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EPIGRAPH
“She was fierce, she was strong, she wasn’t simple.
She was crazy and sometimes she barely slept.
She always had something to say.
She had flaws and that was ok.
And when she was down, she got right back up.

She was a beast in her own way, but one idea described her best.

She was unstoppable and she took anything she wanted with a smile.”

— R.M. Drake
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ABSTRACT OF THE DISSERTATION

Defining the Teratoma as a Model for Multi-Lineage Human Development

Daniella Nicole McDonald

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2021

Professor Prashant Mali, Chair

We propose that the teratoma, a recognized standard for validating pluripotency in stem
cells, could be a promising platform for studying human developmental processes. Performing
single cell RNA-seq of 179,632 cells across 23 teratomas from 4 cell lines, we found teratomas
reproducibly contain approximately 20 cell types across all 3 germ layers, the inter-teratoma cell

type heterogeneity was comparable to organoid systems, and that the teratoma gut and brain cell
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types correspond well to similar fetal cell types. Cellular barcoding confirmed that injected stem
cells robustly engraft and contribute to all lineages. Using pooled CRISPR-Cas9 knockout screens,
we showed that teratomas can simultaneously assay the effects of genetic perturbations across all
germ layers. Additionally, we demonstrated teratomas can be enriched for specific lineages via a
genetic or materials approach. We either molecularly sculpted via miRNA-regulated suicide gene
expression or assayed teratomas under multiple matrix conditions. Taken together, the teratoma is
a promising platform for modeling multi-lineage development, pan-tissue functional genetic

screening, and tissue engineering.
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1 Teratoma Characterization

1.1 Abstract

We propose that the teratoma, a recognized standard for validating pluripotency in stem
cells, could be a promising platform for studying human developmental processes. Performing
single cell RNA-seq of 179,632 cells across 23 teratomas from 4 cell lines, we found teratomas
reproducibly contain approximately 20 cell types across all 3 germ layers, the inter-teratoma cell
type heterogeneity was comparable to organoid systems, and that the teratoma gut and brain cell
types correspond well to similar fetal cell types. Cellular barcoding confirmed that injected stem
cells robustly engraft and contribute to all lineages.
1.2 Introduction

Current understanding of early human development heavily relies on inference from animal
models. Model systems such as frogs !, fish 2, and mice ** have demonstrated that many features
of early embryogenesis are evolutionarily conserved across species >'. However, several aspects
of development are highly species-specific, especially in neural development®!! While there have

been studies on human embryonic development %13

, such studies are limited by a scarcity of
relevant biological material and key ethical constraints. There has thus been a push to establish
models specific to human development.

Human pluripotent stem cells (PSCs), such as embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs), have been used as developmental models by directing
differentiation of ESCs or iPSCs into various cell types. These studies have shed light on processes
such as lineage bifurcation '* and heterogeneity !° during human neuronal development, as well as

the presence of discrete cell states during early ESC differentiation 6. Additionally, perturbation

screens in these cell culture models have looked at the key regulators of differentiation !” and



reprogramming '8. However, true human development takes place in 3-dimensions, which is
difficult to capture with a 2-dimensional monolayer '*-2°,

Newer methods for modeling human development use organoid systems. Organoids are
3D “mini-organs” derived from PSCs in which the cells spontaneously self-assemble into
differentiated, functional cell types which mimic their in vivo counterparts structurally and

21-27

functionally . The use of organoids has enabled researchers to model human specific

development in a 3D context, which is especially beneficial for modeling rare genetic diseases or

34,35

cancers 21?2233 However, tissue types derived from organoids may be immature *** and limited

in thickness and scale due to the absence of abundant vasculature. Additionally, most organoid

22.362237-39 I this regard,

models can only generate a single or few developmental lineages
gastruloids, which model early anteroposterior organization, can recapitulate all germ layers, but
they are unable to model later stages of development 4,

In some remarkable newer studies, a group was able to grow a mouse embryo in culture ex
vivo to stage E11.5 before the embryo suffered from hydrops fatalis *!. Again this study does not
utilize human tissue however and has limitations in maturity.

We propose here the use of teratomas as a model for studying human development #2.
“Teratoma” comes from the Greek root “feratos” meaning monster. The earliest depictions of
teratomas date back to 600 to 900 BCE on ancient tablets from the Chaldean Royal Library of
Nineveh*’. Initial discoveries of embryonic stem cells (ESCs) and their isolation ought to be
credited to the early research in teratomas. Much of this research was pioneered by Dr. Leroy
Stevens who realized teratomas derive from pluripotent germ cells which have a resemblance to

cells embryonic in origin** 6. The initial thorough description of a teratoma was made by

Thiirlbeck and Scully in 1960*7. These tumors form in human patients from misguided primordial



germ cell migration during embryogenesis***’. Histologically they can be at varying levels of
maturity which can determine prognosis in patients (more immature states equating to higher
malignancy). Most teratomas are mature and thus, benign®®. These tumors are notorious for
containing teeth, hair, nails, and bone contributing to their “wow factor” and continuous curiosity
by researchers and the public.

The teratoma displays multi-lineage differentiation to all germ layers, has vascularized 3D
structure, bears regions of complex tissue-like organization, and is relatively straightforward to
implement. PSC-derived teratomas are generated by directly injecting PSCs into immunodeficient
mice, where the cells will attach and differentiate in a semi-random fashion into all three germ
layers 71753 In this regard, teratoma formation is the gold standard to validate pluripotency and
developmental potential of hPSC lines 3+,

There has also been some progress in utilizing the inherent differentiation potential of
teratomas to derive highly sought-after cell types. For instance, teratomas were recently utilized to
derive skeletal myogenic progenitors by injecting PSCs into the tibialis anterior muscle of mice
to enrich for muscle cell types in the teratomas that formed in those muscles .  Additionally,
some groups have successfully enriched for hematopoietic stem cells (HSCs) from teratomas
utilizing strategies such as human umbilical vein endothelial cell (HUVEC) pooling 37~
However, the semi-random nature of teratoma development has previously made characterization
of teratomas difficult, as the different lineages can often be found in close spatial proximity.

We hypothesized that the advent of high-throughput single cell gene expression profiling

61-67 coupled with histology, and RNA in situ hybridization, we

via droplet based methods
established a comprehensive experimental and computational framework to systematically analyze

human PSC-derived teratomas to evaluate their potential for modeling human development.



1.3 Materials and Methods
1.3.1 Experimental Model and Subject Details
1.3.1.1 Cell Culture

The H1 (P30), H9 (P36), PGP1 (P39), and HUES62 (P20) hESC cell line was maintained
under feeder-free conditions in mTeSR medium (Stem Cell Technologies). Prior to passaging,
tissue-culture plates were coated with growth factor-reduced Matrigel (Corning) diluted in
DMEM/F-12/Glutamax medium (Thermo Fisher Scientific), and incubated for 30 minutes at 37°C,
5% CO2. Cells were dissociated and passaged using the dissociation reagent Versene (Thermo
Fisher Scientific). Cells were passaged a maximum of 4 times for proper expansion prior to
injection. HEK 293T and HeLa were maintained in high glucose DMEM supplemented with 10%
fetal bovine serum (FBS) and passaged every couple days upon confluency with .05% Trypsin-
EDTA (Gibco). HUVECs were maintained in EGM-2 (Lonza).
1.3.1.2 Animals

Animals used in this study were male NOD-scid IL2Rgammanull mice 8-10 weeks of age.
Housing, husbandry and all procedures involving animals used in this study were performed in
compliance with protocols (#S16003) approved by the University of California San Diego
Institutional Animal Care and Use Committee (UCSD IACUC). Mice were group housed (up to 4
animals per cage) on a 12:12 hr light-dark cycle, with free access tso food and water in individually
ventilated specific pathogen free (SPF) autoclaved cages. All mice used were healthy and were not

involved in any previous procedures nor drug treatment unless indicated otherwise.



