,158,221]. From this screen, we determined that treatment of BMEC-like cells with 17β-

estradiol yielded a significant increase in leptin transport. RNA sequencing of 17β-estradiol-

treated BMEC-like cells revealed a set of differentially regulated genes, and the gene ontology 

analysis on molecular functions emphasized signaling pathways involving transmembrane 

transporter activity. For validation, we manipulated one particular hit—cationic amino acid 

transporter 1 (CAT-1)—through functional and genetic assays and demonstrated changes to leptin 

transport. Overall, our work provides new insight into hormone transport across the BBB. We 

expect this study will provide a framework for screening and assessing how specific hormones and 

nutrients are transported across the BBB.  
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3.3  Materials and Methods 

3.3.1  iPSC Maintenance and Differentiation 

CC3 iPSCs were maintained and differentiated at 37°C in a humidified CO2 incubator 

following our previously published methods [20]. In brief, CC3 iPSCs were maintained in E8 

medium on 6-well tissue culture plates (Fisher Scientific #07-20083) coated with growth-factor 

reduced Matrigel (Corning #354230), and cells were passaged every 3-4 days once reaching 70-

80% confluency using pre-warmed Versene (Fisher Scientific #15-040-066).  

To differentiate iPSCs to BMEC-like cells, CC3 iPSCs were washed once with DPBS 

(Fisher Scientific #14-190-144), dissociated with Accutase for 3-4 minutes (Fisher Scientific 

#A1110501), collected via centrifugation, and resuspended into E8 medium supplemented with 10 

µM Y27632 (Tocris #1254). Cells were seeded on 6-well tissue culture plates coated with Matrigel 

at the density of 150,000 cells/well. Twenty-four hours after seeding (noted as Day 0 in Figure 

3.1A), the medium was switched to E6 medium and then changed every 24 hours for 4 days. On 

Day 4, cells were changed to EC medium consisting of human endothelial serum-free media 

(hESFM; Thermo Fisher Scientific #11111044), 0.25X B27 supplement (Fisher Scientific #17-

504-044), 20 ng/mL basic fibroblast growth factor (bFGF; PeproTech #100-18b), and 10 µM all-

trans retinoic acid (RA; Sigma-Aldrich #R2625); no media changes were performed for 48 hours. 

On Day 5, 24-well Transwell filter inserts (Fisher Scientific #07-200-154) were coated with 55 µL 

extracellular matrix (ECM) containing 400 μg/mL collagen IV (Sigma-Aldrich #C5533) and 100 

μg/mL fibronectin (Sigma-Aldrich #F1141) in UltraPure DNase/RNase-free distilled water 

(Thermo Fisher Scientific #10977015). On Day 6 (noted as Subculture Day -1 in Figure 3.1A), 

differentiated cells were washed with DPBS, dissociated with Accutase for 20-30 minutes, 

collected via centrifugation, and resuspended in EC medium at the ratio of 1 well to 600 µL EC 
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medium. 100 µL of cell suspension were plated on pre-coated Transwell inserts while 600 µL of 

EC medium were added to the basolateral chamber. On Day 7, referred to as Day 0 of subculture, 

the medium was changed to EC medium without bFGF and RA on both the apical and basolateral 

sides. Select experiments were conducted on Subculture Day 1 (Figure 3.1A) and respective 

medium modifications are stated below. 

 

Figure 3.1 Establishment of leptin transport assay. (A) Experimental timeline for iPSC 

differentiation and initiation of assays. Leptin transport was always assessed on Day 1 of 

subculture. Modifications were made on Day 0 or/and 1 of subculture to reflect different 

experimental setups (time points indicated by asterisks). (B) Temporal leptin transport through 

BMEC-like cells as a function of leptin concentration in the apical chamber. Mass of leptin in the 

basolateral chamber was measured using an ELISA and a standard curve. Percent of leptin 

transported was calculated by dividing mass in the basolateral chamber by mass in the apical 

chamber. Data are presented as mean ± standard deviation from n=3 biological replicates. (C) 

BMEC-like cells demonstrate the high-fidelity passive barrier function before and after the leptin 

transport assay. TEERs are represented as mean ± standard deviation in a single biological 

replicate (n=3 measurements from each filter). Trends were confirmed in two additional biological 

replicates. 
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3.3.2  TEER Measurements  

After plating cells on Transwell inserts, TEER was measured every 24 hours on Day 0, 

Day 1, and/or Day 2 of subculture using the EVOM2 voltohmmeter (World Precision Instruments) 

with STX2 chopstick electrodes (World Precision Instruments). TEER was measured in an empty 

Transwell containing no cells as the baseline control. Three measurements were taken from one 

filter at each time point. TEER values were corrected by subtracting the empty filter reading and 

multiplying by the surface area of the filter (0.33 cm2). 

3.3.3  Initial Assessment of Leptin Transport 

Recombinant human leptin (R&D Systems #398-LP) was reconstituted at 1 mg/mL in 

sterile 20 mM Tris-HCl (Fisher Scientific #MT46031CM) at pH of 8.0. On Day 1 of subculture 

(Figure 3.1A), TEER was measured to ensure barrier induction in the BMEC-like cells. Leptin was 

added to hESFM medium with B27 at the concentration of 1 µM, 3 µM, and 10 µM. At the start 

of this assay, the medium on the apical chamber of the 24-well Transwell insert was aspirated and 

then replaced with 100 µL of leptin working solution. 100 µL of medium was then collected from 

each basolateral chamber. At the same time, 100 µL of fresh hESFM medium with B27 were added 

back to the basolateral chamber to maintain a consistent medium volume. Basolateral medium 

collection was repeated every 15 minutes for 45-60 minutes total as needed. Each plate was 

returned to the incubator after medium extraction and replacement. Collected samples were stored 

at -80°C, and leptin concentration was measured through ELISA as described below. 

3.3.4  Nuclear Receptor Ligand Screening and Validation 

To identify possible ligands involved in leptin transport regulation, the SCREEN-WELL 

Nuclear Receptor ligand library (Enzo Life Sciences #BML-2802-0100), consisting of 73 

compounds dissolved in Dimethyl sulfoxide (DMSO), was used in primary ligand screening. As 
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previously described, BMEC-like cells differentiated from iPSCs were purified onto ECM-coated 

24-well Transwell filters in EC medium. TEER was measured approximately every 24 hours after 

subculture to confirm passive barrier function. On Day 0 of subculture, compounds were added at 

the concentration of 10 µM into EC medium lacking bFGF and RA. Equivalent volume of DMSO 

(Sigma-Aldrich #D8418) was used as a negative control at a final concentration of 0.1%. Medium 

on both sides of Transwell inserts were replaced with medium supplemented with respective select 

compound or DMSO. 24 hours after the medium change, BMEC-like cells received a medium 

change only in the apical compartment, respectively. This medium was composed of EC medium 

lacking bFGF and RA, 10 µM of select compound or DMSO, and 3 µM of leptin. After a 30-

minute incubation at 37°C, 100 µL of the medium was extracted from the basolateral compartment 

in each well and transferred into individual microfuge tubes. Collected medium was stored at -

80°C and measured using ELISA as described below. During the primary screening, each 

condition was assayed across duplicate filters. After analyzing data from the primary screen, 7 

select ligands and a DMSO control were re-examined in one 24-well plate with triplicate Transwell 

filters. The leptin transport assay was conducted as described above. This process was repeated 

across 3 biological replicates to enable statistical assessments and evaluate reproducibility. 

3.3.5  ELISA Assay 

Leptin concentration within all collected samples was determined using the Human Leptin 

Standard ABTS ELISA Development Kit (PeproTech #900-K90) and ABTS ELISA Buffer Kit 

(PeproTech #900-K00) according to the manufacturer’s suggestions with subtle adjustments.  

Prior to the assay, solutions were diluted and adjusted to pH 7.2 using the Orion Star A221 

benchtop pH meter (Thermo Fisher Scientific #STARA2110). On the first day, 100 µL of 1 µg/mL 

capture antibody in 1X PBS was added into each well of one ELISA microplate (Corning #3590). 
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The plate was sealed with polyester adhesive sheet and incubated overnight at room temperature. 

On the second day, the plate was washed four times using 300 µL of 1X wash buffer and blotted 

on a paper towel to remove residual buffer after the last wash. 300 µL of block buffer was then 

added into each well and incubated for 2 hours at room temperature. During this time, collected 

samples were diluted into 1X Diluent buffer using the optimized dilution factor (1 µM leptin, 1:10; 

3 µM leptin, 1:25; 10 µM leptin, 1:60). Human leptin standard was diluted into 1X Diluent at the 

concentration of 4000 pg/mL, 3000 pg/mL, 2000 pg/mL, 1000 pg/mL, 500 pg/mL, 250 pg/mL, 

125 pg/mL, and 0 pg/mL to generate a standard curve.  After blocking, plate was washed with 

wash buffer and filled with 100 µL of standard or diluted sample in each well in duplicates or 

triplicates as needed. The plate was not disturbed until sample incubation was finished after 2.5 

hours at room temperature. Following sample incubation, the plate was washed again. Then, 100 

µL of 0.25 ug/mL detection antibody in 1X Diluent was added into each well of the plate to 

incubate for 2 hours at room temperature. After incubation with the detection antibody, the plate 

was washed again and replaced with 100 µL of Avidin-HRP conjugate in 1X Diluent at the ratio 

of 1:2000. The plate was then incubated with Avidin-HRP conjugate for 30 minutes at room 

temperature and washed again. Following washing, 100 µL of ABTS was added to each well and 

incubated at room temperature for color development. The ELISA plate was monitored on a 

BioTek Synergy H1 multi-mode microplate reader at 405 nm with wavelength correction set at 

650 nm for approximately 60 minutes at room temperature. A standard curve was then created in 

GraphPad Prism using known leptin concentrations and used to convert all experimental 

measurements to concentration. 
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3.3.6  RNA Sequencing and Pathway Analysis  

Bulk RNA-sequencing was applied to profile transcriptomic changes under 17β-estradiol 

treatment. BMEC-like cells were purified onto 6-well plates, and 24 hours after subculture, 10 µM 

of 17β-estradiol or DMSO was prepared in EC medium lacking bFGF and RA and added to the 

cells. After 24 hours, BMEC-like cells were washed once with DPBS, lifted using a cell lifter 

(Fisher Scientific #08-100-240), and collected via centrifugation. Resultant cell pellets were lysed 

in TRIzol reagent (Thermo Fisher Scientific #15596026) at room temperature for 10 minutes and 

stored at -80°C. Three biological replicates were collected per condition. Following the 

manufacturer’s guideline, RNA from each sample was purified using a Direct-zol RNA Miniprep 

kit (Zymo Research #R2051) simultaneously. Purified RNA samples were submitted to the 

Vanderbilt Technologies for Advanced Genomics core and sequenced on an Illumina 

NovaSeq6000. Raw sequencing reads were trimmed and aligned to human genome (GRCh38) 

with HISAT2 2.2.0 [222], and genomic features were obtained using the featureCounts function 

[223]. Differential gene expression and meta read counts were analyzed with edgeR [224]. Gene 

ontology enrichments analysis was performed on genes with p<0.05 and fold change greater than 

1.5 using WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) [225].  

3.3.7  Amino Acid Treatments 

On Day 1 of subculture, the medium in the apical chamber was replaced with 100 µL of 

EC medium lacking bFGF and RA and containing 3 µM of leptin and 3 mM of amino acid substrate. 

After 30 minutes, 100 µL of medium was collected from the basolateral chamber and stored at -

80°C. ELISA was then used to quantify leptin concentration as previously described. In terms of 

amino acids, L-Cystine (Sigma-Aldrich #C8755) was selected as the substrate of cystine/glutamate 

transporter (encoded by SLC7A11), L-Serine (Sigma-Aldrich #S4311) was selected as the 
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substrate of neutral amino acid transporter A (encoded by SLC1A4) and neutral amino acid 

transporter B(0) (encoded by SLC1A5), and glycine (Sigma-Aldrich #G8790) was selected as the 

substrate of glycine transporter 1 (encoded by SLC6A9). CAT-1 (encoded by SLC7A1) and CAT-

3 (encoded by SLC7A3) had 4 substrates including L-Lysine hydrochloride (Fisher Scientific 

#BP386), L-Histidine (Sigma-Aldrich #H6034), L-Ornithine monohydrochloride (Sigma-Aldrich 

#O6503), and L-Arginine (Acros Organics #104991000). 

3.3.8  CRISPR Plasmid Design and Construction  

To produce a Sleeping Beauty (SB) transposon vector for inducible expression of the 

CRISPRoff-expression cassette, the SB transposon from Addgene plasmid 60495 (gifted from Eric 

Kowarz [46]) was modified to replace the constitutive RPBSA promoter-driven expression of 

rtTA-advanced with EF-1α-driven expression of TetOn-3G. This transposon vector then served as 

the backbone for cloning the CRISPRoff-v2.1 protein, which consists of a fusion protein of the 

catalytic domains from DNMT3A and DNMT3L to dCas9, blue fluorescent protein (BFP), and 

KRAB, downstream of the tetracycline response element (TRE) promoter. The TetOn-3G vector 

was digested with SfiI, and a PCR amplicon containing the CRISPRoff-v2.1 protein from Addgene 

plasmid 167981 (gifted from Luke Gilbert [47]) was inserted into the backbone downstream of the 

TRE using NEBuilder HiFi DNA Assembly Master Mix (NEB #E2621) following the 

manufacturer’s recommendations. The final transposon contains the constitutive TetOn-3G with 

TRE-driven CRISPRoff.  

A second SB transposon vector containing the U6-sgRNA expression cassette was 

produced by cloning two PCR fragments into the backbone of Addgene plasmid 60495. One insert 

consisted of the U6-sgRNA cassette from Addgene 71236 (gifted from Charles Gersbach [48]). 

This cassette contains two BbsI cleavage sites that enable cloning of target-specific spacer 
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sequences between the U6 promoter and the gRNA scaffold. The second insert included the murine 

PGK promoter upstream of the hygromycin B phosphotransferase transgene. The SB transposon 

vector backbone, including the SB inverted terminal repeats, was PCR amplified, and the three 

amplicons were assembled using the NEBuilder HiFi DNA Assembly Master Mix following 

manufacturer’s recommendations. Three single gRNAs (sgRNAs) targeting SLC7A1 and three 

non-targeting control sgRNAs were selected from a published CRISPR library [49]. Sequences are 

available in Table A. 3.1. 

These transposon vectors were propagated in DH5α competent cells and co-transfected 

along with a plasmid encoding the hyperactive enzyme SB 100x Transposase (Addgene 34879, 

gifted from Zsuzsanna Izsvak [50]) as described below. 

3.3.9  iPSC Transfection, Sorting, and Differentiation 

CC3 iPSCs were maintained in mTeSR Plus medium (StemCell Technologies #100-0276) 

before transfection. To generate a stable cell line with inducible expression of CRISPRoff, the 

TransIT-LT1 reagent (Mirus Bio #MIR2304) was used to deliver the SB 100x transposase and 

transposon vectors. First, 250 μL of mTeSR Plus medium containing 1 μL of 10 mM Y27632 was 

added into a well of a Matrigel-coated 12-well plate. Then, a mixture of plasmids encoding SB 

transposase (1 µg) and CRISPRoff (1 µg) was prepared in 200 µL of Opti-MEM I reduced serum 

medium (Thermo Fisher Scientific #319850-62) supplemented with 6 µL of TransIT-LT1. After a 

15-minute incubation at room temperature, the transfection mix was added into the well of a 12-

well plate. CC3 iPSCs were rinsed once with DPBS, dissociated with Accutase for 3-4 minutes, 

collected via centrifugation, and resuspended into mTeSR Plus medium at the density of 1.5x106 

cells/mL. 500 µL of this cell suspension was added into the well containing the transfection mix. 

