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ABSTRACT 

Tuberous sclerosis complex (TSC) is a multisystem tumor-forming disorder caused by 

biallelic inactivation of TSC1 or TSC2. The primary cause of mortality arises from mesenchymal 

manifestations in the lung and kidney: pulmonary lymphangioleiomyomatosis (LAM) and renal 

angiomyolipomas (RAMLs). Despite a well-described monogenic etiology, there remains an 

incomplete understanding of disease pathogenesis. Consequentially, tractable models which fully 

recapitulate disease characteristics are lacking. Here, I develop and study novel tissue-engineered 

models of TSC lung and kidney disease. In my first chapter, I demonstrate that lung-mimetic 

hydrogel culture of pluripotent stem cell-derived diseased cells more faithfully recapitulates 

human LAM biology compared to conventional culture on two-dimensional plastic. Leveraging 

this culture system, I conducted a three-dimensional drug screen using a custom 800-compound 

library, tracking cytotoxicity and invasion modulation phenotypes at the single cell level. I 

identified histone deacetylase (HDAC) inhibitors as a group of anti-invasive agents that are also 

selectively cytotoxic towards TSC2-/- cells. HDAC inhibitor therapeutic effects remained 

consistent in vivo upon xenotransplantation of LAM cellular models into zebrafish. In my second 

chapter, I develop a genetically-engineered human renal organoid model which recapitulates 

pleiotropic features of RAMLs in vitro and upon orthotopic xenotransplantation. I find that loss 

of TSC1/2 affects multiple developmental processes in the renal epithelial, stromal, and glial 

compartments. First, loss of TSC1/2 leads to an expanded stroma by favouring stromal cell fate 

acquisition and alters terminal stromal cell identity. Second, epithelial cells in the TSC1/2-/- 

organoids exhibit a rapamycin-insensitive epithelial-to-mesenchymal transition. Third, a 

melanocytic population forms exclusively in TSC1/2-/- organoids, branching from MITF+ 

Schwann cell precursors of a bona fide neural crest-to-Schwann cell differentiation trajectory. 
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Through these two thesis chapters, I realize the power of tissue-engineered models for the study 

of TSC. This work offers novel insights into the pathogenesis of RAMLs and identifies a new 

class of therapeutics suitable for trialing in patients with pulmonary LAM.  
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THESIS OVERVIEW 

 This thesis includes two Data Chapters, each of which is comprised of a manuscript 

submitted for peer-reviewed publication. Implicitly, these manuscripts are self-contained articles 

which report all pertinent background information, description of methodology, and discussion 

of results. To complement these articles, the Introduction section of the thesis provides an 

expanded background to the subject at hand, while presenting critical rationale for the 

investigations described in the manuscripts. Finally, the Discussion section offers a global 

synthesis of the manuscripts, integrating key findings in a comprehensive analysis and proposing 

a bold new conceptual framework for understanding disease pathogenesis.    
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INTRODUCTION 

Background on tuberous sclerosis complex 

Disease overview 

 Tuberous sclerosis complex (TSC) is a monogenic multisystem disorder characterized by 

tumor formation in multiple organ systems, including the brain, skin, lungs, heart, and kidney.1,2 

The disease prevalence is approximately 1:6000 – 1:10,000 and exhibits an autosomal dominant 

inheritance pattern, although most cases arise sporadically.1–4  The genetic etiology is a loss of 

function mutation in either TSC1 or TSC2,5–7 canonically leading to constitutive activation of the 

mechanistic target of rapamycin complex 1 (mTORC1).8 The current standard of therapy 

includes treatment with the allosteric mTORC1 inhibitor rapamycin (clinically, sirolimus or the 

analogue everolimus), which exhibits efficacy in stabilizing several TSC-related 

manifestations.9–13 

 

Mesenchymal manifestations of TSC 

 The leading cause of mortality in TSC patients is from mesenchymal manifestations in 

the lung and kidney: pulmonary lymphangioleiomyomatosis (LAM) and renal angiomyolipomas 

(RAMLs).14,15  Pathologically, these lesions are characterized as neoplasms with perivascular 

epithelioid differentiation, termed PEComas.16,17 PEComas are notably composed of 

histologically distinctive cells which have no anatomical counterpart in the normal human 

body.18,19 In addition, these lesions possess a distinctive immunophenotypic profile, expressing 

smooth muscle or contractile proteins (ACTA2), melanocytic markers (PMEL, MLANA, MITF), 

and markers typically associated with mesenchymal cells (VIM, HMGA2, CSTK).18,20–23,23–29   
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 RAMLs are solid tumors that exhibit a varying composition of dysplastic vasculature, 

fatty deposits, and smooth muscle-like components.30 RAMLs affect approximately 60-80% of 

TSC patients, most often multifocal and bilaterally, and are generally asymptomatic.31–34 The 

median age for TSC patients to exhibit radiographically detectable RAMLs is 7-11 years,32,34,35 

although the size and number generally increase over time.36,37 Patients with TSC are also 

commonly affected by renal cysts; infrequently, cysts and RAMLs can co-occur in a 

phenomenon known as AML with epithelial cysts.30,38 RAMLs can be found sporadically in the 

non-TSC patient population, yet in this case, they primarily occur as solitary unilateral lesions.39 

 LAM, in contrast, is an interstitial lung disease characterized by diffuse cystic destruction 

of the pulmonary parenchyma by invading “LAM” cells.40–44 These invading cells digest the lung 

parenchyma, leading to progressive respiratory decline and fatality if untreated. Consequentially, 

LAM patients may experience a variety of pulmonary signs, including recurrent pneumothorax, 

chylothorax, abdominal hemorrhage, and lymphadenopathy.45 Interestingly, clinically significant 

LAM almost exclusively occurs in female patients, and is generally first detected in 

adulthood.46,47 Like RAMLs, LAM can occur sporadically in the non-TSC general 

population.48,49  

 

Disease genetics 

 The genetic etiology of TSC lesions is classically described to follow the Knudson two-

hit hypothesis, whereby a patient possesses a germline inactivating TSC1/2 mutation followed by 

mosaic inactivating second-hit events.50–53 Bi-allelic inactivation of TSC1/2 is sufficient for 

human RAML formation.54–56 Indeed, between-patient disease severity is likely attributable to 

variable mosaicism, 50–53 underscoring the role of second hit mutations in conferring disease. 



3 

 

Similarly, the genetic etiology of LAM lesions has been ascribed to loss of function mutations in 

either TSC1 or TSC2,5–7 although it has yet to be proven if this mutagenic event is sufficient for 

tumorigenesis. While TSC-associated LAM can arise from mutations in either TSC1 or TSC2, 

sporadic LAM almost exclusively occurs as a loss of function of TSC2.57 Importantly, TSC 

patients with mutations in TSC2 generally exhibit a greater disease severity (in terms of both 

tumor burden and clinical phenotype), compared to patients with mutations in TSC1.58–63 

 

Disease biochemistry  

 TSC1 and TSC2 are canonically described as negative regulators of mTORC1 signaling 

(Figure 1). These two proteins physically interact along their coiled-coiled domains, and with 

TBC1D7, form a functional trimeric complex.64,65 TSC2 possesses a GTPase activating domain 

which can hydrolyze the GTP bound by Ras homolog enriched in brain (RHEB) and lead to 

inhibition.66 In its GTP-bound form, RHEB allosterically activates mTORC1, a complex 

composed at minimum of mechanistic target of rapamycin (mTOR), Raptor, and mLST8.67–71 

mTORC1 is a serine/threonine kinase with a variety of direct effectors such as S6K1 and 4E-

BP1.72,73 Recent literature suggests RHEB is an essential activator of mTORC173,74 and acts by 

directly binding mTOR to induce a global conformational change to accelerate catalysis.75 

Importantly, the TSC complex is the only well-described GAP for RHEB, with no 

complementary GEF identified to date.74  

 More broadly, mTORC1 is often depicted as a master regulator of growth, sensing and 

integrating diverse nutritional and environmental cues such as growth factors, energy levels, 

cellular stress, and the presence of amino acids.72,73 Upon favourable conditions, signals 

converge on mTORC1 to promote anabolic processes such as mRNA translation and lipid 
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synthesis, or by limiting catabolic processes such as autophagy. During adverse conditions, 

mTORC1 is inhibited to facilitate the converse biological processes. Many upstream inputs 

signal through TSC1/2 to regulate the nucleotide-loading state of RHEB.  

Classically, TSC is described as a disease of mTORC1 hyperactivation. When TSC1 or 

TSC2 is absent, the functional heterotrimeric complex cannot form and RHEB is left unchecked 

to continuously activate mTORC1. This perpetual activation of mTORC1 uncouples the complex 

from environmental cues and leads to continued growth and proliferation, even in the presence of 

adverse extracellular cues. 

 

Figure 1. Schematic representation of mTORC1 regulation by the TSC complex. 

 

Challenges facing the study of the mesenchymal manifestations of TSC 

An incomplete understanding of disease pathogenesis 

 A major area of focus in the study of the mesenchymal manifestations of TSC has been 

lesion pathogenesis. RAMLs are classically described as hamartomas, and hence, considered 

lesions of disordered developmental.23,50 All histological constituents of RAMLs are of clonal 

origin,76,77 indicating a single mutational event can produce the remarkably phenotypic diversity. 

However, the exact cellular pathogenesis, including the cell of origin, remains unknown. Several 

candidates have been proposed, including pericytes,78 lymphatic endothelium,79 renal proximal 

tubular epithelium,80 and neural crest cells.81 The principal pieces of evidence for these 
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postulated cells of origin include any combination of the following: tissue marker expression; 

presumed progenitor potency due to lesion cellular diversity; and phenotypic characteristics of 

the pathological cells. However, loss of TSC1/2 can significantly alter cell fate. For example, 

inactivation of TSC1/2 alters neural progenitor differentiation trajectory to favour acquisition of a 

glial fate.82,83 Thus, the physiological cell of origin cannot be easily inferred from terminal 

pathological cell characteristics.  

 The pathogenesis of LAM is even more enigmatic. In the early 2000s, an intriguing 

observation was made: identical mutations in TSC2 were identified in LAM cells and RAMLs, 

suggesting the possibility of a clonal origin of disease.57,84,85 This led to postulation of a “benign 

metastasizing” mechanism, whereby cells from RAMLs entered circulation and seeded the lungs 

to precipitate the LAM phenotype.43,44,86  Additional pieces of data supported this hypothesis: 

circulating LAM cells have been detected in a variety of fluids,87,88 and following 

transplantation, LAM cells of the same host genetic aberrations have been detected in the 

allografted lungs.89,90 To date, this mechanism has still not be causally evidenced, and the cell of 

origin remains unknown. Other candidate source tissues proposed but not definitely proven 

include the uterus, lymphatics, and neural crest.79,81,91,92  

 While metastasis remains a plausible mechanism to explain mesenchymal disease 

pathogenesis, an alternative hypothesis is the mutagenesis of a common kidney-lung progenitor 

cell during development. In favour of a developmental second-hit, low level mosaicism was 

recently identified in a case of sporadic pulmonary LAM that did not meet TSC clinical 

diagnostic criteria.93 A pulmonary-resident cell of origin for LAM is supported by a recent study 

which reported diffuse cystic lung disease upon biallelic inactivation of Tsc2 in mouse lung 

mesenchyme.94 Since the major cellular constituents of the kidney and lung segregate early in 
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development, mutagenesis of a common precursor must occur early in embryogenesis. Similar 

spatial segregation of identical genotypes have been observed in the TSC kidney lesions, as 

spatially-distinct RAMLs from the same patient can possess identical second-hit events.54,55 

Barring the possibility of RAML-cell migratory capacity, spatially distinct renal lesions of 

identical genetics likely arose from a common progenitor which segregated during development. 

Together, these data support both RAMLs and LAM as diseases of disordered development with 

a common etiology.  

   

A lack of disease-relevant models  

As a consequence of our limited understanding of lesion pathogenesis, tractable models 

of mesenchymal TSC lesions which fully recapitulate disease characteristics are lacking. In vitro, 

the most commonly employed cell line is a renal angiomyolipoma-derived TSC2-/- cell, named 

621-101.95,96 This cell line is not infinitely expandable and required immortalization for 

propagation. Cultures of cells derived from human pulmonary LAM lesions grow as a mixture of 

TSC1/2-/- and wild type cells, prohibiting the establishment of a homogenous population of 

cells.97 As a result, the 621-101 line is often used as a surrogate model of LAM. The paucity of 

human-relevant in vitro models has resulted in the widespread use of rodent cell lines- 

particularly those derived from unaffected tissues (e.g. mouse embryonic fibroblasts)- which do 

not model many features of the human disease. 

Several in vivo modelling strategies have also been attempted, yet largely are unable to 

recapitulate the mesenchymal manifestations of TSC. As a monogenic disease, one would expect 

a gene knockout approach would yield the greatest success. However, early on, it was discovered 

homozygous loss of Tsc1/2 is embryonic lethal in mice.98,99 Since then, several temporally and 
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spatially restricted knockout models have been attempted, yet none have fully reproduced the 

mesenchymal manifestations of TSC.  

A number of mouse strains have been generated which target biallelic inactivation of 

Tsc1/2 to various renal resident cells, in an attempt to model RAMLs.80,100–108 Generally, 

polycystic lesions of ranging expressivity are described, with greater phenotypic severity upon 

inactivation earlier in development and/or in more tubular segments. However, none of these 

conditional models reported fulminant RAML lesions. Similarly, several inducible and 

conditional knockout models have been attempted to model LAM, but none have yielded 

comprehensive pulmonary features.109–111 The exception is a recent study reporting a diffuse 

cystic lung disease upon biallelic inactivation of Tsc2 in mouse lung mesenchyme,94 providing 

reassurance for the possibility of genetic model of LAM.  Xenografting strategies for modelling 

LAM have also been attempted, generally leading to greater success in recapitulating disease 

characteristics.112–120  The majority of these models have relied on immortalized cells and/or non-

human cell lines, limiting the ability to conclude human disease-specific mechanisms.  

 

A paucity of therapeutic options available to patients 

Ultimately, the raison d'être of the study of human disease is the development of new 

therapies which improve the lives of patients. Unfortunately, like many other rare diseases, 

identification of novel small molecule agents for treatment of TSC manifestations has been a 

slow process. While supportive therapies exist, the only disease-modifying therapy available is 

rapamycin (clinically known as sirolimus or the analogue everolimus). Rapamycin is effective in 

slowing lung decline in LAM, inducing partial RAML regression, and reducing the number of 

disease-associated adverse events.9,12,121–126 However, the effects of rapamycin are cytostatic, and 
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TSC lesions rebound upon cessation of treatment. In response, the TSC field has shifted towards 

the laudable goal of identifying novel cytotoxic agents which can rid patients of their lesions, 

conferring a long-lasting, curative effect. A variety of therapeutic strategies have shown promise 

in the pre-clinical development phase, such as autophagy inhibition,127,128 and, more recently, 

immunotherapies.112,113 To date, none of these therapeutics have realized clinical success. While 

a myriad of factors contributes to the translational gap, one reason may be the use of models 

during pre-clinical development which do not fully recapitulate human disease characteristics. 

 

The emergence of tissue-engineered disease models 

A new frontier in the disease modelling landscape 

 Disease complexity is rarely recapitulated in vitro when using classic monolayer 

homotypic culturing approaches. Application of tissue engineering techniques for modelling 

human disease is an evolving landscape which holds substantial promise. In broad strokes, tissue 

engineering is a catch-all concept referring to the combination of cellular and acellular (i.e., 

physiochemical) materials to recapitulate human tissues in a physiological manner.129 Examples 

include hydrogel synthesis for modelling the extracellular matrix,130 co-culturing diverse cellular 

sources to model complex heterotypic interactions,131 and the generation of stem cell-derived 

three-dimensional structures termed “organoids” which model physiological tissue structure and 

function.132–134 

 Tissue-engineered disease models offer an attractive compromise between in vivo 

complexity and in vitro tractability. Compared to monolayer homotypic cell culture, tissue-

engineered disease models possess greater architectural complexity, an expanded repertoire of 

measurable phenotypic readouts, and generally increased physiological-relevance. In contrast, 
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compared to animal models, tissue-engineered disease models permit a greater range of 

experimental manipulation, capacity for scale-up, all the while with enhanced time and cost 

efficiency. Thus, tissue-engineered models expand the scope of phenotypes previously accessible 

only in model organisms, while maintaining the tractability of in vitro systems.  

 

Tissue-engineered disease models of TSC 

 TSC is an ideal candidate for modeling with a tissue engineering approach. Histologically 

diverse lesions that form in numerous organ systems all arise from loss of TSC1 or TSC2, 

suggesting tissue-specific mechanisms are at play in conferring lesion pleiotropy. Tissue-

engineered disease models offer a new venue for exploring mechanisms of organ-specific 

manifestations. Studying disease in the relevant tissue context is also critical to the identification 

of novel therapeutics, as TSC1 or TSC2 ablation confers tissue-dependent therapeutic 

vulnerabilities. For example, TSC2-/- neural progenitor cells are selectively sensitive to the 

cytotoxic effects of proteasomal inhibition, yet the closely related but distinct neural crest lineage 

does not share this sensitivity.83 

Tissue-engineered models of TSC manifestations have already been reported. For 

example, several models of the brain manifestations of TSC- including heterotypic co-cultures 

and stem cell-derived organoids- have unlocked novel insights into neuropsychiatric 

pathogenesis and therapeutic vulnerabilities.82,135–140  Investigations of the mesenchymal 

manifestations of TSC have also implemented tissue engineering techniques to unravel disease 

biology. For example, in an ex vivo 3D alveolosphere assay, Tsc2-/- mouse lung fibroblasts 

compared to WT were found to increase growth and colony-forming efficiency of the alveolar 

type 2 (AT2) organoids, as well transdifferentiate AT2 cells to AT1.94 Another study reported 
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LAM cell / fibroblast spheroids attracted mast cells and induced mast tryptase release, 

contributing to disease progression.141 Most recently, a heterogenous pluripotent stem cell-

derived neural crest culture was observed to model features of LAM, both with or without 

biallelic inactivation of TSC2, raising questions on the relative contribution of genotype versus 

cell of origin in conferring LAM properties.83 Despite successes in unlocking mesenchymal TSC 

biology using tissue-engineered disease models, these tools are still in their infancy and 

necessitate further study to realize their full potential.  
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DISCUSSION 

 In this thesis, I develop and study novel tissue-engineered models of TSC lung and 

kidney disease. In my first manuscript, I analyze a lung-mimetic hydrogel culture system of 

pluripotent stem cell-derived diseased cells. I demonstrate that this model system more faithfully 

recapitulates human LAM biology compared to conventional culture on two-dimensional plastic. 

Using this system, I identified HDAC inhibitors as a group of anti-invasive agents that are also 

selectively cytotoxic towards TSC2-/- cells, in vitro and in vivo. In my second manuscript, I 

develop a novel genetically-engineered human renal organoid model which recapitulates 

pleiotropic features of TSC kidney disease in vitro and upon orthotopic xenotransplantation. I 

find that loss of TSC1/2 affects multiple developmental processes in the renal epithelial, stromal, 

and glial compartments. This work offers novel insights into the pathogenesis of TSC 

mesenchymal manifestation and identifies a novel class of therapeutics suitable for trialing in 

patients. 

 

Tissue-engineered disease models permit novel investigations of biology  

 A key theme of this work is the remarkable utility of tissue-engineered disease models, 

and their ability to mimic physiological features of the human condition. By direct comparison, I 

demonstrate hydrogel culture precipitates transcriptomic features of primary LAM not observed 

on plastic. Indeed, implementation of a hydrogel culture system enabled identification of novel 

drug candidates that would have been missed if making isogenic comparisons on plastic. 

Currently, the mechanism by which hydrogel culture facilitates a more physiological phenotype 

is unclear. Introduction of a hydrogel to a culture system changes a wide variety of variables, 

including matrix stiffness, architecture, degradability, and ligand exposure, among other 
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factors.142 Untangling the specific contribution of each component to the physiological 

phenotype is a worthwhile endeavour, but technically challenging with the synthetic hydrogel 

system employed. My work suggests many transcriptomic changes are mTORC1-dependent; a 

hypothesis can be formed that these changes occur via mechanotransduction signals, as TSC2 

phosphorylation and activity is sensitive to matrix stiffness via focal adhesion kinase.143,144 

Future work is required to explore this mechanism and identify the specific biology conferred by 

each hydrogel constituent. 

 Similarly, the development and implementation of a renal organoid model facilitated an 

investigation into RAML pathogenesis that would not have been otherwise possible via classic 

homotypic monolayer culture, nor by current in vivo approaches. Indeed, there is currently no 

animal model which fully recapitulates human renal disease.110 Since TSC1/2 null embryos die in 

utero,98,99 knockout animal models attempted have been limited by the a priori selection of the 

temporal and spatial context of mutagenesis. This introduces a cyclical logical fallacy; to better 

understand disease pathogenesis, a disease model is required, yet development of a disease 

model requires a more refined understanding of pathogenesis. As it is well-established that 

RAMLs derive from a monogenic etiology, the implementation of organoid technology permits 

analysis of TSC1/2 knockout in all renal lineages while circumventing the issue of embryonic 

lethality. Despite conducting this work in vitro, pluripotent stem cell-derived renal organoids 

resemble the 1st/2nd trimester human kidney,145,146 offering a tractable system for making 

physiological and pathophysiological inferences. It is reasonable to conclude that organoid 

technology bridges the gap between in vitro and in vivo investigation, permitting the study of 

biology in a manner not accessible by classical approaches.147   
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Unravelling the HDAC inhibitor mechanism of action is the next step towards clinical 

translation 

 A critical outcome of this work is the identification of HDAC inhibitors as therapeutic 

agents against LAM cells in vitro and in vivo. As the cytotoxic effects were seen to be mTORC1-

dependent, these drugs hold promise for treating the diverse manifestations of TSC and will 

benefit from testing in other models, including the RAML system described here. A limitation of 

this strategy is the antagonistic effects of rapamycin, as many LAM patients are on a chronic 

regime of rapamycin. In addition, I anticipate a full unravelling of the mechanism of cytotoxicity 

and anti-invasion will be required prior to trialling in LAM patients.  

The intuitive next step to investigating the mechanism of action would be to consider the 

direct consequences of targeted HDAC inhibition. My preliminary analysis suggests this is 

unlikely to be a fruitful line of investigation for several reasons. First, HDAC inhibitors are 

plagued by a long history of phenotypic effects that cannot be directly connected to inhibition of 

specific HDACs.148 This is particularly notable for pan-HDAC inhibitors which modulate 

multiple targets. Second, analysis of target affinity for the HDAC inhibitors I tested (11 in total), 

did not show predilection of any one specific HDAC, or even class of HDACs, as the most likely 

modulated target(s). Third, HDAC inhibitor expression in the bulk RNA-seq data did not yield 

any consistent differences between TSC2-/- cells and WT in plastic or hydrogel. Fourth and 

finally, the concentration of HDAC inhibitors employed greatly exceeded the IC50 of their 

annotated targets, suggesting combinatorial or off-target mechanisms as most likely to be 

inducing the measured phenotypes.  

 I postulate a more effective strategy for uncovering the mechanism of action must 

involve a systems-based approach. An important clue can be gathered from the correlation of 
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transcriptomic changes with selective cytotoxic effects. Indeed, HDAC inhibitor genotype and 

matrix (i.e. hydrogel vs. plastic) selectivity is mirrored by transcriptomic changes in a cluster of 

genes that are involved in cholesterol metabolism. Analysis of this cluster revealed TSC2-/- cells 

have increased expression of cholesterol uptake and synthesis genes compared to WT, 

selectively when in hydrogel culture. Remarkably, I also observed global upregulation of 

cholesterol uptake genes in the TSC2-/- renal organoids compared to WT cells. While TSC2-/- 

cells have been previously reported to increase cholesterol uptake and biosynthesis in response to 

chloroquine treatment,149 such a phenotype has not been reported in maintenance conditions, 

highlighting the novel biology unlocked by tissue-engineered systems.   

Several studies have reported a role for HDAC inhibitors in cholesterol metabolism in 

cellular models of Niemann-Pick disease type C (NPC) using NPC1-/- cells.150–155 In general, 

HDAC inhibitors reduce intracellular cholesterol levels to confer cholesterol clearance by an 

unknown mechanism. Thus, I propose the following hypothesis: TSC2-/- cells have an anabolic 

dependency on cholesterol, and upon treatment with HDAC inhibitors – which leads to 

decreased intracellular cholesterol bioavailability – the cells experience anabolic mismatch and 

trigger apoptosis. Future work will be required to test this hypothesis and unravel the mechanism 

of HDAC inhibitors as therapeutic agents against the mesenchymal manifestations of TSC. 

 

The pathogenesis of mesenchymal TSC manifestations requires a new conceptual 

framework which reflects the etiological complexity 

 The histological diversity and divergent pathogenesis of TSC lesions is enigmatic. 

Tumors can form in many distinct sites, including the brain, skin, lungs, heart, and kidney.2 

Despite a common genetic etiology, the composition and timing of lesion formation varies 
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widely across affected tissues. For example, cardiac rhabdomyomas are solitary masses that form 

and subsequently regress during fetal development, often with no persistent abnormalities in 

adulthood.156 This is in complete contrast to LAM, which predominately affects women, grows 

clinically symptomatic primarily in adulthood, and exhibits a diffuse cystic destruction pattern in 

the lungs.44 The observation of divergent phenotypes arising from a common genetic etiology 

underscores the value of investigating tissue-specific mechanisms of pathogenesis. 