1.3.2 Method Details
1.3.2.1 Library Preparation

The lentiviral backbone plasmid for the barcode vector was constructed containing the
EFla promoter, mCherry transgene flanked by BamHI restriction sites, followed by a P2A peptide
and hygromycin resistance enzyme gene immediately downstream (ECIH). The backbone was
digested with Hpal, and a pool of 20 bp long barcodes with flanking sequences compatible with
the Hpal site, was inserted immediately downstream of the hygromycin resistance gene by Gibson
assembly. The vector was constructed such that the barcodes were located only 200 bp upstream
of'the 3°-LTR region. This design enabled the barcodes to be transcribed near the poly-adenylation
tail of the transcripts and a high fraction of barcodes to be captured during sample processing for
scRNA-seq.

The Gibson assembly reactions were set up as follows: 1:10 molar ratio of digested
backbone to sgRNA insert, 2X Gibson assembly master mix (New England Biolabs), H20 up to
20 pl. After incubation at 50°C for 1 h, the product was transformed into One Shot Stbl3
chemically competent Escherichia coli (Invitrogen). A fraction (150 pL) of cultures was spread on
carbenicillin (50 pg/ml) LB plates and incubated overnight at 37°C for 15-18hrs (miRNA
constructs required longer incubation times). Individual colonies were picked, introduced into 5
ml of carbenicillin (50 pg/ml) LB medium and incubated overnight in a shaker at 37°C. The
plasmid DNA was then extracted with a QIAprep Spin Miniprep Kit (Qiagen), and Sanger
sequenced to verify correct assembly of the vector and to extract barcode sequences.
1.3.2.2 Viral Production

HEK 293T cells were maintained in high glucose DMEM supplemented with 10% fetal

bovine serum (FBS). Cells were seeded in a 15 cm dish 1 day prior to transfection, such that they



were 60-70% confluent at the time of transfection. For each 15 cm dish 36 pl of Lipofectamine
2000 (Life Technologies) was added to 1.5 ml of Opti-MEM (Life Technologies). Separately 3 pg
of pMD2.G (Addgene #12259), 12 pg of pCMV delta R8.2 (Addgene #12263) and 9 pg of an
individual vector or pooled vector library was added to 1.5 ml of Opti-MEM. After 5 minutes of
incubation at room temperature, the Lipofectamine 2000 and DNA solutions were mixed and
incubated at room temperature for 30 minutes. Medium in each 15 cm dish was replenished with
25 ml of fresh medium. After the incubation period, the mixture was added dropwise to each dish
of HEK 293T cells. Supernatant containing the viral particles was harvested after 48 and 72 hours,
filtered with 0.45 um filters (Steriflip, Millipore), and further concentrated using Amicon Ultra-15
centrifugal ultrafilters with a 100,000 NMWL cutoff (Millipore) to a final volume of 600-800 pl,
divided into aliquots and frozen at -80°C.
1.3.2.3 Viral Transduction

For viral transduction, virus was added at a low MOI (ensuring a single barcode/cell or a
single sgRNA/cell) to stem cells at 20% confluency alongside polybrene (5 pg/ml, Millipore) in
fresh mTeSR medium. The following day, medium was replaced with fresh mTeSR. Appropriate
selection reagent was added 48 hrs after transduction (hygromycin [50ug/uL] for barcode)
(Thermo Fisher Scientific) and was replaced daily.
1.3.2.4 Teratoma Formation

A subcutaneous injection of 5-10 million PSCs in a slurry of Matrigel® and mTeSR
medium (1:1) was made in the right flank of anesthetized Rag2-/-;yc-/- immunodeficient mice.
Weekly monitoring of teratoma growth was made by quantifying approximate elliptical area

(mm?2) with the use of calipers measuring outward width and height.



1.3.2.5 Teratoma Processing

After growth for 70 days on average mice were euthanized by slow release of CO2
followed by secondary means via cervical dislocation. Tumor area was shaved, sprayed with 70%
ethanol, and then extracted via surgical excision using scissors and forceps. Tumor was rinsed with
PBS, weighed, and photographed. Tumors were inspected for external heterogeneity to ensure
proper tumor representation. Representative tumors were cut in a semi-random fashion in <22 mm
diameter pieces and frozen in OCT for sectioning and H&E staining courtesy of the Moore’s
Cancer Center Histology Core. Remaining tumor was cut into small pieces 1-2mm in diameter and
subjected to standard GentlaMACS™ protocols: Human Tumor Dissociation Kit (medium tumor
settings), Red Blood Cell Lysis Kit, and Dead Cell Removal Kit. Single cells were then
resuspended in .04% BSA for 10X Genomics chromium® platform.
1.3.2.6 Histology and RNAScope®

Sectioning and H&E staining was performed by the Moore’s Cancer Center Histology
Core. In brief, Optimal Cutting Temperature (O.C.T.) blocks were sectioned with a cryostat into
10 micron sections onto a positively charged glass slide. The slide was then stained with Harris
hematoxylin and then rinsed in tap water and treated with an alkaline solution. The slide was then
de-stained to remove non-specific background staining with a weak acid alcohol. The section was
then stained with an aqueous solution of eosin and passed through several changes of alcohol, then
rinsed in several baths of xylene. A thin layer of polystyrene mountant was applied, followed by a
glass cover slip. Sections from teratomas were confirmed to have the presence of all 3 germ layers:
ectoderm, mesoderm, and endoderm via microscopy identification courtesy of pathologist Dr. Ann

Tipps. Further detailed identification also performed by Dr. Tipps.