24 hours after transfection, the transfection medium was exchanged for fresh mTeSR Plus medium. 
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These same iPSCs were transfected a second time using the methods described above. This 

second time, a mix of plasmids encoding SB transposase (1 µg) and sgRNAs (1 µg total of 3 pooled 

gRNA vectors) were used. 24 hours after transfection, transfected cells were changed to mTeSR 

Plus medium supplemented with 115 µg/mL of Hygromycin B (Sigma-Aldrich #H3274). 2 days 

later, cells were changed to mTeSR Plus medium supplemented with 115 µg/mL of Hygromycin 

B and 2 µg/mL of doxycycline hyclate (Sigma Aldrich #D9891). The following day, cells were 

sorted with a BD FACSAria lll based on BFP expression and plated onto Matrigel-coated plates 

in mTeSR Plus medium supplemented with 10 µM Y27632. After 3 days, sorted iPSCs were 

changed to E8 medium supplemented with 2 µg/mL of doxycycline and differentiated into BMEC-

like cells and utilized for leptin transport experiments as described above. 

3.3.10  Western Blot Analysis 

iPSCs were harvested 9 days after the initiation of doxycycline treatment. Cells were lysed 

in RIPA buffer (Sigma Aldrich #R0278) supplemented with 1% v/v of protease inhibitor cocktail 

(Sigma-Aldrich #P8340) and 1% v/v of phosphatase inhibitor cocktail 3 (Sigma-Aldrich #P0044). 

After 30-minute lysis on ice, samples were centrifugated at 12,000xg for 15 minutes at 4°C and 

the supernatants were collected. Protein concentrations were measured with a Pierce BCA protein 

assay kit (Thermo Fisher Scientific #23225). 25 µg of total protein was separated on 4-20% 

Criterion TGX precast midi protein gels (Bio-Rad #5671094) and transferred onto nitrocellulose 

membranes (Thermo Fisher Scientific #IB23001) using an iBlot 2 gel transfer device (Thermo 

Fisher Scientific #iB21001). Membranes were blocked with Odyssey blocking buffer (Li-Cor 

#92750000) at room temperature for 30 minutes, incubated with Odyssey blocking buffer 

containing primary antibody and 0.05% Tween 20 (Sigma-Aldrich #P9416) at 4°C overnight, and 

incubated with 1X Tris Buffered Saline (TBS, Corning #46-012-CM) containing respective 
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secondary antibody and 0.05% Tween 20 at room temperature for 2 hours. Membranes were 

imaged with Odyssey XF (Li-Cor), and band intensity was determined using Image Studio 

software. 

3.3.11  qPCR analysis 

Total RNA was extracted on Day 1 of subculture and purified using a Direct-zol RNA 

Miniprep kit as described above. cDNA was generated using a High-Capacity cDNA Reverse 

Transcription kit (Applied Biosystems #4368814). qPCR was performed in a 20 µL of reaction 

mix containing 9 µL of cDNA template, 10 µL of TaqMan Universal PCR Master Mix (Applied 

Biosystems #4304437), and 1 µL of TaqMan probe (Thermo Fisher Scientific, SLC7A1 

#Hs00931450_m1, ACTB #Hs01060665_g1) on a CFX96 Thermocycler (Bio-Rad). Samples 

were analyzed by normalizing expression levels to ACTB, and relative quantification was 

performed using the ∆∆Cq method. 

3.3.12  Immunocytochemistry 

On Day 1 of subculture, BMEC-like cells were washed twice with DPBS, fixed in 100% 

ice-cold methanol (Fisher Scientific #A412-1) or 4% paraformaldehyde solution (Thermo Fisher 

Scientific #AAJ19943K2) for 20 minutes, and washed twice with DPBS. Fixed cells were blocked 

with DPBS containing 5% donkey serum (Sigma-Aldrich #D9663) and 0.3% Triton-X 100 

(Sigma-Aldrich #X100), referred to as PBSDT, at room temperature for 1 hour. Cells were then 

incubated with primary antibody diluted in PBSDT at 4°C overnight. After primary antibody 

incubation, cells were washed three times with DPBS, incubated with secondary antibody diluted 

in PBSDT at room temperature for 2 hours, incubated with 4′,6-diamidino-2-pheny-

lindoldihydrochloride (DAPI, Thermo Fisher Scientific #D3571) diluted in DPBS for 10 minutes, 

and then washed with DPBS three times. Secondary antibody incubation was skipped if primary 
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antibody was conjugated with a fluorophore. Images were acquired using Leica DMi8 microscope 

and analyzed with Fiji ImageJ. All antibody information is listed in Table A. 3.2 and Table A. 3.3. 

3.3.13  Statistical Analysis 

All data are presented as mean ± standard deviation. One-way ANOVA and the Student’s 

unpaired t-test were used to determine statistical significance as described in each figure legend. 

3.4  Results and Discussion 

3.4.1  Establishment of leptin transport assay 

To quantify leptin transport across the BBB monolayer, we subcultured BMEC-like cells 

on Transwell filters and used ELISA to measure leptin transport across the cell monolayer (Figure 

3.1A). iPSCs were differentiated into BMEC-like cells according to our previously published 

protocols, where passive and active BBB properties have been confirmed [97]. To mimic the in 

vivo peripheral-to-CNS transport, leptin was added onto the apical side of Transwell filters, and 

measurements were performed on medium extracted from the basolateral chamber. Several apical 

leptin concentrations were tested, which did not produce significance differences in the percentage 

of leptin transported across the cell monolayer (Figure 3.1B). TEER was measured before and after 

the experiments to ensure maintenance of barrier integrity, where all TEER values were greater 

than 900 Ω×cm2 (Figure 3.1C), suggesting that leptin transport was not influenced by paracellular 

leakage [226]. Overall, the data demonstrated the suitability of this in vitro model for examining 

leptin transport under different conditions.  

3.4.2  Nuclear receptor agonist library screen 

To assess the potential influence of nuclear receptor signaling pathways on leptin transport, 

a nuclear receptor ligand library containing 73 compounds was screened. We selected a 3 µM dose 
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of leptin and a 30-minute incubation to remain in the linear transport phase (Figure A. 3.1). To 

carry out the screen, 10 µM of ligand was added to both sides of Transwell inserts on Day 0 of 

subculture and leptin transport was quantified the following day. All compounds were assayed in 

duplicate, and these data can be found in Table A. 3.4.  

Seven ligands were selected from primary screening for further validation based on the 

following rationale. 6-Formylindolo [3,2-B] carbazole is an endogenous aryl hydrocarbon receptor 

agonist [227] that had the strongest effect on leptin transport in the primary screen. Troglitazone, 

a synthetic peroxisome proliferator-activated receptor (PPAR)-γ agonist [228], is an antidiabetic 

drug that can influence circulating leptin levels and increase insulin sensitivity [229,230]. 

Dexamethasone, a glucocorticoid receptor agonist that downregulated leptin transport in the 

primary screen, has been shown to reduce energy expenditure and exaggerate adiposity in diet-

induced obese mice [231]. Cortisone, a glucocorticoid receptor agonist [232] that also decreased 

leptin transport in the primary screen, has been shown to impair conversion of cortisone into 

cortisol in subjects with central adiposity [233]. N-oleoylethanolamide, an endogenous PPARα 

agonist [234] that enhanced leptin transport in the primary screen, previously yielded suppressed 

appetite and reduced body weight in experimental and clinical studies [235]. 17β-estradiol, an 

endogenous estrogen receptor agonist [236] that enhanced leptin transport in the primary screen, 

has been shown to decrease body weights in obese ovariectomized high-fat fed mice [237]. Last, 

pregnenolone, an endogenous pregnane X receptor agonist [238] that decreased leptin transport in 

the primary screen, was found to be significantly higher in obese subjects [239]. In the validation 

experiments, troglitazone yielded a trending increase in leptin transport that was not statistically 

significant, and all other compounds yielded mean values in line with the negative control. In 

contrast, 17β-estradiol produced a significant increase in leptin transport when assayed across 
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multiple replicates (~2-fold increase, p<0.05) (Figure 3.2A). No overt differences in TEER were 

noted as a function of small molecule treatment (Figure 3.2B). 

 

Figure 3.2 Secondary hit validation for nuclear receptor ligands that regulate leptin transport. For 

outcomes from the primary screen, refer to Table A. 3.4. (A) Compiled datasets represent the 

basolateral chamber leptin concentration corresponding to the noted ligand treatment, normalized 

to the DMSO control. Each data point is the mean of a single biological replicate calculated using 

three Transwell filters (n=3 technical triplicates). Data are represented as mean ± standard 

deviation from n=3 biological replicates per nuclear receptor ligand. A one-way ANOVA with a 

Tukey post hoc test was used to evaluate the statistical significance across conditions (*, p<0.05). 

(B) Representative TEER measurements before and after the leptin transport assay. Data are 

represented as mean ± standard deviation from 3 Transwell filters (n=3 measurements per filter) 

per condition used in a single experiment. Trends were confirmed across two additional biological 

replicates, where no significant differences in TEER were noted as a function of the assayed ligand. 

3.4.3  Transcriptome profiling after 17β-estradiol treatment 

Because 17β-estradiol yielded the most pronounced increase in leptin transport, we chose 

to probe its effects in more depth. To investigate whether 17β-estradiol altered the global 

transcriptome, RNA was collected from iPSC-derived BMEC-like cells after 17β-estradiol or 

DMSO treatment and subjected to bulk sequencing (Figure 3.3A); increased leptin transport by 

17β-estradiol treatment and maintenance of passive barrier function was confirmed in these 

samples (Figure A. 3.2). Raw sequencing reads were aligned to the human genome, and differential 

gene expression was analyzed. Using a threshold of p<0.05, we identified 188 genes as being 
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downregulated and 277 genes as being upregulated within 19,113 genes with non-zero read counts 

(Figure 3.3B). Of these, 105 upregulated genes and 57 downregulated genes had a minimum of 

1.5-fold change (Figure 3.3B, Figure A. 3.3, and Table A. 3.5). To understand similarities between 

these genes, we employed a Gene Ontology analysis to cluster the enriched gene sets under the 

17β-estradiol condition relative to the DMSO condition. From this analysis, we determined that 

significantly enriched gene sets were predominantly related to transmembrane transporter activity 

(Figure 3.3C). Particularly, solute carrier (SLC) genes, including SLC1A4, SLC1A5, SLC6A9, 

SLC7A1, SLC7A3, and SLC7A11, were recognized under the drug transmembrane transporter 

activity gene set and found to be significantly upregulated by 17β-estradiol (Figure 3.3D). We also 

determined that LEPR expression was not significantly altered by 17β-estradiol treatment (Figure 

3.3E), suggesting that changes to leptin transport were not influenced by ObR.  

 

Figure 3.3 Transcriptome profiling after 17β-estradiol treatment. (A) Experimental setup. 3 

biological replicates were sequenced per condition. (B) Volcano plot depicting relative gene 

expression (17b-estradiol treatment relative to DMSO). Blue dots indicate differentially expressed 

genes with p<0.05, and red dots indicate differentially expressed genes with p<0.05 and a fold 

change (FC) greater than 1.5. The full set of differentially expressed genes is provided in Table A. 
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3.5. (C) Gene ontology analysis for enriched signaling pathways (false-discovery rate less than 

0.05) in response to 17β-estradiol treatment relative to DMSO. (D) Normalized counts per million 

for genes encoding solute carrier transporters. Data are represented as mean ± standard deviation 

from 3 biological replicates. 

3.4.4  Evaluation of SLC transporter contributions to leptin transport 

The SLC family is known to facilitate the transport of a range of small molecules, such as 

glucose, amino acids, and nucleotides [240]. To initially probe links between SLCs and leptin 

transport, we examined changes to leptin transport in the presence of different amino acids that are 

predicted substrates of various SLCs. Among these amino acids, substrates of CAT-1 (encoded by 

SLC7A1) augmented leptin transport. Specifically, L-Histidine and L-Ornithine yielded a 

significant change of ~1.5-fold (p=0.05) in leptin transport without disruption of passive barrier 

function (Figure 3.4). L-Ornithine is also known to be a substrate of CAT-3 (encoded by SLC7A3). 

However, SLC7A3 has low expression levels in iPSC-derived BMEC-like cells, mouse brain 

endothelial cells [177], and human endothelial cells [141] compared to the relatively higher 

expression of SLC7A1. Further, SLC7A1 is highly and selectively expressed in brain endothelial 

cells with respect to other neurovascular cell types in single-cell RNA-sequencing datasets [177], 

and CAT-1 has previously been shown to be functionally active in iPSC-derived BBB models 

[241,242], marking it as an interesting candidate for further evaluation.  
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Figure 3.4 Leptin transport after treatment with different amino acids. (A) Compiled datasets 

represent the basolateral chamber leptin concentration corresponding to the noted amino acid 

treatment, normalized to the untreated control. Each data point is the mean of a single biological 

replicate calculated using three Transwell filters (n=3 technical triplicates). Data are represented 

as mean ± standard deviation from n=3 biological replicates per amino acid. A one-way ANOVA 

with a Tukey post hoc test was used to evaluate the statistical significance across conditions (*, 

p<0.05). (B) Representative TEER measurements before and after the leptin transport assay. Data 

are represented as mean ± standard deviation from 3 Transwell filters (n=3 measurements per 

filter) per condition used in a single experiment. Trends were confirmed across two additional 

biological replicates, where no significant differences in TEER were noted as a function of the 

assayed ligand. 

To more precisely interrogate the role of CAT-1 in leptin transport through modulation of 

gene expression, an inducible CRISPR platform was introduced into iPSCs with the SB transposon 

system [178,179]. We chose to use the CRISPRoff construct which can program heritable 

epigenetic memory that persists through the differentiation of iPSCs [122]. After transient 

transfections with plasmids encoding the CRISPRoff system, sgRNAs, and the SB transposase 

(Figure 3.5A), iPSCs were subjected to doxycycline treatment to initiate gene silencing through 

induction of the CRISPRoff expression, then sorted based on BFP expression (Figure 3.5B). After 

9 days of treatment, we confirmed CRISPRoff expression in iPSCs via western blot (Figure 3.5C), 

as well as a significant decrease in CAT-1 protein expression (Figure 3.5D). After differentiating 

iPSCs into BMEC-like cells, maintenance of the knockdown was confirmed using qPCR to 

measure SLC7A1 expression (Figure 3.5E). In these same cells, leptin transport was significantly 

increased by ~2.4-fold relative to the non-targeting sgRNA control cells (Figure 3.5F). No overt 

differences in TEER or changes to endothelial or BBB markers were observed after the 

incorporation of the CRISPRoff system or due to SLC7A1 knockdown (Figure 3.5G-H), which 

strongly suggests that the changes to leptin transport are due to altered CAT-1 expression. Hence, 

CAT-1 expression and/or activity levels modulate leptin transport within this in vitro model. 
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Figure 3.5 Leptin transport after knockdown of CAT-1 expression. In select panels, NT denotes 

non-targeting and KD denotes knockdown. (A) Schematic of vectors that were used for generating 

gene silencing, including SB transposase vector (i), SB transposon/CRISPRoff vector (ii), and SB 

transposon/U6-sgRNA vector (iii). 3L denotes Dnmt3L. (B) Schematic procedure for iPSC 

transfection, sorting, and differentiation. After transfections, iPSCs were sorted based on BFP 

expression. BFP+ cells were then differentiated into BMEC-like cells for the leptin transport assay. 