 In the early years of studying the molecular basis of RAMLs, a pathogenic model was 

proposed whereby biallelic inactivation of TSC1/2 in a single renal progenitor cell type (not yet 

determined) leads to aberrant differentiation and proliferation, forming the histologically diverse 

constituents of the RAML.157 This conceptual framework for understanding RAML pathogenesis 

has persisted in the field, galvanizing many studies in the quest to identify the “cell of origin”.78–

81,158 However, in this thesis, I demonstrate that ablation of TSC1/2 alters multiple developmental 

trajectories to confer pleiotropic features of TSC kidney disease. Thus, these data suggest that 

TSC renal lesions may instead arise from multiple cells of origins, with disease heterogeneity a 

reflection of the diverse progenitor populations acquiring second hit mutations during 

development.  

 A new conceptual framework is required to capture this etiological complexity. Thus, I 

present a new model of pathogenesis that posits two key features (Figure 2). First, TSC kidney 

lesions are a continuum of phenotypes, including RAMLs of varying composition and cystic 

lesions of varying etiology. Second, TSC kidney lesions initiate during development from 

multiple distinct yet closely related cells of origin. 
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Figure 2: A new conceptual framework for TSC renal lesion pathogenesis.  

 

A continuum of TSC renal phenotypes is likely intuitive, as nature does not exist as 

categorical phenomena but is rather discretized by the human psyche. Many pathological 

analyses of the TSC kidney have shown remarkable diversity in RAML and cyst morphology, 

size, cellular composition, and molecular expression.23,24,26–29,159 The classic “triphasic” RAML 

is actually a minor phenotype, with most lesions skewing towards one or two lineages.16,160 
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Indeed, fat-poor RAML may even occur in up to one third of patients.158 While lesion 

classification into angiomyolipoma and cysts is helpful- particularly in the clinical realm- 

conceptualization of a disease continuum is essential for interrogating pathobiology. The kidney 

lesion phenotypic continuum is well-illustrated by the rare variant of RAML termed RAML with 

epithelial cysts.38 Although not definitely proven, there is evidence indicating the epithelial cysts 

are tumor-derived,26,161,162 illustrating the phenotypically-diverse TSC kidney lesions may arise 

from overlapping processes. Acknowledgement of a continuum of disease phenotypes has 

precedence in TSC, where neuropsychiatric features can present as overlapping and with variable 

severity.163 A continuum of phenotypes has also been described in closely-related mTORC1-

driven cortical dysplasias.164 

The postulation of multiple distinct yet closely related cells of origin is consistent with 

several disease characteristics. For example, while distinct TSC lesions may share similar 

second-hit events, many lesions possess distinct mutations.54,55  The likelihood of these second 

hit events arising at the exact same time is low. In the context of development, where cell 

identity is transient and closely linked to developmental time, temporal stochasticity in second-

hit events would confer distinct cells of origin. That is, the when and where of developmental 

mutagenesis is exquisitely intertwined. I postulate the phenotypic variability in kidney lesions 

seen within patients may be attributable to closely related but distinct cells of origin. For 

example, my renal organoid model demonstrates that TSC1/2 ablation led to branching of a 

melanocytic population from a neural crest-derived MITF+ Schwann cell precursor population. 

While this suggests Schwann cell precursors could be the progenitor population for the 

melanocytic features of RAML, other constituents may derive from distinct trajectories. A 

similar concept of multiple progenitors has been considered in the brain manifestations of TSC, 
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where variable developmental timing in somatic mutations leads to heterogeneity in cortical 

organoid phenotypes.82 This concept has also been noted in a related renal cystic disorder, 

autosomal dominant polycystic kidney disease, in which the timing of Pkd1 mutagenesis in a 

mouse model largely dictates phenotypic severity.165  

I must note that other hypotheses could explain phenotypic variability, such as 

divergence in niche-specific factors during ontogenesis. I also cannot exclude the possibility of 

lesion formation from an adult tissue-resident cell type, particularly in the context of injury and 

regeneration.166 However, such mechanisms are not mutually exclusive and may co-exist with 

aberrant differentiation of bona fide multipotent progenitor populations during development.  

This model offers explanation for why an animal model recapitulating the entirety of 

human renal disease has yet to be established. Most genetically-engineered mice target Tsc1/2 

inactivation to all cells expressing a particular promoter. However, in this model, loss of TSC1/2 

is proposed to occur in a limited number of cells during development. Yet if TSC1/2 inactivation 

is induced in an entire population of cells early in development, embryonic lethality or early 

mortality may ensue, preventing the formation of fulminant TSC lesions (e.g. as seen with 

Tsc1/2 knockout under the Wnt1 promoter).110 Thus, animal models would benefit from 

employing stochastic knockout models early in development, recapitulating mosaicism seen in 

patients.  

This model- proposed for TSC renal lesions based on my empirical data - also offers 

insights into pathogenesis of LAM. The suspected clonal origin of LAM cells and RAMLs57,84,85 

has for many years fueled the “benign metastasizing” mechanism of pathogenesis.43,44,86  

However, despite clinical LAM being precipitated in adulthood, recent work in human genetics 

and animal models93,94 have supported the possibility of LAM as a disease of developmental 
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origin. The conceptual framework I propose offers a plausible mechanism, whereby low-level 

mosaicism affecting a common kidney-lung progenitor cell during development leads to the 

disease manifestations. Thus, TSC kidney and lung lesions should not be viewed as distinct 

entities, but rather overlapping processes which share a common ancestor.  

 

Summary 

 The work presented in this thesis is a comprehensive investigation of the mesenchymal 

manifestations of TSC with tissue-engineered disease models. Using novel tools and techniques, 

I have sought to unravel disease biology in a manner informative to the research community, but 

ultimately of benefit to patients. As a hopefully positive prognostic, the work described here has 

generated just as many questions (if not, more) as it has answered. Novel insights into lesion 

pathogenesis and candidate therapeutic strategies have provided a foundation upon which to 

build, until the raison d'être of the study of human disease can be realized: the development of 

new therapeutic options which can improve the lives of patients.  
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ABSTRACT 

Lymphangioleiomyomatosis (LAM) is a rare disease involving cystic lung destruction by 

invasive LAM cells. These cells harbor loss-of-function mutations in TSC2, conferring 

constitutive mTORC1 signalling. Rapamycin is the only clinically approved disease-modifying 

treatment, but its action is cytostatic and disease progresses upon its withdrawal. There is a 

critical need to identify novel agents that prevent the invasive phenotype and/or eradicate the 

neoplastic LAM cells. Here, we employed novel cellular and extracellular models to screen for 

candidate therapeutics in a physiologically relevant setting. We observed that lung-mimetic 

hydrogel culture of pluripotent stem cell-derived diseased cells more faithfully recapitulates 

human LAM biology compared to conventional culture on two-dimensional tissue culture 

plastic. Leveraging our culture system, we conducted a three-dimensional drug screen using a 

custom 800-compound library, tracking cytotoxicity and invasion modulation phenotypes at the 

single cell level. We identified histone deacetylase (HDAC) inhibitors as a group of anti-invasive 

agents that are also selectively cytotoxic towards TSC2-/- cells. Unexpectedly, we observed that 

next generation ATP-competitive mTORC1/2 inhibitors potentiate invasion. We determined anti-

invasive effects of HDAC inhibitors to be independent of genotype, while selective cell death is 

mTORC1-dependent and mediated by apoptosis. Drug performance was subsequently evaluated 

at the single cell level in zebrafish xenografts. We observed consistent therapeutic efficacy in 

vivo at equivalent concentrations to those used in vitro, substantiating HDAC inhibitors as 

potential therapeutic candidates for pursuit in patients with LAM.  
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INTRODUCTION 

 Lymphangioleiomyomatosis (LAM) is a cystic lung disease predominately affecting 

women, at a prevalence of 1 to 10 per million (1). LAM can occur sporadically or in association 

with the multisystem tumor-forming disorder, Tuberous Sclerosis Complex (TSC) (2). The 

pulmonary histopathology is characterized by microscopic nodules consisting of immature 

smooth muscle-like cells that express markers of neural crest lineages (3). These invading cells 

digest the lung parenchyma forming cystic lesions that lead to progressive respiratory decline 

and fatality if untreated (4–6). The molecular etiology of LAM involves loss-of-function 

mutations in the endogenous mTORC1 suppressor TSC2, thereby inducing hyperactivation of 

mTORC1 anabolic and tumorigenic signalling (7). The allosteric mTORC1-inhibitor rapamycin 

(clinically, sirolimus) slows disease progression and improves symptomatology (8–11). While 

clinical approval of rapamycin by the FDA in 2015 has led to a dramatic new frontier in the 

LAM therapeutic landscape, significant limitations exist. A subset of patients do not respond to 

treatment, and rapamycin is invariably cytostatic, with rapid disease progression upon treatment 

withdrawal (11, 12). There is a critical need to discover novel treatment strategies that can 

eradicate LAM cells.  

 A key step in the pathway to therapeutic development is the effective modelling of 

disease characteristics. In this domain, LAM has remained a challenge. Cultures of cells derived 

from human pulmonary LAM lesions grow as a heterogeneous mixture with rapid exhaustion of 

TSC2-/- cells, prohibiting the establishment of clonal primary cell lines (13). While a genome 

engineering strategy would seem straightforward for this monogenic disease, the cell-of-origin of 

LAM remains unknown, begging the question of which cell type to engineer. While we have 

demonstrated that TSC2-/- human pluripotent stem cell-derived neural crest cells model several 
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phenotypic features of LAM (14), neural crest cells consist of a diverse and plastic population 

that are not readily scalable for drug screening purposes. Animal models of LAM have been 

comparably challenging to establish, and none to date have recapitulated pathognomonic features 

such as histological premelanosome protein (PMEL) positivity and concomitant elevated serum 

levels of vascular endothelial growth factor D (VEGF-D) (15). 

 An emerging consideration in disease modelling is the contribution of the extracellular 

matrix (ECM) to disease biology. Water-swollen networks of polymers termed hydrogels have 

arisen as effective tools for mimicking salient elements of the native ECM while exhibiting 

mechanics similar to many soft tissues (16). Hydrogels can be broadly classified as either 

natural, synthetic, or hybrid materials. One such hybrid scaffold is hyaluronic acid, a naturally-

sourced material that can be readily modified to independently tune ECM features of interest, 

such as elasticity, stiffness, and viscosity (17). A viscoelastic hydrogel with a derivatized 

hyaluronic acid backbone has been shown to permit the study of invasive properties of LAM 

cellular models in three-dimensional culture (18). Importantly, three-dimensional culture systems 

have been demonstrated as more predictive of in vivo drug responses compared to conventional 

culture on two-dimensional plastic (19, 20). 

In recent years, there has been a resurgence of interest in phenotype-based screens for 

drug discovery compared to target-based approaches (21). An analysis of therapeutics approved 

between 1999 and 2008 revealed that 62% first-in-class drugs were discovered by phenotype-

based screens, despite the fact that such screens represented only a small subset of the overall 

total (22). The apparent superiority of phenotype-based approaches may in part arise from the 

ability to identify compounds which exhibit a therapeutic effect by modulating multiple targets 

simultaneously (21). In addition, phenotypic drug screens can be multiplexed with counter-
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screening, ensuring candidate therapeutics do not also confer undesirable side-effects, such as 

physiological toxicity. In the context of LAM, a monogenetic disease, this counter-screening 

takes shape by directly comparing TSC2-/- cells against matched wild type (WT) controls.  

 Here, we analyze a novel hydrogel culture system of pluripotent stem cell-derived 

models, and observe the cell type employed, genotype, and culture substrate all contribute to 

modelling features of LAM. We performed a three-dimensional drug screen, tracking 

cytotoxicity and invasion modulation phenotypes at the single cell level. We identified histone 

deacetylase (HDAC) inhibitors as anti-invasive and selectively cytotoxic towards TSC2-/- cells. 

Importantly, we observed consistent therapeutic efficacy upon xenotransplantation of human cell 

models into zebrafish larvae, highlighting HDAC inhibitors as potential therapeutic candidates 

for pursuit in patients.   
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RESULTS 

Stem cell-derived models exhibit features of LAM, independent of genotype 

 As pulmonary LAM cells are not amenable to expansion upon lesion explant, (13) we 

established primary cell lines by in vivo differentiation of human pluripotent stem cells (hPSCs), 

as previously described (23). Briefly, hPSCs were injected into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

(NSG) immunodeficient mice to form teratomas, which were explanted and expanded in smooth 

muscle-cell enriching conditions (Fig. S1A). We used a previously reported isogenic pair of 

female mCherry+ WT and genome-engineered TSC2-/- hPSCs (14). Cell cultures exhibit a 

predominately spindle cell morphology and express α-smooth muscle actin (ACTA2) protein in 

all isolated cells (Fig. 1A, Fig. S1B). Further, immunofluorescence analysis identified a small 

fraction of PMEL+ cells (~0.13%), a hallmark marker of pulmonary LAM (Fig. 1A, Fig. S1C). 

The high fraction of ACTA2+ and low fraction of PMEL+ cells in culture is consistent with the 

relative abundance of these markers in heterogenous human LAM lesions (3). Notably, the 

percentage of PMEL+ and ACTA2+ cells did not vary between WT and TSC2-/- (Fig. S1B-C). 

Secreted VEGF-D, a critical biochemical biomarker used in the diagnosis of LAM, was detected 

in the supernatant of both WT and TSC2-/- cultures and was insensitive to acute rapamycin 

treatment (Fig. 1B). Together, these data suggest the cell models employed exhibit features of 

LAM as a product of the cell type isolated, independent of genotype.  

 

Three-dimensional hydrogel culture enables study of the LAM invasive phenotype at single 

cell resolution 

 We next sought to model the pulmonary invasive phenotype of LAM cells by adapting a 

lung-mimetic hydrogel culture system (18). The hydrogel is synthesized by crosslinking 
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hyaluronic acid strands with matrix metalloprotease (MMP)-cleavable peptides, while 

embedding vitronectin peptides and methylcellulose to increase cell adhesion and matrix 

plasticity, respectively. Cells are plated on top of the synthesized hydrogel and actively invade 

through the material (Fig. 1C-D, Supplementary Movies 1-2). By staining with a nuclear dye and 

acquiring multiplanar images through the optically clear hydrogel, we identify every cell in XYZ 

planes and compute invasion distances at single cell resolution (Fig. S1D).  

We observed all cells from both WT and TSC2-/- cultures to invade through the hydrogel, 

albeit at variable distances (Fig. 1E). On average, WT cultures invaded further than TSC2-/- in a 

manner insensitive to acute rapamycin treatment (Fig. 1F). We posited that differing invasion 

distances of cells in the same culture reflect a cell autonomous property, rather than a reflection 

of stochasticity. To test this, we isolated and expanded clones from WT and TSC2-/- bulk cultures 

and subjected these clones to hydrogel culture. We observed a subset of clones with dramatically 

high invasion speeds, and likewise, a subset with slow invasion speeds (Fig. S1E). These data 

suggest differential cell autonomous capacities for invasion in putative heterogenous cultures. 

Finally, we investigated modes of invasion employed by LAM cell models in this hydrogel 

system. Similar to previous findings (18), we observed a decrease in invasion upon treatment 

with the pan-MMP inhibitor GM6001 or the Rho-kinase (ROCK) inhibitor Y27632, indicating 

both protease-dependent and independent modes of invasion employed (Fig. 1G).  

 

Loss of TSC2 and hydrogel culture both confer transcriptomic features of LAM  

 To profile our cell culture system more comprehensively, we conducted bulk RNA-seq of 

WT and TSC2-/- cells, in the presence or absence of rapamycin, and in both plastic and hydrogel 

culture, for a total of 8 sample conditions (Fig. 1H). Principal components analysis (PCA) 
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revealed sample genotype to be driving the primary axis of variation, and culture substrate to be 

driving the secondary axis of variation (Fig. 1I). Rapamycin treatment induced a substantial 

global transcriptomic change in the TSC2-/- cells, inducing a profile more similar to WT cells 

(Fig. 1I).  

We conducted differential expression analysis comparing across genotype (TSC2-/- vs. 

WT) and culture substrate (hydrogel vs. plastic) in untreated samples, while holding the 

reciprocal covariate constant. At a false discovery rate (FDR) < 0.05, we identified 6,317 

differentially expressed genes (DEGs, 1,793 with |log2FC| > 1) between WT and TSC2-/-, and 

4,432 DEGs (771 with |log2FC| > 1) between plastic and hydrogel (Table S1A-B, Fig. S1F-G). 

While exhibiting some overlap, these DEG lists were largely distinct (Fig. S1H). We found 

78.8% of the DEGs distinguishing genotype to be reversed by rapamycin treatment, suggesting 

mTORC1-dependency (Fig. 1J, left panel). In contrast, the expression of DEGs distinguishing 

plastic versus hydrogel cultures remained largely unchanged in the presence of rapamycin (Fig. 

1J, right panel). We next examined the overlap of these DEGs with a recently published LAM 

gene signature derived from single cell RNA-seq profiling of primary lesions (24). We observed 

that both DEG lists overlap substantially (65.8% of the total 760 LAM genes) and share both 

common and distinct genes with the LAM gene signature (Fig. 1K).  

To glean further biological insight, we conducted GO term enrichment (Table S2A-B, 

Fig. S1I-J). Both DEG lists ranked “extracellular matrix organization” as most highly enriched, 

which is also the top enriched term in a primary LAM lesion gene signature list (24). The DEGs 

distinguishing genotype were also enriched in many terms related to development, similar to 

primary LAM lesions (24). Interestingly, the DEGs distinguishing culture substrates were largely 

enriched in terms related to proliferation (Table S1B, Fig. S1J). LAM is an indolent disease 
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which progresses at a slow pace relative to other invasive diseases; only a small fraction of cells 

actively proliferative in primary LAM lesions (3). On plastic, we found LAM cell models 

proliferated rapidly, with ~30% of cells incorporating EdU after a short 3-hour pulse (Fig. 1L). 

In contrast, TSC2-/- cells proliferated at a slightly slower pace, consistent with previous studies of 

loss of TSC2 in primary cells (25). Acute rapamycin treatment reduced proliferation of TSC2-/- 

cells but did not have a detectable effect on WT cultures. However, subjecting cells to hydrogel 

culture caused a dramatic decrease in cell proliferation (Fig. 1L), likely reflective of the 

proliferation-invasion dichotomy (26). Together, these data suggest both genotype (loss of TSC2) 

and culture substrate (3D hydrogel) induce transcriptomic landscapes which model LAM 

features. 

 

Hydrogel culture potentiates differential mTORC1-signalling between WT and TSC2-/- cells  

mTORC1 hyperactivation is a hallmark feature of primary LAM lesions compared to 

normal adjacent WT tissue. To assess mTORC1 signalling status, we performed a low input 

western blot, probing for downstream mTORC1 effectors pS6RP and p4E-BP1. Culturing cells 

on plastic (2D) showed marginal differences in mTORC1 signalling between WT and TSC2-/- 

cells, and both cell types demonstrated activation of mTORC1 above rapamycin-treated levels 

(Fig. 2A). Remarkably, culturing on hydrogel potentiated a dramatic difference in mTORC1 

signalling, with WT cells downregulating activity to rapamycin-treated levels and TSC2-/- cells 

upregulating signalling above levels seen on plastic alone. This is consistent with the PCA of 

transcriptomic landscapes, whereby WT untreated and WT rapamycin-treated samples from 

hydrogel culture cluster slightly more closely compared to plastic culture (Fig. 1I). To 

corroborate these findings at the single cell level, we examined mTORC1 signalling by 
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immunofluorescence (Fig. 2B, S2A). While a small difference in mTORC1 signalling was 

observed between WT and TSC2-/- cells cultured on plastic, this difference was potentiated in 3D 

hydrogel culture. Importantly, mTORC1 signalling in WT cells was seen to mirror rapamycin-

treated levels only when cultured on hydrogel.  

We sought to further explore the genotype-selective changes induced by hydrogel culture 

by interrogation of our bulk RNA-seq dataset. To do so, we tested for genes with a significant 

coefficient fit to the genotype:substrate interaction term (See Supplementary Materials and 

Methods) and identified 761 DEGs at FDR < 0.05 (Table S1C). Network analysis of GO terms 

enriched in this DEG list revealed two principal nodes, one related to sterol synthesis and the 

other to ribonucleotide metabolism (Fig. 2C, Table S2C). Notably, both these metabolic 

pathways have been associated with mTORC1 activity (27). 

To unearth mTORC1-dependent transcriptomic alterations between WT and TSC2-/- that 

differ between plastic and hydrogel culture, we clustered the 761 DEGs based on their 

expression pattern across the 8 experimental conditions (Fig. S2B). Strikingly, genes related to 

sterol synthesis and ribonucleotide metabolism partitioned largely into two distinct clusters (Fig. 

S2B). We next classified each gene cluster into one of three categories based on the magnitude 

of expression differences between WT and TSC2-/-, and whether the expression changes were 

rescued by rapamycin (Fig. S2C). Remarkably, we find that 69% of the 761 DEGs showed a 

greater (or a unique) difference between WT and TSC2-/- cells in hydrogel culture compared to 

plastic, which was rescued by rapamycin (Fig. 2D). Together, these results demonstrate that 

hydrogel culture potentiates differential mTORC1 signalling between WT and TSC2-/- cells, 

reinforcing a physiologically relevant environment in which mTORC1-dependent phenotypes 

can be identified. 
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Three-dimensional drug screen identifies compounds that modulate invasion and cell 

viability 

 We next employed our hydrogel culture system to identify potential therapeutic 

compounds. Cell death was measured at the single cell level by application of the live cell 

imaging fluorophore SyTOX, which selectively permeates cells with compromised plasma 

membrane integrity. We first tested a known cytotoxic compound, the proteasome inhibitor 

carfilzomib, and identified substantial cell death by live cell imaging (Fig. 3A, S3A). 

Additionally, we confirmed the ability to detect invasion modulation effects at the single cell 

level by employing the known anti-invasion Src kinase inhibitor dasatinib (Fig. 3B, S3B). To 

achieve the throughput necessary for a therapeutic screen, we acquired live cell images by high 

content microscopy paired with automated image analysis tools developed in house. We 

calculated the drug screen Z’ (a metric for assay quality) to be 0.873 for cytotoxicity 

measurements and 0.533 for invasion modulation. We subsequently screened a curated library of 

800 structurally diverse, bioactive, membrane-penetrant compounds (Fig. 3C, Table S3A). Of 

these compounds, 39% have been trialed and shown to be safe for use in humans. We tested each 

compound on both WT and TSC2-/- cells in the presence and absence of rapamycin to elucidate 

mTORC1-dependency.  

 We found a wide variety of compounds with invasion modulatory and cytotoxic 

capabilities (Table S3B-C). Unsurprisingly, highly cytotoxic compounds also led to a reduction 

in bulk invasion (Fig. 3D). This trend was independent of genotype and rapamycin treatment 

(Fig. S3C). However, we observed many compounds which conferred an anti-invasive effect in 

the absence of detectable cytotoxicity (Fig. 3D, S3C). We next computed therapeutic invasion z-
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scores (i.e., statistical measure of compound effect size) by comparing against the vehicle control 

invasion distribution. Remarkably, while we identified several anti-invasive compounds, 

numerous compounds significantly increased invasion (Fig. 3E-F), a phenotype that would be 

otherwise overlooked if screening on two-dimensional plastic and could lead to severe adverse 

consequences in the clinical setting. In general, more compounds in this library were identified to 

significantly attenuate rather than potentiate invasion (Fig. 3F). Importantly, we observed a 

substantial overlap in the compounds identified to be anti-invasive across genotypes and 

treatment conditions, with very few drugs demonstrating a genotype-selective block to invasion 

(Fig. 3G, S3D). Together, these data demonstrate the identification of a collection of compounds 

which block invasion in these cell populations, irrespective of TSC2 genotype.  

 A key goal in the therapeutic development landscape for LAM is the identification of 

compounds which exert selective cytotoxicity towards TSC2-/- cells. Interestingly, we observed 

that TSC2-/- cells exhibited pan-compound resistance, with over 7-fold more compounds 

demonstrating significant cytotoxicity towards WT compared to TSC2-/- cells (Fig. 3H). This 

selectivity is reduced to half with the addition of rapamycin, suggesting generalized resistance is 

largely due to mTORC1 hyperactivation in TSC2-/- cells. (Fig. 3H). We compared the list of 

compounds that are selectively cytotoxic towards TSC2-/- cells in the presence versus absence of 

rapamycin, and observed only a 15% overlap, indicating therapeutic vulnerabilities vary 

depending on mTORC1 signalling activity (Fig. 3I). In summary, we identified a suite of anti-

invasive and selectively cytotoxic therapeutics which can be mined for further development in 

LAM (Table S3B-C).  
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Enrichment analysis predicts HDAC inhibitors as anti-invasive and selectively cytotoxic 

towards TSC2-/- cells 

 To refine our small molecule list for further investigation, we sought to identify 

outperforming compounds which modulate targets of the same class. Using the known annotated 

targets of the employed compounds, we performed target enrichment analysis by adapting the 

Gene Set Enrichment Analysis (GSEA) algorithm. We identified targets conferring well-

established selective cytotoxicity towards TSC2-/- and anti-invasive classes, including 

proteasome inhibition (cytotoxicity) and Src and Rho kinase inhibition (anti-invasive) (Fig. S3E-

F, Table S4A-D). Of note, Src inhibition, a therapeutic route explored in LAM, was found to be 

selectively cytotoxic towards WT cells (Fig. S3E). Remarkably, pan-HDAC inhibition was 

observed to be the only class in the top 10 most significant annotations for selective cytotoxicity 

towards TSC2-/- and generalized anti-invasion. We note a substantial favourable enrichment of 

HDAC-targeting compounds by both metrics, however, not all compounds annotated to inhibit 

HDACs performed favourably (Fig 3J). 