Fresh frozen sections were subjected to standard RNAScope® Fluorescent Multiplex
Reagent Kit protocols following fresh frozen tissue requirements. In brief, sections were fixed with
chilled 200 mL of 4% PFA in 1X PBS in 4°C for 15 min. The slides were then placed in 50%
EtOH for 5 min at RT, then placed in 70% EtOH for 5 min at RT, and then finally placed in 100%
EtOH for 5 min at RT twice. After the slides had dried, we drew a hydrophobic barrier around the
tissue. We then placed the dried slides on a HybEZ™ Slide Rack, and added Pretreat 4 to entirely
cover each section and then incubated for 30 min at RT. Slides were then washed with 1X PBS.
We then added the appropriate probe to cover each section. Slides were then placed in the slide
rack and then placed in a HybEZ™ Oven for 2 hrs at 40°C. After 2 hrs, slides were taken out and
slides were washed with 1X Wash Buffer for 2 min at RT twice. AMP 1-FL was then added to
entirely cover each section. The slides were then placed on the slide rack and inserted into the oven
for 30 min at 40°C. The slides were then taken out and slides were washed with 1X Wash Buffer
for 2 min at RT twice. AMP 2-FL was then added to entirely cover each section. The slides were
then placed on the slide rack and inserted into the oven for 15 min at 40°C. The slides were then
taken out and slides were washed with 1X Wash Buffer for 2 min at RT twice. AMP 3-FL was
then added to entirely cover each section. The slides were then placed on the slide rack and inserted
into the oven for 30 min at 40°C. The slides were then taken out and slides were washed with 1X
Wash Buffer for 2 min at RT twice. AMP 4-FL (Alt A, B, or C) was then added to entirely cover
each section. The slides were then placed on the slide rack and inserted into the oven for 15 min
at 40°C. The slides were then taken out and slides were washed with 1X Wash Buffer for 2 min at
RT twice. The slides were then counterstained with DAPI (30 sec at RT) and mounted with
ProLong™ Gold Antifade Mountant (Cat# P10144). We then placed a 24 mm x 50 mm coverslip

over the tissue section and stored them in the dark at 4C.



1.3.2.7 Microscopy

Following 24 hrs of incubation with RNAScope® probes in 4°C, slides were imaged using
Zeiss 880 Airyscan Confocal microscope with special thanks to Michael Hu for image processing
utilizing the UC San Diego Microscopy Core. Raw images on the Leica DMi8 were obtained with
16bit bit-depth per color, and highlights and shadows were adjusted in the LASX software. Raw
images on the Zeiss 880 were obtained with 16bit bit-depth per color, and highlights and shadows
were adjusted in the ZEN software. RNAScope images were dilated using ImageJ’s MorphoLib
by splitting the image into the composite channels and dilating the dots in the appropriate channel.
Dots were dilated to 3 pixels as disks.
1.3.2.8 Cost Analysis

Overall, the cost of profiling a single teratoma with the 10X RNA-seq system runs at about
$1,300, including sequencing costs for ~8,000 cells (the output of a single 10X RNA-seq run) at a
sequencing depth of 50,000 reads per cell. Mouse husbandry and reagents related to teratoma
formation (cells, Matrigel, media) are relatively cheap in comparison. During teratoma growth, the
researcher needs to only monitor the mice for health concerns, weights, and tumor measurements
if desired. The teratoma can be extracted at any time after 3 weeks of growth. It is also theoretically
possible to inject both flanks of the mouse to generate 2 teratomas per animal. With the availability
of easy to use analysis tools such as Seurat/PAGODA2, as well as methods for integrating datasets
(such as CONOS), running a basic clustering and cell type annotation of scRNA-seq data is fairly

straightforward.



1.3.3 Quantification and Statistical Analysis
1.3.3.1 Overview
For all figures, we used the CellRanger pipeline as described in the Single Cell RNA-Seq

Processing section to generate counts matrices %

. We also used the Seurat R package for
clustering, data integration, and classification for all figures as described in the Seurat Data
Integration and HI Teratoma Clustering and Validation methods sections . For assigning
lentiviral barcodes, we used the genotyping-matrices method as described in the Lentiviral
Barcode and CRISPR Guide Assignment section !’. For Figure 1.5/1.6, we used Similarity
Weighted Nonnegative Embedding (SWNE) as described in the Developmental Staging Analysis
section %°. The remaining analysis was done using custom R scripts.

For the heterogeneity analysis in Figure 1.3/1.4, we treated each teratoma as an individual
data replicate. In other analyses each cell was treated as a replicate.

A brief summary of the analysis details for each figure can be found in the results and
figure legends. Below we also provide a mapping between each figure and the relevant methods
sections:

e Figure 1.1/1.2: Seurat Data Integration and HI Teratoma Clustering and Validation

e Figure 1.3/1.4: Quantitative Assessment of Teratoma Heterogeneity and Cell Type Bias
and Lentiviral Barcode and CRISPR Guide Assignment

e Figure 1.5/1.6: Developmental Staging Analysis

All analysis code as well as instructions on how to reproduce our analyses can be found at

the Github repository: yanwu2014/teratoma-analysis-code.
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1.3.3.2 Single Cell RNA-seq Processing

Using the 10X Genomics CellRanger (v2.01) pipeline ®, we aligned Fastq files to a
combined hg19 and mm10 reference using STAR aligner 7°, counted UMIs to generate human and
mouse gene-expression counts matrices, and aggregated samples across 10X runs with the
cellranger aggr command. All cellranger commands were run using default settings.
1.3.3.3 Seurat Data Integration

Data integration was performed on the aggregated counts matrices for each of the following
datasets: the 7 H1 teratomas and the 3 cell line teratomas. We used the Seurat v3 data integration
pipeline 7!, Briefly, we first filtered the counts matrix for genes that are expressed in at least
0.1% of cells, and cells that express at least 200 genes. We then normalized the counts matrix
using total-counts normalization, and log-transformed the result. Log-transforming RNA-seq
counts results in the data following an approximately normal distribution, which is the assumption
that Seurat makes for the remainder of the analysis 7>. For each teratoma, we identified highly
variable genes, and selected the top 4000 genes that appeared as overdispersed across the most
teratomas. We then identified anchor cells, and integrated the teratomas to create a batch-corrected
gene expression matrix. After batch correction, we used a linear model to regress away library
depth, and mitochondrial gene fraction, and ran Principal Components Analysis (PCA)7?, keeping
the first 30 principal components. We then used the PCs to generate a k Nearest Neighbors (kNN)
graph, setting k = 10, and then used the kNN graph to calculate a shared nearest neighbors (SNN)
graph 7. We ran modularity optimization algorithm with a resolution of 0.4 on the SNN graph to

find clusters ",
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1.3.3.4 H1 Teratoma Clustering and Validation

HI clusters were assigned to cell types using a two-stage strategy. First, we trained a kKNN
classifier on the Mouse Cell Atlas dataset using k = 40 7°, mapping mouse genes to their human
orthologs. We projected each cell in the teratoma dataset onto the first 40 Principal Components
(PCs) of the Mouse Cell Atlas and classified each cell in the H1 teratoma dataset using this kNN
classifier to generate a rough set of cell type assignments for each cluster. We then manually
inspected the marker genes for each cluster and adjusted the cell type based on the expression of
canonical markers (Table S2A ). We also specifically looked at transcription factor markers using
the TRRUST database (Table S2A)’. We computed differential gene expression in Seurat using
the default Wilcoxon rank-sum test, which does not make any assumptions about the distribution
of the data being tested, otherwise known as a non-parametric test /. Clusters that mapped to the
same MCA cell type, and expressed similar marker genes were merged. Finally, we ran UMAP on
the first 30 PCs as input in order to visualize the results "®7°. We validated each annotated cell type
by computing the Pearson correlation between the average expression of each cell type and the
average expression of each broad cell type in the Mouse Organogenesis Cell Atlas*. We used the
union of all marker genes for the teratoma cell types and Mouse Organogenesis Cell Atlas cell
types to perform the correlation analysis.