(C) Western blot for assessment of dCas9-based CRISPRoff protein in iPSCs with or without 

doxycycline treatment for 9 days. (D) Western blot for assessment of CAT-1 protein in iPSCs that 

received a non-targeting gRNA or gRNAs targeting SLC7A1. GAPDH served as the loading 

control. A representative image is shown, and data were quantified using 3 biological replicates 

(represented as mean ± standard deviation). Each sample was normalized internally to GAPDH 

and then to the non-targeting control. Statistical significance was calculated using the Student’s 

unpaired t-test.  All iPSC cultures received doxycycline treatment for 9 days prior to sample 

collection. (E) qPCR assessment of SLC7A1 expression in BMEC-like cells differentiated from 

iPSCs that received a non-targeting gRNA or gRNAs targeting SLC7A1. Data are represented as 

mean ± standard deviation from 3 biological replicates. Statistical significance was calculated 

using the Student’s unpaired t-test. (F) Compiled datasets represent the basolateral chamber leptin 

concentration corresponding to each gRNA condition, normalized to the non-targeting control. 

Each data point is the mean of a single biological replicate calculated using three Transwell filters 

(n=3 technical triplicates). Data are represented as mean ± standard deviation from n=4 biological 

replicates. Statistical significance was calculated using the Student’s unpaired t-test. (G) 

Representative TEER measurements before and after the leptin transport assay. Each data point is 

the mean from a single Transwell filter (n=3 technical measurements per filter). Data are 

represented as mean ± standard deviation from 3 filters per condition. Trends were confirmed 

across three additional biological replicates. (H) Representative immunostaining of endothelial or 
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BBB markers in BMEC-like cells in both control and CAT-1 knockdown conditions. Scale bars 

indicate 100 μm. 

3.5  Conclusion 

The concept of leptin resistance was proposed several decades ago and continues to be 

explored for its role in obesity disorders. Other than the BBB [212], leptin can penetrate the brain 

through different routes including the blood-cerebrospinal fluid (CSF) barrier formed by epithelial 

cells in the choroid plexus [213], the median eminence-CSF barrier composed of tanycytes in the 

mediobasal hypothalamus [243], and regions allowing the free access to the brain adjacent to 

circumventricular organs. However, impaired leptin BBB transport has been demonstrated in 

obese subjects and contributes to functional and behavioral changes related to obesity 

[49,206,244,245]. Because the mechanisms of leptin transport across the BBB are mostly unknown, 

it has been challenging to develop strategies to counteract leptin resistance.  

To prospectively identify potential contributors to leptin transport, we combined nuclear 

receptor ligand screening with transcriptional profiling in our representative in vitro BBB model. 

We first determined that treatment with 17β-estradiol could significantly increase leptin transport 

across iPSC-derived BMEC-like cells. 17β-estradiol is the predominant circulating estrogen 

hormone in pre-menopausal women[246], and the circulating 17β-estradiol pool receives 

contributions from adipose tissues in both males and females [247]. Chronic loss of ovarian 

function results in decreased blood-to-brain transport of leptin in ovariectomized mice [248]. 

Further, studies have shown that 17β-estradiol levels are correlated with the incidence of obesity 

[249], and the use of 17β-estradiol can alleviate the high-fat diet and ovariectomy-induced obesity 

[250,251]. The literature regarding the influence of 17β-estradiol on BBB function is very mature, 

as 17β-estradiol treatment has been shown to regulate the expression of BBB transporters [252–
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254], BBB permeability, and tight junction integrity [255–258]. However, to our knowledge, no 

studies have examined global transcriptional changes imparted by 17β-estradiol treatment. Our 

RNA sequencing and Gene Ontology analyses revealed that 17β-estradiol has a profound influence 

on transmembrane transporter expression patterns, including the SLC family. We further verified 

that treatment of BMEC-like cells with SLC substrates, as well as knocking down SLC7A1, could 

significantly alter leptin transport. Here, an unexpected result was that 17β-estradiol increased 

SLC7A1 expression concurrently with leptin transport, while explicitly reducing SLC7A1 

expression also increased leptin transport. We speculate that other transporters differentially 

regulated by 17β-estradiol could contribute to a net increase in leptin transport even if CAT-1 

activity individually decreases leptin transport. Knockdown of a single transporter could also elicit 

multiple compensatory mechanisms that we do not yet understand, which are further discussed 

below. Overall, while our investigations have not identified a new leptin transporter (since leptin 

is unlikely to be a substrate for SLC transporters), these studies provide new insight into 

mechanisms of leptin transport regulation.  

A key remaining question is how an amino acid transporter might regulate transport of a 

hormone across the BBB. There is a precedence for such effects, as studies from several decades 

ago showed that peptides could influence the passage of nonpeptide substances across the BBB 

[259,260], and vice versa [261]. One potential mechanism is modification of intracellular signaling 

events. For example, arginine methylation has been identified as a key step in Wnt signaling 

through GSK3 phosphorylation [262], and Wnt signaling has important roles in BBB development   

and maintenance [266]. Since arginine is a substrate of CAT-1 [267], a reduction in CAT-1 

expression could impact Wnt signaling activity and yield downstream changes to expression or 

activity of other transporters; this type of mechanism may also be conserved through other amino 
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acid transporters. Arginine is also the biological precursor for nitric oxide, and it is possible that 

altered CAT-1 expression could reduce bioavailability of nitric oxide, thereby contributing 

indirectly to endothelial dysfunction and altered BBB properties [268]. Another potential 

mechanism is through altered intracellular trafficking. For example, SLC38A9 is essential for an 

amino acid-stimulated endosome-to-Golgi trafficking in cultured cells through direct interactions 

with proteins in a GTPase network [269]. In this context, it is possible that altered expression of 

amino acid transporters changes trafficking within the BBB and enhances transcytosis. Each of 

these possibilities would require extensive molecular interrogation and will be the subject of future 

investigations. 

Overall, the workflow established in the iPSC-derived BBB model provided a platform to 

quantitatively assess molecular transport of leptin. Using a nuclear receptor ligand screen, 17β-

estradiol was identified for its ability to enhance leptin transport. RNA sequencing revealed bulk 

transcriptomic changes centered around transmembrane transporters that were differentially 

regulated by 17β-estradiol. The functional importance of a particular transporter, CAT-1, was 

further validated through the CRISPRoff system to probe the BBB transport biology. Overall, this 

work provides important insights on regulation of hormone transport across the BBB and offers a 

framework for studying the transport of other hormones and nutrients across the BBB using iPSC-

based models. 
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3.6  Appendix 

Table A. 3.1 Sequences for chimeric gRNAs. 

Gene Target Sequences 

SLC7A1 GGCACTCACCAAGCCGGCGG 

SLC7A1 GATCGCGAACAGACAGACTGT 

SLC7A1 GGAGCAGCGGGTCAACTACC 

Non-targeting control GATCGTCGGTCGGGTCATACG 

Non-targeting control GTTCGTCGCGATAGATGATCG 

Non-targeting control GCGCGTATCGTTTCATCGGCG 

 

Table A. 3.2 Primary antibodies. 

Target Antigen Species Vendor Product number Dilution 

VE-cadherin Goat R&D Systems AF938 1:100 

GLUT-1 Mouse Abcam Ab195359 1:100 

PECAM-1 Rabbit Thermo Fisher Scientific RB-10333-P 1:25 

CAT-1 Rabbit Proteintech 14195-1-AP 1:1000 

GAPDH Mouse Cell Signaling Technology D4C6R 1:1000 

Cas9 Rabbit Abcam Ab204448 1:1000 

 

Table A. 3.3 Secondary antibodies. 

Species Reactivity Host Conjugate Vendor Dilution 

Mouse Donkey Alexa Fluor 488 Thermo Fisher Scientific 1:200 

Rabbit Donkey Alexa Fluor 488 Thermo Fisher Scientific 1:200 

Goat Donkey Alexa Fluor 488 Thermo Fisher Scientific 1:200 

Goat Donkey Texas Red Thermo Fisher Scientific 1:200 

Rabbit Goat IRDye 800CW LI-COR 1:15,000 

Mouse Goat IRDye 800CW LI-COR 1:15,000 

Table A. 3.4 Nuclear receptor ligand library primary screen outcomes. Each compound was 

assayed in technical duplicate (replicates 1 and 2). Leptin concentrations in the basolateral 

chambers are normalized to a DMSO control within the same plate to avoid inter-plate variability. 

Compounds selected for hit validation are colored in blue. 

Ligand 
Replicate 

1 

Replicate 

2 

Adjusted P-

value 

25-Hydroxyvitamin D3 1.86  1.20  0.8799 

Retinoic acid, all trans 0.11  1.23  0.9799 

9-cis Retinoic acid 0.93  1.69  0.9851 

13-cis Retinoic acid 0.27  0.06  0.5881 
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4-Hydroxyphenylretinamide 2.58  3.30  0.0551 

AM-580 1.27  1.09  0.9203 

TTNPB 1.38  1.15  0.733 

Methoprene acid 0.82  1.16  >0.9999 

WY-14643 1.23  0.79  >0.9999 

Ciglitazone 0.52  0.41  0.7283 

Tetradecylthioacetic acid 4.77  0.87  0.8999 

5,8,11,14-Eicosatetraynoic acid 3.04  0.52  0.9971 

6-Formylindolo [3,2-B] carbazole 2.66  6.28  0.4695 

Diindolylmethane 1.00  2.42  0.9981 

Acetyl-S-farnesyl-L-cysteine 2.48  3.93  0.8143 

S-Farnesyl-L-cysteine methyl ester 0.83  0.99  0.9998 

N-Acetyl-S-geranygeranyl-L-cysteine 0.12  1.33  0.9721 

N-Acetyl-S-geranyl-L-cysteine 0.74  0.78  0.9843 

Farnesylthioacetic acid 0.44  1.58  >0.9999 

Bezafibrate 0.15  0.96  0.9992 

LY 171883 1.35  1.65  0.3587 

15-Deoxy-D12,14-prostaglandin J2 0.91  0.26  0.5188 

Troglitazone 0.10  0.27  0.0782 

CITCO 0.49  0.46  0.3195 

Paxilline 2.49  2.35  0.0061 

24(S)-Hydroxycholesterol 0.01  4.02  0.9668 

24(S),25-Epoxycholesterol 0.00  1.24  0.9996 

Pregnenolone-16(alpha)-carbonitrile 1.28  2.75  0.9663 

Clofibric acid 0.43  0.76  0.98 

BADGE 0.32  1.77  >0.9999 

GW 9662 0.62  1.42  >0.9999 

Gemfibrozil 0.83  0.70  0.9989 

GW 7647 0.70  2.44  0.9449 

3,5-Diiodo-L-thyronine 0.36  1.12  0.9982 

3,5-Diiodo-L-tyrosine 1.15  1.81  0.9721 

Retinyl acetate 0.11  0.60  0.8795 

3,5-Diiodo-4-hydroxyphenylpropionic acid 1.25  0.08  0.9908 

Cholic acid 0.78  0.00  0.9008 

Deoxycholic acid 0.96  0.79  0.7919 

Chenodeoxycholic acid 0.94  0.72  0.5668 

Glycocholic acid 0.74  0.23  0.8665 

Glycodeoxycholic acid 0.92  0.76  0.999 

Taurocholic acid 0.47  1.57  >0.9999 

Taurodeoxycholic acid 0.57  0.80  0.9791 

Rifampicin 1.10  1.97  0.8492 

Dexamethasone 0.37  0.39  0.006 

Lithocholic acid 0.21  0.02  0.0009 

5b-Pregnan-3,20-dione 0.27  0.24  0.0022 

Adapalene 1.94  1.92  0.0559 
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Farnesol 1.10  0.81  >0.9999 

3a, 5a-Androstenol 0.34  2.94  0.9925 

3α, 5α-Androstanol 0.38  3.33  0.974 

Z-Guggulsterone 0.36  1.02  0.9998 

TCPOBOP 0.97  1.79  0.9993 

N-Oleoylethanolamide 2.91  2.60  0.7014 

GW4064 0.87  1.26  0.9995 

Geranylgeraniol 0.74  1.27  >0.9999 

6a-Fluorotestosterone 1.72  1.44  0.2796 

Tamoxifen Citrate 0.58  0.70  0.838 

Mifepristone 1.15  0.28  0.9256 

Estrone 0.43  1.26  0.9973 

13(S)-Hydroxy-9Z,11E-octadecadienoic acid 1.17  1.04  0.9996 

Cortisone 0.20  0.19  0.3523 

Progesterone 1.07  1.40  0.9825 

17β-Estradiol 2.23  3.04  0.0299 

Pregnenolone 0.11  0.20  0.1933 

Androstenedione 0.72  0.33  0.6533 

1a,25-Dihydroxyvitamin D3 0.14  0.37  0.2779 

Docosa-4Z,7Z,10Z,13Z,16Z,19Z-hexaenoic 

acid 
0.90  0.75  0.9995 

3-Methylcholanthrene 0.88  1.92  0.9762 

Acitretin 0.09  0.96  0.9522 

Pioglitazone HCl 0.57  0.48  0.9502 

4-Hydroxyretinoic acid 0.51  0.32  0.8969 

Table A. 3.5 Differentially expressed genes and between 17β-estradiol- and DMSO-treated 

BMEC-like cells. 

Gene 

Normalized reads per million 

(DMSO) 

Normalized reads per million  

(17β-estradiol) 