 A limiting factor to our analyses was the small number of compounds which were 

identified to selectively eliminate TSC2-/- cells. We sought to extend our compound list in silico 

using a structure-based approach with a mechanism of action prediction algorithm (ElionTM). In 

brief, chemical features are extracted from compound structures and matched with screen 

performance values to train a machine learning algorithm for prediction of other possibly 

efficacious compounds. Compounds predicted to be efficacious in silico are then analyzed by 

target enrichment and pathway analysis. Using this approach, we corroborated HDACs as highly 

enriched targets for both selective cytotoxicity and anti-invasion (Table S5A-B). GO term 

analysis on significant targets identifies nearly all top predicted pathways relate to deacetylation 
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activity, for both selective cytotoxicity and anti-invasion (Fig. 3K, Table S5C-D). These data 

together highlighted HDAC inhibitors as promising therapeutics which we explored further and 

present herein.  

 

HDAC inhibitors are selectively cytotoxic towards TSC2-/- cells exclusively in hydrogel 

culture 

 We further tested 11 HDAC inhibitors from our compound library at a wider range of 

concentrations and identified three to be selectively cytotoxic towards TSC2-/- cells: SAHA 

(clinically, Vorinostat), SB939 (Pracinostat), and LBH589 (Panobinostat), all of which are pan-

HDAC inhibitors (Fig. 4A). We note the atypical therapeutic dose-response curves and 

selectivity, demonstrating marginal differences in IC50 per se but substantial variation in 

maximal toxicity (Fig. 4B). Selective cytotoxicity was largely reversed by co-treatment with 

rapamycin, suggesting mTORC1-dependency. Importantly, the magnitude of cytotoxic 

selectivity between WT and TSC2-/- cells increased with treatment duration (Fig. S4A). We 

corroborated selective cell death functionally via clonogenic assays (Fig. S4B). Remarkably, 

when these HDAC inhibitors were tested with cells cultured on plastic, we did not observe any 

genotype-selectivity in their cytotoxic profile (Fig. 4A-B). In addition, inhibitor profiles 

employed in plastic culture did not change in the presence of rapamycin, suggesting a loss of 

mTORC1-dependency for cytotoxic effects (Fig. 4A-B). While HDAC inhibitors did modulate 

the proliferation of cells in hydrogel culture, a substantial proliferation blockade was exerted 

when cells were cultured on plastic, in both genotypes (Fig. S4C). Together, these data indicate a 

striking difference in cellular responses to HDAC inhibitor treatment while cultured on plastic 

versus hydrogel. Importantly, HDAC inhibitors only demonstrate mTORC1-dependent selective 
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toxicity towards TSC2-/- cells while treated in hydrogel culture. These data are consistent with 

observation of hydrogel culture potentiating differential mTORC1 signalling between WT and 

TSC2-/- cells (Fig. 2, S2). 

 

HDAC inhibitors induce cell death via apoptosis 

 We next sought to probe the mode of cell death induced by HDAC inhibitors. Previous 

studies have provided evidence for both HDAC inhibitor-mediated apoptosis as well as 

autophagic cell death (28). Considering we observed a reduction in cell death when co-treated 

with rapamycin, a potent inducer of autophagy, we hypothesized the predominant cell death 

mode to be apoptosis. To test this postulation, we employed live cell apoptosis imaging reagents, 

including cleaved caspase 3 (CASP3) and Annexin V. We validated their activity in our hydrogel 

culture using staurosporine, a known inducer of apoptosis (Fig. S4D-E). For all three HDAC 

inhibitors, we observed temporal accumulation of Annexin V and cleaved CASP3 with treatment 

duration in hydrogel (Fig. 4C-D, S4F). Importantly, we discerned a complete rescue of cell death 

by co-treatment with the caspase inhibitor Z-VAD (OMe)-FMK (Fig. 4E, S4G). Together, these 

data demonstrate the employed HDAC inhibitors induce apoptotic cell death in hydrogel culture. 

 

HDAC inhibitors are anti-invasive, independent of cytotoxic effects 

 To separate the anti-invasive effects from cytotoxic effects of these HDAC inhibitors, we 

identified and computationally removed SyTOX+ cells from invasion calculations (Fig. S5A). 

We determined all three HDAC inhibitors exhibited a dose-dependent anti-invasion effect on 

SyTOX- cells (Fig. 5A-B). HDAC inhibitors exerted anti-invasive effects on both WT and TSC2-

/- cells in the presence or absence of rapamycin. (Fig 5A-B, S5B-C). Of note, the effect size was 
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generally larger in the TSC2-/- cells, and LBH589 demonstrated a trend towards reduced invasion 

that was not statistically significant. Remarkably, of the 11 HDAC inhibitors we tested, eight 

demonstrated anti-invasive effects in a dose-dependent manner (Fig. S5D). When aggregated as 

a class of therapeutics, there is a clear increase in anti-invasive effects with escalating doses, 

independent of cytotoxicity (Fig. 5C). Together, these data demonstrate HDAC inhibitors are 

effective anti-invasive agents independent of their cytotoxic profile.   

 

ATP-competitive mTORC1/2 inhibitors potentiate cell invasion  

 A surprising result of our 3D drug screen is the classification of ATP-competitive 

mTORC1/2 inhibitors as invasion potentiators (Fig. S3F). We interrogated this further due to its 

clinical relevance, as ATP-competitive inhibitors are in active development for a wide range of 

hyperactive mTOR conditions (29). Across a five-point dose-response curve, we observed an 

increase in invasion from three distinct mTORC1/2 inhibitors, independent of cytotoxic effects 

(Fig. 5D-E). Invasion potentiation was observed in both WT and TSC2-/- cells in the presence or 

absence of rapamycin (Fig. 5D-E, S5E-F). The extent of invasion potentiation varied across 

conditions: WT cells exhibited a greater increase in invasion compared to TSC2-/-, and the effect 

was exaggerated in both genotypes by co-treatment with rapamycin (Fig. S5G). Aggregating the 

effects of all three mTOR inhibitors showed a dose-dependent potentiation of invasion for this 

class of compounds (Fig. 5F). Together, these data demonstrate ATP-competitive inhibition of 

mTORC1/2 increases cell invasion.  

 

Xenotransplantation of LAM cell models into zebrafish larvae permits dynamic tracking of 

cell invasion 
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 We next sought to evaluate the in vivo efficacy of the HDAC inhibitors SAHA, SB939, 

and LBH589. Consistent with previous findings, we found that loss of TSC2 alone was 

insufficient to confer tumorigenicity upon subcutaneous xenotransplantation in immunodeficient 

mice (Fig. S6A). To avoid immortalization of our cell models- a process which dramatically 

alters cellular characteristics- we performed a well-established xenotransplantation assay in 

zebrafish larvae (31, 32). In this system, WT or TSC2-/- cells are injected into the hindbrain 

ventricle of zebrafish larvae 3 days post-fertilization, imaged 1 day post-injection (dpi) to ensure 

successful engraftment, and then imaged again at 4 dpi to visualize local invasion (Fig. 6A-B). 

Cells were tracked by their endogenous mCherry expression (14). The optical clarity of this 

system provides the advantage of enabling isogenic comparisons between WT and TSC2-/- 

human cells in vivo while dynamically tracking cell invasion.  

To quantify invasion in an unbiased fashion, we computed the ratio of mCherry signal 

found outside the injection site compared to within (Fig. S6B-C). Using this method, we 

accurately detect near zero invasion scores 1 dpi, followed by a substantial increase 4 dpi (Fig. 

6C). We observed comparable invasion scores between WT and TSC2-/- cells which were 

unaffected by rapamycin treatment, consistent with in vitro data (Fig. 6D). To quantify human 

cell proliferation and cell death, we digested and pooled whole larvae (15 - 20 per condition) 

followed by flow cytometry analysis, probing for mCherry and human-specific CASP3. 

Consistent with xenotransplantation in mice, these cells were not tumorigenic and the rate of 

clearance outstripped proliferation (Fig. S6D). The number of cells at 4 dpi was comparable 

between genotypes and unaffected by rapamycin treatment (Fig. 6E). The percentage of CASP3+ 

cells in the mCherry+ population was ~10% and equivalent across conditions, similar to baseline 

cell death rates seen in hydrogel culture (Fig. 3A, 6F).  



56 
 

  

HDAC inhibitors SAHA and SB939 block cell invasion and selectively eradicate TSC2-/- 

cells in vivo 

 We next employed our zebrafish xenograft system to assess the efficacy of HDAC 

inhibitors in vivo. To achieve the highest quality of pre-clinical evidence, experiments were 

conducted in a randomized, double-blinded, placebo-controlled fashion. We first established 

dose-toxicity profiles for each HDAC inhibitor: SB939 and LBH589 conferred an IC50 of 53.1 

µM and 6.74 µM respectively, while the favourable toxicity profile of SAHA precluded 

calculation of an IC50 value (Fig. S6E). Of note, in vivo HDAC inhibitor potency correlated with 

the in vitro cytotoxicity profile. Zebrafish engrafted with either WT or TSC2-/- cells were treated 

with HDAC inhibitors by immersion therapy, in the presence or absence of rapamycin. 

Importantly, we used the same compound concentration as those employed in vitro, which was 

well below each compound’s IC50 value.  

 After three days of treatment, we observed that SAHA and SB939 exerted a statistically 

significant anti-invasive effect in the absence of rapamycin, exclusively on the TSC2-/- cells (Fig. 

6G). SB939 also demonstrated a statistically significant anti-invasive effect in the presence of 

rapamycin. We note that live cells could not be distinguished from dead or dying cells in this 

quantification. However, by flow cytometry we observed an increase in the percentage of human 

TSC2-/- cells to be CASP3+ upon treatment with SAHA and SB939 (Fig. 6H) This effect was 

abrogated upon combination treatment with rapamycin and was not observed in the human WT 

cells. Together, these data indicate the HDAC inhibitors SAHA and SB939 exhibit in vivo anti-

invasion and selective cytotoxicity effects towards TSC2-/- cells.  
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DISCUSSION 

Here, we subject novel tissue-engineered models of LAM to a three-dimensional drug 

screen to detect physiologically relevant therapeutics. We identified HDAC inhibitors as anti-

invasive and selectively cytotoxic towards TSC2-/- cells, both in vitro and in vivo. In contrast, the 

gold standard therapeutic agent for LAM patients, rapamycin, did not exhibit any cytotoxic or 

anti-invasive effects. To our knowledge, this is the first high content compound screen to 

simultaneously track invasion modulation and cytotoxicity at the single cell level. Importantly, 

we report the first zebrafish xenotransplantation system using LAM-like cells, extending 

parametrization of therapeutic effects at the single cell level in vivo while comparing WT versus 

TSC2-/- cells. 

Our research identifies pan-HDAC inhibitors as potential therapeutic candidates for 

pursuit in LAM patients. Notably, the selective cytotoxic effect towards TSC2-/- cells was only 

observed in hydrogel culture and would have otherwise been missed using standard screening in 

2D tissue culture plastic (Fig. 4A-B). This finding complements a recent study evidencing 

therapeutic efficacy of HDAC inhibitors in a Tsc1-/--driven mouse model of lymphangiosarcoma 

(33). HDAC inhibitors present an opportune class of molecules for pursuit due to the wide 

variety of compounds already approved for clinical use. Indeed, both SAHA and LBH589 are 

approved for use in cutaneous T cell lymphoma and multiple myeloma, respectively (34, 35). 

The safe-in-human toxicity profile of these compounds will facilitate rapid translation for testing 

in LAM patients. Importantly, our employed HDAC inhibitors exhibit selective cytotoxicity in 

an mTORC1-dependent manner, suggesting generalizable efficacy to mTORC1-driven 

malignancies. Of note, cutaneous T cell lymphoma cells have been observed to exhibit mTORC1 

hyperactivation compared to matched normal controls (36). 
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In this work, we used equivalent HDAC inhibitor concentrations for in vitro and in vivo 

experiments; these concentrations were well-below dose-limiting toxicities in zebrafish (Fig. 

S6E). However, a critical outstanding question is whether the concentrations employed are 

physiologically attainable in humans. Pharmacokinetic studies of SAHA, SB939, and LBH589 in 

humans have demonstrated micromolar serum concentrations are achievable (37–39). In fact, the 

original pre-clinical work which formed the foundation for testing SAHA as a treatment in 

cutaneous T cell lymphoma used the drug in vitro at micromolar concentrations (40). Thus, we 

anticipate drug concentrations necessary to elicit a therapeutic effect are achievable in patients 

with LAM. We note that while LBH589 demonstrated a therapeutic effect in vitro, drug efficacy 

was not maintained upon in vivo testing, possibly due to altered bioavailability in the zebrafish. 

While SAHA and SB939 demonstrated in vivo efficacy, the majority of parameters assessed 

demonstrated mTORC1-dependency, similar to in vitro. Many LAM patients are on a chronic 

regime of rapamycin; thus, it is likely that clinical trials would require short-term withdrawal of 

rapamycin and acute treatment with HDAC inhibitors to elicit a therapeutic effect. Alternatively, 

these therapeutics may provide a benefit for LAM patients who are not currently treated with 

rapamycin, whether due to mild disease, intolerance, or resistance. 

Our three-dimensional screening approach permitted the identification of many 

compounds with invasion modulatory capabilities. We encourage further mining of these data to 

uncover additional novel classes of therapeutics which modulate invasion and/or exert selectivity 

cytotoxic effects (Table S3B-C). As one example, we identified ATP-competitive inhibitors of 

mTOR to increase cellular invasion (Fig. 5D-F, S5E-G). This is of clinical significance and 

requires further investigation, considering this class of therapeutics is undergoing investigation in 

a broad range of oncogenic conditions (29). 
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Throughout our study, we note both genotype (loss of TSC2) and culture substrate (3D 

hydrogel) contribute to modelling features of LAM. Importantly, hydrogel culture potentiated 

differential mTORC1-signalling between WT and TSC2-/- cells, reinforcing a physiologically 

relevant environment in which mTORC1-dependent phenotypes can be identified (Fig 2, S2). 

However, we also note a variety of LAM features in our cellular models that exist independently 

from loss of TSC2. For example, cells isolated from both WT and TSC2-/- teratomas are equally 

invasive, present matching ACTA2+/PMEL+ profiles, and secrete similar levels of VEGF-D. 

Indeed, similar observations of LAM features in WT cells have been noted in a neural crest cell 

model (14). These data suggest perhaps, while loss of TSC2 is critical for disease pathogenesis, 

the hallmark features of the putative “LAM cell” may already exist in a physiological, if not 

transient, context (e.g., during development, injury repair and inflammation). Critical 

consideration of the cell context is essential, even while employing isogenic comparisons, as 

different cell types exhibit distinct therapeutic vulnerabilities (14). 

 In summary, we have identified HDAC inhibitors as anti-invasive and selectively 

cytotoxic towards TSC2-/- cells in vitro and in vivo. While we have investigated three pan-HDAC 

inhibitors as potential candidates, our data points towards SAHA as the most efficacious against 

TSC2-/- cells while possessing the most favourable toxicity profile. On the path towards clinical 

translation, we anticipate testing of these compounds in diverse disease models. By validating 

compounds with orthogonal tools and techniques, we may elevate the most promising 

therapeutic for clinical trials.  
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MATERIALS AND METHODS 

Study design 

The objective of this research was to assess the LAM disease modelling capabilities of 

newly developed tissue-engineered cell models, and subsequently employ these models to 

identify novel therapeutic compounds. We conducted a 3D drug screen, and based on the 

acquired data, formulated and tested the following hypothesis: HDAC inhibitors are anti-invasive 

and selectively cytotoxic towards TSC2-/- cells. We employed a combination of in vitro and in 

vivo tools to test this hypothesis. Drug screen data was analyzed in a blinded, unbiased manner, 

and independently by two different researchers using distinct methods. Animal studies were 

conducted and analyzed in a double-blinded, randomized, placebo-controlled manner to generate 

the highest quality pre-clinical evidence. Blinding was achieved by codification of an 

investigator uninvolved in the experiments performed. A variety of experimental tools were 

employed to interrogate this hypothesis, described in subsequent Methods and in the 

Supplementary Materials and Methods. All reagents used and concentrations employed (if 

relevant) are reported in Supplementary Materials and Methods.  

 Sample sizes for both in vitro and in vivo studies were determined according to field-

specific conventions. Power analysis was not employed. Data collection was not stopped 

prematurely, and every experimental replicate was analyzed. All data points were included in the 

data presentation; outliers were only excluded if there was definitive empirical evidence of 

technical error and noted as such in the figure legend. Experiments were repeated at least three 

times unless otherwise noted, with replicates collected at separate points in time and under 

independent conditions. RNA-seq data is accessible at the Gene Expression Omnibus (GEO) 

repository with accession GSE179044.  
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Cell derivation and maintenance culture 

 LAM cell models were established via a previously reported in vivo differentiation 

protocol of human pluripotent stem cells (23). Briefly, we injected hPSCs into NSG mice to form 

teratomas, which were then explanted and expanded in smooth muscle-cell enriching conditions 

(Fig. S1A). We used a previously reported pair of mCherry+ WT and genome-engineered TSC2-/- 

hPSCs for establishment of isogenic lines (14). Maintenance cultures were propagated on plastic 

containing a thin layer of Matrigel at 37oC, 5% CO2. hPSCs were cultured in Essential 8 medium 

and passaged in clumps by EDTA incubation, followed by cell scraping and wide-pore pipette 

transfer. LAM cells were cultured on Matrigel in Medium 231 containing Smooth Muscle 

Growth Supplement and passaged by 0.05% Trypsin as single cell suspensions.  

 

Hydrogel culture 

 Hydrogel culture was conducted according to a previously established protocol (18). 

Briefly, a hyaluronic acid polymer backbone was derivatized with methylfuran motifs 

(confirmed by 1H NMR) and conjugated to bismaleimide‐terminated vitronectin and collagen‐I‐

derived peptides, synthesized in house. Hydrogel viscoelasticity was increased by incorporation 

of methylcellulose derivatized with reactive thiol groups. Chemically synthesized hydrogel 

components were mixed and directly added to culture plates (384-well format) to gel at 37oC for 

3 hours. Following gelation, wells were hydrated with PBS and then subjected to three media 

washes interspaced with incubations at 37oC for 45 mins. LAM cells were then dissociated, 

added to plates containing hydrogel, and centrifuged for 3 min. at 10g to achieve immediate 

contact with the hydrogel. 
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Cell treatments and live cell staining  

 All compound treatments were conducted for 72 hours unless otherwise stated. See 

Supplementary Materials and Methods for 3D screen design, implementation, and analysis. Live 

cell imaging dyes (Hoechst, SyTOX, Annexin V, Cleaved Caspase 3) were incubated for 30 min. 

prior to imaging. Dyes were added as 10X concentrates in PBS; Annexin V diluent also 

contained 2.5mM CaCl2. To avoid cell detachment in the miniaturized well format, live imaging 

dyes were not washed prior to imaging; this did not impact image acquisition as dyes are 

minimally fluorescent unless bound to the target molecule.  

 

Microscopy 

 We employed a high content imager (Thermo Fisher Scientific, Arrayscan VTI) to 

acquire multi-well and multi-planar images. Whole-well images (384-well plate format) of cells 

invading through hydrogel, stained with live cell dyes, were acquired by widefield microscopy 

with 40µm interval z-stacks. Unstained cells were imaged using a brightfield module. Tiled 

images of cells grown and stained on plastic were also acquired by high content widefield 

microscopy. Rodent subcutaneous xenografts were visualized by in vivo imaging (PerkinElmer, 

IVIS®). Zebrafish larvae xenografts were imaged by epifluorescence widefield microscopy 

(Zeiss, AxioObserver 7). Image analysis methods are reported in Supplementary Materials and 

Methods.  

 

Animal studies 
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 All animal experiments were conducted with approval from the University of Ottawa 

Animal Care Committee (Protocols #OHRI1666 and #CHEOe-3171), in accordance with the 

Canadian Council on Animal Care Standards and the Province of Ontario’s Animals for 

Research Act. NSG mice (Jackson Laboratory) were maintained in sterile housing conditions and 

fed autoclaved chow and water ad libitum. Adult casper (41) zebrafish (a gift from Dr. Leonard 

Zon, Boston Children’s Hospital, Boston, MA) were maintained in a recirculating commercial 

housing system (Aquatic Habitats, now Pentair) at 28°C in 14h:10h light:dark conditions in the 

aquatics facility at the University of Ottawa, Ottawa, ON. Adult casper zebrafish were bred 

according to standard protocol (42), and embryos were collected and grown in E3 medium (5mM 

NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33mM MgSO4) at 28°C in 10cm Petri dishes until the 

desired time point. Embryos were cleaned and provided with new media every 24hrs. See 

Supplementary Materials and Methods for additional experimental details.  

 

Statistical analysis 

 All figures are presented with individual data points (where graphically appropriate), with 

measures of central tendency and error to be mean and standard deviation, respectively, unless 

otherwise stated. Data pre-processing, statistical tests employed, sample number, and measured 

of central tendency and spread are reported in the figure legends. Two-sided tests were 

employed, and significance was attributed when p < 0.05. All analyses were of data from three 

independent experiments without removal of statistical outliers. Statistical tests employed were 

parametric except for analyses of zebrafish invasion data, where a non-normal distribution was 

observed. Calculation of drug screen statistics (e.g., z-scores, selectivity scores) are described in 

the Supplementary Materials and Methods. 
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LIST OF SUPPLEMENTARY MATERIALS 

 

Supplementary Materials and Methods 

 

Fig. S1. Hydrogel culture of stem cell-derived disease models exhibits features of LAM.  

 

Fig. S2. Hydrogel culture potentiates differential mTORC1-signalling between WT and TSC2-/- 

cells.  

 

Fig. S3. Three-dimensional drug screen identifies HDAC inhibitors as anti-invasive and 

selectively cytotoxic towards TSC2-/- LAM cells.  

 

Fig. S4. Three safe-in-human HDAC inhibitors induce mTORC1-dependent selective 

cytotoxicity exclusively in hydrogel culture.  

 

Fig. S5. HDAC inhibitors attenuate cell invasion independent of cytotoxicity while mTOR 

inhibitors potentiate the invasion phenotype.  

 

Fig. S6. HDAC inhibitors are anti-invasive and selectively cytotoxic towards TSC2-/- cells 

xenotransplanted into zebrafish. 

 

Table S1. Differential gene expression analysis of bulk RNA-seq data, untreated samples only.  
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Table S2. GO term enrichment analysis of DEG lists.  

 

Table S3. Three-dimensional drug screen raw data.  

 

Table S4. Enrichment results via adaptation of GSEA.  

 

Table S5. ElionTM structure-based compound analysis.  

 

Movie S1. Brightfield Z-stack of WT invading through the hydrogel, counterstained with 

Hoechst. 

 

Movie S2. Brightfield Z-stack of TSC2-/- invading through the hydrogel, counterstained with 

Hoechst.  
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FIGURES 

Fig. 1. Hydrogel culture of stem cell-derived disease models exhibits features of LAM. (A) 

Representative immunofluorescence images of WT and TSC2-/- cells. Inset showing punctate 

PMEL and fibril ACTA2 staining. Scale bars of 100µM. (B) VEGF-D secreted into conditioned 

media measured by ELISA, following 16hr incubation in serum-free media ± 20nM rapamycin 

(mean ± SD; * = p < 0.05 by Student t-test; n = 9-10). (C-E) Visualization of LAM cell invasion 

after three days in hydrogel culture, as (C) a schematic, (D) brightfield image of single Z plane, 

scale bars of 250µm, and (E) computational reconstruction of cellular spatial positions. (F) 

Median invasion distance of cellular populations plated on the hydrogel and cultured for three 

days ± 20nM rapamycin (mean ± SD; * = p < 0.05 by Student t-test; n = 124). (G) Percentage of 
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cells invaded past fixed threshold set by median invasion distance of genotype-matched vehicle 

control. Cells were cultured and treated for three days (10µM GM6001, a pan-MMP inhibitor, 

and 20µM Y27632, a ROCK inhibitor, mean ± SD; * = p < 0.05 by Student t-test; n = 4). (H) 

Schematic of the sample conditions tested in the bulk RNA-seq experiment. NT = no treatment, 

Rapa = rapamycin treatment (20nM, 72 hrs). (I) Principal components analysis (PCA) of bulk 

RNA-seq samples. (J) Heatmap and hierarchal clustering of differentially expressed genes 

(DEGs) between TSC2-/- and WT samples, and between hydrogel and plastic samples, while 

controlling for the reciprocal covariate. Left panel: transcript expression for plastic and hydrogel 

cultures were averaged. Right panel: transcript expression for WT and TSC2-/- samples were 

averaged.  DEG analysis was performed with no treatment samples; genes noted as differentially 

expressed if FDR < 0.05 and |log2FC| > 1. (K) Overlap in DEG between genotype and ECM 

gene lists and LAM cell signature gene list (24). Genes noted as DE if FDR < 0.05. (L) 

Percentage of EdU+ (proliferating) cells from 3-hour pulse (5µM), after three days cultured on 

plastic or hydrogel ± 20nM rapamycin (mean ± SD; * = p < 0.05 by Student t-test; n = 5). 
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 Fig. 2. Hydrogel culture potentiates differential mTORC1-signalling between WT and 

TSC2-/- cells. (A) Low input Western blot of protein collected from cells cultured for three days 

on plastic or hydrogel ± 20nM rapamycin. NT = no treatment, Rapa = rapamycin treatment. (B) 

Quantification of immunofluorescence values reported in normalized (scaled by replicate 

maximum value) mean fluorescence intensity. Each point indicates the mean fluorescence 

intensity from a well of cells cultured on hydrogel or plastic for three days ± 20nM rapamycin. 