In some cases, it was necessary to sub-cluster the cells to achieve greater cell type
resolution. Specifically, we noted that the ciliated epithelium cluster had both retinal and airway
markers so we sub-clustered the all cells mapping to ciliated epithelium in order to separate retinal
epithelium and airway epithelium. Additionally, we sub-clustered the neuro-ectoderm in order to

identify interneurons, peripheral neurons, retinal progenitors, and early neuro-ectoderm. In both
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cases we simply subsetted the gene expression matrix with the cells of interest and reran the Seurat
analysis pipeline, identifying sub-clusters using known marker genes (Table S3).
1.3.3.5 Quantitative Assessment of Teratoma Heterogeneity and Cell Type Bias

In order to quantify the level of heterogeneity between teratomas we used the Normalized
Relative Entropy metric from CONOS ¥,

st s X KL(fy, F)

- n
log (nteratomas) Zkihlwt Sk

Where f} is a vector with the number of cells in each teratoma from cluster k&, KL(fy, F) is
the empirical KL divergence between f; and the total number of cells in each teratoma, F. Higher
Normalized Relative Entropy means the cell types are more mixed across the teratomas and thus
the teratomas are less heterogeneous.

There was only one replicate per non-H1 cell line teratoma as our main goal was to assess
the heterogeneity across cell lines versus the heterogeneity within the HI cell line, while also
demonstrating that we could generate teratomas using multiple cell lines.

To quantify the heterogeneity/bias of individual cell types across teratomas we simply take
the KL divergence of the number of cells in each teratoma from that cell type/cluster and the total
number of cells in each teratoma and then scale by the number of cells in each cell type. For each
cell type k:

Sie X KL(fie, F)
1.3.3.6 Lentiviral Barcode Assignment

To assign one or more lentiviral barcode to each cell, we extracted each barcode by
identifying its flanking sequences, resulting in reads that contain cell, UMI, and barcode tags. To
remove potential chimeric reads, we used a two-step filtering process. First, we only kept barcodes

that made up at least 0.5% of the total amount of reads for each cell. We then counted the number
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of UMIs and reads for each plasmid barcode within each cell, and only assigned that cell any
barcode that contained at least 10% of the cell’s read and UMI counts. The code for assigning

barcodes to each cell can be found on GitHub at: https://github.com/yanwu2014/genotyping-

matrices .
1.3.3.7 H1 Cell Barcoding Analysis

We extracted lentiviral barcodes from the genomic DNA fastq files before and after
teratoma formation for the 3 barcoded H1 teratomas. We counted the number of unique barcodes
that were supported by at least 10 reads (the reads requirement is to mitigate overcounting unique
barcodes due to minor sequencing errors) and then computed the fraction of unique barcodes that
remain after teratoma formation to assess the approximate number of cells that are involved in the
teratoma formation process.

We also identified lentiviral barcodes at the single cell level, using the barcode assignment
strategy described in the Lentiviral Barcode and CRISPR Guide Assignment section. For each cell
type, we computed its bias for specific barcodes using the same relative entropy metric we used to
compute teratoma bias.

Sk X KL(by, B)

Where by, is a vector with the number of cells in each barcode from cluster k, KL(by, B) is
the empirical KL divergence between b, and the total number of cells in each barcode, B.
1.3.3.8 Developmental Staging Analysis

In order to assess the developmental maturity of the teratoma cell types, we computed the
average expression of all cells related to neuro-ectoderm (Radial Glia, Intermediate Neuronal
Progenitors, Early Neurons) and gut (Oral/Esophageal, Stomach, Intestine) cell types and

calculated the cosine similarity of the teratoma average expression to the average expression of
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fetal human cells across different time points. We used all genes that were detected in both the
fetal and teratoma data.

For the neuro-ectoderm cells, we then sub-clustered those cells and identified additional
cell types using canonical marker genes (Table S2). We then matched those neuro-ectoderm sub-
clustered cell types to cell types in a larger fetal week 17-18 single cell prefrontal cortex dataset.

We next generated Similarity Weighted Nonnegative Embeddings (SWNE) 8! for the
neuronal and gut cell types using the top 3000 overdispersed genes in each tissue type. Briefly,
SWNE uses nonnegative matrix factorization (NMF) # to decompose a gene expression matrix
into component factors, embeds the factors in 2D using sammon mapping %*, and embeds the cells
and key genes in the 2D space relative to the factors. The cell positions are smoothed using a
shared nearest neighbors (SNN) network. For the neuronal SWNE embedding, we used 30 NMF
factors and 20 nearest neighbors when computing the SNN. For the gut SWNE embedding, we
used 20 NMF factors and 30 nearest neighbors. We projected teratoma data onto the fetal SWNE,
by first projecting the teratoma data onto the fetal NMF factors and generating embedding
coordinates. We then smooth the projected coordinates by projecting the teratoma data onto the
fetal SNN.

We then compared the expression of key neuronal/gut marker genes in each neuronal and
gut cell type by correlating the expression of those markers between the teratoma data and the fetal
human data. We used the scaled gene expression for both the teratoma and fetal data, which
involves subtracting the average expression and dividing by the standard deviation. We selected
the cell type markers for the neuro-ectoderm and gut comparisons using published studies of the
developing human cortex and developing gut. Specifically, we selected VIM/SOX2 as markers for

Radial Glia, DLX1 as a marker for Interneurons, and HMGB2 as a marker for Cycling Progenitors
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using the markers from the single-cell RNA-seq study of week 17 — 18 developing human cortex
84 HESS is known to be a key regulator of the neural progenitor state while DCX and NEURODI

are essential for early neuronal differentiation 3%

. For the developing gut, we selected
CDX1/CDX2 as Mid/Hindgut markers and PAX9 as a foregut marker from the single-cell RNA-
seq study of the developing human digestive tract 3. HHEX regulates midgut development,
specifically the formation of the pancreas from the gut tube 3°. SOX2 is a known foregut marker
that regulates gut patterning while FOXJ1 marks foregut cells primed for the lung epithelial lineage
9091
1.3.3.9 Figure Generation

All figures were generated using original artwork or open source with InkScape, Adobe
[lustrator®, and Image].
1.4 Results
1.4.1 Teratoma Characterization

We first characterized the teratoma to better understand its growth kinetics, constituent cell
types, and spatial organization. Towards this we generated 7 teratomas using H1 ESCs, identified
cell types using single cell RNA-seq, and validated these cell types and assessed their spatial
organization with histology and RNA FISH. To generate a teratoma, we made a subcutaneous
injection of 5-10 million hESCs into Rag2”;yc”" immunodeficient mice (Figure 1.1A, 1.3.
Materials and Methods). Kinetic trajectories show that it takes an average of around 37 days until
we can begin to outwardly see and measure tumor size. We grew the teratomas for up to 70 days
until the tumors were of a sufficient size for extraction and downstream analyses (~820 mm?,
Figure 1.1B). Post-extraction, tumors were weighed, inspected, and sectioned (Figure 1.1C, 1.3.