ADM2 

0.8693895

1 

1.2514168

86 

0.2409442

54 

16.604329

64 

8.9261427

17 

4.3461432

01 

CHAC1 

1.5324832

05 

1.7102697

44 

1.5661376

52 

23.477823

65 

14.494355

55 

7.9106059

7 

ALDH1L2 

3.0502309

94 

3.6291089

69 

1.7267671

54 

25.493836

9 

15.110684

46 

11.334366

26 

TRIB3 

3.5512351

19 

2.9408296

82 

1.6598381

95 

29.351248

09 

14.898157

25 

5.8157024

13 

SPX 

1.1493624

04 

1.0011335

09 

1.2850360

22 

10.000695

67 

4.5480822

42 

3.2517905

96 

SLC7A11 

13.232403

06 

12.660167

5 

13.144847

64 

99.165628

36 

58.721267

45 

37.989668

99 

SLC7A11-AS1 

2.0187519

14 

1.9188392

25 

1.9275540

33 

14.937547

03 

8.1397920

49 

5.4404958

06 
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ASNS 

18.419269

29 

20.585807

77 

25.018045

05 

131.86631

58 

84.415806

84 

76.073139

63 

AC022506.1 

0.8251832

64 

1.2305599

38 

0.6826753

87 

5.7146832

41 

3.4854462

04 

2.5639118

16 

AC079781.5 

22.206271

05 

23.526637

45 

27.788903

97 

130.23128

14 

85.414684

71 

77.308194

71 

VEGFA 

7.2792952

22 

7.3416457

31 

6.2377790

23 

33.351526

36 

21.443995

24 

18.072451

58 

PSAT1 

32.712622

25 

30.993424

87 

46.890429

01 

161.72553

57 

104.32960

62 

107.01205

11 

DDR2 

1.7387790

21 

1.6059850

04 

1.4590513

17 

8.4132836

61 

4.8456203

32 

2.8765839

89 

MTHFD2 

38.017371

81 

33.225118

32 

41.268396

41 

139.67638

29 

98.782646

07 

88.798897

06 

SLC1A4 

5.1279245

7 

5.0682383

88 

4.2834534

06 

20.160132

55 

13.240445

03 

8.6766527

93 

ASS1 

5.5405162

02 

4.4633868

93 

3.1590468

87 

17.493280

37 

11.603985

53 

8.5203167

07 

PCK2 

13.423963

46 

12.013602

1 

21.644825

49 

50.733687

89 

39.190017

07 

40.100206

15 

FAM167A 

0.9725374

18 

0.7925640

28 

1.8606250

73 

3.5716770

26 

2.4228101

66 

4.0491046

37 

DDIT4-AS1 

15.472186

2 

15.204715

16 

24.027496

45 

68.703191

86 

42.824232

32 

38.818250

24 

DDIT4 

22.780952

25 

22.546360

89 

35.137703

72 

100.05457

91 

64.119458

52 

56.234090

27 

WARS1 

51.426599

85 

50.265244

92 

68.026594

41 

188.53692

46 

119.73782

87 

131.91638

97 

DDIT3 

7.6034743

62 

7.3416457

31 

7.1078554

96 

25.779571

07 

17.384725

58 

13.288567

34 

GRB10 

11.139974

07 9.3230558 

14.818071

63 

37.875650

59 

25.652033

95 

26.811638

81 

AL157871.4 

10.152701

23 

10.282475

41 

12.756659

68 

34.557959

49 

23.526761

88 

26.280096

12 

KIF1A 

22.957777

24 

12.389027

17 

21.082622

23 

64.639417

11 

32.452904

59 

42.742286

01 

SLC6A9 

8.5023347

03 

6.5699386

51 

10.507846

64 

27.255864

24 

18.171076

25 

15.930647

2 

CEBPB 

11.817803

17 

12.639310

55 

9.4235974

94 

34.891316

01 

27.309746

17 

18.322589

32 

NEFL 

0.6041520

33 

0.4171389

62 

1.4055081

49 

1.4921672

91 

1.1476469

21 

3.1110881

19 

SLC7A1 

41.878050

65 

37.208795

41 

29.662914

84 

107.81702

38 

83.161896

31 

60.376996

55 

CEBPB-AS1 

3.6543830

27 

3.8376784

5 

3.7747933

14 

10.826149

92 

8.9048899

96 

6.0033057

16 
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AKNA 

24.755497

92 

22.462933

1 

19.155068

2 

70.989065

15 

46.862249

26 

31.751859

14 

SLC7A3 

3.2565268

1 

3.8585353

98 

11.418080

49 

13.286638

54 

9.2024280

87 

19.229338

62 

DMGDH 

0.9430665

88 

1.4182724

71 

1.0708633

52 

3.7304182

27 

1.9977557

51 

1.7822313

85 

PYCR1 

15.575334

11 

13.911584

38 

12.877131

8 

36.923203

39 

29.264996

48 

26.170660

86 

AC145207.4 

6.0857265

73 

5.7356607

27 

4.8590424

58 

14.588316

39 

11.476469

21 

9.8335398

32 

ATF3 

16.267898

63 

12.097029

9 

6.1306926

88 

36.431105

66 

24.780672

4 

11.662672

04 

SESN2 

34.348253

37 

30.513715

07 

26.289695

28 

86.609199

34 

59.698892

6 

42.726652

4 

SLC1A5 

77.272518

51 

84.199499

47 

98.733601

02 

204.66503

06 

168.19403

21 

160.72913

04 

SLC4A5 

5.0247766

62 

5.9233732

6 

6.4385659

01 

14.699435

23 

10.498844

05 

10.177479

22 

TSC22D3 

4.5237725

37 

3.7542506

58 

6.5054948

61 

12.254820

73 

8.2460556

53 

9.5990357

03 

AC008622.2 

24.843910

41 

26.217183

76 

30.452676

56 

62.544033

25 

52.047913

13 

50.027547

64 

PSPH 

14.308088

38 

12.952164

77 

16.384209

28 

34.764323

05 

27.692295

14 

25.514049

3 

SHMT2 

43.528417

18 

39.336204

11 

50.745537

07 

110.76961

02 

79.846471

88 

73.603029

46 

CARS1 

26.273245

71 

26.300611

55 

25.847964

15 

61.591586

04 

52.728000

19 

39.427960

98 

CARS-AS1 

6.9551160

83 

7.1330762

5 

6.9873833

69 

16.540833

16 

13.367961

35 

10.333815

31 

OSBPL6 

1.8713977

6 

2.4402629

28 

3.0787321

36 

4.4765018

72 

4.2080387

09 

5.1278236

33 

EIF4EBP1 

17.829852

67 

17.206982

18 

22.541673

55 

41.733061

78 

33.643056

95 

32.095798

53 

MAP1B 

38.813084

24 

26.738607

46 

24.281826

5 

78.227663

92 

48.860005

02 

39.240357

68 

AP006545.1 

0.6778291

1 

0.8759918

2 

1.2984218

14 

1.9048944

14 

1.9127448

68 

1.4695592

12 

VLDLR-AS1 

10.624234

53 

9.5524822

29 

5.3677025

5 

21.509432

76 

15.578244

31 

9.8804406

58 

SNORD55 

7.1024702

37 

3.6916798

13 

3.3732195

57 

8.0005565

38 

9.9462733

13 

7.9731404

05 

STC2 

48.081660

55 

52.142370

25 

59.888032

94 

113.37296

59 

89.070152

68 

89.627478

31 

PMAIP1 

1.9450748

37 

2.0856948

1 

2.3960567

49 

4.4447536

32 

3.1879081

13 

4.0178374

2 
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FOSL1 

1.2819811

42 

1.2931307

82 

0.6692895

95 

2.2699991

76 

2.3165465

62 

1.2506886

91 

MIR4751 

1.5914248

66 

1.6685558

48 

1.0307059

76 

2.8573416

21 

2.7628536

98 

2.0792699

49 

MARS1 

78.392410

09 

72.790748

86 

78.735227

92 

161.47154

98 

132.55321

93 

119.11246

42 

HMCN2 

0.6630936

94 

1.1679890

94 

1.5527518

6 

1.2540554

89 

2.4015574

45 

2.4388429

47 

CDC42EP1 

15.973190

33 

13.828156

59 

9.7983996

67 

32.065722

63 

23.548014

6 

15.352203

68 

YARS1 

51.573954

01 

44.592155

03 

52.284903

14 

104.22947

27 

82.651831

02 

78.637051

44 

RPS6KA2 

12.333542

71 

9.8444795

02 

9.0487953

21 

24.573137

94 

17.831032

71 

13.257300

12 

AARS1 

97.445302

24 

90.957150

66 

109.52254

93 

203.79195

4 

168.23653

75 

158.80619

65 

ANKRD28 

68.534417

16 

54.582633

17 

95.186366

16 

64.671165

35 

129.32280

58 

193.90364

79 

NDUFA4L2 

0.7662416

02 

1.2722738

34 

1.5393660

68 

2.0636356

15 

1.7427231

02 

2.5013773

82 

ELFN1 

1.7240436

05 

0.6882792

87 

1.0708633

52 

2.7779710

2 

1.7214703

81 

1.6727961

24 

GARS1 

86.938951

04 

83.323507

65 

121.39574

67 

190.12433

66 

157.61017

71 

165.90385

49 

AC135721.2 

1.1198915

73 

0.8551348

72 

1.1244065

19 

2.3334956

57 

1.4026795

7 

1.7040633

41 

AC080038.4 

1.0756853

26 

0.7717070

8 

0.7629901

38 

2.1588803

36 

1.4026795

7 

1.0005509

53 

SNTB1 

2.8439351

78 

2.9825435

78 

2.9850315

93 

5.5718161

6 

4.5268295

21 

5.2372588

93 

STAC3 

0.9578020

03 

1.3557016

26 

1.7267671

54 

2.0160132

55 

2.5503264

91 

2.4701101

65 

SLC30A2 

1.1493624

04 

1.0637043

53 

1.6598381

95 

1.4604190

51 

2.1465247

96 

3.1423553

36 

AC006030.1 

35.188172

05 

32.411697

34 

37.788090

52 

68.322212

97 

55.745886

54 

56.093387

79 

ATP2C2 

5.8794307

57 

6.6742233

91 

5.8495910

58 

14.143841

02 

9.7762515

47 

7.3634296

68 

OLMALINC 

4.7595391

84 

5.8608024

16 

4.2700676

14 

8.3497871

8 

9.5849770

6 

7.3165288

42 

CYP1A1 

2.0334873

29 

1.3139877

3 

1.5527518

6 

3.3494393

44 

2.4228101

66 

2.5326445

99 

SARS1 

68.755448

4 

59.963725

78 

61.132911

58 

129.13596

71 

103.20321

2 

87.939048

58 

FAM155A 

2.0334873

29 

1.2722738

34 

1.6196808

19 

2.9684604

61 

2.4228101

66 

2.9078512

06 
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RPS27AP16 

2.1366352

37 

2.0856948

1 

2.3692851

65 

2.9843345

82 

3.2091608

34 

4.7682506

34 

PYGL 

11.817803

17 

11.721604

83 

10.815719

85 

19.445797

14 

19.616261

26 

17.697244

98 

C17orf107 

3.1533789

02 

2.9616866

3 

2.4897572

92 

5.3813267

19 

5.1431584

23 

3.6738980

3 

CTH 

6.7046140

21 

7.1330762

5 

9.4235974

94 

13.699365

66 

10.456338

61 

13.898278

08 

RNVU1-22 

1.4145998

81 

1.3348446

78 

1.2716502

3 

1.8731461

74 

2.4228101

66 

2.2668732

52 

AC137834.2 

5.6289286

94 

4.6510994

26 

6.7330533

23 

10.556289

88 

8.0122757

25 

8.7235536

19 

TUBE1 

4.7300683

53 

5.5896620

9 

6.5724238

2 

10.667408

72 

7.6722321

92 

8.6297519

67 

SLC16A14 

1.5914248

66 

1.0428474

05 

1.9543256

17 

2.2699991

76 

1.8489867

06 

3.2361569

88 

INKA2 

5.2458078

93 

3.7959645

54 

2.5834578

36 

7.8894376

97 

5.8657509

28 

4.7213498

08 

LIF 

3.6838538

58 

2.9408296

82 

2.3425135

82 

5.9527950

43 

4.6118404

04 

3.6582644

21 

SOBP 

1.2377748

96 

1.4808433

15 

1.7936961

14 

2.1588803

36 

2.4440628

87 

2.5326445

99 

ATF5 

15.324832

05 

14.307866

4 

13.533035

61 

26.986004

19 

20.593886

41 

20.323691

23 

AC018413.1 

0.8546540

95 

1.0428474

05 1.4858229 

1.8890202

94 

1.4239322

91 

2.0167355

14 

MIR34AHG 

13.070313

49 

11.241895

03 

8.8346226

51 

22.366635

24 

16.492111

31 

13.069696

82 

SYNE1 

16.061602

82 

14.057583

02 

14.737756

88 

33.827749

96 

19.233712

28 

16.962465

37 

TRIM9 

0.7515061

87 

0.9802765

61 

1.0039343

92 

1.3493002

1 

1.4876904

53 

1.4226583

86 

AC107959.4 

3.1828497

33 

2.0648378

62 

1.8472392

81 

4.5082501

13 

3.0178863

47 

3.5019283

35 

PRR22 

1.1640978

19 

0.9802765

61 

1.3251933

98 

1.6667826

12 

1.7427231

02 

2.0011019

05 

AC079305.2 

2.8144643

47 

2.5654046

16 

2.3023562

06 

4.5717465

93 

3.9742587

81 

3.3299586

4 

XPOT 

86.614771

9 

87.411469

48 

116.57686

16 

162.42399

7 

131.61809

96 

154.69455

75 

AL358334.3 

1.7977206

82 

1.6268419

52 

1.9543256

17 

3.1589499

03 

2.5078210

49 

2.6108126

42 

AL359232.1 

0.9430665

88 

1.1262751

97 

1.0842491

43 

1.5556637

71 

1.5514486

15 

1.7040633

41 

TAC4 

0.9430665

88 

1.6059850

04 

1.2448786

46 

1.9525167

74 

1.9127448

68 

1.8916666

45 
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CBX4 

4.0817100

74 

3.5248242

29 

3.4267627

25 

7.5084588

14 

4.5905876

83 

4.7369834

17 

HAX1 

14.514384

2 

12.660167

5 

14.483426

83 

22.826984

72 

21.295226

2 

19.542010

8 

GOLT1A 

1.4440707

12 

1.4599863

67 

1.1377923

11 

1.9525167

74 

1.9765030

3 

2.2043388

18 

HOXC13-AS 

1.8566623

44 

1.6894127

96 

1.1913354

79 

2.7303486

6 

2.8053591

4 

1.6727961

24 

ATF4 

133.82704

29 

122.72228

26 

123.29652

91 

219.20572

47 

193.29349

53 

164.02782

18 

PHGDH 

164.84509

24 

162.87190

77 

206.97111

43 

290.11541

92 

252.07852

09 266.52176 

OPRD1 

4.6858621

07 

4.0671048

79 

4.9259714

17 

2.7303486

6 

3.1454026

72 

3.2517905

96 

NCAM2 

19.111833

81 

15.058716

53 

28.310949

86 

14.223211

62 

11.093920

23 

16.086983

29 

AC105114.2 

1.3114519

73 

1.4182724

71 

1.4992086

92 

0.7302095

25 

1.3176686

87 

0.7816804

32 

ANGPTL1 

1.3114519

73 

1.6268419

52 

1.6464524

03 

1.1111884

08 

1.0201305

96 

0.8911156

92 

AL451064.2 

1.3703936

35 

1.9188392

25 

1.3519649

81 

1.3016778

49 

0.8288561

09 

0.8911156

92 

CTTNBP2 

60.842530

31 

58.754022

79 

94.396604

44 

44.606277

52 

41.294036

43 

54.858332

71 

RAB27B 

4.0817100

74 

3.3579686

44 

3.8952654

41 

2.0318873

75 

2.9541281

85 

2.5013773

82 

MAB21L2 

1.1493624

04 

1.4182724

71 

1.5393660

68 

0.7619577

65 

1.1688996

42 

0.7816804

32 

AP000766.1 

3.0354955

79 

3.5248242

29 

3.4535343

09 

2.2223768

16 

2.0190084

72 

2.2512396

44 

ADAMTS1 

101.01127

28 

81.488096

22 

101.54461

73 

57.178580

65 

58.253707

59 

69.006748

52 

LINC01605 

4.3911537

98 

4.2965313

08 

4.1763670

71 

2.8255933

8 

2.8903700

23 

2.6264462

51 

AC124067.2 

4.1995933

98 

3.1702561

11 

2.9448742

17 

2.3969921

37 

2.4865683

28 

1.7978649

93 

PLSCR5 

3.6838538

58 

3.6916798

13 

4.7787277

06 

2.4604886

18 

2.8478645

81 

2.5482782

08 

PLGLB2 

2.1071644

06 

1.8771253

29 

2.0747977

44 

1.2699296

09 

1.2326578

04 

1.3913911

69 

S100A4 

3.6838538

58 

4.3799591

01 

5.6488041

8 

2.2065026

96 

3.4216880

42 

3.1736225

53 

LGALS1 

1.2377748

96 

1.2305599

38 

1.4188939

41 

0.6190906

84 

0.8288561

09 

1.0161845

61 

RNU6-1330P 

4.0522392

43 

4.2339604

64 

2.5566862

52 

2.8414675

01 

2.3803047

25 

1.6102616

9 
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LINC01597 

2.8144643

47 

2.7114032

53 

2.8779452

57 

1.5080414

11 

1.6577122

19 

2.1105371

66 

GRIK1 

2.1808414

84 

2.1691226

02 

2.2621988

3 

1.4127966

9 

1.4451850

11 

1.2975895

17 

LINC00622 

4.1259163

2 

3.6291089

69 

2.2354272

46 

2.4763627

38 

2.0190084

72 

1.7509641

67 

VAV3 

11.434682

37 

10.511901

84 

6.8267538

66 

7.0639834

51 

6.4608271

09 

4.4712120

7 

AC105052.4 

1.3409228

04 

1.5851280

55 

1.4188939

41 

0.6190906

84 

1.1476469

21 

0.9536501

27 

MTUS2 

4.4648308

75 

4.5051007

89 

3.4669201

01 

2.5557333

38 

2.9753809

06 

2.1887052

09 

NTRK2 

13.954438

41 

13.119020

35 

16.571610

37 

8.0799271

38 

8.4373301

4 

10.411983

35 

RPS3AP34 

1.4735415

43 

2.1482656

54 

2.0346403

68 

1.0953142

88 

0.9563724

34 

1.3757575

6 

LRRC63 

1.6945727

74 

2.5445476

68 

3.2929048

06 

1.3810484

5 

1.2326578

04 

1.9698346

88 

MIR133A1HG 

2.0924289

91 

3.3162547

48 

2.7708589

22 

1.4127966

9 

1.8702394

26 

1.6884297

33 

CYP3A7 

2.2250477

3 

2.4819768

24 

3.3196763

9 

1.5397896

51 

1.6577122

19 

1.6884297

33 

CDC42-IT1 

1.1788332

34 

1.8771253

29 

1.6464524

03 

0.8413283

66 

1.1051414

79 

0.8911156

92 

NCAM1-AS1 

5.0542474

92 

4.2965313

08 

3.1055037

2 

2.6351039

39 

2.9753809

06 

1.8916666

45 

MIR4680 

2.8881414

24 

2.3359781

87 

3.2125900

55 

1.5874120

11 

1.0626360

38 

2.3137740

78 

AC006487.1 

1.6503665

28 

1.1471321

45 

1.0307059