Secondary only values are determined from wells probed with fluorescent secondary antibody 

only (mean ± SD; * = p < 0.05 by Student t-test; n = 9-20). (C) Network analysis of GO terms 

enriched in the list of DEGs found significant (FDR < 0.05) in the interaction between genotype 

and culture substrate. The 25 most significantly enriched terms are plotted. (D) Classification of 
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DEGs according to pattern of expression across genotypes, ECM condition, and in the presence 

or absence of rapamycin. Gene clusters and classification scheme shown in Fig. S2B-C).  
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Fig. 3. Three-dimensional drug screen identifies HDAC inhibitors as anti-invasive and 

selectively cytotoxic towards TSC2-/- LAM cells. (A) Representative maximum intensity 

projection image of TSC2-/- cells in hydrogel culture for three days ± 200nM carfilzomib. Scale 

bars of 250µm. (B) Computational reconstruction of cellular spatial positions following three-

day hydrogel culture of TSC2-/- cells ± 40nM dasatinib. Note that treated and untreated were in 

separate wells; cells were plotted in the same volume for ease of visualizing relative distances 

travelled. (C) Highest development status reported for the 800 compounds contained in the 

curated kinase inhibitor and tool compound libraries. A 3D drug screen was conducted on WT 
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and TSC2-/- cells following three-day treatment with 5µM compounds ± 20nM rapamycin. (D) 

Compound invasion modulation plotted against cytotoxicity, aggregating results across genotype 

and rapamycin treatment. Fixed invasion threshold determined by median invasion distance of 

untreated controls. Hexagonal plot employed to demonstrate compound densities. (E) Waterfall 

plot of compound invasion z-scores in ranked order; positive values indicate invasion 

potentiation, while negative values indicate invasion attenuation. Compounds conferring 

statistically significant invasion modulation highlighted in black. Data presented for TSC2-/-, no 

rapamycin treatment condition. (F) Number of compounds significantly modulating invasion 

(potentiating or attenuating) for each genotype in the presence of absence of 20nM rapamycin. 

Bubble area proportional to number of statistically significant targets. (G) Overlap of compounds 

identified as anti-invasive in each listed condition. (H) Waterfall plots of compound selective 

toxicity z-scores in ranked order; positive values indicate increased cytotoxicity towards TSC2-/- 

cells, negative values indicate increased cytotoxicity towards WT cells. Compounds conferring 

statistically significant selective cytotoxicity highlighted in black. (I) Overlap of compounds 

identified to be selectivity cytotoxic towards TSC2-/- cells, with or without 20nM rapamycin. (J) 

Enrichment plot for compounds annotated to target HDACs, derived from an adapted 

implementation of GSEA. Hits (black vertical lines) in the red region indicate compounds with a 

favourable effect, hits in the blue region indicate compounds with an undesirable effect. (K) Top 

10 most statistically significant GO terms. Analysis performed using targets identified as 

statistically significantly enriched in screen data by ElionTM algorithm.   
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 Fig. 4. Three safe-in-human HDAC inhibitors induce mTORC1-dependent selective 

cytotoxicity exclusively in hydrogel culture. (A) Dose-response cytotoxicity curves of cells 

treated with the indicated HDAC inhibitor for three days while cultured on plastic or hydrogel ± 

20nM rapamycin. Data fit via four-parameter logistic regression (mean ± SD; n = 3). (B) 

Confidence intervals of HDAC inhibitor maximal toxicity, estimated by four-parameter logistic 

regression models generated in A. (C-D) Quantification of TSC2-/- cells positive for (C) Annexin 

V or (D) cleaved caspase 3, following three-day treatment with HDAC inhibitors in hydrogel 

(20µM SAHA, 5µM SB939, and 1µM LHB589, mean ± SD; * = p < 0.05 by ANOVA with 

Dunnett post-hoc comparison to 0 hrs; n = 6). (E) Quantification of TSC2-/- cells positive for 

SyTOX following three-day HDAC inhibitor treatment (20µM SAHA, 5µM SB939, and 1µM 

LHB589) in hydrogel ± 25µM Z-VAD (OMe)-FMK (mean ± SD; * = p < 0.05 by Student t-test; 

n = 4-6).  
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 Fig. 5. HDAC inhibitors attenuate cell invasion independent of cytotoxicity while mTOR 

inhibitors potentiate the invasion phenotype. (A) Live TSC2-/- cells invaded past fixed 

threshold set by median invasion distance of vehicle control, upon three-day HDAC inhibitor 

treatment ± 20nM rapamycin (mean ± SD; * = p < 0.05 by ANOVA with Dunnett post-hoc 

comparison to untreated; n = 3). (B) Computational reconstruction of live cell spatial positions 

upon three-day hydrogel culture of TSC2-/- cells ± HDAC inhibitor (HDACi) treatment (5µM 

SAHA, 5µM SB939, 1µM LBH589). Note that treated and untreated cells were in separate 

wells; cells were plotted in the same volume for ease of visualizing relative distances travelled. 

(C) Aggregated effect of 11 HDAC inhibitors on TSC2-/- live cell invasion ± 20nM rapamycin. 

Fixed threshold set by median invasion distance of vehicle control (mean ± SD; * = p < 0.05 by 

ANOVA with Dunnett post-hoc comparison to untreated; n = 33 via 11 HDACi, n = 3 each). (D) 

Live TSC2-/- cells invaded past fixed threshold set by 90th percentile invasion distance of vehicle 

control, upon three-day mTOR inhibitor treatment ± 20nM rapamycin (mean ± SD; * = p < 0.05 

by ANOVA with Dunnett post-hoc comparison to untreated; n =3). (E) Computational 
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reconstruction of live cell spatial positions upon three-day hydrogel culture of TSC2-/- ± mTOR 

inhibitor treatment (40nM BGT226, 5µM OSI-027, 5µM AZD8055). (F) Aggregated effect of 3 

mTOR inhibitors (mTORi) on TSC2-/- live cell invasion ± 20nM rapamycin. Fixed threshold set 

by 90th percentile invasion distance of vehicle control (mean ± SD; * = p < 0.05 by ANOVA with 

Dunnett post-hoc comparison to untreated; n = 9 via 3 mTORi, n = 3 each).  
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 Fig. 6. HDAC inhibitors are anti-invasive and selectively cytotoxic towards TSC2-/- cells 

xenotransplanted into zebrafish. (A) Representative phase contrast image of 1 day post-

injection (dpi) zebrafish larvae injected with TSC2-/- mCherry+ cells into the hindbrain ventricle 

(hbv). (B) Representative images of zebrafish larvae injected with mCherry+ WT or TSC2-/- cells 

into the hbv. Fish were imaged 1 and 4 dpi. Scale bars of 200µm. (C-D) Quantification of cell 

invasion using automated invasion analysis. Images analyzed in (D) were taken 4 dpi following 

three-day treatment ± 20nM rapamycin (mean ± SD; * = p < 0.05 by Mann–Whitney U test; n = 

38 - 73). (E) Number of mCherry+ cells detected per zebrafish following whole larvae 

dissociation at 4 dpi and analysis by flow cytometry. Samples were treated for three days ± 
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20nM rapamycin. Each replicate is a pool of 15 – 20 zebrafish larvae (mean ± SD; * = p < 0.05 

by Student t-test; n = 6). (F) Percentage of CASP3+ cells in the mCherry+ population from whole 

larvae dissociation at 4 dpi, following 3-day treatment ± 20nM rapamycin. Each replicate is a 

pool of 15 – 20 zebrafish larvae (mean ± SD; * = p < 0.05 by Student t-test; n = 5 – 6). (G-H) 

Effect of three-day HDAC inhibitor treatment (20µM SAHA, 5µM SB939, 1µM LBH589) ± 

20nM rapamycin. (G) Invasion scores calculated on images acquired 4dpi (mean ± SD; * = 

p < 0.05 by the Kruskal-Wallis test with Dunn’s post-hoc comparison to vehicle treated; n = 27 – 

73). (H) Percentage of CASP3+ cells in the mCherry+ population from whole larvae dissociation 

at 4 dpi. Each replicate is a pool of 15 – 20 zebrafish larvae (mean ± SD; * = p < 0.05 by 

ANOVA with Dunnett post-hoc comparison to vehicle treated; n = 3 – 6). Not all outliers in (C-

D) and (G) are visualized due to trimmed axes (although outliers were included in mean ± SD 

and the statistical calculation). 
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SUPPLEMENTARY FIGURES 

Fig. S1. Hydrogel culture of stem cell-derived disease models exhibits features of LAM. (A) 

Schematic of generation of LAM cellular models. (B-C) Quantification of LAM markers by flow 

cytometry from cells in maintenance culture (mean ± SD; * = p < 0.05 by Student t-test; n = 10). 

(D) Schematic of cell position identification in XYZ planes. (E) Percentage of cells invaded past 

threshold set by 90th percentile invasion distance of bulk cultures, following three-day hydrogel 

culture. Bulk cultures are maintenance cultures of LAM cell lines; clones are populations of cells 

expanded from a single cell isolated from maintenance cultures prior to seeding on hydrogel 
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(mean ± data range; no statistical test). (F-G) Volcano plot upon comparing TSC2-/- vs. WT cells 

(F) and hydrogel vs. plastic samples (G). Points highlighted in black are considered differentially 

expressed (FDR < 0.05 and |log2FC| > 1). The 20 most significantly DEGs are noted. (H) 

Overlap in DEG between genotype and culture substrate gene lists; genes considered as DEGs if 

FDR < 0.05 and |log2FC| > 1. (I-J) Dotplot of GO term enrichment analysis of DEG lists (FDR < 

0.05 and |log2FC| > 1) upon comparing TSC2-/- vs. WT cells (I) and hydrogel vs. plastic samples 

(J). The 25 most significantly enriched terms are plotted.   
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Fig. S2. Hydrogel culture potentiates differential mTORC1-signalling between WT and 

TSC2-/- cells. (A) Representative maximum intensity projection images used for quantification, 

following culture on hydrogel or plastic for three days ± 20nM rapamycin. Scale bars of 250µm. 

(B) Gene clusters following hierarchal clustering of DEGs found significant (FDR < 0.05) in the 

interaction between genotype and ECM (761 genes). Clustering was based on the pattern of gene 

expression across the 8 employed conditions. The first two clusters are annotated to be enriched 

in sterol synthesis and ribonucleotide metabolism terms. (C) Classification scheme applied to the 

gene clusters visualized in (B). Labelling of Groups A, B, and C is for ease of visualization in 

(B) and does not confer any specific biological meaning.  
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 Fig. S3. Three-dimensional drug screen identifies HDAC inhibitors as anti-invasive and 

selectively cytotoxic towards TSC2-/- LAM cells. (A) Percentage of SyTOX+ TSC2-/- cells in 

hydrogel culture for three days ± 200nM carfilzomib (mean ± SD; * = p < 0.05 by Student t-test; 

n = 3). (B) Percentage of TSC2-/- cells invaded past fixed threshold (determined by median 

invasion distance of untreated controls), following three-day hydrogel culture ± 40nM dasatinib 

(mean ± SD; * = p < 0.05 by Student t-test; n = 3). (C) Compound invasion modulation plotted 

against cytotoxicity, separated by genotype and rapamycin treatment. Fixed threshold determined 

by median invasion distance of genotype-specific untreated controls. Hexagonal plot employed 

to demonstrate compound densities. (D) Waterfall plots of compound selective invasion z-scores 

in ranked order; positive values indicate greater anti-invasive effects towards TSC2-/-, negative 
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values indicate greater anti-invasive effects towards WT. Compounds conferring statistically 

significant selective invasion modulation highlighted in black. (E-F) Top 10 most statistically 

significant targets enriched in screen data, stratified by screen parameter. Enrichment analysis 

was performed via adaptation of the GSEA algorithm, using annotated targets of the compound 

library.   
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Fig. S4. Three safe-in-human HDAC inhibitors induce mTORC1-dependent selective 

cytotoxicity exclusively in hydrogel culture. (A) Percentage of SyTOX+ cells following time-

lapse HDAC inhibitor treatment (20µM SAHA, 5µM SB939, 1µM LBH589) of cells cultured in 

hydrogel ± 20nM rapamycin (mean ± SD; * = p < 0.05 by two-factor ANOVA with Tukey’s 

post-hoc comparison; n = 3). (B) Clonogenic assay following three-day HDAC inhibitor 

treatment (20µM SAHA, 5µM SB939, 1µM LBH589) of cells cultured in hydrogel. After 

treatment, cells were extracted from hydrogel and replated in 2D to assess clonogenicity. (C) 

Number of cells detected in culture by high content imaging following three-day HDAC 

inhibitor treatment in hydrogel or plastic culture ± 20nM rapamycin. Inhibitor concentrations 

escalated in two-fold increments: SAHA (0.31µM min, 160µM max), SB939 (0.04µM min, 

20µM max), and LBH589 (0.02µM min, 10µM max). Mean ± SD, n = 3. (D-E) Representative 

maximum intensity projection images and quantification of live cell imaging dyes used in 

hydrogel culture, following 4hr treatment of 1µM staurosporine (mean ± SD; * = p < 0.05 by 

Student t-test; n = 2). Scale bars of 250µm. (F-G) Representative maximum intensity projection 

images of live cell imaging dyes used in hydrogel culture, following three-day treatment with 

HDAC inhibitors (20µM SAHA, 5µM SB939, 1µM LBH589) ± 25µM Z-VAD (OMe)-FMK. 

Scale bars of 250µm.  
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Fig. S5. HDAC inhibitors attenuate cell invasion independent of cytotoxicity while mTOR 

inhibitors potentiate the invasion phenotype. (A) Schematic for removal of SyTOX+ cells to 

determine invasion distribution of live cells. (B) Live WT cells invaded past fixed threshold set 

by median invasion distance of vehicle control, upon three-day HDAC inhibitor treatment ± 

20nM rapamycin (mean ± SD; * = p < 0.05 by ANOVA with Dunnett post-hoc comparison to 

untreated; n = 3). (C) Computational reconstruction of live cell spatial positions upon three-day 

hydrogel culture of WT ± HDAC inhibitor treatment (5µM SAHA, 5µM SB939, 1µM LBH589). 

Note that treated and untreated were in separate wells; cells were plotted in the same volume for 

ease of visualizing relative distances travelled. (D) Effect of 11 HDAC inhibitors on TSC2-/- live 

cell invasion ± 20nM rapamycin. Fixed threshold set by median invasion distance of vehicle 

control. (E) Live WT cells invaded past fixed threshold set by 90th percentile invasion distance of 
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vehicle control, upon three-day mTOR inhibitor treatment ± 20nM rapamycin (mean ± SD; * = 

p < 0.05 by ANOVA with Dunnett post-hoc comparison to untreated; n = 3). (F) Computational 

reconstruction of live cell spatial positions upon three-day hydrogel culture of WT ± mTOR 

inhibitor treatment (40nM BGT226, 5µM OSI-027, 5µM AZD8055). (G) Live cells invaded past 

fixed threshold set by 90th percentile invasion distance of genotype-matched vehicle control, 

upon three-day mTOR inhibitor treatment (8nM BGT226, 1µM OSI-027, 200nM AZD8055) ± 

20nM rapamycin (mean ± SD; * = p < 0.05 by Student t-test; n = 3).  
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Fig. S6. HDAC inhibitors are anti-invasive and selectively cytotoxic towards TSC2-/- cells 

xenotransplanted into zebrafish. (A) Visualization of mCherry+ cells by IVIS following 

subcutaneous transplantation into rear flanks of immunodeficient NSG mice. (B) Schematic 

representation of invasion score calculation in zebrafish larvae. See Supplementary Materials and 

Methods for more details. Scale bars of 200µm. (C) Representative images of TSC2-/- mCherry+ 

cells disseminated 4 dpi with the associated invasion score. Scale bars of 200µm. (D) Number of 

mCherry+ cells per zebrafish detected by flow cytometry following whole larvae dissociation at 1 

and 4 dpi. Each replicate is a pool of 15 – 20 zebrafish larvae (mean ± SD; * = p < 0.05 by 

Student t-test; n = 3 – 6). (E) Dose-toxicity curves of zebrafish larvae treated with HDAC 

inhibitors by immersion therapy.  
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SUPPLEMENTARY TABLES 

 

Table S1. Differential gene expression analysis of bulk RNA-seq data, untreated samples only. 

(A) DEG analysis of genotype (TSC2-/- vs. WT), controlling for substrate covariate. (B) DEG 

analysis of substrate (hydrogel vs. plastic), controlling for genotype covariate. (C) DEG analysis 

of interaction between genotype and ECM. 

 

Table S2. GO term enrichment analysis of DEG lists. (A) GO term enrichment in TSC2-/- vs. WT 

DEG list (FDR < 0.05, |log2FC| > 1). (B) GO term enrichment in hydrogel vs. plastic DEG list 

(FDR < 0.05, |log2FC| > 1). (C) GO enrichment of genotype:substrate interaction DEG list (FDR 

< 0.05). 

 

Table S3. Three-dimensional drug screen raw data. (A) Compound information from Ontario 

Institute of Cancer Research kinase inhibitor and tool compound libraries. (B-C) Cytotoxicity 

and invasion modulation effects of compounds, (B) statistic descriptions and (C) raw data.  

 

Table S4. Enrichment results via adaptation of GSEA. Results for statistics of (A) selective 

cytotoxicity, positive enrichment (i.e., selectively cytotoxic towards TSC2-/-), (B) selective 

cytotoxicity, negative enrichment (i.e., selectively cytotoxic towards WT), (C) invasion 

modulation, positive enrichment (i.e., attenuate invasion), (D) invasion modulation, negative 

enrichment (i.e., potentiate invasion).  
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Table S5. ElionTM structure-based compound analysis. (A-B) Significantly enriched targets and 

mechanisms of action by (A) selective cytotoxicity towards TSC2-/- cells and (B) invasion 

attenuation. (C-D) Significantly enriched GO and PFAM terms (based on significantly enriched 

targets) by (C) selective cytotoxicity towards TSC2-/- cells and (D) invasion attenuation. 
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SUPPLEMENTARY MOVIES 

 

Movie S1. Brightfield Z-stack of WT invading through the hydrogel, counterstained with 

Hoechst. 

 

Movie S2. Brightfield Z-stack of TSC2-/- invading through the hydrogel, counterstained with 

Hoechst. 
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SUPPLEMENTARY MATERIALS AND METHODS 

 
Study reagents and resources 

Please see below (Table 1) for a list of key reagents and resources used in this study. 
 
Table 1: List of key reagents and resources used in this study. 

REAGENTS and RESOURCES SOURCE IDENTIFIER 
Antibodies 

PMEL Thermo Fisher Scientific MA5-13232 
ACTA2 Abcam ab5694 
mCherry Abcam ab167453 
pS6RP (Ser 235/236) CST 2211 
p4E-BP1(Thr 37/46) CST 2855 
S6RP CST 2317 
4E-BP1 Thermo Fisher Scientific AHO1382 
TSC2 CST 4308 
ACTB CST 370 
Cleaved CASP3 CST 9661 
mCherry Thermo Fisher Scientific M11217 
AlexaFluor 488 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific A11034 
AlexaFluor 488 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific A11001 
AlexaFluor 555 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific A21428 
AlexaFluor 555 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific A32727 
AlexaFluor 647 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific A21245 
AlexaFluor 647 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific A21235 
AlexaFluor 680 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific A21076 
AlexaFluor 680 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific A28183 
DyLight 800 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific SA535571 
DyLight 800 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific SA535521 
Live cell imaging dyes  

Hoechst 33342 Thermo Fisher Scientific H3570 
SyTOX Green Thermo Fisher Scientific S7020 
NucView 488 Caspase-3 Enzyme Substrate Biotium 10402 
Annexin V Biotium 29003 

Small molecules  

Kinase Inhibitor library Ontario Institute for Cancer 
Research 

N/A 

Tool Compound library Ontario Institute for Cancer 
Research 

N/A 

Rapamycin  MilliporeSigma 553211 
Staurosporine AdooQ Bioscience A10864 
SAHA AdooQ Bioscience A10979 
SB939 AdooQ Bioscience A10830 
LBH589 AdooQ Bioscience A10518 
BGT226 AdooQ Bioscience A11162 
OSI-027 Toronto Research Chemicals A611910 
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AZD8055 AdooQ Bioscience A10114 
Y-27632 AdooQ Bioscience A11001 
PR-171 (Carfilzomib) AdooQ Bioscience A11278 
BMS-354825 (Dasatinib)  AdooQ Bioscience A10290 
EdU Thermo Fisher Scientific A10044 
Sulfo-Cy5-N3 Lumiprobe A333 
Buprenophrine Provided by animal facility N/A 

Hydrogel reagents    

Sodium hyaluronate Lifecore HA-200K 
5-Methylfurfurylamine TCI Chemicals MFCD00143471 
Methylcellulose Spectrum Chemicals ME137 
Vitronectin peptide Synthesized in house N/A 
MMP-degradable cross-linker Synthesized in house N/A 
Silica beads VWE CA75873-698 
Hyaluronidase Sigma-Aldrich H3884 

Cell culture reagents 

Essential 8  Prepared in house  N/A 
Matrigel Corning 354230 
Dispase Stem Cell Technologies 7913 
Medium 231 Thermo Fisher Scientific M-231-500 
Smooth Muscle Growth Supplement Thermo Fisher Scientific  S00725 
Trypsin Thermo Fisher Scientific 25300062 
Collagenase from Clostridium histolyticum  Sigma-Aldrich C0130 
Ethyl 3-aminobenzoate methanesulfonate 
(Tricaine) 

Sigma-Aldrich E10521 

Accutase Stem Cell Technologies  7920 

Commercial kits and materials 

VEGF-D DuoSet ELISA Kit R&D Systems DY622 
BOLT 4-12% 1 mm, 10-well gel Thermo Fisher Scientific NW04120BOX 
Stain-Free 4–20% 1mm 15-well gel Bio-Rad 4568096 
NucleoSpin® RNA 740955.250 D-Mark Bio Machery-Nagel 740955.250 

Cell models 

H9 human embryonic stem cell, WT WiCell  WB67614 
H9 TSC2-/- Generated in house (14) N/A 
H9 teratoma-derived LAM cells (WT and TSC2-/-) Generated in house N/A 

Animal models  

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) Jackson Laboratory 005557 
casper mutant zebrafish Gift from Dr. Leonard Zon 

(41) 
N/A 

Software and algorithms 

ImageJ 1.53c ImageJ N/A 
R 4.0.3 R N/A 
RStudio 1.3.1093 RStudio N/A 
Gene Set Enrichment Analysis (GSEA) (43) N/A 
Mechanism of Action Miner (ElionTM) BioSymetrics Described here 

 
Cell culture 
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Pluripotent stem cell culture  

 H9 hPSCs (female) were maintained on a thin layer of 0.16 mg/mL Matrigel at 37oC, 

10% CO2. Cells were fed with Essential 8 media, prepared in house. Cells were passaged by 

incubation with 500 µM EDTA for 3 min., then cell scraping and transfer to a new pre-coated 

plate by wide-bore pipette.  

 

LAM and control cell model derivation and culture 

LAM cell models were established via a previously reported in vivo differentiation 

protocol of human pluripotent stem cells (23). We differentiated a previously reported pair of 

mCherry+ WT and genome-engineered TSC2-/- hPSCs, derived from the H9 parental lineage 

(female cells) (14). First, we generated teratomas in female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ 

(NSG) mice as described in Mouse teratoma formation section. At end point, mice were 

euthanized and dissected under sterile conditions. The teratomas were extracted while carefully 

ensuring minimal mouse tissue remnants. The teratoma was minced and then rotated in a 5 U/mL 

Dispase solution at 37oC for 30 mins. Digested tissue was plated on a thin layer of 0.16 mg/mL 

Matrigel at 37oC, 5% CO2 in Medium 231 containing Smooth Muscle Growth Supplement. 