Materials and Methods).
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Figure 1.1. Comprehensive teratoma characterization. (A) Schematic of general workflow.
Subcutaneous injection of H1 PSCs in a slurry of Matrigel® and embryonic stem cell medium was made
in the right flank of Rag2”;yc”~ immunodeficient mice. Weekly monitoring of teratoma growth was
quantified by approximating elliptical area (mm?). Tumors were then extracted after 8-10 wks of growth
and observed for external heterogeneity before small sections were frozen for H&E staining. The remaining
tumor was dissociated into a single cell suspension via standard GentleMACS protocols. Single cell
suspension was used for sScRNA-seq (10x Genomics). (B) Growth kinetics of four H1 teratomas. (C) Images
of four teratomas generated from H1 cells. (D) H&E stains of the four teratoma histology sections. The
presence of ectoderm, mesoderm, and endoderm confirmed for pluripotency and developmental potential.
(E) UMAP visualization of cell types identified from single cell RNA-sequencing of the seven H1
teratomas. Dotted lines separate the cell types originating from each of the 3 germ layers.
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We used histology to validate the presence of all 3 germ layers (ectoderm, mesoderm,
endoderm) to confirm pluripotency (Figure 1.1D, 1.3. Materials and Methods). An independent
histology analysis also revealed structures such as developing airways, retinal pigment epithelium
and neurons, fetal cartilage and bone, muscle, vasculature, GI tract, connective tissue, adipocytes
and neuroectoderm (Figure 1.2A). Remaining tissue was dissociated for single cell RNA
sequencing with the droplet-based 10X Genomics Chromium platform .

To analyze the resulting sequencing data, we generated single cell gene expression matrices
across the 7 teratomas for both human and mouse cells using the CellRanger  pipeline from 10X
Genomics (1.3. Materials and Methods, Figure 1.1A, Table S1). We removed any teratoma
specific batch effects by using the Seurat data integration pipeline °?, and then clustered the cells
using Louvain clustering ’*. We generated a rough biological annotation of the clusters using a k-
nearest neighbors classifier trained on the Mouse Cell Atlas, and refined the cluster annotations
manually using canonical cell type markers °>°* (Table S2). We sub-clustered a cell type
expressing ciliated epithelial markers with divergent expression of Airway and Retinal markers
and identified Airway Epithelium, Retinal Epithelium, and erythrocytes (Table S3). We then
visualized both the human and mouse cells with a Uniform Manifold Approximation and

Projection (UMAP) 7 scatterplot (Figure 1.1E).
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Figure 1.2. Comprehensive teratoma characterization. Related to Figure 1.1 and Table 1.1. (A) H&E
stains (left to right, top to bottom): Choroid Plexus, Fetal Neuro-ectoderm, Retinal Pigment Epithelium
(RPE), Developing Airway, Ciliated Respiratory Epithelium, Fetal Cartilage, Mesenchyme, Bone,
Developing Cardiac/Skeletal Muscle, Squamous epithelium, Retinal Neurons (around RPE), Smooth
Muscle, Adipocytes. (B) The fraction of cells that are classified as MSC/Fibroblast across each teratoma.
(C) Heatmap of key marker genes for each cell type (guidelines separate cell types from different germ
layers) (Table S3C). (D) Correlation of the average expression of each human teratoma cell type with the
average expression of each fetal mouse cell type. (E) UMAP plot of mouse cell types in the H1 teratomas.
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In the human cells, we identified 23 putative cell types across all three germ layers,
including endodermal cell types (gut epithelium), ectodermal cell types (early neurons), and an
abundance of mesoderm-like cell types that expressed Mesenchymal Stem Cell (MSC)/Fibroblast
markers, most notably the canonical MSC marker THY °* (Figure 1.1E, Figure 1.2B, Table S2).
We annotated these putative MSC/Fib cell types as Adipogenic (ITM24, SHOX2), Chondrogenic
(COL2A41, SOX9), MyoFibroblasts (COL15A1), or Cycling (HMGB?2) (Table 1.1, Table S2). We
visualized the expression of canonical marker genes for each cell type to assess the robustness of
our preliminary cell type annotations (Table 1.1, Figure 1.2C, Table S2, 1.3. Materials and
Methods).

We further validated the cell type annotations by correlating the expression of each
teratoma cell type with the expression of cell types from the Mouse Organogenesis Cell Atlas *,
demonstrating that each teratoma cell type generally correlates with at least one fetal mouse cell
type (Figure 1.2D). While most of the teratoma cell types correlate to the expected mouse cell
type, there are some discrepancies that may be due to differences in developmental stage,
mouse/human specific expression, as well as the fact that a broad correlation analysis may not be
able to distinguish closely related cell types (Figure 1.2D). For example, Hematopoietic Stem
Cells (HSCs) from the teratoma correlate with fetal mouse endothelial cells, reflecting the
endothelial origin of HSCs **. The MSC/Fib subtypes, as well as Pericytes, all broadly correlate to
the same block of mesenchymal fetal mouse cell types which reflects their similar developmental
origins . Retinal Pigment Epithelia are a type of Ependymal Cell, and thus correlate accordingly
%7 Melanoblasts and Retinal Neurons are also both derived from the neural crest and may share
some marker genes such as MITF, although they are not as closely related as the other cell type

correlations discussed previously °>”. And finally, Kidney Progenitors do not correlate well with

22



any fetal mouse cell type, although there were no Kidney cell types in the fetal mouse data at the
level of annotation we used (Figure 1.2D).

Overall, we used canonical marker genes and mouse cell atlases to generate a preliminary
annotation of the cell types found in the teratoma scRNA-seq datasets. We provide a summary
table of the key marker genes, and the experimental and computational validations performed on
each cell type in Table 1.1. In the mouse cells, we primarily observed invading immune cells,

endothelial cells, and stromal cells (Figure 1.2E).
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Table 1.1. Summary of Cell Type Validations

Germ | Broad Cell Cell Type Cells (H1 | Minimal | RNA Identified | Mappe
Layer | Type (used & cell line | Marker | FISH in dto
for CRISPR teratomas) | Set marker histology | fetal
screen & validatio | analysis human
miRNA n data
analysis)
Ecto | Neural Prog Radial Glia 2579 SOX2, HESS Yes
HESS5
CycProg 1619 SOX2, Yes
(Cycling HMGB2
Neural Prog)
Neurons Early Neurons | 6010 DCX, DCX Yes
MAP2
Retinal 493 0TX2, Yes
Neurons NRL
Retinal Epi Retinal Epi 7238 0TX2, Yes
MITF,
FOXJ1
Schwann Cell | Schwann 174 MPZ
Prog (SCP) Cells
Melanoblasts | 200 MITF,
SOX10,
MLANA
Endo | Foregut Epi Foregut Epi 584 ELF3, Yes
PAXO9,
KRT4
Airway Epi 76 FOXIJ1, | FOXJ1 Yes
CDHR3
Mid/Hindgut | Mid/Hindgut | 1742 ELF3, CDX2 Yes
Epi Epi CDX2
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Table 1.1. Summary of Cell Type Validations (continued)