76 

0.8572024

86 

1.0201305

96 

0.3908402

16 

NCAM1 

43.189502

63 

36.729085

6 

25.714106

23 

24.700130

9 

22.145335

03 

14.976997

07 

GABRP 

122.83442

3 

114.85921

32 

90.247008

95 

65.401374

87 

76.956101

85 

44.696487

09 

EGF 

2.7849935

16 

2.8991157

86 

5.3810883

42 

1.8255238

13 

1.8064812

64 

2.6577134

68 

AC131649.2 

2.6376393

62 

4.9013828

03 

4.5110118

69 

2.5398592

18 

2.1465247

96 

2.1418043

83 

WNT2 

17.756175

59 

13.202448

15 

9.0755669

05 

8.8101366

64 

8.7773736

72 

4.9402203

29 

CXCL12 

1.0462144

96 

1.3139877

3 

1.9141682

41 

0.3809788

83 

0.9563724

34 

1.0630853

87 

GALNT5 

3.1091726

56 

2.6488324

08 

2.2220414

55 

1.6032861

32 

1.4239322

91 

1.4070247

77 

RCSD1 

8.3107743

03 

7.3833596

27 

5.9834489

77 

3.4288099

45 

5.0368948

19 

3.6269972

04 
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TGFB2 

4.8184808

46 

2.3568351

35 

1.9007824

49 

2.2699991

76 

1.4239322

91 

1.2037878

65 

VTCN1 

9.7106387

68 

11.533892

3 

24.295212

29 

5.0320960

76 

7.6509794

72 

11.662672

04 

CYP3A7-

CYP3A51P 

1.8271915

13 

2.0022670

17 

2.7842447

14 

1.0635660

48 

1.1688996

42 

1.2975895

17 

GRIN2A 

1.0314790

8 

2.1065517

58 

2.2354272

46 

0.8413283

66 

1.0838887

58 

0.8598484

75 

GRPR 

21.263204

47 

18.437542

12 

10.748790

89 

9.8895768

31 

11.795260

02 

4.3305095

92 

PCDH9 

18.021413

07 

14.808433

15 

10.066115

5 

10.365800

43 

7.3959468

23 

3.8771349

42 

AC078993.1 

10.771588

68 10.449331 

5.9165200

17 

5.2384596

38 

5.8019927

66 

2.2825068

61 

SERTM2 

3.4775580

41 

3.3371116

96 

7.1480128

72 

1.6985308

52 

2.2740411

21 

2.8453167

72 

SLC25A48 

5.9236370

03 

4.8596689

07 

3.2393616

39 

2.7303486

6 

2.4865683

28 

1.4851928

2 

GPR155 

16.945727

74 

22.546360

89 

12.917289

18 

8.6037731

02 

11.540227

37 

4.4712120

7 

LINC01695 

2.4018727

15 

2.8574018

89 

3.2393616

39 

0.9841954

47 

1.2964159

66 

1.6571625

15 

ATP8B4 

18.787654

67 

13.911584

38 

11.993669

54 

7.9053118

17 

7.3321886

6 

5.4561294

14 

AL592490.1 

3.3744101

33 

2.7322602

01 

3.9086512

33 

1.4762931

71 

1.8914921

47 1.2663223 

PCDH20 

3.4186163

8 

2.7322602

01 

3.9086512

33 

1.4762931

71 

1.8914921

47 1.2663223 

RELN 

25.949066

57 

19.918385

43 

16.504681

41 

13.064400

85 

9.7124933

85 

5.2997933

28 

AL160272.1 

1.3703936

35 

2.9199727

34 

3.1055037

2 

0.5397200

84 

1.3389214

08 

1.0474517

79 

CXCL14 

162.45795

51 

100.44706

2 

44.534529

63 

46.908024

94 

44.248164

61 

15.915013

59 

Table A. 3.6 Gene ontology groupings. 

Gene Set GO ID Get Symbol 

Drug 

transmembran

e transporter 

activity 

GO:0015

238 

SLC7A

11 

SLC1A

4 

SLC6

A9 

SLC7

A1 

SLC7

A3 

SLC1

A5   

Organic acid 

transmembran

e transporter 

activity 

GO:0005

342 

SLC7A

11 

SLC1A

4 

SLC6

A9 

SLC7

A1 

SLC7

A3 

SLC1

A5   
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Anion 

transmembran

e transporter 

activity 

GO:0008

509 

SLC7A

11 

SLC1A

4 

SLC6

A9 

SLC7

A1 

SLC7

A3 

SLC1

A5 

SLC4

A5 

Oxidoreductas

e activity, 

acting on the 

CH-NH group 

of donors 

GO:0016

645 

ALDH1

L2 

MTHF

D2 

DMG

DH 

PYCR

1       

Protein 

heterodimeriz

ation activity 

GO:0046

982 VEGFA DDIT3 

CEBP

B NEFL ATF3     

Active 

transmembran

e transporter 

activity 

GO:0022

804 

SLC7A

11 

SLC1A

4 

SLC6

A9 

SLC1

A5 

SLC4

A5     

Receptor 

ligand activity 

GO:0048

018 ADM2 SPX 

VEGF

A         

Lyase activity 

GO:0016

829 CHAC1 PCK2           

Transcription 

corepressor 

activity 

GO:0003

714 TRIB3 DDIT3 ATF3         

DNA-binding 

transcription 

activator 

activity, RNA 

polymerase II-

specific 

GO:0001

228 DDIT3 

CEBP

B AKNA ATF3 

FOSL

1     

Passive 

transmembran

e transporter 

activity 

GO:0022

803 

GRIN2

A 

GABR

P GRIK1         

Actin binding 

GO:0003

779 MAP1B RCSD1 

SNTB

1 

S100A

4 

SYNE

1     

Cytokine 

receptor 

binding 

GO:0005

126 

CXCL1

4 TGFB2 

CXCL

12         

Guanyl-

nucleotide 

exchange 

factor activity 

GO:0005

085 

GRIN2

A EGF 

NCA

M1 VAV3       

Amide 

binding 

GO:0033

218 GRPR 

GRIN2

A 

TGFB

2         
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Figure A. 3.1 Assessment of leptin basolateral concentration over time. (A) Mass of leptin in the 

basolateral chamber was measured every 15 minutes for a 60-minute period, and percent leptin 

transport was calculated by dividing basolateral chamber mass by apical chamber mass (3 μM 

starting concentration). Data are presented as mean ± standard deviation from n=3 biological 

replicates. (B) TEER measurements before and after the leptin transport assay. Each data point is 

the average TEER measurement across 3 locations in a single filter, and data are represented as 

mean ± standard deviation from 3 filters (n=3 technical replicates, n=1 biological replicate). Trends 

were confirmed in two additional biological replicates. 
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Figure A. 3.2 Leptin transport data corresponding to the samples used for RNA sequencing. (A) 

Compiled datasets represent the basolateral chamber leptin concentration corresponding to 17β-

estradiol or DMSO treatment, normalized to the DMSO treatment. Each data point is the mean of 

a single biological replicate calculated using three Transwell filters (n=3 technical triplicates). Data 

are represented as mean ± standard deviation from n=3 biological replicates. Statistical 

significance was calculated using the Student’s unpaired t-test. (B) TEER measurements before 

and after the leptin transport assay. Each data point is the average TEER measurement across 3 

locations in a single filter, and data are represented as mean ± standard deviation from 3 filters 

(n=3 technical replicates, n=1 biological replicate). Trends were confirmed in two additional 

biological replicates.  
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Figure A. 3.3 Gene ontology analysis for enriched signaling pathways in response to 17β-estradiol 

treatment relative to DMSO. 
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Chapter 4  

FUNCTIONAL ASSESSMENTS OF P-GLYCOPROTEIN IN IN VITRO BBB MODELS 

4.1  Summary 

The BBB fulfills its protective function through ATP-binding cassette transporters 

primarily located on the luminal side of the BBB endothelium. Specifically, owing to its luminal 

localization and the broad spectrum of substrates, p-glycoprotein is the critical component of the 

BBB’s xenobiotic clearance machinery, as well as the major obstacle for drug delivery into the 

brain. Here, we report the use of a human induced pluripotent stem cell (iPSC)-derived BBB model 

and an immortalized human brain endothelial cell to assess the expression and function of p-

glycoprotein. 

iPSCs were differentiated into brain microvascular endothelial cell (BMEC)-like cells 

using standard methods. BMEC-like cells were cultured in Transwell filters and cell culture plate 

and assayed for function and polarization of p-glycoprotein. Immortalized hCMEC/D3 cells were 

engineered with Cas9 nuclease, assayed for p-glycoprotein, and examined using multiple 

transfection/transduction methods. Flow cytometric analysis was applied to assess the feasibility 

of applying the pooled high throughput genetic screen in the hCMEC/D3 cell line. 

Both iPSC-derived BMEC-like cells and monoclonal Cas9-expression hCMEC/D3 cells 

both showed the functional activity of p-glycoprotein. For immortalized hCMEC/D3 cells, 

transfection with synthetic gRNA delivered by lipofection or electroporation was not able to 

generate the efficient ABCB1 knockdown. Downregulated p-glycoprotein in Cas9/hCMEC/D3 

was achieved by lentiviral transduction and further confirmed with western blot, flow cytometry, 
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and TIDE analysis. Furthermore, cells transduced by a pooled lentiviral library cannot exhibit a 

significant change in p-glycoprotein activity.  

Both iPSC-derived BMEC-like cells and immortalized hCMEC/D3 cells can be used to 

study the biologic transport targeting p-glycoprotein. A pooled high throughput genome-wide 

screen cannot be applied to investigate the expression pattern of p-glycoprotein due to its 

subcellular trafficking and intercellular spreading.  

4.2  Introduction 

The structural and functional integrity of the brain requires the normal functioning of the 

cerebrovascular system. Capillaries, contributing to 85% of ~400 miles of total cerebral vessel 

length, play an important role in maintaining optimal neuronal function [4,5]. The blood-brain 

barrier (BBB), composed of brain microvascular endothelial cells (BMECs) that form the inner 

layer of the capillary vessel wall, strictly regulates the bidirectional molecular exchange between 

the CNS and the bloodstream [6]. Except for the free diffusion of gases and small lipophilic 

molecules, the BBB meets the energetic and metabolic needs with a cohort of specific receptors, 

transporters, and channels [27]. Natural blockade properties of BBB, including restrictive 

paracellular permeability, exclusive transcellular trafficking, and robust efflux transport, strictly 

control the bidirectional exchange between the brain and bloodstream [50]. As the major element 

of the BBB xenobiotic clearance mechanism, ATP-binding cassette (ABC) transporters, including 

p-glycoprotein, multidrug resistance-related protein (MRP) family transporters, and breast cancer 

resistance protein (BCRP) transporters can pump intracellular neurotoxicants out to the blood as 

well as limit the access of substances from the periphery [270]. Other than brain endothelium, 



107 

 

ABC transporters are also distributed at many biological interfaces in the intestine, liver, and 

kidney across the body [271].  

Owing to its protective and specific properties in active efflux to reduce drug uptake, ABC 

transporters are involved in the phenotype called multidrug resistance, a major challenge in the 

treatment of human cancers [272]. Especially, p-glycoprotein plays a key role within these ABC 

transporters due to its localization and broad substrate spectrum. In human BBB, p-glycoprotein 

is highly and dominantly expressed on the luminal (blood-facing) side of brain capillaries but much 

lesser in the brain parenchyma, neuronal cells, and glial cells, which can actively pump diffusible 

blood chemicals back without access to the endothelial interior [273]. Moreover, p-glycoprotein 

has a wide substrate selectivity, including endogenous ligands, therapeutic drugs such as 

chemotherapeutics, antibiotics, opioids, and anti-epileptics [274], and xenobiotics, hindering the 

delivery of CNS-targeting drugs into the brain parenchyma [275]. Besides its involvement in 

pharmaco-resistance, dysfunction of p-glycoprotein expression and/or activity on the BBB has 

been implicated in many neurodegenerative diseases, such as upregulated expression in epileptic 

seizures complicating therapy with antiepileptic drugs [276], downregulated expression [277] and 

activity [68] in AD patients related to amyloid β (Aβ) plaque clearance [278,279], and diminished 

mRNA expression [280] and activity [78] in PD patients, further inducing the lack of efficient 

brain detoxification. Notably, restoring p-glycoprotein through activating Pregnane X Receptor 

nuclear receptor signaling pathway can reduce the Aβ accumulation in the transgenic AD mice, 

providing critical insight into the early stage of AD [281]. Hence, manipulation of p-glycoprotein 

expression and activity will enable drug candidates to overcome the obstacle of crossing the BBB, 

as well as restore barrier xenobiotic efflux machinery for protective purposes in other cases [51].  
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Compared to low throughput measurements conducted in animals, cultured in vitro BBB 

models have risen as the higher throughput methods to measure the permeability and transport 

rates of biologics for early drug discovery [282]. Even primary BMECs exhibit some phenotypes 

of the BBB including reasonable permeability of small molecules, active transport function, and 

ranges of transendothelial electrical resistance (TEER; a measure of ion permeability) from ~200-

1800 Ωxcm2 [283], these BMECs can only be isolated in a low-yield and tedious way [284]. 

Considering the species difference, primary human BMECs were obtained from surgically 

resected tissue or cadavers, rendering the usage for high throughput studies [285]. To obtain 

renewable and scalable brain endothelium, in vitro human BBB models have employed 

immortalized BMECs and human induced pluripotent stem cells (iPSCs)-derived BMEC-like cells. 

Derived from human temporal lobe microvessels, hCMEC/D3 BMECs have been extensively 

characterized, including BBB junctional proteins, BBB transporter expression, and functional 

efflux transporters [95,286]. However, the passive barrier phenotype has been affected by the 

immortalization process, yielding TEER values of 30-40 Ωxcm2 that are more similar to peripheral 

endothelium than BBB [286]. Human induced pluripotent stem cells (iPSCs) represent an 

attractive alternative to providing an unlimited source of BMECs similar to the immortalization 

procedure but with improved passive barrier properties [97,108,157–160], including a cohort of 

essential transporters and restrictive paracellular permeability to facilitate central nervous system 

(CNS) drug-permeability studies [161,162], investigate disease biology [163–166], and study 

mechanisms of molecular transport [167–169]. Outcomes from these models can provide more 

feasible ways for high throughput screening applications.  

Here, we aimed to investigate the efflux transporter expression and activity in both 

immortalized hCMEC/D3 BMECs and iPSC-derived BMEC-like cells to confirm the 
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practicability of early drug screening. Moreover, we also explored the way to manipulate the 

expression of p-glycoprotein using CRISPR techniques and validate the outcomes in both 

expressional and functional assays. We expect this study will provide some insights on conducting 

the drug screening targeting p-glycoprotein across the BBB. 