Tissue clumps were removed the following day. The remaining monolayer was expanded and 

passaged by treatment with 0.05% Trypsin for 5 min. Maintenance culture conditions included a 

thin layer of 0.16 mg/mL Matrigel at 37oC, 5% CO2 in Medium 231 containing Smooth Muscle 

Growth Supplement. Cells were expanded for two passages before cryopreservation and use in 

subsequent experiments at passages 3-5. 
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LAM and control cell model clonal isolation  

 LAM cells were clonally isolated by limiting dilution. Briefly, bulk cell cultures were 

dissociated and serially diluted to a concentration of ~ 0.3 cells / 100 µL. We used this 

concentration to optimize number of single cells isolated while minimizing two or more cells 

contributing to a single clone. We added 100 µL of the suspension to each well of a 96-well plate 

containing a thin layer of 0.16 mg/mL Matrigel. Clones were expanded for 10 days before 

dissociating and plating onto the hydrogel. 

 

Hydrogel culture 

Reagent production 

 Hydrogel culture was conducted according to a previously established protocol (18). 

Briefly, a hyaluronic acid polymer backbone was derivatized with 5-methylfurfurylamine to 65% 

substitution (confirmed by 1H NMR). A vitronectin-mimetic peptide (maleimide)-

KGGPQVTRGDVFTMPG, and MMP-degradable peptide crosslinker (maleimide)-

KKGRGPQGIWGQKGPQGIWGQ-K(maleimide)S were synthesized using microwave-assisted 

Fmoc solid phase peptide synthesis with a CEM Liberty Blue automated peptide synthesizer. 

Hydrogel viscoelasticity was increased by incorporation of methylcellulose derivatized with 

reactive thiol groups.  

 

Hydrogel gelation and culture 

All chemically synthesized hydrogel components were mixed to the following final 

concentrations: 0.9 % methylfuronated hyaluronate, 2.3 mM MMP crosslinker, 100 µM 

vitronectin peptide, and 0.05 mg/mL thiolated methylcellulose. 15 µL of the solution was added 
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to each well of a 384-well plate and permitted to gel at 37oC for 3 hours. Following gelation, 

wells were hydrated with PBS and then subjected to three media washes interspaced with 

incubations at 37oC for 45 mins. LAM or control cells were then dissociated, added to plates 

containing hydrogel, and spun for 3 min. at 10g to achieve immediate contact with the hydrogel.  

 

Cell treatments 

Drug treatments 

 All small molecule compounds were diluted in either DMSO or PBS, unless otherwise 

stated. The appropriate diluent-matched vehicle control was included in every experiment. Drug 

treatments were added directly to wells containing cells at 5X concentrations to avoid washing 

off any cells, particularly in sensitive miniaturized formats. Rapamycin was consistently used at 

a 20nM concentration. All compound treatments were conducted for 72 hours unless otherwise 

stated. 

 

Live cell staining  

 Live cell staining dyes were used at the following final concentrations: 10 µg/mL 

Hoechst 33342, 50 nM SyTOX Green, 4 µM Caspase-3 Enzyme Substrate, and 0.2 µg/mL 

Annexin V. Dyes were incubated for 30 min. prior to imaging and added as 10X concentrates in 

PBS; Annexin V diluent also contained 2.5mM CaCl2. To avoid cell detachment in the 

miniaturized well format, live imaging dyes were not washed prior to imaging; this did not 

impact image acquisition as dyes are minimally fluorescent unless bound to the target molecule. 

 

Cytotoxicity-invasion assay 
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 Cells were permitted to invade through the hydrogel (384-well format) for 72 hrs while 

incubated at 37oC and 5% CO2. At end point, Hoechst and SyTOX were added directly to all 

wells as described in Cell treatments section. Whole-well multi-planar images were acquired by 

widefield microscopy with 40 µm separation between z-stacks. Following image acquisition, 

wells were fixed overnight in 10% formalin. We then added 1µg of silica beads to each well and 

acquired multiplanar brightfield images, with the plane of maximal contrast used to determine 

hydrogel-liquid interface (described in Image analysis). Acquiring location of the hydrogel 

interface (i.e., start of the cellular position) is essential for accurate invasion distance calculation; 

the hydrogel exhibits a meniscus which leads to a variable Z starting position depending on the 

XY location.  

 

Three-dimensional drug screen 

Screen design 

 Both WT and TSC2-/- cells were treated with every drug from the Ontario Institute for 

Cancer Research (OICR) Kinase Inhibitor and Tool Compound library (total of 800 compounds) 

at a concentration of 5 µM ± 20nM rapamycin. Cells were treated for 72 hr. while cultured in 

hydrogel and assessed at end point for cytotoxicity and invasion modulation as described in 

Cytotoxicity-invasion assay. Each plate included internal vehicle-treated only controls. Z’ was 

calculated for cytotoxicity and invasion modulation using vehicle-treated samples (negative 

control), 10 µM Y27632-treated (positive control, invasion), and 5 µM Carflizomib-treated 

(positive control, cytotoxicity). 
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Compound score calculation 

 To identify drugs with statistically significant effect(s), we computed z-scores for 

invasion modulation, cytotoxicity, selective invasion modulation, and selective cytotoxicity, for 

each WT and TSC2-/- in the presence or absence of rapamycin. We confirmed that the reference 

population of vehicle-treated controls for each metric was normally distributed and variance did 

not vary with effect mean. Cytotoxicity is determined by the percentage of SyTOX+ cells; 

invasion modulation is determined by the percentage of cells invading past the vehicle-control 

median threshold (See Image analysis section). Selective cytotoxicity is determined by the 

difference in cytotoxicity between WT and TSC2-/- cells, where positive values indicate more 

dead cells in the TSC2-/- condition. Selective invasion modulation is determined by the difference 

in cytotoxicity between TSC2-/- and WT cells, where positive values indicate fewer invading 

cells in the TSC2-/- condition. We then calculated p-values and corrected for multiple hypothesis 

testing by computing false discovery rates. All computation was performed using R 4.0.3 and 

RStudio 1.3.1093. 

 

Target enrichment analysis 

 To refine our candidate compound list, we performed target enrichment analysis using a 

modified version of the GSEA algorithm (43). Enrichment analysis was performed separately for 

cytotoxicity and invasion modulation. For cytotoxicity, we focused our compound list to drugs 

that showed selective cytotoxicity, either in the presence or absence of rapamycin. If a drug was 

shown to be significantly beneficial in one condition but significantly detrimental in the other, it 

was excluded. We then derived a singular compound score by computing the arithmetic mean 

across the two conditions. Similarly, for invasion modulation, we focused our compound list to 
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drugs that exhibit anti-invasion effects towards WT or TSC2-/- cells, either in the presence or 

absence of rapamycin. Again, we excluded compounds that showed opposing effects, and 

derived a singular compound score by arithmetic mean across conditions. 

 We next generated a background target list using known compound targets as annotated 

by the OICR. We created generalizable categories wherever possible, however, there were many 

targets that could not be grouped and conferred an n = 1 category. To avoid the possibility of 

bias, these categories were established by an independent author blinded to the original 

compound results. Using this background list and our compound score lists as described above, 

we determined target enrichment using the GSEA algorithm (43). 

 

ElionTM analysis   

 A limitation to our analyses is the small number of compounds which were identified to 

selectively eliminate TSC2-/- cells. We sought to extend our compound list in silico using a 

structure-based approach with ElionTM (Mechanism of Action Miner), conducted by an 

independent group. ElionTM is a software package that ingests binary phenotypic data linked to 

individual drug treatments to suggest possible underlying protein targets and molecular 

pathways. The platform inputs phenotypic screening data in the form of a two-column CSV file 

corresponding to the chemical structure in SMILES format alongside a binary bioactivity 

reading. 

Using this dataset, a total of 8,000 features are generated for each supplied chemical 

structure. These features are comprised of chemical fingerprints (ECFP4, FCFP4, RDK-layered 

fingerprint, and MACCS) alongside physical properties (e.g., molecular weight, total polar 

surface area, LogP). If there are fewer than 8,000 rows in the input data set, a subset of features 
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are chosen for downstream machine learning. The size of this feature subset is set to be 70% of 

the number of rows in the input data set. Feature selection is performed using a bootstrapped 

logistic regression strategy. In brief, a set number of features are sampled from the original 

feature set and are used to train a logistic regression model. The coefficients of this model are 

then used to rank feature importance. This process is repeated 5,000 times and the resulting 

coefficients are averaged for each feature to create a summarized feature importance score. 

Once a feature set is chosen, a total of 6 machine learning models are built and evaluated 

on the input data set (XGBoost, random forest, Gaussian naive Bayes, uniform and distance 

weighted K-nearest neighbours, and Gaussian process classifiers). Each model is trained and 

evaluated using 10-fold cross validation while recording classification performance according to 

accuracy, ROC-AUC, precision and recall. The best performing model is then chosen and used 

to rank a set of 1 million compounds (curated from public databases) according to probability of 

inducing the given phenotype. 

Of the 1M ranked compounds, several are annotated according to experimentally 

validated protein targets and mechanisms of action. The GSEA algorithm is used to determine 

which of these targets and MoAs are most positively enriched within the ranked set of 

compounds. We then subset this list using an FDR threshold to identify a set of enriched targets 

and MoAs. Using the enriched targets, we perform gene ontology and protein family pathway 

enrichment using the Fisher exact test. A Bonferroni corrected p-value threshold of 0.05 is used 

to identify cellular pathways corresponding to the phenotype of interest. 

As a result of this process, ElionTM translates an input phenotypic screen into three 

informative outputs. First, it supplies a ranked list of publicly available compounds prioritized 

according to their likelihood to induce the given phenotype. Second, it provides a list of targets 
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and MoAs likely to mitigate the provided phenotype. Last, it annotates these targets with 

enriched cellular pathways. All of these results are presented in a web application annotated with 

rich descriptions and link-outs to relevant genetic databases. 

 

Image analysis 

Identification of cell spatial positions and cell invasion distance 

 We identified XYZ cell positions in the hydrogel by analysis of the Hoechst channel z-

stack. We first determined XY positions by employing the ImageJ 1.53c “Find maxima” function 

on the z-stack maximum intensity projection. We automated the determination of the noise (or 

background) threshold by empirical iteration. Using the assumption that true Hoechst signal 

should be substantially above background fluorescence, we computed “Find maxima” with a 

liberal threshold, and then progressively increased threshold stringency until the number of 

identified points did not vary with each stepwise threshold change. Each maxima was determined 

to correspond to a single cell spatial location. Following, for each XY spatial position, we 

iterated through the Hoechst z-stack and identified to the point of maximal intensity, 

corresponding to the cell Z position. 

 To determine the invasion distance of each single cell, we must first know the cell 

starting position, which varied across XY positions due to the meniscus exhibited by the 

hydrogel. To identify determine hydrogel interface Z position across the XY plane, we used the 

silica bead brightfield images (described in Cytotoxicity-invasion assay). For each XY cell 

spatial position, we iterated through the brightfield z-stack and identified the point of maximal 

contrast, which corresponded to the layer containing silica beads (due to diffraction). We then 

determined individual cell distances travelled by computing the difference between cell starting 
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and final positions. This process, automated for high throughput analysis, was scripted in ImageJ 

1.53c. 

   

Binarization of live cell stains 

 Live cell stains (i.e. SyTOX, Caspase-3 enzyme substrate, and Annexin V) were 

binarized into a positive or negative signal for each cell. We first created a masking around the 

Hoechst signal of each cell in the maximum intensity projection image, then measured the total 

fluorescent signal of the live cell stain within each masking. To binarize in an automated fashion, 

we fit an empirical probability density function (ePDF) by kernel density estimation on the 

vehicle control sample values. Assuming the majority of untreated samples should be negative 

for cell death stains, we determined the threshold for binarization to by the first local minimum 

of the negative control ePDF. Cells across conditions were then binarized according to their 

matched control threshold. This process, automated for high throughput analysis, was scripted in 

ImageJ 1.53c and R 4.0.3 within the RStudio 1.3.1093 environment. 

 

Quantification of cellular invasion  

 Cellular invasion was determined by number of cells invading past a fixed distance. As 

the invasion distance varied slightly batch to batch (see Fig. 1F), distance thresholds for each 

experiment were based on within-experiment vehicle controls. We used both the median 

invasion of vehicle controls, which is sensitive to detecting decreases in invasion, and 90 th 

percentile invasion of vehicle controls, which is sensitive to detecting increases in invasion. 

Genotype-specific thresholds were employed due to the differing invasion distances between WT 

and TSC2-/- cells. To determine invasion of alive cells only, SyTOX+ positive cells were removed 
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from the distribution prior to calculation of invasion percentages. This process, automated for 

high throughput analysis, was scripted in R 4.0.3 within the RStudio 1.3.1093 environment. 

 

Immunofluorescence stain quantification 

 Immunofluorescence experiments were quantified using the raw image files, ensuring the 

absence of detector saturation. We created a masking around the Hoechst signal of each cell in 

the maximum intensity projection image, then measured the mean fluorescent signal of the 

protein-of-interest within the total masking area. Measurements per replicate were re-scaled from 

0 – 1 by dividing by the replicate maximum value. We note that comparisons between plastic 

and hydrogel samples cannot be directly made, as the imaging parameters differ between the 

two-dimensional vs. three-dimensional environment (see Fig. 2B). 

 

Invasion quantification upon zebrafish xenotransplantation 

 Invasion of transplanted mCherry+ cells was performed in a semi-automated fashion on 

blinded images (Fig. S6B). For each image, a region of interest was manually selected on the 

maximum intensity Z projection, to distinguish areas with mCherry+ cells from surrounding 

auto-fluorescent regions (e.g., zebrafish eye, yolk sac, ossicle). Images were then binarized using 

a constant threshold to distinguish positive signal from background. Pixels were classified into 

“invaded” or “not invaded” based on the distance from the center of the initial injection site. We 

used the average of the first local minima of the positive pixel histogram from 1 day post 

injected images to determine the distance for classification of invaded or not. Following pixel 

classification, the ratio of the total positive pixel intensity in each group was computed to 
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determine the zebrafish invasion score. Groups were then unblinded and graphed. This process 

was scripted in ImageJ 1.53c and R 4.0.3 within the RStudio 1.3.1093 environment. 

 

RNA-seq 

RNA extraction and quality control 

 Extraction of RNA from cells embedded in hydrogel is made challenging by the low 

cellular density relative to the abundant extracellular matrix. To extract RNA, we developed an 

extraction protocol that combines phenol-chloroform phase separation with column-based 

purification. We first added TriZOL directly to wells and homogenized the cell-hydrogel mixture 

using a 26-gauge needle. We then centrifuged the lysate for 5min, 12,000g, at 4oC to pellet the 

cross-linked hyaluronic acid matrix. We extracted the supernatant and mixed in chloroform, 

followed by centrifugation to induce phase separation. The colourless aqueous phase was 

extracted and mixed with equal volumes of 70% EtOH. Following a brief incubation at room 

temperature, the solution was eluted through a Machery-Nagel Nucleospin column. We 

proceeded with column-based purification as per manufacturing protocol.  

 

RNA-sequencing and raw data processing 

 RNA samples were shipped to the Donnelly Sequence Centre (Toronto, Canada) for 

RNA quality-control, library preparation, and next-generation sequencing. RNA integrity was 

assessed via Bioanalyzer (Agilent) and only samples with RIN > 8 were prepared for sequencing.  

Oligo(dT) priming via SMART-Seq v4 (Takara Bio) preparation kit was used to generate full-

length cDNA libraries. Samples were subjected to paired-end sequencing on a NovaSeq 6000, 

100c (Illumina) to a depth of ~50 million reads per sample. 
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 Raw sequence read quality was assessed by FastQC. Read feature assignments and 

duplication rates were determined using featureCounts and Picard. Overall mapping rate was 

assessed with HISAT2. Finally, read assignment to transcripts was performed using Salmon, 

generating a final pseudocount abundance matrix. All QC processing was summarized using 

MultiQC and programmed in R 4.0.3 within the RStudio 1.3.1093 environment. RNA-seq data is 

accessible at the Gene Expression Omnibus (GEO) repository with accession GSE179044. 

  

Differential gene expression and enrichment analysis  

 Pseudocount abundance data generated by Salmon was imported into the DEseq2 

framework in R for differential expression and enrichment analysis. Principal components 

analysis was conducted on all samples to visualize transcriptomes in a two-dimensional space. 

For single variable differential expression testing, we subsetted samples to only include the 

untreated and fit the following model: ~ batch + genotype + substrate. We then tested for genes 

with significant coefficients by Wald test, separately for genotype and for culture substrate. To 

assess for changes across genotype that differs between matrix condition, we again subsetted for 

untreated samples and fit the following model: ~ batch + genotype + substrate + 

genotype:substrate. The interaction term coefficient for each gene was tested for significance by 

Wald test. Differentially expressed genes were called when false discovery rate (FDR) < 0.05, ± 

|log2FoldChange| > 1 (as indicated in the text).  

 To visualize expression values by heatmap or gene cluster, sample conditions were 

collapsed by abundance summation, normalized, and then transformed by regularized log2 

transformation (implemented in DEseq2). Heatmaps were generated using the pheatmap package 

in R and gene clusters were generated by hierarchal clustering. GO term enrichment was 
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performed using clusterProfiler on significant DEGs (FDR < 0.05, ± |log2FoldChange| > 1). All 

analysis was conducted using R 4.0.3 within the RStudio 1.3.1093 environment. 

 

Animal studies 

Mouse teratoma formation  

 hPSCs were dissociated into single cells by Accutase treatment for 15 min at 37oC. 

Single cells were harvested, washed, and resuspended in 5 mg/mL Matrigel. Female 8-week-old 

NSG mice were treated with buprenophrine 1 hour before injection, then anesthetized by 

isofluorane under a continuous stream of O2. We bilaterally injected 1x106 hPSC into the mouse 

tibialis anterior. We allowed teratomas to grow over a 12-week period, after which mice were 

sacrificed and teratomas extracted.  

 

Mouse subcutaneous xenografts  

 LAM cells were dissociated into single cells by 0.05% Trypsin treatment for 5 min. at 

37oC, washed, and resuspended in 5 mg/mL Matrigel. Female 8-week-old NSG mice were 

anesthetized by isofluorane under a continuous stream of O2 and injected with 1x106 cells 

subcutaneously in each rear flank. We monitored for palpable tumor growth weekly over a four-

month period, after which animals were sacrificed.  

 

Mouse IVIS image acquisition  

 Female 8-week-old NSG mice that were injected with LAM cells in each rear flank were 

monitored for tumor growth by endogenous mCherry expression of LAM cells. Mice were 

anesthetized by isofluorane under a continuous stream of O2 and shaved to eliminate background 
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fluorescence from the fur coat. Mice were then imaged at fixed exposure times by in vivo 

imaging (PerkinElmer, IVIS®). 

 

Zebrafish toxicity assay 

72-hour post-fertilization (hpf) zebrafish larvae were arrayed one larva per well in a 96-

well plate and treated with increasing concentrations of each inhibitor for 72 hrs to ascertain 

toxicity thresholds. There were no in vivo toxic effects at the experimental in vitro concentrations 

and thus, zebrafish experimental doses were chosen to stay consistent with in vitro treatment 

doses.  

 

Zebrafish hindbrain ventricle xenotransplantation 

For each injection experiment, a separate cryovial of cells was thawed and cultured 3 

days prior to zebrafish transplantation, without any subculturing. On the day of transplantation, 

cells were dissociated by 0.25% trypsin, centrifuged for 5 mins at 300g, and resuspended in 

approximately 30 µL of culture medium for injection. 72 hpf zebrafish larvae were anesthetized 

with 0.09 mg/mL tricaine (Millipore Sigma) and arrayed in troughs of an agarose injection plate 

and used for cell transplantation using protocols described previously (44, 45). The cells were 

backloaded into a pulled capillary needle and allowed to settle for approximately 20 mins at 

35°C to ensure a cell pellet at the bottom of the needle. A PLI-100A Pico-liter Microinjector 

(Warner Instruments) was used to manually inject 50-100 cells into the hindbrain ventricle 

(HBV) of each larva. Following injections, the larvae were kept at 35°C for the remainder of the 

experiment.  
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Zebrafish drug treatments 

1 day post injection (dpi), injected larvae were screened on an Axio Observer 7 

fluorescent microscope under an mCherry filter to ensure the presence of cells only in the HBV. 

Groups of 20-30 positively injected larvae were randomized into groups to be treated with either 

vehicle control (DMSO), 20 nM rapamycin alone, 5 µM SB939 alone, 20 µM SAHA alone, 1 

µM LBH589 alone or with one HDACi in combination with rapamycin by immersion therapy 

for 72hrs. At the experimental endpoint (3 days post-treatment) the groups of larvae were 

blinded and imaged on the Axio Observer 7 using the z-stack function to capture cell movement 

in all planes. Blinded groups of images were then subjected to automated invasion analysis by an 

independent study author.  

 

Zebrafish whole larval dissociation and fixation 

At 1 dpi (baseline) and 4 dpi (three days post-treatment), 20 larvae from each group were 

euthanized and dissociated in 100mg/mL collagenase solution for approximately 30 mins. Upon 

completion of dissociation (i.e., single cell suspension formed), 200 µL of 100% FBS was added 

to slow the enzymatic reaction. The samples were then centrifuged for 5 min. at 300 g and the 

supernatant was removed, leaving a pellet of human tumor cells among the zebrafish cells. The 

samples were washed once in 30% FBS in PBS and centrifuged once more for 5 min. at 300 g. 

The supernatant was removed and 250µL of 4% PFA in PBS was added to each sample for 20 

min. in the dark. 1mL of PBS was added and samples were centrifuged and PFA supernatant was 

removed. Samples were resuspended in 500 µL PBS, stored at 4°C, and blinded prior to flow 

cytometry analysis. 
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Immunofluorescence staining 

 The following protocol is for immunofluorescence staining of cells in monolayer culture 

on plastic. Modifications for whole-mount (WM) staining of cells in three-dimensional hydrogel 

are indicated throughout. 

 Cells were fixed with 4% PFA for 15 min. (WM: 30 min.) at room temperature. Wells 

were washed 3 x 5 min. (WM: 20 min.) with PBS, then permeabilized with 0.1% Triton-X in 

PBS for 20 min. (WM: 40 min) at room temperature. Wells were washed 3 x 5 min. (WM: 20 

min.) with PBS, then blocked with 1% BSA in PBS for 1 hr. (WM: 2 hr.) at room temperature. 

We then added primary antibody diluted in blocking solution for overnight incubation at 4oC. 

The following concentrations of antibodies were employed: PMEL (1:50), ACAT2 (1:100), 

pS6RPSer235/236(1:100), and p4E-BP1Thr37/46(1:200). The next day, wells were wash 3 x 5 min. 

(WM: 5 x 30 min.) with PBS, then incubated with fluorescent secondary antibodies diluted 

blocking solution for 1 hr. (WM: 2 hr.) at room temperature. All fluorescent secondary 

antibodies were used at a 1:1000 dilution. Wells were then washed 3 x 5 min. (WM: 5 x 30 min.) 

with PBS then counterstained with 10 µg/mL Hoechst 33342 for 30 min. (WM: 45 min.) Wells 

were washed 3 x 5 min (WM: 5 x 30 min.), then mounted with a 90% glycerol (WM: PBS, as the 

hydrogel disintegrates in glycerol) solution made in house, prior to imaging. 

  

Enzyme-linked immunosorbent assay (ELISA) 

 Maintenance cultures of cells at equivalent densities were incubated for 16 hr. in Medium 

231 ± 20nM rapamycin, without serum supplement. Conditioned media was collected and 

centrifuged to remove any cellular debris, then assayed by VEGF-D ELISA kit (R&D Systems, 

DY622) following the manufacturer protocol. 



117 
 

 

Flow cytometry 

 LAM cells were dissociated into single cells by 0.05% Trypsin treatment for 5 min. at 

37oC, washed, and then fixed with 4% PFA for 15 min. at room temperature. Fixing solution was 

diluted out 1/10 in PBS, cells were pelleted by centrifugation, and supernatant discarded. For 

details on zebrafish single cell preparation, see Zebrafish whole organism dissociation and 

fixation section. Fixed single cell suspensions were permeabilized with 0.1% Triton-X in PBS 

for 20 min. at room temperature. Permeabilizing solution was diluted out 1/10 in PBS, cells were 

pelleted by centrifugation, and supernatant discarded. Samples were then blocked with 1% BSA 

or 5% Goat Serum in PBS for 1 hr. Cells were pelleted by centrifugation, supernatant discarded, 

and primary antibodies diluted in blocking solution were added for overnight incubation at 4oC. 

The following concentrations of antibodies were employed: PMEL (1:50), ACAT2 (1:100), 

mCherry (1:1000), and Cleaved CASP3 (1:500). The next day, primary antibody solution was 

diluted out 1/10 in PBS, cells were pelleted by centrifugation, and supernatant discarded. 

Samples were then incubated with fluorescent secondary antibodies diluted blocking solution for 

1 hr. at room temperature. All fluorescent secondary antibodies were used as a 1:1000 dilution. 

Secondary antibody solution was diluted out 1/10 in PBS, cells were pelleted by centrifugation, 

and supernatant discarded. Samples were next counterstained with 10 µg/mL Hoechst 33342 for 

20 min. at room temperature. Hoechst 33342 solution was diluted out 1/10 in PBS, cells were 

pelleted by centrifugation, and supernatant discarded. Finally, cells were strained and analyzed 

using the LSRFortessa (BD) flow cytometer.  

 

Low input western blot 
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 Hydrogel culture must be performed in a miniaturized format to maintain the appropriate 

mechanics as previously reported (18). Naturally, this poses a challenge for collecting sufficient 

protein for standard molecular biology methods, such as a western blot. To address this 

challenge, we developed a method for a low input western blot that includes in-well lysis and 

sample preparation, followed by a gel-based method for sample normalization. 