Germ | Broad Cell Cell Type Cells (H1 | Minimal | RNA Identified | Mappe
Layer | Type (used & cell line | Marker | FISH in dto
for CRISPR teratomas) | Set marker histology | fetal
screen & validatio | analysis | human
miRNA n data
analysis)
Meso | Hematopoieti | Immune 1490 CD74
c
HSC 140 CD34,
HHEX
Erythrocyte 834 GYPA
MSC/Fib Adipogenic 6487 THY1, Yes
MSC/Fib ITM2A,
SHOX?2
Chondrogenic | 587 THY1,
MSC/Fib COL2A1
, SOX9
MSC/Fib 8046 THY1, THY1
COL14A
1
Cycling 4010 THY1, Yes
MSC/Fib HMGB?2
MyoFib 3329 THY1,
COLI15A
1
Muscle Muscle Prog | 1276 MYODI, Yes
PAX7
Cardiac/ 528 MYODI, | TNNT2 Yes
Skeletal TNNII,
Muscle TNNT2
Pericytes Pericytes 1053 FOXC1,
CYPI1BI1
Smooth Smooth 550 ACTA2, Yes
Muscle Muscle RGS5
Kidney Prog | 153 WT1
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1.4.2 Assaying Teratoma Heterogeneity

Assessing heterogeneity between teratomas (especially between teratomas generated from
different stem cell lines) is critical for assessing the reproducibility and utility of this model.
Towards this, we generated additional teratomas (per Figure 1.1A) with H9 ESCs, HUES62 ESCs,
and PGP1 iPSCs, and assessed the cell type composition of the teratomas (Figure 1.3A, Table
S4). We ran 10X sequencing on each teratoma, integrated the expression profiles, classified cell
types using the H1 teratomas as reference, and visualized the cell types with aUMAP scatterplot
(Figure 1.3B) while also showing the relative contribution of each cell line teratoma to the UMAP
embedding (Figure 1.4A). We also assessed the distribution of cell types represented in each
individual H1 teratoma alongside the H9, HUES62, and PGP1 teratomas (Figure 1.3C, Figure
1.4B). We then compared the germ layer representation between all teratomas using zebrafish and
Mouse Organogenesis Cell Atlas single-cell datasets for reference >!% (Figure 1.3D). Teratomas
are comprised mostly of mesoderm and neuroectoderm, with less endoderm (Figure 1.3D). The
mesoderm is primarily from MSC/Fibroblasts in H1 teratomas, while teratomas from different cell
lines show more variability in terms of the MSC/Fibroblast fraction (Figure 1.3D, Figure 1.2B).
The relatively low fraction of endoderm in both the teratomas as well as the zebrafish and mouse
embryo models indicate that endoderm is prevalent during development (Figure 1.3D).
Qualitatively, while there is variability in cell type representation among the different teratomas,
every teratoma contains most of the major cell types (Figure 1.3C). By computing the scaled
mutual information between cell type assignments and teratoma assignments, we can compute a
quantitative metric of this heterogeneity across teratomas (Figure 1.3E) !°!. We find that the cell

102

type heterogeneity across the H1 teratomas is similar to that of patterned brain organoids "*~, while

the teratomas generated from different cell lines have a much higher level of heterogeneity (Figure
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1.3E). Interestingly, line-specific kinetics were present in regard to teratoma growth with PGP1
teratomas growing the fastest and HUES62 the slowest (Figure 1.4C). Some of this accelerated
growth may be due to chromosomal abnormalities as karyotyping has shown the PGP1 line has

material translocated to 7q34 (BRAF) (Figure 1.4D).
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Figure 1.3. Assaying teratoma heterogeneity. (A) Schematic portraying generation of teratomas from
multiple cell lines and process for identifying how lines contribute to cell types. (B) UMAP scatterplot of
all cell types present across 3 PSC lines (H9, HUES62, and PGP1) (C) Distribution of cell types represented
in each individual teratoma (D) Distribution of germ layer representation in each individual teratoma (along
with zebrafish and mouse comparison). (E) The Normalized Entropy represents how well cell type
assignments are mixed with teratoma/organoid/cell line identities. A higher Normalized Entropy implies
less cell type variation between teratomas/organoids/cell lines. The Cell Line Teratomas include one
teratoma generated from each of HUES62, H9, and PGP1 lines. (F) H1 cells were uniquely barcoded at
low MOI with lentiviral vectors before teratoma formation. The barcodes were counted and assessed for
lineage/cell type priming of cells. (G) Number of unique barcodes detected in each cell type plotted
alongside the cell type bias for specific barcodes (computed using the KL divergence of cell type identities
with barcode identities scaled by the number of cells in each cell type). (H) Teratoma bias for each cell type
plotted against barcode bias.
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Another key question in teratoma formation is how many cells engraft after stem cell
injection. To determine this, for 3 out of the 7 H1 ESC teratomas, prior to PSC injection, cells
were transduced with an integrating lentiviral ORF barcode that can be detected by scRNA-seq '%3
(Figure 1.3F, Figure 1.4E). With this barcoding scheme, cells can be individually labeled prior
to teratoma formation and their descendants can be captured after formation via scRNA-seq.
Transduced PSCs were evenly split: half for teratoma formation and half were frozen down for
DNA sequencing. By comparing unique barcodes extracted from genomic DNA in these two cell
populations we can calculate the proportion of cells that engraft. Results showed that across the
three teratomas, over 25% of cells engraft, out of a total of 10 million injected cells, which suggests
that no major bottlenecking occurs during teratoma formation (Figure 1.4F). This is especially
important in the context of using teratomas in high-throughput genetic screens, as one must ensure
that there are enough cells contributing to the final tumor so that none of the elements of the genetic

screen are lost.
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Figure 1.4. Assaying teratoma heterogeneity. Related to Figure 1.3. (A) UMAP scatterplot showing
how each line (HUES62, PGP1, and H9) contributes to the various cell type clusters. (B) Left: the
normalized proportion of each teratoma in every cell type. Right: the bias each cell type shows towards
specific teratomas. A low bias score means the cell type is well mixed across all 7 teratomas. (C) Growth
kinetics of 6 teratomas based on cell line (HUES62, PGP1, and H9). (D) Karyotyping of all 4 PSC lines.
(E) Lentiviral barcode construct map. (F) Barcoding summary statistics for both bulk and single cell assays
across the three barcoded teratomas.
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We next tracked barcodes in individual cells by amplifying the expressed barcode from the
scRNA-seq library. Since cells from the teratoma with the same barcode originated from the same
PSC, we were able to track whether certain PSCs were primed to develop into certain lineages.
For each cell type, we computed a barcode bias score, which reflects the level to which barcodes
tend to be enriched or depleted in that cell type and plotted this barcode bias, alongside the total
number of barcodes detected in each cell type (Figure 1.3G, 1.3. Materials and Methods). We
also computed a teratoma bias score for each cell type, which reflects how much the proportion of
that cell type varies across teratomas and plotted the correlation of the teratoma bias score with the
barcode bias score (Figure 1.3H, 1.3. Materials and Methods). We found that retinal epithelium
is an outlier with both a high teratoma bias, and a high barcode bias (Figure 1.3H). Myofibroblast
cells also have a relatively high barcode and teratoma bias score while Early Neurons, Radial Glia,
Mid/Hindgut have high teratoma bias score (Figure 1.3H). Both the barcode bias and teratoma
bias scores are scaled by the number of cells in each cell type (1.3 Materials and Methods).