4.3  Materials and Methods 

4.3.1  iPSC Maintenance and Differentiation 

CC3 iPSCs were maintained and differentiated at 37°C in a humidified CO2 incubator 

following our previously published methods [97]. In brief, CC3 iPSCs were maintained in E8 

medium on 6-well tissue culture plates (Fisher Scientific #07-20083) coated with growth-factor 

reduced Matrigel (Corning #354230), and cells were passaged every 3-4 days once reaching 70-

80% confluency using pre-warmed Versene (Fisher Scientific #15-040-066).  

CC3 iPSCs were differentiated from iPSCs into BMEC-like cells following an 8-day 

differentiation scheme. On Day -1, CC3 iPSCs were washed once with DPBS (Fisher Scientific 

#14-190-144), dissociated with Accutase for 3-4 minutes (Fisher Scientific #A1110501), collected 

via centrifugation, resuspended into E8 medium supplemented with 10 µM Y27632 (Tocris #1254), 

and seeded on 6-well tissue culture plates coated with Matrigel at the density of 150,000 cells/well. 

On Day 0, the medium was switched to E6 medium and then changed every 24 hours for 4 days. 

On Day 4, cells were changed to EC medium consisting of human endothelial serum-free media 

(hESFM; Thermo Fisher Scientific #11111044), 0.25X B27 supplement (Fisher Scientific #17-

504-044), 20 ng/mL basic fibroblast growth factor (bFGF; PeproTech #100-18b), and 10 µM all-

trans retinoic acid (RA; Sigma-Aldrich #R2625); no media changes were performed for 2 days 

thereafter.  On Day 5, 12-well Transwell filter inserts (Fisher Scientific #07-200-161) were coated 
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with 200 µL extracellular matrix (ECM) containing 400 μg/mL collagen IV (Sigma-Aldrich 

#C5533) and 100 μg/mL fibronectin (Sigma-Aldrich #F1141) in UltraPure DNase/RNase-free 

distilled water (Thermo Fisher Scientific #10977015) overnight. 24-well cell culture plates (Fisher 

Scientific # 09-761-146) were coated with 400 µL ECM containing 200 μg/mL collagen IV and 

50 μg/mL fibronectin in UltraPure DNase/RNase-free distilled water in each well overnight. On 

Day 6, differentiated cells were washed with DPBS, dissociated with Accutase for 20-30 minutes, 

collected via centrifugation, and resuspended in EC medium. For 12-well Transwell inserts, cells 

were redistributed at the ratio of 1 well to 3 Transwell inserts. 500 µL of cell suspension were 

plated on pre-coated Transwell inserts while 1.5 mL of EC medium were added to the basolateral 

chamber. For 24-well plates, cells were redistributed at the ratio of 1 well to 6 wells in the 24-well 

plate. 500 µL of cell suspension were plated on the pre-coated wells of 24-well plates. On Day 7, 

referred to as Day 0 of subculture, the medium was changed to EC medium without bFGF and RA 

on both the apical and basolateral sides of Transwell inserts and in 24-well plates.  

4.3.2  hCMEC/D3 Cell Maintenance and Engineering 

hCMEC/D3 cells were maintained and differentiated at 37°C in a humidified CO2 

incubator. 6-well plates were coated with 0.0399 mg/mL of Collagen I, rat tail (Thermo Fisher 

Scientific #A1048301) by diluting 133 μL of Collagen I into 10 mL of 20 mM acetic acid (Sigma-

Aldrich #57619). hCMEC/D3 were maintained in the EndoGRO-MV Complete Culture Medium 

Kit (Sigma-Aldrich #SCME004) supplemented with 0.2 ng/mL bFGF, and the medium was 

changed every 2 days. Cells were passaged every 6 days using pre-warmed TrypLE Express, No 

Phenol Red, 1x (Fisher Scientific #12604013).  

To generate the Cas9-expressing hCMEC/D3s, cells were seeded onto 2 wells of a 24-well 

cell culture plate coated with 0.0399 mg/mL of Collagen I, rat tail at the density of 60,040 
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cells/well. 24 hours after seeding, one well of cells was used to measure the density using the 

Countess II automated cell counter (Thermo Fisher Scientific). Cells in another well were 

transduced with lentiviral constitutive Cas9 nuclease reagent (Dharmacon #VCAS11865) at the 

multiplicity of infection (MOI) of 0.3 in 0.25 mL of EndoGRO-MV basal medium supplemented 

with 5 μg/mL polybrene (Sigma-Aldrich #TR-1003-G). The lentiviral particles contained mKate2 

reporter and hEF1a promoter. 5 hours after the initiation of transduction, 0.75 mL of EndoGRO-

MV Complete Culture Medium was added to transduced well. 48 hours after the initiation of 

transduction, medium was fully switched to EndoGRO-MV Complete Culture Medium. Cells 

were maintained and expanded for fluorescence-activated cell sorting (FACS).  

To select monoclonal Cas9-expressing cells, hCMEC/D3 cells were washed with DPBS, 

dissociated with TrypLE Express, collected via centrifugation, and resuspended into EndoGRO-

MV Complete Culture Medium supplemented with 10 µM Y27632 at the density of 5×106 

cells/mL. Single cells were sorted based on the expression level of fluorescent mKate2 using a 5-

laser FACS Aria III (BD Biosciences) with a 100-μm nozzle. Sorted cells were plated onto 

Collagen I, rat tail-coated 96-well cell culture plate containing 100 μL of EndoGRO-MV Complete 

Culture Medium supplemented with 10 µM Y27632 and 10 mM HEPES (Thermo Fisher Scientific 

#15630080) with one cell per well. 24 hours after sorting, 100 μL of EndoGRO-MV Complete 

Culture Medium was added to each well. 48 hours after sorting, medium was fully switched to 

EndoGRO-MV Complete Culture Medium. The select clone was expanded for further analysis 

and downstream experiments. 

4.3.3  Western Blot Analysis 

Cells were rinsed once with DPBS, scraped with cell lifter (Fisher Scientific #08-100-240), 

and collected via centrifugation. Cells were lysed in RIPA buffer (Sigma Aldrich #R0278) 
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supplemented with 1% v/v of protease inhibitor cocktail (Sigma-Aldrich #P8340) and 1% v/v of 

phosphatase inhibitor cocktail 3 (Sigma-Aldrich #P0044). After 30-minute lysis on ice, samples 

were centrifugated at 12,000xg for 15 minutes at 4°C and the supernatants were collected. Protein 

concentrations were measured with a Pierce BCA protein assay kit (Thermo Fisher Scientific 

#23225). Protein concentrations were measured with Pierce BCA protein assay kit (Thermo Fisher 

Scientific #23225). Proteins were loaded into 4-20% Criterion TGX precast midi protein gel (Bio-

rad #5671094) and transferred onto nitrocellulose membrane (Thermo Fisher Scientific #IB23001) 

using iBlot 2 gel transfer device (Thermo Fisher Scientific #iB21001). After dry transfer, 

membranes were blocked with LiCor Odyssey blocking buffer (Li-Cor #92750000) at room 

temperature for 30 minutes, incubated with LiCor Odyssey blocking buffer supplemented with 

primary antibody and 0.05% Tween 20 (Millipore Sigma #P9416) at 4°C overnight, and incubated 

with 1X Tris Buffered Saline (TBS, Corning #46-012-CM) supplemented with respective 

secondary antibody and 0.05% Tween 20 at room temperature for 2 hours. Membranes were 

imaged with Odyssey XF imaging system (Li-Cor), and images were quantified with Image Studio. 

For general protein samples, 25 μg of total protein were loaded into the gel. For p-

glycoprotein, 40 μg of total protein extracted from hCMEC/D3 cells were loaded into the gel, and 

the dry transfer was run following the template: 20 V for 4 minutes, 23 V for 5 minutes, 25 V for 

2 minutes. 

Antibody information can be found in Table A 4.1 and Table A 4.2.  

4.3.4  Efflux Transporter Activity Assay 

On Day 8 (Day 1 of subculture), purified BMEC-like cells in 24-well plates were incubated 

with 10 μM cyclosporin A (Fisher Scientific #11-011-00) for 1 h at 37 °C by diluting cyclosporin 
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A in the original culture medium. Following incubation, the medium was replaced with two 

conditions: 10 μM rhodamine 123 (Thermo Fisher Scientific #R302) or 10 μM rhodamine 123 

with 10 μM cyclosporin A for 1 h at 37 °C. Cells pre-incubated with cyclosporin A should still be 

treated with medium containing cyclosporin A. After incubation, cells from three wells under each 

condition were rinsed with DPBS three times, lysed with 200 μL of 5% Triton X-100 (Sigma-

Aldrich #X100) in DPBS for 10 min, and transferred into 96-well black clear bottom plates. One 

remaining well of each condition was fixed with 100% ice-cold methanol for 10 min, rinsed three 

times with DPBS, stained with DAPI for 10 min, rinsed three times again with DPBS, and imaged 

using Leica DMi8 microscope. Fluorescence of accumulated dye was measured on a Tecan’s 

Infinite M1000 PRO plate reader and normalized on a per cell basis.  

4.3.5  Directional Efflux Transporter Activity Assay 

On Day 8 (Day 1 of subculture), purified BMEC-like cells on 12-well Transwell inserts 

were incubated with 10 μM cyclosporin A for 1 h at 37 °C by diluting cyclosporin A in the original 

culture medium on the apical side of Transwell inserts. Following incubation, the medium on the 

apical side was replaced with two conditions: 10 μM rhodamine 123 or 10 μM rhodamine 123 with 

10 μM cyclosporin A for 1 h at 37 °C. Cells pre-incubated with cyclosporin A should still be 

treated with the medium containing cyclosporin A. After incubation, 200 μL of medium was 

extracted from basolateral chamber and each condition contained three Transwell inserts. 

Fluorescence intensity of accumulated dye was measured on a Tecan’s Infinite M1000 PRO plate 

reader and normalized to the condition without cyclosporin A treatment. 

4.3.6  Transfection in Cas9-expressing hCMEC/D3 Cells 

Edit-R predesigned non-targeting control CRISPR RNA (crRNA, Dharmacon #U-

007501/2/3/4), pooled ABCB1 crRNA (Dharmacon #CM-003868) and trans-activating RNA 
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(tracrRNA, Dharmacon #U-002005) were resuspended in nuclease-free 10 mM Tris-HCl buffer 

pH 7.4 (Dharmacon #B-006000-100) for the desired final concentrations. Transfection mixes were 

prepared in Opti-MEM I reduced serum medium (Thermo Fisher Scientific #319850-62) 

containing Lipofectamine RNAiMax (Thermo Fisher Scientific #13778150) and crRNA:tracrRNA 

complex. Meanwhile, Cas9-expressing hCMEC/D3 BMECs were dissociated with TryPLE 

Express and reseeded onto Collagen I-coated 6- or 24-well plates at a density of 20,000 cells/cm2.  

RNAiMax/crRNA/tracrRNA were incubated for 20 minutes at room temperature and 

added dropwise to freshly seeded plates at the final concentration of 25 nM tracrRNA/crRNA and 

0.75 μL/cm2 of RNAiMax. 48 hours after transfection, the medium was replaced with EndoGRO-

MV Complete Culture Medium and expanded for further analysis. 

hCMEC/D3 cells were transfected with 25 nM tracrRNA/crRNA by using DharmaFECT1 

(0.625 μL/cm2) following the same procedure above. 

Cas9-expressing hCMEC/D3 BMECs were transfected with the Neon transfection system 

(Thermo Fisher Scientific). Cells were dissociated with TrypLE Express, washed with DPBS, and 

resuspended in Resuspension Buffer R at a final density of 1.1x107/mL. TracrRNA/crRNA was 

prepared as above at a concentration of 250 nM. After the Neon device setup, cells were added 

into a tube containing gRNA complex. Neon pipette was immersed into the cells/gRNA mixture 

and slowly aspirate the mixture to avoid air bubbles. Neon pipette was then inserted into Neon 

Tube and placed in the Neon Pipette station to complete the electroporation process. 

Electroporated cells were transferred to the prepared culture plates. The Collagen I-coated 24-well 

plates were filled with 0.5 mL of EndoGRO-MV Complete Culture Medium and pre-incubated at 

37°C in a humidified CO2 incubator. The final cell density was 1.1x105/well and the final 
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tracrRNA/crRNA concentration was 25 nM. The setup for Neon device was 1400 V pulse voltage, 

20 ms pulse width, and 2 pulse number.  

Cas9-expressing hCMEC/D3 BMECs were transfected with EDIT-R predesigned lentiviral 

sgRNA targeting non-targeting control (Dharmacon #VSGC10215) and human ABCB1 

(Dharmacon # VSGH10149-EG5243). cells were seeded onto 4 wells of a 6-well cell culture plate 

coated with 0.0399 mg/mL of Collagen I, rat tail at the density of 100,000 cells/well. 24 hours 

after seeding, one well of cells was used to measure the density using the Countess II automated 

cell counter (Thermo Fisher Scientific). Cells in other wells were transduced with lentiviral sgRNA 

particles at the MOI of 0.3 in 2 mL of EndoGRO-MV Complete Culture Medium. 48 hours after 

the initiation of transduction, medium was replaced with EndoGRO-MV Complete Culture 

Medium supplemented with 1.3 ng/mL puromycin. After 7-day puromycin selection, cells were 

further analyzed with western blot, Tracking of Indels by DEcomposition (TIDE) analysis [287], 

and flow cytometry. 

All synthetic gRNA sequences are available in Table A. 4.3.  

All lentiviral gRNA sequences are available in Table A. 4.4. 

4.3.7  TIDE Analysis 

Genomic DNA was isolated from transfected/transduced cells. To amplify a stretch of 

about 500–1500 bp around the editing site, PCR was carried out with Taq PCR Kit (NEB #E5000S) 

according to manufacture instructions. A parallel PCR amplified the same stretch of DNA from a 

control cell pool lacking sgRNA. Both PCR products were then directly subjected to Sanger 

sequencing. Sequencing data files from both non-targeting control and ABCB1 were imported into 

TIDE software. After comparing the offset between the two sequence reads, the relative abundance 
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of aberrant nucleotides was determined over the length of the sequence trace due to insertions and 

deletions.  

Primer sequences can be found in Table A. 4.5 and Table A. 4.6. 

4.3.8  Flow Cytometry 

Transduced cells were seeded into 6-well plates. 4 days after seeding, cells were treated 

with EndoGRO-MV Complete Culture Medium supplemented with 10 μM rhodamine 123. At the 

same time, cells under non-targeting control condition were incubated with 10 μM cyclosporin A 

for 1 h at 37 °C by diluting cyclosporin A in the original culture medium. Following incubation, 

the medium was replaced with EndoGRO-MV Complete Culture Medium supplemented with 10 

μM rhodamine 123 and 10 μM cyclosporin A for 1 h at 37 °C. Cells pre-incubated with cyclosporin 

A should still be treated with medium containing cyclosporin A. After incubation, cells were 

dissociated with TryPLE Express and resuspended into the 10 mg/mL bovine serum albumin (RPI 

#30075) in DPBS. Samples were run through Amnis CellStream Flow Cytometer (Luminex). 