 Samples were cultured on plastic or in hydrogel for 72 hr. Following, sample media was 

aspirated to the hydrogel interface (leaving a similar volume in plastic wells) and an equivalent 

volume of 2X Laemmli-RiPA buffer was added to each well. Samples were incubated for 10 

min. at 37oC and triturated up and down, careful not to disturb the hydrogel. The sample volume 

was then extracted and boiled for 10 min. at 70oC. As this extraction contains a large amount of 

non-cellular derived protein components (due to degradation of the hydrogel MMP-cleavable 

crosslinkers), standard protein quantification by colorimetric methods (e.g., BCA, and Bradford) 

are not reliable. Instead, we performed total protein quantification on gel-separated samples. 

First, an aliquot of each sample was electrophoresed on a stain-free 4–20% 1 mm 15-well gel, 

along with a serial dilution of a sample of known concentration. The gel was then activated by 

UV exposure and total protein visualized by ChemiDoc Gel Imager (Bio-Rad). We then 

calculated individual sample concentrations by comparing against the within-gel standard curve, 

without including bands corresponded to the hydrogel MMP peptides. 

 After sample extraction and quantification, we analyzed samples following standard 

western blotting procedures. To maximize sample input, Thermo Fisher Scientific BOLT gels 

were used, which contain space for up to 60 µL of sample per lane. We first separated samples 

by SDS-PAGE using a BOLT 4-12% 1 mm 10-well gel and MES running buffer. Samples were 

transferred onto a 0.45 µm PVDF membrane overnight at 4oC by wet transfer with Towbin 
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buffer (containing 0.025% SDS and 10% MeOH). The membrane was then blocked by 5% BSA 

in PBS-T (0.1% Tween-20) for 1 hr. at room temperature. Following, the membrane was 

incubated overnight at 4oC in primary antibodies diluted in blocking buffer at the following 

concentrations: pS6RPSer235/236(1:5000), p4E-BP1Thr37/46(1:1000), S6RP (1:500), 4E-BP1 

(1:1000), TSC2 (1:5000), and ACTB (1:5000). The membrane was washed 3 x 5 min. with PBS-

T, and then incubated for 1 hr. at room temperature in fluorescent secondary antibodies diluted 

1:10,000 in blocking buffer. The membrane was washed 3 x 5 min. with PBS-T and then imaged 

using Odyssey Gel Imager (LI-COR Biosciences).  

 

EdU proliferation assay 

Cells were pulsed with 5 µM of EdU for 3 hr. Subsequently, cells were fixed with 4% 

PFA for 15 min. at room temperature. Wells were washed 3 x 5 min. with PBS, permeabilized 

with 0.1% Triton-X in PBS for 20 min. at room temperature, then washed again 3 x 5 min. We 

prepared the click reaction by mixing the following components in the described order, in PBS, 

to the indicated final concentrations: 4 mM Cu2SO4, 5 µM Sulfo-Cy5-N3, and 100 mM L-

ascorbic acid. The click reaction mix was added to wells containing cells and incubated at room 

temperature for 30 min. Wells were washed 3 x 5 min. with PBS, counterstained with 10 µg/mL 

Hoechst 33342 for 30 min, washed again 3 x 5 min., and then imaged.  

  

Clonogenic assay 

 Cells were plated on the hydrogel and treated with HDAC inhibitors at the designated 

concentration for 72 hr. Following treatment, wells were washed 3 x 20 min. with media to 

remove the drug from solution. The hydrogel was then solubilized by addition of 150 U 

hyaluronidase per 15 µL hydrogel and incubated for 1 hr. at 37oC. Following, 0.05% Trypsin 
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was added to the wells for 10 min. at 37oC to dissociate cells. Wells were triturated and then 

plated on two-dimensional tissue cultures plates, in serial dilution. Cells were permitted to 

proliferate for 10 days, forming colonies from single cells. Following, wells were fixed with 4% 

PFA for 15 min. at room temperature, then washed 3 x 5 min. with PBS. Colonies were stained 

with 0.1% crystal violet for 1 hr. at room temperature, washed 3 x 5 min. with ddH2O, air dried, 

and imaged. 
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ABSTRACT 1 

Tuberous sclerosis complex (TSC) is a multisystem tumor-forming disorder caused by 2 

loss of TSC1 or TSC2. Renal manifestations predominately include cysts and angiomyolipomas. 3 

Despite a well-described monogenic etiology, the cellular pathogenesis has remained elusive. 4 

Here, we report a novel genetically-engineered human renal organoid model which recapitulates 5 

pleiotropic features of TSC kidney disease in vitro and upon orthotopic xenotransplantation. We 6 

find that loss of TSC1/2 affects multiple developmental processes in the renal epithelial, stromal, 7 

and glial compartments. First, loss of TSC1/2 leads to an expanded stroma by favouring stromal 8 

cell fate acquisition and alters terminal stromal cell identity. Second, epithelial cells in the 9 

TSC1/2-/- organoids exhibit a rapamycin-insensitive epithelial-to-mesenchymal transition. Third, 10 

a melanocytic population forms exclusively in TSC1/2-/- organoids, branching from MITF+ 11 

Schwann cell precursors of a bona fide neural crest-to-Schwann cell differentiation trajectory. 12 

Together, these results illustrate the pleiotropic developmental consequences of biallelic 13 

inactivation of TSC1/2 and offer insight into the pathogenesis of TSC kidney lesions. 14 
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MAIN TEXT 15 

 Tuberous sclerosis complex (TSC) is a monogenic multisystem disorder characterized by 16 

tumor formations in multiple organ systems.1,2 The genetic etiology is biallelic inactivating 17 

mutations in either TSC1 or TSC2 (henceforth denoted TSC1/2),3–5 canonically leading to 18 

hyperactive mTORC1 signaling.6 Kidney lesions affect approximately 60-80% of TSC patients7–19 

10 and are the leading cause of mortality.11,12 The most common renal lesions are cysts and 20 

angiomyolipomas (AMLs), while 2–4% of TSC patients also develop renal cell carcinomas.13 21 

AMLs are solid masses that contain a varying composition of dysmorphic vasculature, adipose 22 

tissue, and smooth muscle-like components.13,14 Often, patients with TSC will possess multiple 23 

renal cysts and AMLs, and the two lesions may co-occur in a phenomenon known as AML with 24 

epithelial cysts.15 TSC renal cysts and AMLs are classically considered disorders of aberrant 25 

tissue development that arise from second hit mutations.16–19  26 

TSC renal lesion pleiotropy is enigmatic. AMLs are of clonal origin20,21 and biallelic 27 

inactivation of TSC1/2 is sufficient for pathogenesis,22–24 yet pathological analyses of the TSC 28 

kidney have shown remarkable diversity in lesion morphology, size, cellular composition, and 29 

molecular expression.14,25–30 While between-patient disease expressivity is likely attributable to 30 

variable mosaicism,16–19 the cellular mechanisms underlying within-patient lesion diversity is 31 

elusive. Progress has been hindered by the absence of an animal model which fully recapitulates 32 

human renal disease.31 Since TSC1/2 null embryos die in utero,32,33 attempts at generating 33 

knockout animal models have been limited by the a priori selection of the temporal and spatial 34 

context of mutagenesis. Fortunately, recent advances in organoid technology enables 35 

physiologically relevant investigations of otherwise lethal germline homozygous mutations.34  36 

Pluripotent stem cell-derived renal organoids have been shown to resemble the 1st/2nd trimester 37 
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human kidney,35,36 offering a novel system for studying the developmental consequences of loss 38 

of TSC1/2. 39 

 40 

RESULTS 41 

Engineering of a comprehensive hPSC allelic series to study TSC 42 

 We first expanded upon a human pluripotent stem cell (hPSC) allelic series of TSC which 43 

contains wild type (WT) and TSC2-/- genotypes in four distinct hPSC lines.37 We engineered 44 

TSC1-/- mutants in each of the four lines via CRISPR/Cas9, targeting a knockout template to 45 

exon 7 of the TSC1 locus (Fig. 1A, S1A). Mutagenesis was confirmed by restriction enzyme 46 

digestion and Sanger sequencing (Fig. S1B-C). All hPSC genotypes were karyotypically normal, 47 

maintained pluripotency in culture, and could differentiate into progeny of all three germ layers 48 

(Fig. 1B, S1D-F). Loss of TSC1/2 led to hypomorphic expression of the reciprocal protein 49 

product (Fig. 1C, S1G). We confirmed that TSC1/2-/- mutants failed to downregulate mTORC1 50 

signaling in response to acute hypoxic stress (Fig. 1D, S1H). Together, these data validate a 51 

comprehensive hPSC allelic series for studying TSC.  52 

 53 

TSC1 and TSC2 are dispensable for renal organoid formation  54 

 We next sought to establish a model of TSC kidney disease by adapting a self-organizing 55 

renal organoid differentiation protocol (Fig. 1E, S1I).38 We observed that all hPSC genotypes 56 

were able to differentiate into epithelialized nephron structures of ~0.5 – 1 mm in diameter (Fig. 57 

S1J). We note however that all genotypes in two backgrounds (H1 and H7) epithelialized at very 58 

low efficiency, thus, the remainder of this worked used only the allelic series in H9 (female 59 

embryonic stem cell line) and 168 1d2 (male induced pluripotent stem cell line) cells. 60 
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Epithelialized structures expressed markers of podocytes (NPHS1), proximal tubules (LRP2), 61 

and distal tubules (CDH1) in a segmental and spatial arrangement that resembles human nephron 62 

patterning (Fig. 1F). Differentiation efficiency across genotypes was comparable, with a slight 63 

reduction in bulk LRP2 expression in TSC1/2-/- organoids (Fig. S1K). Together, these data 64 

demonstrate that hPSCs can differentiate into primitive renal lineages in the absence of TSC1/2.  65 

 66 

Temporal single cell RNA-seq (scRNA-seq) reveals stromal, nephron, and neural-glial 67 

differentiation trajectories   68 

 To comprehensively study the consequence of TSC1/2 ablation in renal organoid 69 

differentiation, we performed temporal scRNA-seq via MULTI-seq sample preparation.39 We 70 

analyzed all three genotypes in two cell lines across four timepoints, generating data on 27,808 71 

cells split between 24 samples (Fig. 1G). We observed that cells from each genotype were 72 

present throughout the Uniform Manifold Approximation and Projection (UMAP) containing all 73 

samples (Fig. 1H). Early timepoint cells were grouped together in the UMAP center, while later 74 

timepoints radiated outwards, indicating greater transcriptional diversity with increased 75 

differentiation time (Fig 1I).  76 

 We next clustered cells and identified marker genes highly expressed in each cluster (Fig. 77 

S1L-M, Table S1). To annotate cell types, we overlapped cluster marker genes with marker 78 

genes reported in four distinct scRNA-seq datasets of the mouse and human fetal kidney (Table 79 

S2).40–43 This analysis identified three major cell fates in our renal organoid differentiation, 80 

including stromal, nephron (epithelial), and neural-glial, as well as a very small population of 81 

endothelial cells (Fig. 1J). Early timepoint cells in the UMAP center did not express 82 

distinguishing cell identity markers, so we annotated this population as “Unspecified 83 
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progenitors.” Together, these data demonstrate three major cell populations form during renal 84 

organoid differentiation; we rely on this dataset in subsequent sections to study the effects of 85 

TSC1/2 ablation on renal development. 86 

 87 

TSC1/2-/- renal organoids exhibit molecular features of AMLs 88 

 Melanocytic genes, including PMEL and MLANA, are pathognomonic markers of 89 

AMLs.28 At differentiation endpoint (day 21), these genes were near uniquely expressed in 90 

TSC1/2-/- organoids compared to WT, with the highest expression in TSC2-/- and intermediate in 91 

TSC1-/- (Fig. 2A-B, S2A-B). In contrast, VIM, a mesenchymal gene expressed in AMLs,25 was 92 

transcriptionally expressed in all genotypes yet uniquely expressed at high protein levels in 93 

TSC1/2 organoids (Fig. 2C-E, S1C-D). To more comprehensively appraise AML feature 94 

expression, we analyzed a list of genes reported to be upregulated in primary human AMLs 95 

compared to normal kidney.23 Globally, we observed the highest expression of these genes in 96 

TSC2-/- organoids, followed by TSC1-/- (Fig. 2F). Together, these data demonstrate TSC1/2-/- 97 

renal organoids exhibit a molecular profile reminiscent of primary human AMLs.  98 

 99 

TSC2 ablation induces greater transcriptomic aberrations compared to loss of TSC1  100 

 Increased expression of AML marker genes in TSC2-/- organoids compared to TSC1-/- led 101 

us to ask whether disruption of TSC2 causes greater transcriptomic aberrations compared to 102 

TSC1. To answer this question, we performed differential gene expression analysis between WT 103 

and TSC1/2-/- cells globally, within general clusters, and within specific clusters (Table S3). 104 

Globally, we observed more differentially expressed genes (DEGs) upon TSC2 loss in 105 

comparison to loss of TSC1, with overlapping genes exhibiting a greater effect size in TSC2-/- 106 
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organoids (Fig. 2G-H). Similar observations were made when analyzing DEGs across genotypes 107 

within general and specific clusters (Table S3). Global DEGs that followed the expression 108 

pattern of WT < TSC1-/- < TSC2-/- included those associated with cholesterol transport (APOE, 109 

NPC2), antigen presentation (B2M), and iron transport (FTL, FTH1) (Fig. S2E). GO term 110 

enrichment analysis of all genes significantly upregulated by both TSC1/2-/- organoids revealed a 111 

network of metabolic-associated terms (Fig. S2F). Together, these data demonstrate conserved 112 

transcriptomic changes upon ablation of TSC1 or TSC2, but the extent and magnitude of changes 113 

are further potentiated in the TSC2-/- setting.  114 

 115 

AML-like lesions form upon orthotopic xenotransplantation of TSC1/2-/- renal organoids 116 

 While our TSC1/2-/- renal organoids exhibited molecular features of AMLs, we did not 117 

observe the classic triphasic AML histology. We speculated that niche-specific cues are required 118 

to differentiate TSC1/2-/- renal organoids into AML constituents. To test this hypothesis, we 119 

orthotopically xenotransplanted WT, TSC1-/-, and TSC2-/- renal organoids under the kidney 120 

capsule of immunodeficient mice (Fig. S2G). Harvesting 12 weeks later, we observed successful 121 

engraftment of all three genotypes (Fig. S2H). Histological analysis revealed basophilic tubular 122 

structures, as previously reported in WT renal organoid transplants (Fig. S2I).44 Uniquely in the 123 

TSC1/2-/- transplants, we identified well-demarcated vascularized lesions with associated smooth 124 

muscle and lipomatous components, which strikingly resemble human AML (Fig. 2I). We 125 

observed human-specific XRCC5 staining in all parts of the lesion, proving the vascular, smooth 126 

muscle, and adipose tissue elements arise cell autonomously (Fig. 2J). Together, these data 127 

indicate TSC1/2-/- renal organoids contain progenitor populations which can form AML-like 128 

lesions in vivo.  129 
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  130 

TSC1/2-/- renal organoids confer both cell autonomous and non-autonomous cystogenesis  131 

 During renal organoid differentiation, we observed ~20% of epithelialized structures in 132 

the TSC1/2-/- cultures formed cysts that grew to ~0.5 mm in diameter (Fig. 3A-B, S3A-B). The 133 

cyst epithelium was cuboidal and CDH1+/LRP2+, suggesting a mature proximal tubule cell 134 

identity (Fig. 3C). Interestingly, LRP2 was expressed on the basolateral rather than apical 135 

surface. Cysts formed as early as day 16 of differentiation exclusively from epithelialized 136 

structures, yet began to regress following day 21. We tested whether cysts would continue to 137 

expand long-term if detached from the culture stratum, as previously described in a polycystic 138 

kidney disease model;45 however, cysts still regressed shortly after detachment (Fig. S3C).  139 

 We next examined whether rapamycin treatment could prevent the onset of cystogenesis. 140 

We observed nephron epithelialization could proceed in the presence of rapamycin, albeit at 141 

statistically insignificant reduced efficiencies (Fig. S3D-E). We confirmed reduction in a S6RP 142 

rapamycin-sensitive phosphorylation site in epithelialized segments, although loss of 143 

pS6RPSer235/236 was not achieved in all cells of the bulk culture (Fig. 3D, S3F). Remarkably, we 144 

observed near complete rescue of cystogenesis in TSC1/2-/- renal organoids, indicating cell 145 

autonomous cyst formation is rapamycin-sensitive. (Fig. 3E). 146 

 In addition to AML-like lesions, we also observed that large cysts formed in TSC1/2-/- 147 

xenotransplants, sometimes in association with AMLs (Fig. 3F, S3G). These cysts were 148 

proliferative and expressed CDH1 but not LRP2 (Fig. 3G). In contrast to AML-like lesions, the 149 

cystic epithelium was not XRCC5+, indicating cell non-autonomous cystogenesis conferred by 150 

TSC1/2-/- xenotransplanted cells. Together, these data demonstrate TSC1/2-/- renal organoids 151 

form cell autonomous and non-autonomous cysts that are histologically distinct.  152 
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 153 

Loss of TSC1/2 results in an expanded stroma by favouring stromal cell fate acquisition  154 

 We next further interrogated our scRNA-seq dataset to untangle mechanisms of 155 

pathogenesis. We were intrigued by the finding that AML marker genes are expressed in WT 156 

renal organoid cells, albeit at lower levels compared to TSC1/2-/- (Fig. 2F). Stratifying WT cells 157 

by cluster, we observed that these genes are upregulated in the stromal compartment, while genes 158 

downregulated in AMLs were enriched in renal epithelial cells (Fig. 4A, S4A). As these data 159 

suggest AMLs resemble stromal cells during development, we examined how loss of TSC1/2 160 

affects the stromal differentiation trajectory. We found a higher proportion of stromal cells in 161 

TSC1/2-/- organoids compared to WT (Fig. 4B). This observation was not exclusively attributable 162 

to increased proliferation (Fig. 4C, S4B). However, TSC1/2-/- renal organoids upregulated 163 

stromal marker genes early in the progenitor cluster, a pattern not observed with nephron or 164 

neural-glial marker genes (Fig. 4D, Fig. S4C-D).  165 

 166 

Stromal cell identity diverges in TSC1/2-/- renal organoids 167 

 We observed that genotype proportions in a subset of stromal clusters varied widely (Fig. 168 

S4E). Compositional analysis indicated the greatest variation between WT and TSC1/2-/- 169 

organoids occurred in the stromal compartment at later timepoints (Fig. 4E). Interestingly, 170 

stromal cell fates appeared much more plastic, as trajectory inference fit a network with loops 171 

and many branches and upregulated marker genes of stromal compartments were in fact shared 172 

across clusters (Fig. 4F, Fig. S4F). We subsetted and re-analyzed day 21 stromal cells and 173 

observed cells partitioned by genotype (Fig. 4G). Together, these data suggest that TSC1/2 174 

ablation favours stromal cell fate acquisition and alters terminal cell identity (Fig. 4H). 175 
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 176 

Loss of TSC1/2 causes a rapamycin insensitive epithelial-to-mesenchymal transition  177 

 We next sought to determine the pathogenesis of VIMhigh cells identified in TSC1/2-/- 178 

organoids (Fig 2E). We observed VIMhigh cells arise directly from NPHS1+ and CDH1+ cells 179 

following epithelialization (Fig. 5A-B). VIMhigh formation was correlated with efficiency of 180 

epithelialization (Fig. S5A). Epithelial cells lost CDH1 expression and acquired a mesenchymal 181 

morphology as they became VIMhigh (Fig. 5A), suggesting an epithelial-to-mesenchymal (EMT). 182 

We further interrogated the organoid nephron branch by subsetting cells, computing a 183 

new UMAP, and annotating clusters based on known markers (Fig. 5C, S5B-D, Table S4-S5). 184 

Phylogenetic analysis indicated cluster relationships that roughly resemble physiological 185 

development, notwithstanding the presence of a cluster enriched in TSC1/2 cells which we failed 186 

to annotate (Fig. S5E-F). We examined VIM and CDH1 transcript expression in the podocyte, 187 

loop of Henle/distal tubule, and proximal tubule clusters and did not observe clear changes 188 

across genotypes that mirrored protein-level data (Fig. 5D). We analyzed expression of a larger 189 

panel of epithelial and mesenchymal genes and did not observe EMT-like changes in the TSC1/2-190 

/- cells (Fig. S5G), suggesting EMT may not initially be reflected at the transcript-level. 191 

We queried whether hyperactive mTORC1 signaling is driving the EMT. Prior to EMT, 192 

we observed p4E-BP1Thr37/46 to be expressed in all nephron cells equivalently across genotypes 193 

(Fig. S5H). In contrast, pS6RPSer235/236 was expressed in scattered CDH1+ tubular cells but 194 

largely absent from NPHS1+ podocytes; however, this pattern was shared across genotypes (Fig. 195 

S5H). Thus, hyperphosphorylation of pS6RPSer235/236 in TSC1/2-/- renal tubular cells did not 196 

proceed EMT per se. Finally, we treated cultures with rapamycin prior to EMT and did not 197 
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observe any rescue in VIMhigh formation (Fig. 5E, S5I). Together, these data indicate TSC1/2 198 

ablation induces a rapamycin insensitive EMT (Fig. 5F). 199 

 200 

PMEL expression does not partition with a single cell identity 201 

 PMEL is a pathognomonic marker of AMLs and is generally considered a marker of 202 

physiological melanocytes. While PMEL is near exclusively expressed in TSC1/2-/- renal 203 

organoids at day 21 (Fig. 2B), WT cells expressed PMEL throughout differentiation (Fig. 6A, 204 

S6A). PMEL+ cells arose in multiple lineages distinct from epithelialized segments but were 205 

often localized to regions adjacent to CDH1+ cells (Fig. 6A-C). PMEL expression rose and fell 206 

upon treatment and withdrawal of CHIR-99021, a GSK3β inhibitor, corresponding to a high and 207 

low fraction of pS6RPSer235/236+ cells; however, elevated pS6RPSer235/236 alone was not sufficient 208 

to confer PMEL expression (Fig. S6B). Treatment with rapamycin during differentiation led to a 209 

repression of the percentage of PMEL+ cells in TSC1/2-/- organoids to WT levels (Fig. 6D), 210 

together suggesting mTORC1 activity is necessary but not sufficient to induce PMEL 211 

expression.  212 

 213 

A melanocytic population predominately composed of TSC1/2 cells arise in the glial cluster  214 

 As we concluded PMEL+ is not attributable to a single cell identity, we looked for co-215 

expression of multiple AML melanocytic markers. We observed that cells in the glial cluster 216 

expressed MITF, PMEL, and MLANA (Fig. 6E). We subsetted this branch and recalculated the 217 

UMAP (Fig. 6F). Unsupervised clustering identified a population of cells enriched in 218 

melanocytic markers that branched from the linear differentiation pattern (Fig. 6G-H, Table S6). 219 

Remarkably, the cluster was almost exclusively composed of TSC1/2-/- cells. (Fig. 6I). 220 
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 221 

The glial cell cluster is a bona fide neural crest to Schwann cell differentiation trajectory 222 

 Expression of melanocytic AML markers motivated us to more thoroughly investigate 223 

the cell identity of the glial cluster. To do so, we fit a trajectory and analyzed differential gene 224 

expression across pseudotime (Fig. S6C), identifying 2,008 DEGs which varied throughout 225 

differentiation (Fig. S6D, Table S7). We noted a suite of genes (e.g. PLP1, S100B, and CDH19) 226 

expressed at trajectory endpoint which are markers of Schwann cells (glia of the peripheral 227 

nervous system). Schwann cells are classically described to develop from Schwan cell precursors 228 

(SCPs), a progeny of neural crest cells (NCCs) (Fig. 6J).46 Analyzing hallmark markers of these 229 

three lineages, we observed temporal expression patterns that mimic a canonical Schwann cell 230 

differentiation trajectory (Fig. 6K) 231 

 To appraise neural crest cell identity more comprehensively, we relied on a scRNA-seq 232 

dataset of mouse neural crest cells.47 We noted 49% of neural crest marker genes were contained 233 

in our trajectory DEG list (Fig. S6E). Temporal expression of these genes followed a pattern that 234 

largely mirrors the stages of neural crest development (Fig. 6L-M, S6F). Together, these data 235 

confirm the glial cluster is composed of a bona fide NCC-SCP-SC differentiation trajectory. 236 

 237 

Loss TSC1/2 induces a melanocytic differentiation branch from MITF+ Schwann cell 238 

precursors 239 

 We next sought to elucidate the aberrant cell fate decision that results in formation of the 240 

melanocytic population. We observed greater differences across genotype with genes expressed 241 

at later pseudotime, indicating progressive cell fate divergence (Fig. S6G, Table S8). 242 

Melanocytic cells formed around pseudotime 5 – 15, the time during SCP gene activation (Fig. 243 
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6K, N). Analysis of genes that were differentially expressed between genotype and expressed 244 

within this window identified the melanocytic transcription factor MITF previously implicated in 245 

TSC (Fig. 6O, Table S8).48  246 

We found that MITF was expressed in all genotypes but remained high exclusively in 247 