Taken together, we found teratomas to generally contain the same major cell types at 10
weeks of growth: a large fraction of MSC/Fibroblast and neuronal cell types, and a small fraction
of endoderm. RPE shows both a high degree of variability across teratomas and a high level of
lineage priming. Notably, the level of heterogeneity between teratomas generated from H1 stem
cells is comparable to that observed in organoids '°194195 byt there is a much higher level of
heterogeneity among teratomas derived from different PSC lines. This reflects known epigenetic
variability across those lines '%.

1.4.3 Assaying Teratoma Maturity
We next assessed the transcriptional similarity of the teratoma cell types to human fetal

cell types, using published single-cell RNA-seq datasets from the human neuroectoderm and gut,
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to determine their utility as a tool for modeling human development. We looked at which human
embryonic stage the 10-week teratoma cell types most resemble, projected the teratoma data onto
the fetal data to assess global transcriptional similarity, and compared the expression of key cell
type marker genes (Figure 1.5A).

Due to the semi-random nature of teratoma differentiation, it is possible that different cell
types will resemble different stages of embryonic development. Thus, we analyzed individual
tissue types separately, looking specifically at the teratoma neuro-ectoderm and gut cell types in-
depth. We first sub-clustered the neuro-ectoderm cells and identified additional subtypes,
including a cluster of early interneurons (Figure 1.5C, Table S3). We then compared the average
expression of all cells belonging to neural subtypes with the average expression of the same
subtypes in a (2,300 cell) fetal brain dataset at different stages of development ' (Figure 1.5A,
Figure 1.5B). We found that the teratoma neuronal cells had high similarity scores to the human
prefrontal cortex at gestational week 13 — 17 with the highest score for weeks 16 — 17 (Figure
1.5B). Due to the high similarity with week 16 — 17 human data, we identified the teratoma
subtypes (Radial Glia, Cycling Progenitors, Early Neurons, Early Interneurons) that matched with
the cell types seen in a larger 40,000+ cell week 17 — 18 dataset also from the human prefrontal

cortex for further analysis 3¢ (Figure 1.5A, Figure 1.5C).
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Figure 1.5. Assaying teratoma maturity. (A) Teratoma neuro-ectoderm cell types were mapped to fetal
cortical cell types and the corresponding teratoma cell types were projected onto SWNE embeddings of
fetal cells. Key marker genes were correlated across matching teratoma/fetal cell types, and average
expression of teratoma cell types was correlated with fetal cell types from different stages of development.
(B) Cosine similarity of teratoma brain cells with fetal brain cells of different ages. (C) UMAP embedding
of teratoma neuro-ectoderm sub-clusters (Table S2G). (D) Projection of teratoma neuro-ectoderm cell
types onto the SWNE embedding of fetal cortical cells. (E) Correlation of the scaled expression of key
marker genes across Radial Glia, Cycling Progenitors, Early Neurons, and Interneurons. (F) Fraction of
brain related cell types in the teratoma and fetal cortex. (G) H&E stain (left) and RNAScope image (right)
of HESS (radial glia marker, top) and DCX (early neuron, bottom) expression. DAPI is a nuclear stain. 4-
10 punctate dots/cell is a positive result. Dots were dilated using ImagelJ. Scalebar = 50uM. (H) Positive
(top) and negative (bottom) RNAScope® control staining. DAPI is a nuclear stain. 4-10 punctate dots/cell
is a positive result. Scalebar = 5S0uM.
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We then generated a Similarity Weighted Nonnegative Embedding (SWNE) of the week
17 — 18 human prefrontal cortex cells and projected the teratoma cells from the matching subtypes
onto the fetal human SWNE (Figure 1.5A, Figure 1.5D) %, We found similar cell types map to
similar spatial positions in the SWNE embedding, suggesting overall similar expression patterns,
although the teratoma SWNE embedding shows some overlap between cycling progenitors and
radial glia as well as early interneurons and excitatory neurons (Figure 1.5D). Additionally, the
teratoma radial glia cells project onto the fetal intermediate progenitors (Figure 1.5D).

To further assess the similarity of the teratoma neuro-ectoderm cell types to the fetal
prefrontal cortex cell types, we defined a panel of neuronal cell type marker genes: DCX,
NEURODI1, HESS, SOX2, HMGB2, VIM, DLX1 and then correlated the expression of these
marker genes between the teratoma cells and fetal brain cells for every matched cell type (Figure
1.5A, Figure 1.5E). We found a fairly high correlation overall, with R = 0.82 for Radial Glia, R =
0.93 for Cycling Progenitors, R = 0.84 for Interneurons, and R = 0.77 for Early Neurons (Figure
1.5E). We also looked at the cell type proportions in the fetal prefrontal cortex versus the teratoma,
showing that the teratoma has far more progenitor cells such as Radial Glia, and fewer early
neurons with no detectable mature neurons (Figure 1.5F). We also ran a differential expression as
well as a geneset enrichment analysis between the matched teratoma and fetal prefrontal cortex
cell types to assess the differences between the teratoma and fetal cells (Figure 1.6A, 1.6B). All
four cell types showed similar top differentially expressed genes as well as genesets, suggesting
that the main differences between the teratoma and fetal cells are global and not cell type specific
(Figure 1.6A, 1.5B). The teratoma cells have a higher expression of genes related to organ
morphogenesis while the fetal cells express genes related to methylation, suggesting the teratoma

cells may not have the same epigenetic signatures as fetal cells (Figure 1.6A, 1.6B).

36



This analysis was repeated with teratoma gut subtypes using a published fetal gut dataset
as reference ®®. The teratoma gut cells were most similar to gestational week 8-11 gut age (Figure
1.6C). We compared marker genes for gut cell types (CDX1, CDX2, HHEX, FOXJ1, PAXO9,
SOX2) between teratoma and fetal cells and found a high overall correlation, with an R = 0.98 for
foregut and R = 0.98 for mid/hindgut (Figure 1.6D). Projecting fetal gut data onto the teratoma
SWNE again resulted in relatively similar spatial positioning (Figure 1.6E). We see that the
teratoma produces less foregut and more mid/hindgut than the fetal gut (Figure 1.6F). When
looking at the differences between the teratoma and fetal gut cells, we again see that the fetal cells
express more methylation related genes (Figure 1.6G, 1.6H). In this case, the teratoma cells

express more genes related to RNA/DNA metabolism (Figure 1.6G, 1.6H).
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Figure 1.6. Assaying teratoma maturity. Related to Figure 3 and Table 1.1. (A) A heatmap of log fold-
changes for the top differentially expressed genes between matched teratoma neuro-ectoderm and fetal
cortical cell types. (B) A heatmap of the enrichment scores for top differential genesets (via Geneset
Enrichment Analysis) between matched teratoma neuro-ectoderm and fetal cortical cell types. (C) Cosine
similarity of teratoma gut cells with fetal gut cells of different ages. (D) Projection of fetal gut epithelium
cell types onto a teratoma gut epithelium SWNE embedding. (E) Correlation of the scaled expression of
key marker genes across mid/hindgut epithelium and foregut epithelium between teratoma and fetal cell
types. (F) Proportion of foregut and mid/hindgut cells in the teratoma and fetal gut. (G) A heatmap of log
fold-changes for the top differentially expressed genes between matched teratoma gut epithelium and fetal
gut epithelium cell types. (H) A heatmap of the enrichment scores for top differential genesets (via Geneset
Enrichment Analysis) between matched teratoma gut epithelium and fetal gut epithelium cell types. (I)
H&E stains (left) as well as RNA FISH staining (right) of FOXJ1 (Airway epithelium), CDX2 (Intestinal
epithelium), TNNT2 (Cardiac muscle), and THY1 (mesenchymal stem cell/fibroblast). Scalebar = 50uM
(20x). Dots were dilated using Imagel.