4.3.9  Immunocytochemistry 

Fixed cells were blocked with DPBS containing 5% donkey serum (Millipore Sigma 

#D9663) and 0.3% Triton-X 100 (Sigma-Aldrich #X100), referred to as PBSDT, at room 

temperature for 1 hour. Cells were then incubated with primary antibody diluted in PBSDT at 4°C 

overnight. After primary antibody incubation, cells were washed three times with DPBS, incubated 

with secondary antibody diluted in PBSDT at room temperature for 2 hours, incubated with 4’,6-

diamidino-2-pheny-lindoldihydrochloride (DAPI, Thermo Fisher Scientific #D3571) diluted in 

DPBS for 10 minutes, and then washed with DPBS three times. Secondary labeling would be 

skipped if primary antibody was conjugated with a fluorophore. Images were acquired using Leica 

DMi8 microscope and analyzed with Fiji ImageJ. 
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4.3.10  Pilot Pooled CRISPR Screen 

Cas9-expressing hCMEC/D3 BMECs were transduced with Human CRISPR Lentiviral 

Knockout Pooled Library (Brunello), a gift from David Root (Addgene #73179-LV) [288]. Cells 

were seeded onto T175 TC-treated flasks (Corning #431080) coated with 0.0399 mg/mL of 

Collagen I, rat tail at the density of 450,000 cells/mL. 24 hours after seeding, one well of cells was 

used to measure the density using the Countess II automated cell counter (Thermo Fisher 

Scientific). Cells in other flasks were transduced with the lentiviral pooled library at the MOI of 

0.3 in 30 mL of EndoGRO-MV Complete Culture Medium. 48 hours after the initiation of 

transduction, medium was replaced with EndoGRO-MV Complete Culture Medium supplemented 

with 1.3 ng/mL puromycin. After 7-day puromycin selection, cells were treated with EndoGRO-

MV Complete Culture Medium supplemented with 10 μM rhodamine 123 and subjected to sorting 

based on the level of fluorescence intensity using a 5-laser FACS Aria III (BD Biosciences) with 

a 100-μm nozzle. 

4.3.11  Statistical analyses 

All data are presented as mean ± standard deviation. The Student’s unpaired t-test was used 

to determine statistical significance as described in each figure legend. 

4.4  Results and Discussion 

4.4.1  Functional Assessment of p-glycoprotein in iPSC-derived BMEC-like cells 

To assess the activity of p-glycoprotein in the human iPSC-derived BBB model, we 

subcultured BMEC-like cells on 24-well plates to quantify the function of p-glycoprotein and on 

Transwell filters to measure the polarized distribution of p-glycoprotein (Figure 4.1A). iPSCs were 

differentiated into BMEC-like cells according to our previously published protocols, where 
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passive and active BBB properties have been confirmed [97]. Compared to untreated condition, 

cells treated with 10 µM cyclosporin A produced a significant increase (~1.7 fold) in the 

accumulation of rhodamine 123 (Figure 4.1B). Also, to mimic the in vivo peripheral-to-CNS 

transport and evaluate the polarized distribution of p-glycoprotein, rhodamine 123 was added onto 

the apical side of the Transwell filters with or without the pretreatment of cyclosporin A. There 

was a 1.66-fold significant increase in the transport of rhodamine 123 in the presence of 

cyclosporin A (Figure 4.1C). Overall, our data indicated both the function and polarization of P-

glycoprotein in our iPSC-derived BMECs, further enabling the early drug screening in a feasible 

in vitro BBB model. 
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Figure 4.1 Functional assessment of p-glycoprotein in iPSC-derived BMEC-like cells. (A) 

Experimental timeline for iPSC differentiation and functional assays. P-glycoprotein activity was 

always assessed on Day 1 of subculture. Cells were cultured onto the Transwell inserts or plates 

on Day -1 of subculture. (B) Functional efflux activity of P-glycoprotein was evaluated through 

substrate accumulation efflux transporter activity assay. Each condition is performed using 

triplicate wells of one biological replicate. Data are presented as mean ± standard deviation from 

n=4 biological replicates. Statistical significance was calculated using the Student’s unpaired t-test 

(****, p<0.0001). (C) Polarized efflux activity of P-glycoprotein was validated using the 

directional efflux transporter activity assay. Each condition is performed using triplicate filters of 

one biological replicate. Data are presented as mean ± standard deviation from n=3 biological 

replicates. Statistical significance was calculated using the Student’s unpaired t-test (*, p<0.05). 

(D) BMEC-like cells demonstrate the high-fidelity passive barrier function before the directional 

efflux transporter assay. TEERs are represented as mean ± standard deviation in a single biological 

replicate (n=3 measurements from each filter). Trends were confirmed in two additional biological 

replicates. 

4.4.2  Establishment of monoclonal Cas9-expressing hCMEC/D3 cell line 

To explore the feasibility of conducting genetic perturbation in hCMEC/D3, Cas9 nuclease 

was inserted first to achieve the gene knockout by gRNA delivery only. Lentiviral particles 

carrying constitutive Cas9 nuclease were utilized to transduce immortalized hCMEC/D3 cells at 

the MOI of 0.3 under a hEF1α promotor. Monoclonal Cas9-expressing hCMEC/D3 cells were 

sorted through FACS based on the expression of mKate2 reporter (Figure 4.2A). hCMEC/D3 clone 

D2 was selected and Cas9 was confirmed with western blot (Figure 4.2B). The functional activity 

of p-glycoprotein was confirmed with the presence of cyclosporin A, which generated a significant 

2.66-fold increase in rhodamine 123 accumulation (Figure 4.2C). P-glycoprotein expression was 

also validated through flow cytometry measurements based on single-cell fluorescence intensity 

(Figure 4.2D). Immunocytochemical analysis of Cas9-expressing hCMEC/D3 also showed the 

robust expression of endothelial or BBB markers (Figure 4.2E).  
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Figure 4.2 Establishment of monoclonal Cas9-expressing hCMEC/D3 cell line. (A) Cas9 nuclease 

insertion was confirmed with mKate2 reporter in hCMEC/D3 cells. (B) Western blot assessment 

of Cas9 protein in monoclonal Cas9/hCMEC/D3 clone D2. (C) Functional efflux activity of p-

glycoprotein was evaluated through substrate accumulation efflux transporter activity assay in 

Cas9/hCMEC/D3 clone D2. Each condition is performed using triplicate wells of one biological 

replicate. Data are presented as mean ± standard deviation from n=3 biological replicates. 

Statistical significance was calculated using the Student’s unpaired t-test (****, p<0.0001). (D) 

Flow cytometric analysis of the p-glycoprotein activity in Cas9/hCMEC/D3 clone D2 showed 

rhodamine 123 accumulation level increased in cyclosporin A-treated cells. Data were obtained at 

n=10,000 single cells for each condition. (E) Representative immunostaining of endothelial or 

BBB markers in Cas9-expressing hCMEC/D3 clone D2 cells. 

4.4.3  Evaluation of transfection utilizing synthetic gRNAs 

To select the best way of conducting genetic perturbation using synthetic gRNA, three 

different ways were applied in Cas9/hCMEC/D3 clone D2 cells (Figure 4.3A). Cells were 

transfected with pooled synthetic gRNAs packed with RNAiMax or DharmaFECT1 or delivered 

through neon electroporation transfection. Transfected cells were subject to immunostaining to 

visualize the protein level change (Figure 4.3B). Genomic DNA was isolated from each condition 

and further amplified around the editing site for a stretch of 500-1500 bp. Total editing efficiency 

was calculated through TIDE analysis after comparing the offset between the non-targeting control 
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and ABCB1 gRNA delivered in different ways (Figure 4.3C). The data suggested that transfection 

utilizing synthetic gRNA without selection pressure was not able to generate a significant genetic 

perturbation in Cas9-expressing hCMEC/D3 cells due to the specificity of certain cell types. 

 

Figure 4.3 Evaluation of transfection methods utilizing synthetic gRNAs in Cas9/hCMEC/D3. (A) 

Lipid-based transfection method scheme. Pooled gRNAs were packed with RNAiMax and 

DharmaFECT1 and delivered into Cas9-expressing hCMEC/D3 clone D2 cells. (B) Representative 

immunostaining of p-glycoprotein in Cas9-expressing hCMEC/D3 clone D2 cells under non-

targeting control (i) and ABCB1 (ii) conditions. (C) Transfection efficiency in Cas9-expressing 

hCMEC/D3 cells using 25 nM pooled gRNAs. Total efficiency was evaluated through the TIDE 

tool to represent the indel rates for respective cutting sites in a mixed cell population. 

4.4.4  Lentivirus-mediated transduction downregulated p-glycoprotein expression 

To further explore the method to generate the expressional and functional level change in 

Cas9/hCMEC/D3, cells were transduced with individual lentiviral particles with different 

sequences targeting ABCB1 and subject to puromycin selection with the concentration of 1.3 

ng/mL for 7 days (Figure 4.4A). When the MOI equaled 0.3, functional activity has been shown 

as the decreased accumulation of rhodamine 123 in transduced cells, especially highly increased 

accumulation in lentiviral sgRNA1-transduced cells, suggesting that different extent of expression 
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levels under different genomic cutting sites (Figure 4.4B). Also, the change in p-glycoprotein 

expression level can be detected with western blot, which was consistent with activity alteration 

(Figure 4.4C). Total transduction efficiency from different cutting sites was also quantified using 

the TIDE tool, showing that target genome sequence affected the editing efficiency (Figure 4.4D). 

Moreover, compared to lipofection and electroporation transfection, lentiviral transduction along 

with puromycin selection pressure provided a more capable way to achieve the targeted knockout 

in this immortalized in vitro BBB model. 

 

Figure 4.4 Lentiviral transduction generated the change in p-glycoprotein expression and function 

in Cas9-expressing hCMEC/D3 clone D2 cells. (A) Schematic procedure for Cas9/hCMEC/D3 

transduction and puromycin selection. Genetic perturbations were conducted separately with 

respective lentiviral sgRNAs. After selection, cells were subject to functional, expressional, and 

genetic assays. (B) Functional assessment of p-glycoprotein in Cas9/hCMEC/D3 cells under 

respective conditions. All data were obtained at n=10,000 single cells for each condition. 

Fluorescence intensity was normalized to WT on a per cell basis.  WT denotes wild type. (C) 

Western blot assessment of p-glycoprotein expression level in lentiviral particles-transduced cells. 
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Cells transduced with sgRNA1 gained the largest protein loss compared to the control group, 

which was consistent with its activity change assessed with flow cytometry. Each lane was a 

technical replicate of a biological n=1. HSP60 served as the control for each condition. (D) TIDE 

analysis of lentiviral transduction efficiency in Cas9-expressing hCMEC/D3 cells at MOI=0.3. All 

assessments were compared to cells transduced with non-targeting control sgRNA. 

4.4.5  Evaluation of conducting a pooled screen targeting p-glycoprotein 

Since lentiviral transduction can generate an observable change in the expression and 

activity of p-glycoprotein in Cas9/hCMEC/D3 clone D2 cells, we further examined the approach 

to monitor the p-glycoprotein activity through a pooled CRISPR screen. Cells were transduced 

with Brunello CRISPR lentiviral gRNA knockout library at the MOI of 0.3 [288]. Transduced cells 

were purified with 1.3 ng/mL puromycin for 7 days and subject to flow cytometric analysis based 

on the uptake of rhodamine 123 (Figure 4.5A). There was not a significant change when comparing 

the rhodamine 123 signal between wild-type cells and lentiviral transduced cells (Figure 4.5B), 

which was caused by the intercellular transfer of functional p-glycoprotein occurs in the population 

of cancer cells and brain endothelial cells by microvesicles [289–291]. Furthermore, wild-type 

Cas9/hCMEC/D3 cells were sorted based on the uptake of rhodamine 123 (Figure 4.5C). After the 

expansion of these sorted cells, three conditions and wild-type cells were reassessed for the 

rhodamine 123 accumulation level, suggesting that heterogeneity of p-glycoprotein across the cell 

population existed and persisted, further supporting the intercellular trafficking of p-glycoprotein 

(Figure 4.5D). Overall, based on the molecular mechanism of p-glycoprotein including subcellular 

trafficking and intercellular spreading [292–294], Cas9/hCMEC/D3 cells should be subject to 

individual genetic perturbations in separate wells to avoid interference within the whole population, 

which would lead to an arrayed format for high throughput analysis. 
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Figure 4.5 Evaluation of conducting a pooled screen targeting p-glycoprotein in Cas9/hCMEC/D3 

clone D2 cells. (A) Schematic procedure for conducting pooled screen in Cas9/hCMEC/D3 clone 

D2 cells. Cells were treated with a pooled lentiviral gRNA library at the MOI of 0.3. After 7-day 

puromycin selection, transduced cells were treated with 10 µM rhodamine 123 and further sorted 

based on the fluorescence intensity. (B) Flow cytometric analysis of rhodamine 123 uptakes in 

Cas9/hCMEC/D3 clone D2 cells. Unstained cell (i) was used as the control. WT cells (ii) and 

lentiviral transduced cells (iii) were treated with rhodamine 123. WT denotes wild type. (C) 

Cas9/hCMEC/D3 clone D2 cells were sorted upon the uptake of rhodamine 123. Unstained cells 

(i) were used as the sorting baseline. Three groups of cells (P4, P5, and P6) were sorted based on 

the level of rhodamine 123 fluorescence intensity. (D) Flow cytometric analysis of rhodamine 123 

uptakes in pre-sorted cells after expansion. 0-5% group denotes P4, 5-10% denotes P5, 90-100% 

denotes P6 in C (ii). Mean fluorescence intensity was shown in (v). 

 

4.5  Conclusion 

As a protective interface between the bloodstream and the brain, the BBB has also limited 

the crossing of therapeutics to treat neurodegenerative diseases. Of ABC subfamilies at the BBB, 

p-glycoprotein, MRPs, and BCRP can actively extrude a broad range of substrates and play a 

crucial role in neuroprotection and pharmaco-resistance [295–297]. Especially, strategic 

localization of p-glycoprotein at the luminal membrane of BBB and its wide substrate selectivity 
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make it the most important ABC transporter for drug delivery in the CNS. Despite the known roles 

of p-glycoprotein[298,299], the comprehensive mechanisms and intracellular machinery by which 

p-glycoprotein expression is controlled remain poorly understood. Mounting evidence in patients 

suggests BBB disruption and cerebrovascular dysfunction correlate with the severity of AD and 

cognitive impairment [300–303]. Impaired p-glycoprotein function is clinically assessed in 

patients with AD [304,305] and in a mouse model [306], and in vivo restoration of p-glycoprotein 

in mice can improve A clearance, reduce disease burden, and limit cognitive deficits [307]. It is 

necessary to elucidate the factors that regulate p-glycoprotein expression at the BBB, which can 

further be applied to reduce AD burden or increase drug delivery by manipulating the p-

glycoprotein expression at the BBB. 

To prospectively evaluate the p-glycoprotein activity in in vitro BBB models, we 

conducted functional assays in iPSC-derived BMEC-like cells first to confirm the function and 

polarization of p-glycoprotein based on the transport dynamics of its substrate rhodamine 123. Due 

to its limitation as no proliferation after barrier induction and specific maturation requirement, the 

iPSC-derived BMEC-like cells can be used to validate drug hits before being applied to in vivo 

systems rather than high throughput screening. We also verified the p-glycoprotein activity in 

Cas9-engineered immortalized hCMEC/D3 cells. To further explore its possibility in high 

throughput drug screening, we tested different methods to generate efficient genetic perturbations 

in monoclonal Cas9/hCMEC/D3 cells. Transfection utilizing synthetic gRNAs delivered with lipid 

reagents or electroporation was not producing high indel rates while transduction through lentiviral 

sgRNAs produced an observable change in the expression and activity of p-glycoprotein. Based 

on the efficiency of lentiviral transduction, we applied a pooled lentiviral sgRNA library on 

Cas9/hCMEC/D3 cells, which did not yield an obvious phenotypic change through flow 
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cytometric analysis. Furthermore, the different population of cells was sorted upon the level of 

rhodamine 123 uptake reflecting its p-glycoprotein and further subject to flow cytometric analysis 

of rhodamine 123 uptake after expansion. We noticed cells that originally had a low p-glycoprotein 

activity level sustained a lower level of functional activity.  