TSC1/2-/- cells (Fig. 6P). Significant genotypic divergence in MITF expression co-occurred with 248 

other transcriptomic targets of MITF such as PMEL and ASAH1 (Fig. 6P), as well as DDIT4, a 249 

negative regulator of mTORC1 signaling (Fig. S6H). MITF was expressed in SCPs and lost upon 250 

Schwann cell differentiation; however, in the TSC1/2-/- organoids, MITF expression remained 251 

high in the branching melanocytic population (Fig. 6Q). The MITF+ melanocytic population 252 

exhibited robust expression of multiple MITF target genes (Fig. 6R).49 This aberrant melanocytic 253 

branching co-occurred with a delayed SCP gene activation, as well as blunted but not blocked 254 

Schwann cell fate acquisition (Fig. 6Q, S6I-J). Interestingly, MITF+ melanocytic cells still 255 

retained glial marker expression (Fig. S6K). Together, these data demonstrate loss of TSC1/2 256 

induces MITF+ melanocytic cell fate acquisition, branching from the MITF+ SCP population 257 

(Fig. 6S). 258 

 259 

DISCUSSION 260 

The cell of origin of TSC cysts and RAMLs has been in question for decades, with 261 

numerous suspects proposed.50–54 Here, we demonstrate TSC1/2 ablation alters multiple 262 

developmental trajectories to confer pleiotropic features of TSC kidney disease. Thus, TSC renal 263 

cysts and AMLs may arise from multiple cells of origin, with disease heterogeneity a reflection 264 

of the diverse progenitor populations acquiring second hit mutations during development. While 265 

our data cannot exclude the possibility of somatic mutagenesis as the disease etiology,52,55 such a 266 
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mechanism is not mutually exclusive and may very well may co-exist with developmental 267 

aberrations.  268 

 Our analyses demonstrate AML markers are upregulated in developmental stromal cells 269 

(Fig. 2F), supporting previous findings that AMLs resemble the embryonic kidney.23 TSC1/2-/- 270 

cells favouring a stromal fate (Fig. 4D) offers explanation for how AMLs can form in regions 271 

outside the kidney.56,57 While parenchymal tissue constituents (i.e. epithelial cell types) vary 272 

between organs, similar stromal cell types can be found in different organ systems.58 Thus, 273 

spatially distinct AMLs may partly arise from TSC1/2-/- favouring acquisition of stromal cell 274 

fates that are resident identities of each organ.  275 

 The metanephric kidney is classically described to arise from the intermediate mesoderm 276 

during development; 59,60 however, the paraxial mesoderm and neural crest lineages contribute to 277 

non-epithelial populations.61,62 Previous studies using renal organoids have reported the 278 

existence of neuronal, trunk mesenchymal, and melanocytic clusters.63–66 Although these 279 

populations were described as “off-targets,” these cell types are all progeny of NCCs. Our data 280 

provide evidence of neural crest differentiation during renal organoid differentiation, which may 281 

indeed bear physiological relevance and not a technical limitation of in vitro manipulation. 282 

 The observation of TSC1/2-/- enforcing a melanocytic cell fate branch from SCPs (Fig. 6) 283 

is remarkable, considering the longstanding hypothesis that NCCs are the cell of origin for 284 

mesenchymal TSC lesions.53 Interestingly, cells expressing the SCP marker gene Mpz promoter 285 

(transiently or permanently) contribute to Tsc2+/- mice renal lesion bulk.67 However, the 286 

taxonomic distinction of SCPs from NCCs is blurred; SCPs possess multipotency and can 287 

produce melanocytic progeny.46,68 Our data suggest TSC1/2 (and perhaps mTORC1) may be 288 

critical factors in determining the cell fate decisions of SCPs. Enforced acquisition of a 289 



136 
 

melanocytic identity by loss of TSC1/2 may very well explain the etiology of melanocytic 290 

markers expressed in mesenchymal TSC lesions.57 Interestingly, loss of TSC1/2 in primary 291 

melanocytes has been shown to induce MITF downregulation and hypopigmentation.69 As the 292 

melanocytic population formed in our organoids retained glial features (Fig. S6K), we suspect 293 

TSC1/2-/- cells are acquiring a cell fate that is an aberrant hybrid between Schwann and 294 

melanocytic identity. 295 

 While TSC1/2 were dispensable for renal epithelia formation (Fig. 1F), TSC1/2-/- cells 296 

could not maintain an epithelial identity and underwent EMT (Fig. 5A), corroborating findings 297 

from several conditional knockout mouse models.70–73 This cell identity reversion may explain 298 

why cell autonomous cysts that formed in vitro (which preceded EMT) did not persist (Fig. 3A), 299 

with in vivo cell non-autonomous cytogenesis complementing data in primary TSC lesions and 300 

mouse models.74–77 Acquisition of VIMhigh cell fate was insensitive to rapamycin treatment, a 301 

finding of clinical significance since patient lesions respond incompletely to rapamycin 302 

therapy.78,79 We hypothesize variable clinical responses may arise from heterogeneity in lesion 303 

composition, with some constituents possessing rapamycin insensitivity. 304 

In conclusion, we report a novel genetically engineered human renal organoid model 305 

which recapitulates features of TSC kidney disease in vitro and upon orthotopic 306 

xenotransplantation. We find that loss of TSC1/2 affects multiple developmental processes in the 307 

renal epithelial, stromal, and glial compartments. These data illustrate the pleiotropic 308 

developmental consequences of biallelic inactivation of TSC1/2 and offer insight into the 309 

pathogenesis of TSC kidney lesions.  310 
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METHODS 311 

Study design 312 

 The objective of this research was to investigate the consequence of TSC1/2-/- 313 

mutagenesis on renal development and identify pathogenic mechanisms that confer features of 314 

TSC kidney disease. We first expanded on a hPSC allelic series of TSC37 by knocking out TSC1 315 

in all four lines with CRISPR/Cas9. These cell lines were subjected to a renal organoid 316 

differentiation protocol38 and analyzed using a variety of methods both in vitro and in vivo 317 

(described subsequently). Of note, most assays employed involved temporal analyses- including 318 

time course scRNA-seq, flow cytometry, and RT-qPCR- thereby unravelling etiological 319 

mechanisms. Wherever possible, samples were blinded to analysis by coding with a unique 320 

identifier. 321 

Sample sizes for both in vitro and in vivo studies were determined according to field-322 

specific conventions. Power analysis was not employed. All data points were included in the data 323 

presentation; outliers were only excluded if there was definitive empirical evidence of technical 324 

error. Experiments were repeated three or more times unless otherwise noted, with replicates 325 

collected under independent conditions. Raw scRNA-seq data is accessible at the Gene 326 

Expression Omnibus (GEO) repository with accession GSE182632. 327 

 328 

Statistical analysis 329 

 All figures are presented with individual data points (where graphically appropriate), with 330 

measures of central tendency and error to be mean and standard deviation, respectively, unless 331 

otherwise stated. Sample number and statistical tests employed are reported in the figure legends. 332 
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All statistical tests were two-sided and significance (*) was attributed when p < 0.05. Outliers 333 

were not excluded from the calculation unless otherwise stated. 334 

 335 

Study reagents and resources 336 

Please see below (Table 1) for a list of key reagents and resources used in this study. 337 

Table 1: List of key reagents and resources used in this study. 338 
REAGENTS and RESOURCES SOURCE IDENTIFIER 
Antibodies 

TSC1 CST 4906 
TSC2   CST 4308 
ACTB CST 370 
pS6RP (Ser 235/236) CST 2211 
S6RP CST 2317 
p4E-BP1 (Ser65) CST 9451 
p4E-BP1(Thr 37/46) CST 2855 
4E-BP1 Thermo Fisher Scientific AHO1382 
pS6K1 (Thr 389) CST 9206 
S6K1 CST 2708 
HIF1A R&D Systems MAB1536 
CDH1 Thermo Fisher Scientific 13-1700 
CDH1 CST 3195 
LRP2 Novus Biologicals NB110-96417 
NPHS1 PROGEN GP-N2 
PMEL Thermo Fisher Scientific MA5-13232 
MLANA Thermo Fisher Scientific MA5-15-237 
VIM CST 3932 
ACTA2 Abcam ab5694 
XRCC5 (Ku80) CST 2180 
PCNA Thermo Fisher Scientific 13-3900 
HRP-conjugated Goat anti-Rabbit IgG (H+L) Thermo Fisher Scientific G-21234 
HRP-conjugated Goat anti-Mouse IgG (H+L) Thermo Fisher Scientific G-21040 
AlexaFluor 405 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific A31553 
AlexaFluor 488 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific A11034 
AlexaFluor 488 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific A11001 
AlexaFluor 555 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific A21428 
AlexaFluor 555 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific A32727 
AlexaFluor 555 Goat Anti-Guinea pig IgG (H+L) Thermo Fisher Scientific A21435 
AlexaFluor 647 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific A21245 
AlexaFluor 647 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific A21235 
AlexaFluor 680 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific A21076 
AlexaFluor 680 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific A28183 
DyLight 800 Goat Anti-Rabbit IgG (H+L) Thermo Fisher Scientific SA535571 
DyLight 800 Goat Anti-Mouse IgG (H+L) Thermo Fisher Scientific SA535521 
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Small molecules  

Hoechst 33342 Thermo Fisher Scientific H3570 
CHIR-99021 AdooQ Bioscience A10199 
Rapamycin  MilliporeSigma 553211 
Y-27632 AdooQ Bioscience A11001 

Cell culture reagents 

Essential 8  Prepared in house  N/A 
Matrigel Corning 354230 
Lipofectamine Stem Transfection Reagent Thermo Fisher Scientific STEM00001 
B-27 Supplement Thermo Fisher Scientific 17504044 
Advanced RPMI Thermo Fisher Scientific 12633020 
Accutase Stem Cell Technologies  7920 

Commercial kits and materials 

BOLT 4-12% 1 mm, 10-well gel Thermo Fisher Scientific NW04120BOX 
NucleoSpin® RNA 740955.250 D-Mark Bio Machery-Nagel 740955.250 
SupersScript II Thermo Fisher Scientific 18064014 
SYBR Green I Master Roche 04707516001 
ReadyProbes™ Mouse-on-Mouse IgG Blocking 
Solution 

Thermo Fisher Scientific R37621 

Pierce™ BCA Protein Assay Kit  Thermo Fisher Scientific 23225 

Cell models 

H9 human embryonic stem cell, WT WiCell  WB67614 
H7 human embryonic stem cell, WT WiCell FTDL-03 
H1 human embryonic stem cell, WT WiCell WB34445 
168 1d2 induced pluripotent stem cell, WT Generated in house80 N/A 
H9 TSC2-/- Generated in house37 N/A 
H7 TSC2-/- Generated in house37 N/A 
H1 TSC2-/- Generated in house37 N/A 
168 1d2 TSC2-/- Generated in house37 N/A 
H9 TSC1-/- Generated in house N/A 
H7 TSC1-/- Generated in house N/A 
H1 TSC1-/- Generated in house N/A 
168 1d2 TSC1-/- Generated in house N/A 

Animal models  

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) Jackson Laboratory 005557 

Software and algorithms 

ImageJ 1.53c ImageJ N/A 
R 4.0.5 R N/A 
RStudio 1.3.1093 RStudio N/A 

 339 

Pluripotent stem cell culture 340 

 hPSCs were maintained on plates coated with a thin layer of Matrigel at 37oC, 10% CO2. 341 

Cells were fed with Essential 8 media, prepared in house. Cells were passaged by incubation 342 
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with 500 µM EDTA for 3 min., then cell scraping and transfer to a new pre-coated plate by 343 

wide-bore pipette.  344 

 345 

Gene editing and validation 346 

 We targeted exon 7 of TSC1 as it is one of the most proximal exons occurring in all 347 

reported isoforms (Fig. 1A, S1A). hPSCs were dissociated into single cells by Accutase 348 

treatment for 15 min at 37oC. Cells were harvested, washed, and seeded on plates coated with 349 

Matrigel. The following day, we used Lipofectamine Stem Reagent to transfect hPSCs with a 350 

plasmid (containing Cas9 and an sgRNA targeting exon 7) and a double stranded repair template 351 

(containing stop codons in all three reading frames and a PmeI restriction site).  352 

Cells were allowed to expand for 1-2 weeks and individual colonies picked for screening 353 

by restriction enzyme digestion. Colonies exhibiting fragment digestion were subjected to 354 

another round of clonal isolation and expansion to guarantee a pure population. Mutagenesis was 355 

assessed by Sanger sequencing (service provided by the Ottawa Hospital Research Institute Stem 356 

Core). hPSC karyotypes were assessed by chromosome spread (service provided by WiCell). 357 

Protein expression knockout was assessed by western blot (described subsequently).  358 

 359 

Renal organoid differentiation 360 

 Renal organoids were generated following a previously reported differentiation protocol 361 

(Fig. S1I).38 Briefly, hPSCs are single cell seeded onto a thick layer of Matrigel, then 362 

encapsulated in a second thick layer of Matrigel to form spheroids which resemble the human 363 

epiblast. The primitive streak is then induced by CHIR-99021 treatment (GSK3β inhibition), 364 

followed by continuous media changes with Advanced RPMI + B-27 supplement. Nephron-like 365 
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structures form spontaneously without any additional mechanical manipulation, making this a 366 

“self-organizing” protocol.  367 

 For each cell line, we optimized epithelialization efficiency by modulating two key 368 

parameters: cell seeding density and CHIR-99021 concentration. Optimal parameters for the four 369 

lines included: H9 (5,715 cells/cm2 and 18 µM), H7 (10,500 cells/cm2 and 10 µM), H1 (3,500 370 

cells/cm2 and 8 µM), and 168 1d2 (8,000 cells/cm2 and 16 µM). We note however that all 371 

genotypes in two backgrounds (H1s and H7s) epithelialized at very low efficiency, thus, the bulk 372 

of this work used only the allelic series in H9s (female embryonic stem cell line) and 168 1d2s 373 

(male induced pluripotent stem cell line). 374 

 375 

Cyst quantification and detachment 376 

 We defined cysts in adherent cultures as large, balloon-like, translucent structures that 377 

swayed in response to agitation, as previously described.45 We counted both cysts and the total 378 

number of discrete epithelialized structures in each organoid well to calculate cytogenesis 379 

frequency. At day 21 of differentiation, cysts were detached from the culture stratum using a 25-380 

guage needle under an inverted phase-contrast stereoscope. Cysts were carefully transferred by 381 

wide-bore pipette to a culture plate coated with 1% agarose. Media was changed every 2-3 days 382 

while cyst growth was tracked temporally by DIC microscopy with an AxioObserver A1 (Zeiss). 383 

 384 

Western blot 385 

Wells were washed x2 with cold PBS and harvested in RiPA buffer containing total 386 

protease and phosphatase inhibitors. We quantified total protein by BCA assay and prepared 387 

samples at 10 µg/lane by resuspending in Laemmli buffer and heating for 10 min. at 70oC. Total 388 
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protein samples were separated by SDS-PAGE using a BOLT 4-12% 1 mm 10-well gel and 389 

MES running buffer. We transferred samples onto a 0.45 µm PVDF membrane overnight at 4oC 390 

by wet transfer with Towbin buffer (containing 0.025% SDS and 10% MeOH). The membrane 391 

was blocked with 5% BSA in PBS-T (0.1% Tween-20) for 1 hr. at room temperature. Following, 392 

the membrane was incubated overnight at 4oC in primary antibodies diluted in blocking buffer at 393 

the following concentrations: TSC1 (1:1000), TSC2 (1:5000), ACTB (1:5000), pS6RPSer235/236 394 

(1:5000), S6RP (1:500), p4E-BP1Ser65 (1:1000), 4E-BP1 (1:1000), pS6K1Thr389 (1:500), S6K1 395 

(1:1000), and HIF1A (1:500). The membrane was washed 3 x 5 min. with PBS-T, and then 396 

incubated for 1 hr. at room temperature in fluorescent secondary antibodies diluted 1:10,000 in 397 

blocking buffer. The membrane was washed again 3 x 5 min. with PBS-T and then imaged using 398 

Odyssey Gel Imager (LI-COR Biosciences). Samples were analyzed in ImageJ by quantifying 399 

signal intensity, normalizing by unphosphorylated protein or ACTB, and scaling between 0 to 1. 400 

 401 

RT-qPCR 402 

 Culture media was aspirated from wells and cells were immediately lysed with RNA 403 

extraction buffer from the NucleoSpin Kit. RNA samples were prepared following manufacturer 404 

instructions with a DNaseI digestion included. Samples quality was assessed by Nanodrop, and 405 

only samples with A260/A280 of 1.8-2.3 and A260/230 > 2 were used. We reverse-transcribed 1 406 

µg of total RNA from each sample via SuperScript II with oligoDT priming following 407 

manufacturer instructions. qPCR was performed using SYBR Green I and analysis on 408 

LightCycler® 480 Instrument II (Roche). The sequence of primers used are listed in Table 2. We 409 

validated each primer by ensuring a single product of the predicted fragment length. The 410 

efficiency of each primer was determined by a standard curve, and suitability of reference genes 411 
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across sample sets was assess using variance stability calculations. We quantified normalized 412 

gene expression by scaling Cq by primer efficiency, dividing by the geometric mean of reference 413 

gene values (ACTB and GAPDH), and normalizing by the within-group average value.  414 

Table 2: List of primer sequences for RT-qPCR.  415 
TARGET PRIMER SEQUENCE 

ACTB 
Forward: AGACCTGTACGCCAACACAG 
Reverse: CGCTCAGGAGGAGCAATGAT 

GAPDH 
Forward: AAAATCAAGTGGGGCGATGC 
Reverse: CAGGAGGCATTGCTGATGAT 

SOX2 
Forward: TACAGCATGTCCTACTCGCAG 
Reverse: GAGGAAGAGGTAACCACAGGG 

OCT4 
Forward: TCAGCCAAACGACCATCTGCCG 
Reverse: AGCAAGGGCCGCAGCTTACA 

NANOG 
Forward: ACGCAGAAGGCCTCAGCACCTA 
Reverse: AGGTTCCCAGTCGGGTTCACCA 

CDH1 
Forward: AGGGGTTAAGCACAACAGCA 
Reverse: CCTGACCCTTGTACGTGGTG 

CUBN 
Forward: AGAATAGCTTCGTGAAGGTGTGG 
Reverse: CCTCCTGAGACTGGAAGACG 

NPHS1 
Forward: CAACTTGTCAGCATCAGCCG 
Reverse: CAGCAGCCAGACCCTGTATC 

 416 

Flow cytometry 417 

Renal organoids were dissociated into single cells by Accutase treatment for 15 min. at 418 

37oC followed by x3 trituration with a 25-guage needle. Samples were then washed and fixed 419 

with 4% paraformaldehyde for 15 min. at room temperature. Fixing solution was diluted out 420 

1/100 in PBS, cells were pelleted by centrifugation, and supernatant discarded. Fixed single cell 421 

suspensions were permeabilized with 0.1% Triton-X in blocking solution (PBS with 0.1% 422 

Tween-20, 1% BSA, and 10% goat serum) for 20 min. at room temperature. Permeabilizing 423 

solution was diluted out 1/100 in PBS, cells were pelleted by centrifugation, and supernatant 424 

discarded. Samples were then blocked for 1 hr. Cells were pelleted by centrifugation, supernatant 425 

discarded, and primary antibodies diluted in blocking solution were added for an overnight 426 

incubation at 4oC. The following concentrations of antibodies were employed: pS6RPSer 235/236 427 

(1:200), CDH1 (1:200), NPHS1 (1:200), PMEL (1:100), and VIM (1:200). The next day, 428 
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primary antibody solution was diluted out 1/100 in PBS, cells were pelleted by centrifugation, 429 

and supernatant discarded. Samples were then incubated with fluorescent secondary antibodies 430 

diluted in blocking solution for 1 hr. at room temperature. All fluorescent secondary antibodies 431 

were used as a 1:1000 dilution. Secondary antibody solution was diluted out 1/100 in PBS, cells 432 

were pelleted by centrifugation, and supernatant discarded. Samples were next counterstained 433 

with 10 µg/mL Hoechst 33342 for 20 min. at room temperature. Hoechst 33342 solution was 434 

diluted out 1/100 in PBS, cells were pelleted by centrifugation, and supernatant discarded. 435 

Finally, cells were strained and analyzed using the LSRFortessa (BD) flow cytometer.  436 

 437 

Whole mount immunofluorescence staining 438 

 Renal organoids were fixed with equal media volumes of 8% PFA for 45 min. at room 439 

temperature. Wells were washed 5 x 15 min. with PBS, permeabilized with 0.1% Triton-X in 440 

blocking solution (PBS with 0.1% Tween-20, 1% BSA, and 10% goat serum) for 4 hrs. at room 441 

temperature, then washed 3 x 30 min. with blocking solution. Note for MLANA, Tween and 442 

Triton-X were omitted and replaced with 0.05% saponin for permeabilization. We then added 443 

primary antibodies diluted in blocking solution for an overnight incubation at 4oC. The following 444 

concentrations of antibodies were employed: pS6RPSer 235/236 (1:100), p4E-BP1Thr 37/46 (1:200), 445 

CDH1 (1:200), LRP2 (1:100), NPHS1 (1:100), PMEL (1:50), MLANA (1:50), and VIM (1:200). 446 

The next day, wells were washed with blocking solution x3 over an 8 hr. period, then incubated 447 

with fluorescent secondary antibodies diluted blocking solution (1:400) overnight at 4oC. The 448 

next day, wells were washed with blocking solution x3 over an 8 hr. period, then counterstained 449 

overnight at 4oC with 20 µg/mL Hoechst 33342. Wells were washed a final time (x3 over 8 hr. 450 
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period) and mounted with a 90% glycerol solution made in house. Samples were imaged using 451 

an LSM800 (Zeiss) confocal microscope.  452 

 453 

Immunohistochemistry 454 

 Fixed specimens in 70% EtOH were dehydrated through a series of increasing EtOH 455 

concentrations, followed by xylene, and then finally embedded in paraffin. Samples were 456 

sectioned at 5 µm using a microtome and placed on ultra-adhesive slides. Paraffin sections were 457 

dissolved by incubation in xylene and subsequently rehydrated via decreasing concentrations of 458 

EtOH in water. Heat-induced antigen retrieval was performed by incubating specimens in a 459 

pressure cooker at 12 psi for 10 min. Depending on the antigen, samples were bathed in either 460 

sodium citrate, pH 6, or Tris-EDITA, pH 9, both with 0.1% Tween-20. After cooling to room 461 

temperature, samples were blocked in blocking solution (PBS with 0.1% Tween-20, 1% BSA, 462 

and 10% goat serum) for 1 hr. at room temperature. If the primary antibody was raised in mouse, 463 

we performed a second 1 hr. incubation in polyclonal mouse IgG (ReadyProbes Mouse-on-464 

Mouse IgG Blocking Solution). We then added primary antibody diluted in blocking solution for 465 

an overnight incubation at 4oC. The following concentrations of antibodies were employed: 466 

CDH1 (1:100), LRP2 (1:100), VIM (1:200), XRCC5 (1:400), ACTA2 (1:100), PCNA (1:200). 467 

The next day, slides were washed 2 x 10 min. with PBS-T. Samples were incubated with 3% 468 

H2O2 diluted in PBS to quench any endogenous peroxidase activity. After another wash 2 x 10 469 

min. in PBS-T, we incubated specimens with HRP-conjugated secondary antibodies diluted in 470 

blocking solution (1:1000) for 1 hr. at room temperature. Specimens were washed 3 x 15 min., 471 

then we proceeded with the chromogenic reaction by incubating slides in PBS with 0.1% H2O2 472 

and 3,3′-Diaminobenzidine. Samples were incubated for ~ 1 – 10 min., depending on staining 473 
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intensity of signal relative to background. We counterstained samples with hematoxylin, 474 

dehydrated as described above, and mounted with Permount. Slides were digitized using an 475 

AxioScan Z1 (Zeiss) slide scanner. 476 

 477 

Animal studies 478 

Husbandry and ethics 479 

 All animal experiments were conducted with approval from the University of Ottawa 480 

Animal Care Committee (Protocol #OHRI1666), in accordance with the Canadian Council on 481 

Animal Care Standards and the Province of Ontario’s Animals for Research Act. NSG mice were 482 

maintained in sterile housing conditions and fed autoclaved chow and water ad libitum.  483 

 484 

Teratoma formation 485 

 hPSCs were dissociated into single cells by Accutase treatment for 15 min at 37oC. 486 

Single cells were harvested, washed, and resuspended in 5 mg/mL Matrigel. NSG mice (8 week-487 

old) were treated with buprenophrine 1 hour before injection, then anesthetized by isofluorane 488 

under a continuous stream of O2. We bilaterally injected 1x106 hPSC into the mouse tibialis 489 

anterior. We allowed teratomas to grow over a 12-week period, after which mice were sacrificed 490 

and teratomas extracted.  491 

 492 

Renal subcapsular xenotransplants 493 

At day 21 of differentiation, renal organoids were dissociated into single cells by 494 

Accutase treatment for 15 min at 37oC followed by x3 trituration with a 25-guage needle. Single 495 

cells were harvested, washed, strained, and resuspended in PBS at 1x104 cells/µL. NSG mice (8 496 
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week-old) were treated with buprenophrine 1 hour before injection, then anesthetized by 497 

isofluorane under a continuous stream of O2. Mouse kidneys were exposed through a flank 498 

incision and partial exteriorization. We injected 0.5x106 cells under the capsule of each kidney. 499 