P-glycoprotein has unique expression machinery. Other than main transmembrane 

localization, p-glycoprotein is also distributed in many intracellular organelles, including 

endoplasmic reticulum for synthesis, Golgi for modification, endosomes for trafficking and 

recycling, lysosome and proteasome for degradation [292–294]. There is constitutive intracellular 

trafficking of p-glycoprotein undergoing to supply its expression on the membrane surface 

[308,309]. High-extent multidrug resistance is contributed by functionally active p-glycoprotein 

expressed on the plasma membrane [292]. Moreover, intercellular transfer of functional p-

glycoprotein occurs in the population of cancer cells and brain endothelial cells by microvesicles 

[289–291]. The mechanism involved with subcellular trafficking and intercellular spreading 

coordinates with our findings in our pooled screening and follow-up sorting experiments. Hence, 

phenotypic change towards p-glycoprotein needs to overcome the threshold of the bulk 

heterogeneity for a pooled version of high throughput analysis. However, considering the limited 

efficiency of using synthetic gRNA through lipofection and neon electroporation transfection, an 

arrayed format with genetic perturbations conducted in separate wells delivered by lentivirus 

would be a more feasible way to obtain a more comprehensive understanding of p-glycoprotein 

expression machinery in the immortalized hCMEC/D3 cells. Disadvantages including higher cost, 

quality control, plate variability, and specialized equipment requirement along with arrayed 

screens also should be a concern.  
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4.6  Appendix 

Table A. 4.1 Primary antibodies. 

Target Antigen Species Vendor Product number Dilution 

VE-cadherin Goat R&D Systems AF938 1:100 

P-glycoprotein Mouse Thermo Fisher Scientific MA5-13854 1:50 

P-glycoprotein Mouse Biolegend SIG-38720 1:1000 

GLUT-1 Mouse Thermo Fisher Scientific MA5-11315 1:100 

PECAM-1 Rabbit Thermo Fisher Scientific RB-10333-P 1:25 

Cas9 Mouse Diagenode C15200203 1:1000 

HSP60 Rabbit Cell Signaling Technology D6F1 1:1000 

 

Table A. 4.2 Secondary antibodies. 

Species Reactivity Host Conjugate Vendor Dilution 

Mouse Donkey Alexa Fluor 488 Thermo Fisher Scientific 1:200 

Rabbit Donkey Alexa Fluor 488 Thermo Fisher Scientific 1:200 

Goat Donkey Alexa Fluor 488 Thermo Fisher Scientific 1:200 

Mouse Goat IRDye 800CW LI-COR 1:15,000 

Rabbit Goat IRDye 800CW LI-COR 1:15,000 

 

Table A. 4.3 Synthetic gRNA sequences. 

Genes Synthetic gRNA Sequences 

ABCB1 GTGTTGATGGACAGGATATT 

ABCB1 CCACCAAGTAGGCTCCAAAC 

ABCB1 GAGTTTATGTGCCACCAAGT 

 

Table A. 4.4 Lentiviral sgRNA sequences. 

Genes DNA target sequence 

ABCB1 ACTGGGATGTCCGGTCGGGT 

ABCB1 CACCAAGCGGCTCCGATACA 

ABCB1 GTGTTGATGGACAGGATATT 
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Table A. 4.5 Synthetic gRNA primer sequences. 

sgRNA Forward Primer Reverse Primer 

1 TCCCTTCTTAGGATTTCCCTTCT CCTGTGTCTGTGAATTGCCTTG 

2 AGGGCTAGGCTTCTTCCCAA AGAGGTTAGGCAGTTTCCCA 

3 GCTAGGCTTCTTCCCAAATGC CTCAGAGGTTAGGCAGTTTCC 

 

Table A. 4.6 Lentiviral sgRNA primer sequences. 

Lentiviral 

sgRNA 

Forward Primer Reverse Primer 

1 TTGGCTGGGACAGATGACAC AGATCATGCCACTGCACTCC 

2 AAGATGCCTTCTGCCTGCAC CTGGATTCCCATTCTGGTTAGGA 

3 TCCCTTCTTAGGATTTCCCTTCT CCTGTGTCTGTGAATTGCCTTG 
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Chapter 5  

CONCLUSIONS AND FUTURE OUTLOOK 

5.1  Conclusions 

In this dissertation, we have described our efforts towards the investigation of the human 

blood-brain barrier (BBB) transport regulation utilizing high throughput methods in in vitro human 

induced pluripotent stem cell (iPSC)-derived brain microvascular endothelial cell (BMEC)-like 

cells, human in vitro Caco2 epithelial barrier cells, human in vitro immortalized human 

microvessel hCMEC/D3 cells, and mouse ex vivo cortical explant system with the application of 

CRISPR-mediated genetic perturbations and RNA-mediated interference, which were delivered 

by lipids, electroporation, Adeno-associated virus (AAV), and lentivirus. Overall, we aimed to use 

these combined techniques to better understand the machinery and mechanisms related to 

molecular transport across the BBB and transporter expression at the BBB. 

First, we worked to identify the intrinsic regulators of glucose transporter 1 (GLUT1) 

expression at the BBB by conducting an arrayed high throughput CRISPR screen covering 8322 

genes, using Caco-2 cells as a model system in an unbiased manner. The screen was performed in 

a 96-well plate format with quantitative immunostaining of per-cell GLUT1 expression as the 

primary readout to capture alterations in GLUT1 expression level after receiving the crRNA 

against respective genes covering genes across phosphatase, GRCR, ion channel, protease, protein 

kinase, ubiquitin enzymes, transcriptional factors, and human drug targets in the human genome. 

Of these 8322 genes, 359 genes were identified to generate an over 17% of decrease on GLUT1 

expression after removal while 237 genes generated an over 17% of increase on GLUT1 expression 

after removal after confirming the abundance of these genes in the mouse brain endothelial cells. 
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Over-representation analysis for enriched Reactome signaling pathways (false-discovery rate less 

than 0.05) revealed that genes whose removal can downregulate GLUT1 expression are enriched 

in the signaling pathway of nucleotide-like (purinergic) receptors while genes whose removal can 

downregulate GLUT1 expression are enriched in the signaling pathways related to DNA 

replication. Further, outcomes from the primary screen were validated by measuring the protein 

and mRNA level change of GLUT1 in cells receiving crRNA against genes previously identified 

to be critical for GLUT1 expression. We cross-validated the ability of the screens with its relevance 

to the abundancy in human brain endothelial cells and relevant expression change in patients with 

Alzheimer’s disease (AD). After secondary validation, YBX1 produced a significant decrease in 

GLUT1 expression when assayed across multiple replicates with quantitative immunostaining of 

per-cell GLUT1 expression as the primary readout (p<0.05). Also, the knockdown of YBX1 and 

SLC2A1 was confirmed using qPCR measurement. The Y-Box binding protein 1 (YB-1, encoded 

by YBX1) is a highly conserved cold shock domain protein with the functionality of a transcription 

factor. YB-1 has been implicated in all DNA- and mRNA-dependent processes and positioned in 

the upstream of numerous cellular signaling pathways. We expect to provide new insight on 

GLUT1 expression utilizing our reported models. More related hits generated from our screen also 

provide other possible avenues toward GLUT1 expression pattern, would require extensive 

molecular interrogation, and will be the subject of future investigations. 

Next, we aimed to use iPSC-derived BMEC-like cells to better understand transcytosis of 

leptin across the BBB. Our strategy was to screen a nuclear receptor agonist library and assessed 

changes in leptin transport. Of 73 compounds, 7 ligands were selected from primary screening for 

further validation based on the rationales of the effect on leptin BBB transport and obesity-

associated physiological relevance. From this screen, we determined that treatment of BMEC-like 
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cells with 17β-estradiol, a major female sex hormone, yielded a significant increase in leptin 

transport.  RNA sequencing was applied, and a Gene Ontology analysis was utilized to cluster the 

enriched gene sets under the 17β-estradiol condition relative to the DMSO condition. Particularly, 

solute carrier (SLC) genes, including SLC1A4, SLC1A5, SLC6A9, SLC7A1, SLC7A3, and 

SLC7A11, were recognized under the drug transmembrane transporter activity gene set and found 

to be significantly upregulated by 17β-estradiol. To initially probe links between SLCs and leptin 

transport, we examined changes to leptin transport in the presence of different amino acids that are 

predicted substrates of various SLCs. SLC7A1 was identified, and it is highly and selectively 

expressed in brain endothelial cells with respect to other neurovascular cell types in single-cell 

RNA-sequencing datasets, and CAT-1 has previously been shown to be functionally active in 

iPSC-derived BBB models, marking it as an interesting candidate for further evaluation. To more 

precisely interrogate the role of CAT-1 (encoded by SLC7A1) in leptin transport through 

modulation of gene expression, an inducible CRISPR platform was introduced into iPSCs with the 

sleeping beauty transposon system and further confirmed the expression and/or activity levels of 

CAT-1 can modulate leptin transport within this in vitro model. Overall, while our investigations 

have not identified a new leptin transporter (since leptin is unlikely to be a substrate for SLC 

transporters), these studies provide new insight into mechanisms of leptin transport regulation.  

Finally, we transitioned to investigate the efflux transporter expression and activity in both 

immortalized hCMEC/D3 BMECs and iPSC-derived BMEC-like cells to confirm the 

practicability of early drug screening. Utilizing the accumulation and/or directional transport assay 

of its substrate rhodamine 123, we confirmed the function and polarization of p-glycoprotein in 

both in vitro BBB models. To further explore the possibility of high throughput drug screening 

upon the limitations of iPSC-derived BMEC-like cells as no proliferation after barrier induction 
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and specific maturation requirement, we engineered a Cas9-expressing hCMEC/D3 cell line, 

which was further tested under different methods to generate efficient genetic perturbations. 

Transfection utilizing synthetic gRNAs delivered with lipid reagents or electroporation was not 

producing high indel rates while transduction through lentiviral sgRNAs produced an observable 

change in the expression and activity of p-glycoprotein. Based on the efficiency of lentiviral 

transduction, we applied a pooled lentiviral sgRNA library on Cas9/hCMEC/D3 cells, which did 

not yield an obvious phenotypic change through flow cytometric analysis. Also, cells that 

originally have a low p-glycoprotein activity level sustained a lower level of functional activity 

after sorting and expansion. P-glycoprotein has unique expression machinery. The mechanism 

involved with subcellular trafficking and intercellular spreading coordinates with our findings in 

our pooled screening and follow-up sorting experiments. Hence, phenotypic change towards p-

glycoprotein needs to overcome the threshold of the bulk heterogeneity for a pooled version of 

high throughput analysis. However, considering the limited efficiency of using synthetic gRNA 

through lipofection and neon electroporation transfection, an arrayed format with genetic 

perturbations conducted in separate wells delivered by lentivirus would be a more feasible way to 

obtain a more comprehensive understanding of p-glycoprotein expression machinery in the 

immortalized hCMEC/D3 cells. Disadvantages including higher cost, quality control, plate 

variability, and specialized equipment requirement along with arrayed screens also should be taken 

into consideration.  

5.2  Future outlook 

The work presented in this dissertation represents an exciting step towards a more 

comprehensive understanding of the BBB transport mechanisms. Through all these investigations, 
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we are able to provide more critical insights on the BBB transport regulation utilizing high 

throughput methods. We depicted the BBB transport system with more detailed discoveries from 

different aspects involving molecular nutrient transport (leptin BBB transport), metabolic 

transporter expression (GLUT1 expression), and xenobiotic transporter functionality (p-

glycoprotein). Other than these, we also explored the potential of applying targeted genetic 

perturbations to precisely interrogate the roles of specific genes on certain phenotypes of interest 

at the BBB. Overall, our work offered a framework for studying the transport of other hormones 

and nutrients across the BBB and also lay the groundwork for drug screening campaigns in AD 

and other neurodegenerative diseases to manipulate transporter expression.  

After conducting the arrayed screening to identify the determinants of GLUT1, genes 

whose removal led to GLUT1 upregulation or downregulation were recognized in the human 

epithelial cell line. Select hits were re-evaluated in the monoclonal Cas9/Caco2 cells both from the 

quantitative immunostaining analysis of GLUT1 expression and qPCR measurements on the 

mRNA of SLC2A1 and hits after receiving the respective sgRNAs. Especially, YBX1 produced a 

significant decrease in GLUT1 expression when assayed across multiple replicates with 

quantitative immunostaining of per-cell GLUT1 expression and a significant knockdown of 

SLC2A1 after the knockdown of YBX1 in the transfected Caco2 cells. The Y-Box binding protein 

1 (YB-1, encoded by YBX1) is a highly conserved cold shock domain protein with the functionality 

of a transcription factor [202]. However, YB-1 has been implicated in all DNA- and mRNA-

dependent processes [203] and positioned in the upstream of numerous cellular signaling pathways 

[204]. Its potential roles as a biomarker and future therapeutic target in brain tumors have been 

extensively discussed previously [205]. Even the co-localization of YB-1 and GLUT1 was not 

investigated in the brains of rats, macaques, and humans microvessels previously, the mRNA has 
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been confirmed in iPSC-derived BMEC-like cells [173], mouse brain endothelial cells [177], and 

human endothelial cells [141]. We were motivated by these findings to study more potential roles 

of YBX1. 

However, due to the limitation of screens in a non-BBB cell type, the transition of outcomes 

from the epithelial barrier to the BBB should be determined in well-characterized BBB models. 

Here, we proposed the validations in in vitro and ex vivo BBB models. We previously reported the 

use of iPSC-derived BMEC-like cells to investigate the role of gene through modulation of gene 

expression [173]. An inducible CRISPR platform was introduced into iPSCs with the SB 

transposon system [178,179] to program heritable epigenetic memory that persists through the 

differentiation of iPSCs [122]. After transient transfections with plasmids encoding the CRISPRoff 

system, sgRNAs, and the SB transposase, iPSCs were subjected to doxycycline treatment to 

initiate gene silencing through induction of the CRISPRoff expression, then sorted based on BFP 

expression. The maintenance of the knockdown after differentiating iPSC into BMEC-like cells 

was confirmed after 9 days of treatment. In these same cells, we also observed a significant change 

in the phenotype of interest with no overt differences in TEER or changes to endothelial or BBB 

markers. Hence, our CRISPRoff-engineered iPSC-derived BMEC-like cell model would be a 

feasible platform to evaluate the function of YBX1 on GLUT1 transporter expression even a more 

general involvement in the BBB transcriptional process. Following our previous criteria, 

sequences were selected from a published CRISPR library [174] and are undergoing validation. 

Our lab also previously reported the use of a mouse cortical explant model [170] to permit 

an astrocyte-specific transgene expression driven by a short GFAP (GfaBC1D) promoter utilizing 

an AAV-based system upon PHP.B capsid [180] and shRNA interference [181]. To adapt this 

method for endothelial cell-specific transgene expression, we replaced the recombinant AAV 
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capsid with PHP.V1 [175] and used endothelial cell-specific tyrosine kinase with 

immunoglobulin-like and EGF-like domains 1 (TIE-1) harboring mCherry [182–184]. Mouse 

brain slices were obtained from P6 C57BL/6J mice (both male and female pups) by cervical 

dislocation, maintained in a customized medium, and transduced with AAV particles at the onset 

of culture. From our preliminary data, we saw a good alignment between microvessels (represented 

by GLUT1) and AAV-transduced regions (represented by mCherry). Other than this, we also want 

to evaluate the outcomes in postmortem human brain tissue acquired from AD patients to assess 

connections to AD. Moreover, instead of only focusing on YBX1, we also investigated other targets 

which generated a similar trend on GLUT1 expression from the primary screen in all these systems 

to explore more possibilities. 

Through all these validated results and proposed validations, we are excited to provide 

more detailed and exhilarating insights on GLUT1 expression and further AD treatments. However, 

we do realize that current validations are limited in the in vitro and ex vivo models. We will expect 

to investigate the roles of select hits in preclinical mouse models including the GLUT1 expression 

alterations, glucose BBB uptake dynamics, and broad effects on AD and other related disorders. 

Collectively, with the current clinical trial landscape targeting AD dominated by the strategies of 

Aβ reduction and tau reduction, we expect to contribute our effort to cerebral glucose 

hypometabolism study and hope to motivate more avenues for AD treatments. 
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