We returned kidneys to their anatomical location in the abdominal cavity and the incision site 500 

closed with vicryl sutures (interior) and surgical clips (exterior). After 12 weeks, mice were 501 

sacrificed and their kidneys were harvested. We fixed kidneys in 10% formalin overnight at 4oC 502 

and transferred to 70% EtOH until proceeding with pathological analysis.  503 

 504 

Single cell RNA sequencing  505 

Sample preparation and RNA sequencing 506 

 Renal organoids were dissociated into single cells by Accutase treatment for 15 min. at 507 

37oC followed by x3 trituration with a 25-guage needle. After dissociation, samples were 508 

immediately transferred to cold PBS and labelled following the standard MULTI-seq protocol as 509 

previously described,39 albeit all on ice. Briefly, samples were incubated in an anchor:barcode 510 

solution for 5 min., a co-anchor solution for another 5 min., then washed x3 in PBS with 1% 511 

BSA. We strained cells and assessed viability via 1:1 dilution in 0.4% crystal violet, ensuring 512 

>90% viable cells for every sample. Samples were pooled at equal cell numbers and 513 

encapsulated using a Chromium Controller (10X Genomics) according to manufacturer 514 

instructions. Finally, cells from all samples were pooled and sequenced using a NextSeq 500 515 

(Illumina) at a depth of ~25,000 reads/cell. 516 

 517 

Data processing 518 
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 Raw sequencing data was processed using the CellRanger (10X Genomics) software. 519 

First, FASTQ files were generated using the mkfastq function, then count matrices were 520 

generated using the count function. Samples were demultipliex using the standard MUTLI-seq 521 

workflow as described previously.39 Data was imported into R, with most analyses performed 522 

using the Seurat 4.0 package.81 We first visually inspected quality control metrics and removed 523 

samples with UMI counts < 500, number of uniquely detected genes < 250, and/or fraction of 524 

mitochondrial reads > 15%. We also removed samples labelled as “doublets” or “negatives” by 525 

the MULTI-seq analysis pipeline. A subset of cells that were later identified as dying, despite 526 

passing QC metrics, were also removed. Finally, we removed the gene SST, as this gene was 527 

aberrantly high in a limited number of cells and believed to be a technical artifact. 528 

 After removing low quality cells, we normalized expression data using the SCTransform 529 

function in Seurat, including a regression variable for the difference in cell cycle score between 530 

proliferating and non-proliferating cells. This cell cycle score, which predicts the cycle phase of 531 

each cell (G1, G2/M, S), was determined using the CellCycleScoring function in Seurat. We then 532 

performed Principal Components Analysis (PCA) and subsequently Uniform Manifold 533 

Approximation and Projection (UMAP) on the 40 most variable PCA dimensions. This 534 

processing produced the reduced dimensionality data which was employed for clustering and 535 

annotation. For any subsetted data (e.g. nephron and glial-specific analysis), we recalculated the 536 

PCA and UMAP for the selected cells. 537 

  538 

Cell clustering and annotation 539 

 We clustered cells using standard functions available in the Seurat package. Briefly, data 540 

is embedded in a K-nearest neighbour graph structure, and then this graph is partitioned into 541 
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highly interconnected “communities.” Subsequently, cells are clustered by modularity 542 

optimization with the Louvain algorithm. We initially clustered cells at high resolution, and then 543 

merged clusters that were not distinguished by any biologically recognizable suite of unique 544 

markers genes. 545 

 We sought to annotate clusters based on uniquely and highly expressed genes that were 546 

identified using the FindAllMarkers function in Seurat, pre-selecting genes with an avg_log2FC 547 

> 0.25 and expressed in at least 10% of cells. We selected the top 20 marker genes (ranked by 548 

adjusted p-value) and looked for overlap in the top 20 marker genes from four mouse and human 549 

fetal kidney scRNA-seq datasets.40–43 We elected to compare our data against multiple fetal 550 

kidney scRNA-seq datasets for two key reasons. One, cluster annotation is highly dependent on 551 

user determination of clustering granularity and taxonomy label choice, so using multiple 552 

datasets mitigates this bias. Two, the exact developmental timing of cells in our dataset is 553 

unknown (especially for the early timepoints), so comparing against datasets from multiple fetal 554 

timepoints increases the likelihood of annotating with appropriate markers.  555 

 After determining overlapping marker genes, we manually annotated each cluster using 556 

the most appropriate summarizing label. Often, inconsistent terminology in our resource datasets 557 

prevented designation of granular cell identities. For a subset of clusters (i.e. neural-glial 558 

populations), we did observe significant overlap of marker genes with our resource datasets, so 559 

we annotated clusters based on marker expression from the Mouse Organogenesis Cell Atlas, a 560 

comprehensive resource of mouse development scRNA-seq data.82 Finally, a subset of clusters 561 

enriched in early timepoint samples did not consistently express unique markers genes, so we 562 

annotated these clusters as “Unspecified progenitors.” 563 

 564 
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Trajectory analysis 565 

We inferred a cell differentiation trajectory (i.e. the network of nodes and edges) using 566 

the monocle3 algorithm.82 Pseudotime values were determined by manually selected the root 567 

node based on proximity to the day 9 timepoint cells. We then analyzed differentially expressed 568 

genes across the inferred trajectory using tradeSeq.83 Genes that varied significantly in the 569 

expression along the trajectory were determined using the associationTest function. We defined 570 

differentially expressed genes as those with an FDR < 0.01 and meanLogFC > 0.5. Genes that 571 

varied in expression between genotypes across the trajectory were determined using the 572 

conditionTest function, pre-selecting genes with a meanLogFC > 0.5. We defined differentially 573 

expressed genes are those with an FDR < 0.01.  574 

 575 

Analysis with a public neural crest cell dataset 576 

 We downloaded a dataset on mouse NCC development.47 This dataset includes 358 NCC 577 

marker genes and scores (i.e. relative expression) for each gene in several annotated stages of 578 

NCC development (i.e. distinct NCC identities). We aggregated specific annotations into more 579 

general categories by averaging expression values: early.migration, migration1, and migration2 580 

were collapsed into “migratory,” while sensory, autonomic, and mesenchymal were collapsed 581 

into “specifying.” 582 

 To generate a continuous score of each neural crest identity along our glial differentiation 583 

trajectory, we applied Nadaraya–Watson kernel regression estimation to the maximal expression-584 

ordered scores. More specifically, we first ordered NCC genes by the timing of their maximal 585 

expression during glial differentiation. Based on this ordering, we fit a kernel regression estimate 586 
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to the score for each of the NCC identity categories. This produced a continuous score for each 587 

NCC identity along the glial differentiation trajectory.  588 

We performed a complementary analysis by visualizing expression of NCC marker 589 

genes, after attributing each marker gene to a single NCC identity, based on maximal score. 590 

Then, for each category of NCC genes, we extracted the top 10 maximally expressed throughout 591 

glial differentiation and plotted individual genes along pseudotime. We also visualized a single 592 

score across pseudotime for each NCC stage by aggregating with locally estimated scatterplot 593 

smoothing. 594 

 595 

Additional scRNA-seq analyses 596 

 Differential gene expression analysis was performed using the FindMarkers function in 597 

Seurat, testing between WT vs TSC1-/- and WT vs TSC2-/- using the Wilcox statistic, pre-598 

selecting genes with an avg_log2FC > 0.25 and expressed in at least 10% of cells. GO term 599 

enrichment was performed using clusterProfiler on significant DEGs (FDR < 0.05). 600 

Phylogenetic analysis was conducted with the BuildClusterTree function in Seurat. 601 

Compositional analysis was performed using the imbalance_score function from the 602 

bioc2020trajectories package.  603 

 604 

Visualization of transcript expression 605 

 We visualized scRNA-seq transcript expression by several methods, including heatmaps, 606 

dotplots, violin plots, line graphs, and so forth. For simplicity, we plotted these values as 607 

“Expression” or “Average Expression.” Here we define unambiguously the interpretation of 608 

these expression values. When a transcript was plotted in isolation and/or with its own Y-axis 609 
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(e.g. single gene dotplots, violin plots, or transcript expression on the UMAP points), we are 610 

plotting log transformed normalized expression. That is, the counts for each gene within a cell 611 

was divided by the total read counts for the cell, then multiplied by an arbitrary scaling factor 612 

(10,000), and then transformed by the natural log, i.e. log(exp + 1). When plotting multiple genes 613 

together (e.g. multiple gene dotplot, heatmap, multiple gene line graph), we used standardized 614 

expression values. That is, we took the log transformed normalized expression, centred 615 

expression values (i.e. subtract expression by the gene group mean), and then divided each value 616 

by the gene group standard deviation. Finally, plots of expression values against pseudotime (e.g. 617 

line plots, pseudotime heat maps) used predicted expression values extracted from the 618 

generalized additive model fit using tradeSeq. 619 

  620 
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 837 

Figure 1: Development of a renal organoid model of TSC kidney disease. (A) Schematic of 838 

gene-editing strategy to knockout TSC1 in four hPSC lineages. Acronyms are embryonic stem 839 

cells (ESC) and induced pluripotent stem cells (iPSC). (B) RT-qPCR gene expression in hPSC 840 

maintenance cultures (n = 9; ordinary ANOVA with Dunnett post-hoc comparison to WT). (C) 841 

Protein expression in hPSCs by western blot. (D) Quantification of western blot protein 842 

expression data in hPSCs. Treatment stimuli were for 6 hrs. (n = 5; two-way ANOVA with 843 

Dunnett post-hoc comparison to WT). (E) Phase contrast image of WT renal organoid 844 

differentiation at day 21. Yellow arrows indicate regions of epithelialization. Scale bar is 2 mm. 845 
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(F) Immunofluorescence images of renal organoid differentiations at day 17. Scale bars are 100 846 

µm. (G) Overview of samples collected for scRNA-seq analysis. (H – J) UMAP two-dimensional 847 

plot of all 27,808 cells analyzed by scRNA-seq, coloured by (H) genotype, (I) timepoint, and (J) 848 

general cluster label.  849 
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 850 

Figure 2: TSC1/2-/- renal organoids exhibit angiomyolipoma features. (A) 851 

Immunofluorescence images of renal organoid differentiations at day 21. Scale bars are 100 µm. 852 

(B – D) Quantification of flow cytometry data from bulk extraction of renal organoids (n = 5; 853 

two-way ANOVA with Tukey post-hoc comparison). (E) Immunofluorescence images of renal 854 
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organoid differentiations at day 21. Scale bars are 100 µm. (F) Expression of AML marker genes 855 

in renal organoids at day 21. Marker genes are the top 30 upregulated genes in primary AMLs 856 

compared to normal kidney.23 (G) Overlap in globally differentially expressed genes (adjusted p-857 

val < 0.05, Wilcox signed-rank test) for WT vs. TSC1-/- and WT vs. TSC2-/- (H) Absolute log2FC 858 

of TSC1/2-/- vs. WT of the 45 genes found to be commonly differentially expressed in G (n = 45; 859 

Mann–Whitney U test). (I) Section from lesion formed following kidney subcapsular injection of 860 

TSC2-/- renal organoids, stained with hematoxylin and eosin. Yellow dashed circle indicates 861 

normal renal parenchymal. Black dashed square used as inset for low magnification image in 862 

panel J. Scale bar is 500 µm. (J) Images at three magnifications from sections of lesion reported 863 

in panel I. Samples were stained with hematoxylin and eosin or by immunohistochemistry with 864 

3,3′-Diaminobenzidine. Symbols indicate fat (*), blood vessels (arrows), and smooth muscle-like 865 

(#). Scale bars are 250 µm (low), 100 µm (med.), and 50 µm (high). (K) Section from human 866 

AML stained with hematoxylin and eosin. Symbols indicate fat (*), blood vessel (arrow), and 867 

smooth muscle-like (#). Scale bar is 250 µm. 868 
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 869 

Figure 3: TSC1/2-/- renal organoids confer both cell autonomous and non-autonomous 870 

cystogenesis. (A) DIC images of cysts formed in vitro at day 19 of renal organoid 871 

differentiation. Scale bars are 200 µm. (B) Fraction of epithelialized regions that formed cysts by 872 

day 21 of renal organoid differentiation (n = 4 – 5; ordinary ANOVA with Dunnett post-hoc 873 

comparison to WT). (C) Immunofluorescence images of base of cysts from renal organoid 874 

differentiations at day 21. Scale bars are 100 µm. (D) Immunofluorescence images of renal 875 

organoid differentiations at day 21, with continuous 20 nM rapamycin treatment starting at day 876 

11. Scale bars are 100 µm. (E) Fraction of epithelialized regions that formed cysts by day 21 of 877 
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renal organoid differentiation, without or with continuous 20 nM rapamycin treatment starting at 878 

day 11. (n = 5; two-way ANOVA with Šídák's post-hoc comparisons test). (F) Image of section 879 

from lesion formed following kidney subcapsular injection of TSC2-/- renal organoids, stained 880 

with hematoxylin and eosin. Black dashed square used as inset for low magnification images in 881 

panel G. Symbols indicate cysts (*). Scale bar is 500 µm. (G) Images at three magnifications 882 

from sections of lesion reported in panel F. Samples were stained with hematoxylin and eosin or 883 

by immunohistochemistry with DAB. Scale bars are 250 µm (low), 100 µm (med.), and 50 µm 884 

(high).  885 

  886 
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 887 

 888 

Figure 4: TSC1/2 ablation favours stromal cell fate acquisition and alters terminal cell 889 

identity. (A) Heatmap of WT renal organoids sampling 1,000 cells from each organoid cluster. 890 

Marker genes plotted include the top 100 upregulated and downregulated genes in primary AML 891 

compared to normal kidney.23 (B) Fraction of cells in renal organoid clusters. (C) Fraction of 892 

stromal cells in each phase of the cell cycle. (D) Expression of stromal marker genes in the renal 893 

organoid unspecified progenitor population. Marker genes were the top 100 upregulated genes of 894 

the stromal cluster. (E) Compositional analysis of TSC1/2-/- compared to WT. (F) Trajectory 895 

inference with monocle382. (G) UMAP two-dimensional plot recalculated on subset of cells from 896 

stromal cluster, day 21 of differentiation. (H) Schematic of the effect of loss of TSC1/2 on 897 
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stromal differentiation trajectory. Acronyms indicate unspecific progenitors (UP) and stromal 898 

cells (S).  899 
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 900 

 901 

Figure 5: TSC1/2 ablation causes a rapamycin insensitive epithelial-to-mesenchymal 902 

transition. (A) Immunofluorescence images of renal organoid differentiations at day 21. Scale 903 

bars are 100 µm. (B) Quantification of flow cytometry data from bulk extraction of renal 904 

organoids (n = 4; two-way ANOVA with Dunnett post-hoc comparison to WT). (C) Schematic 905 

of subsetting nephron epithelial differentiation branch and subsequent recalculation of PCA, 906 

UMAP, and cell clusters. Acronyms indicate loop of Henle (LOH), distal tubule (DT), and 907 

parietal epithelial cells (PEC). (D) Gene expression in renal organoids. (E) Quantification of 908 

flow cytometry data from bulk extraction of renal organoids at day 11 or 21, either without or 909 

with continuous 20 nM rapamycin treatment starting at day 11 (n = 4; two-way ANOVA with 910 
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Dunnett post-hoc comparison to day 21 untreated). (F) Schematic of effect of loss of TSC1/2 on 911 

nephron differentiation trajectory. Acronyms indicate metanephric mesenchyme (MM) and 912 

nephron epithelial cells (NE). 913 

  914 
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 915 
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Figure 6: TSC1/2 ablation induces MITF+ melanocytic cell fate acquisition. (A) 916 

Quantification of flow cytometry data from bulk extraction of renal organoids (n = 4; two-way 917 

ANOVA with Dunnett post-hoc comparison to WT). (B) Immunofluorescence image of WT 918 

renal organoid differentiation at day 14. Scale bar is 100 µm. (C) Expression of PMEL across all 919 

cells in the UMAP two-dimensional plot. (D) Quantification of flow cytometry data from bulk 920 

extraction of renal organoids at day 11 or 21, either without or with continuous 20 nM rapamycin 921 

treatment starting at day 11 (n = 4; two-way ANOVA with Dunnett post-hoc comparison to day 922 

21 untreated). (E) Expression of key AML melanocytic marker genes. (F) Schematic of 923 

subsetting glial differentiation branch and subsequent recalculation of PCA and UMAP, 924 

colouring by genotype and day of differentiation. (G) UMAP two-dimensional plot highlighting 925 

melanocytic cells identified by unsupervised clustering. (H) Expression of key AML melanocytic 926 

marker genes. (I) Fraction of cells in glial clusters. (J) Schematic of neural crest cell (NCC) to 927 

Schwann cell precursor (SCP) to Schwann cell (SC) differentiation program, and associated 928 

marker genes. (K) Expression of NCC-SCP-SC marker genes along glial differentiation 929 

trajectory. (L) Aggregated expression of top 10 NCC identity marker genes along glial 930 

differentiation trajectory, determined from 47 as described in Methods. (M) Expression of NCC 931 

marker genes differentially expressed along glial differentiation trajectory. NCC identity score 932 

determined from 47 as described in Methods. (N) Density of melanocytic cells along glial 933 

differentiation trajectory. (O) Expression of genes that are differentially expressed between WT 934 

vs. TSC1/2-/- along glial differentiation trajectory. (P) Gene expression split by genotype along 935 

glial differentiation trajectory. (Q) Expression of MITF across cells in the glial UMAP two-936 

dimensional plot. (R) Expression of MITF target genes. (S) Schematic of effect of loss of TSC1/2 937 
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on glial differentiation trajectory. Acronyms indicate neural crest cell (NCC), Schwann cell 938 

precursor (SCP), Schwann cell (SC), and melanocytic cells (M).  939 
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Supplementary Figure 1: Development of a renal organoid model of TSC kidney disease. 941 

(A) Extended schematic of gene-editing strategy to knockout TSC1 via homology-directed 942 

repair. (B) Restriction enzyme digestion with PmeI using PCR-amplified DNA from hPSCs, 943 

including undigested (U) and digested (D). (C) Sanger sequencing chromatogram of exon 7 of 944 

TSC1 in hPSCs. Yellow region highlights knockout template. (D) Karyogram of chromosomes 945 

from TSC1-/- hPSCs. (E) Phase contrast images of hPSC colonies in maintenance culture. Scale 946 

bars are 200 µm. (F) Sections from hPSC-derived teratomas, stained with hematoxylin and eosin, 947 

showing gut epithelium (endoderm), cartilage (mesoderm), and neural rosettes and pigmented 948 

cells (ectoderm). Scale bars are 300 µm. (G) Quantification of western blot protein expression 949 

data from hPSCs. (n = 8; ordinary ANOVA with Dunnett post-hoc comparison to WT). (H) 950 

Protein expression by western blot. hPSCs were treated for 6 hrs. in either 21% O2 (N), 1% O2 951 

(H), or 21% O2 with 100 nM rapamycin (R). (I) Schematic of renal organoid differentiation 952 

protocol. (J) DIC images of epithelialized regions of renal organoid differentiation. Scale bars 953 

are 200 µm. (K) RT-qPCR bulk gene expression throughout renal organoid differentiation, with 954 

values relative to WT day 0 (n = 4; two-way ANOVA with Dunnett post-hoc comparison to 955 

WT). (L) UMAP two-dimensional plot of all 27,808 cells analyzed by scRNA-seq, coloured by 956 

specific cluster label. (M) Average expression of select marker genes used to distinguish each 957 

cell cluster.   958 
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 959 
Supplementary Figure 2: TSC1/2-/- renal organoids exhibit angiomyolipoma features. (A) 960 

Gene expression in all renal organoid cells at day 21. (B) Example of gating threshold used for 961 

distinguishing PMEL+ vs. PMEL- cells from bulk culture extraction. Counts are normalized to 962 

sample mode. (C) Gene expression in all renal organoid cells at day 21. (D) Example of gating 963 

threshold used for distinguishing VIMhigh vs. VIMlow vs. VIM- cells from bulk culture extraction. 964 

Counts are normalized to sample mode (E) Network map of top 25 enriched GO terms, generated 965 

from the 45 genes found to be commonly differentially expressed in Fig. 2G. (F) Expression of 966 

select genes found to be globally upregulated in both TSC1-/- and TSC2-/- relative to WT. (G) 967 

Schematic of kidney subcapsular xenotransplantation of renal organoids. (H) Macroscopic 968 

lesions formed following kidney subcapsular injection with renal organoids. Scale bars are 25 969 
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mm. (I) Sections from kidney xenograft lesions, stained with hematoxylin and eosin. Scale bars 970 

are 200 µm. 971 

  972 
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 973 

Supplementary Figure 3: TSC1/2-/- renal organoids confer both cell autonomous and non-974 

autonomous cystogenesis. (A) DIC color image of cysts arising from epithelialized regions, at 975 

day 21 of renal organoid differentiation. Symbols indicate cysts (*) and epithelialized structures 976 

(arrows). Scale bars are 400 µm. (B) Quantification of maximal cyst diameter at day 21 (n = 55 – 977 

76; Student t-test). (C) DIC color images of cysts detached from culture stratum at day 21 of 978 

differentiation, tracked for up to 26 days post detachment (dpd). (D) Immunofluorescence 979 

images of renal organoid differentiations at day 21, with continuous 20 nM rapamycin treatment 980 

starting at day 11. Scale bars are 100 µm. (E) Quantification of flow cytometry data from bulk 981 

extraction of renal organoids at day 21, either without or with continuous 20 nM rapamycin 982 

treatment starting at day 11 (n = 4; two-way ANOVA with Šídák's post-hoc comparisons test). 983 

(F)  Quantification of flow cytometry data from bulk extraction of renal organoids at day 11 or 984 

21, either without or with continuous 20 nM rapamycin treatment starting at day 11 (n = 4; two-985 
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way ANOVA with Dunnett post-hoc comparison to day 21 untreated). (G) Section from TSC2-/- 986 

kidney xenograft lesion, stained with hematoxylin and eosin. Symbols indicate cyst (*), blood 987 

vessel (arrows), smooth muscle-like (#), fat (¶). Scale bar is 100 µm. 988 
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 990 

Supplementary Figure 4: TSC1/2 ablation favours stromal cell fate acquisition and alters 991 

terminal cell identity. (A) Expression in WT renal organoid clusters of top 100 upregulated and 992 

downregulated genes in primary AML compared to normal kidney.23 (B) UMAP two-993 

dimensional plot of all cells coloured by cell cycle phase. (C) Expression of select stromal 994 

marker genes in the unspecified progenitor population. (D) Expression of nephron or neural-glial 995 
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marker genes in the unspecified progenitors population. Marker genes were the top 100 996 

significantly upregulated genes of the nephron or neural-glial clusters. (E) Fraction of cells in 997 

renal organoid stromal clusters. (F) Expression of top upregulated stromal marker genes.  998 

  999 
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 1000 
Supplementary Figure 5: TSC1/2 ablation causes a rapamycin insensitive epithelial-to-1001 

mesenchymal transition. (A) Correlation of flow cytometry data quantified from bulk 1002 

extraction of renal organoids on day 21 (simple linear regression; data point circled with dashed 1003 

line a statistical outlier not included in the calculation). (B – C) UMAP two-dimensional plot 1004 

recalculated on subset of cells from nephron differentiation branch, colouored by (B) genotype or 1005 

(C) day differentiation. (D) Average expression of select marker genes used to distinguish each 1006 

nephron cell cluster. (E) Phylogenetic analysis of nephron cell clusters. (F) Fraction of cells in 1007 

renal organoid nephron clusters. (G) Expression of select mesenchymal and epithelial markers in 1008 

an aggregate of cells from the podocyte, loop of Henle/distal tubule, and proximal tubule 1009 



185 
 

clusters. (H) Immunofluorescence images of renal organoid differentiations at day 17. Scale bars 1010 

are 100 µm. (I) Immunofluorescence images of renal organoid differentiations at day 21, with 1011 

continuous 20 nM rapamycin treatment starting at day 11. Scale bars are 100 µm.  1012 
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 1013 

Supplementary Figure 6: TSC1/2 ablation induces MITF+ melanocytic cell fate acquisition. 1014 

(A) Expression of PMEL in renal organoids. (B) Quantification of flow cytometry data from bulk 1015 

extraction of renal organoids. (C) Trajectory inference on UMAP two-dimensional plot of glial 1016 

cluster, coloured by pseudotime. (D) Expression of genes found to be differentially expressed 1017 

along glial differentiation trajectory, ordered by timing of maximal expression. (E) Overlap in 1018 

differentially expressed genes along glial differentiation trajectory with NCC marker genes from 1019 

47. (F) Expression of  the top 10 NCC identity marker genes along glial differentiation trajectory, 1020 
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determined from 47 as described in Methods. (G) Aggregated Wald statistic (measure of 1021 

difference between WT and TSC1/2-/-) by locally estimated scatterplot smoothing, using all genes 1022 

differentially expressed along glial differentiation trajectory, ordered by timing of maximal 1023 

expression. (H – J) Gene expression split by genotype along glial differentiation trajectory for 1024 

marker genes of (H) mTORC1 regulation, (I) SCPs, and  (J) SCs. (K) Expression of SCP and SC 1025 

marker genes. 1026 