38



A SYNE2

PTPRZ1
NRG1
SLA
MEG3
RPS17
HIST1H1D
BEX3
RACK1
XIST
MALAT1
NSG2
D3
H3F3A
CRABP1
TTR
NGFRAP1
SLC25A6
GNB2L1

Top DE genes

o
Higher ter expr

o g2 2 2
= S
& g =
D Mid/Hindgut Epi: R = 0.98
GDX1
i 02 CDX2e
2
2
2
2 g1
w
@
5
B 00 = HHEX
e FOXJ1 Foregut Epi
PAX9 @ Mid/Hindgut Epi
-0.11 ==s0x2
0.0 0.2 04
Fetal Gut Expression
Foregut Epi: R= 0.98
025 SOX2—
PAX9
c
o
ﬁﬂﬂﬂ HHEX FOXJ1
s
>
w
@ -0.25
£
S
o
D
" -0s0{ ecDx2
CDX1
0.4 0.2 0.0 02

Fetal Gut Expression

Cardiac Muscle

B Response to endoplasmic reticulum stress C
Regulation of organ morphogenesis jbd % 25w D
Ant st t cificat o
nierior posterior pattern specification Vs = 24w I:I
Skeletal system morphogenesis fetal g 21w D
Sensory organ morphogenesis Enrich ﬁ 19w :‘
r =
Cell fate commitment [_] SC_OFE g 16w I:l
@ Protein polyubiquitination 9 14w I:I
% Nucleoside monophosphate metabolic process ! 25 % 11w I:I
c TRNA methylation 5
5 - 3 W O
o RNA methylation = 8w :I
Q -
Protein alkylation 3 O
'9 DNA \Kv\ i * v v i:l
alkylation BwW
DNA methylation or demethylation © = = ™ ©
Methionine metabolic process 2 @ = L= =
Folic acid metabolic process Cosine similarity to
Methylation teratoma gut epi cells
Macromolecule methylation
;0 v o®
Ftto
5 3 3 =
2 2 E 3
o 2> 8 x
§ 5 ¢
E Fetal gut epi SWNE F
i COL1A1
RPL13A tervs
HHEX Felal Gut ACTG2 fetal
g Cell_Type UGDH-AS1 logFC
==
PR, » Mid/Hindgut Epi o HBAZ2 . 10
= . s Foregut Epi ()]
Mid/Hindgut Epi - « : Teratoma g Heal 5
GDx{ = . - o HBG2 0
4 w
p # MT1G
Coxz T @ o .
\ BEEL S o H3F3A 3
' \ £ cneaLt -10
Fr ot H SLC25A6
p % RPL21
DNA methylation or demethylation tervs GF2
afpx“ DNA alkylation fetal
PAX E 8 &
Proiected torat ool ¢ RNA methylation nrich w
lojecied leratoma gl call ypas Protein alkylation Score g-;» é,
il s
HHEX P Cellular response to zinc ion 2 =
u'g Macromolecule methylation g
£ o RRNA metabolic process | i
FO*QU“ Epi g Nuclear export
: i A RNA localization -2
Mid/Hindgut Epi = 3
£0x1 dg Ep * IE DNA replication
8pxo o RNA catabolic process
Protein polyubiquitination
Nucleobase compound transport
& &
sofz 55
o>
g8
PXI1 S £
PAXQJ: =
=

Intestinal Epithelium

I

/




To further validate these results, we used RNAScope In-Situ Hybridization (ISH) to probe
for the radial glia marker HESS and the early excitatory neuron marker DCX, which both showed
high abundance in regions of neuro-ectoderm in fixed teratoma tissue sections (Figure 1.5G).
POLR2A, PPIB, and UBC were used as positive controls and bacterial marker DapB as a negative
control (Figure 1.5H). Additionally, we probed for FOXJ1 (cilia), CDX2 (intestine epithelium),
TNNT2 (cardiac), and THY1 (mesenchyme/fibroblast) in ciliated airway epithelium, intestinal
villi, developing cardiac muscle, and mesenchyme, respectively (Figure 1.6I). We were able to
visualize a high abundance of the respective RNA transcripts, as well as confirm the identity of
the respective tissue using H&E staining and histology (Figure 1.6I). Overall, we were able to
show that the teratoma neuro-ectoderm and gut cell types are transcriptionally similar to their fetal
counterparts, while also identifying the developmental stage of the teratoma cells. We validated
the presence of six cell types (2 per germ layer) using RNAScope ISH and histology, which also
showed that these cell types contain some degree of spatial organization (Figure 1.5G, Figure
1.61, Table 1.1). Thus, we were able to further validate the teratoma neuro-ectoderm and gut cell
types by mapping them onto reference fetal human scRNA-seq datasets and probing the spatial
expression of canonical marker genes DCX, HESS, and CDX2 (Table 1.1, Table S2). We also
probed the spatial expression of FOXJ1, TNNT2, and THY 1, adding more evidence to the Ciliated
Epithelium, Cardiac Muscle, and MSC/Fibroblast cell type annotations (Table 1.1, Table S2).
1.5 Discussion

The teratoma has the potential to be a fully vascularized, multi-lineage model for human
development. Its major advantages are that it can grow to a large size due to its vascularization,
and it can produce a wide array of relatively mature cell types from all major developmental

lineages.
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Future studies with this model could explore increasing tissue maturity with extended
growth/larger animal hosts. Benchmarking with human patient-derived teratomas would also be
valuable, especially as many of these often can become quite mature. Another critical future study
is assessing the impact of different dissociation methods on teratoma cell type proportion. The
ability to achieve greater cell numbers with the most current single cell RNA sequencing protocols,
such as SPLiT-seq ®! and sci-RNA-seq %, will be vital for identifying additional cell types. A time
series analysis of teratomas at multiple stages of maturity could help uncover developmental
pathways that the cell types follow. Additionally, pooling different cell types together with PSCs
prior to injection may help aid in cellular enrichment/maturity in the teratoma (i.e. HUVECs to
enrich for HSC populations) 3 or enriching for desired cell types based on injection site .
Growing patient-specific teratomas could benefit disease research through isogenic iPSC lines
aiding in understanding the disease state in various tissues that otherwise may be inaccessible with
current technologies. Taken together, we believe the teratoma is a promising platform for modeling
multi-lineage human development.

Any model system has its intrinsic strengths and weaknesses, and below we discuss some
of the limitations of the teratoma system and also considerations towards improving it for enabling
basic science and engineering studies. One issue with the teratoma system (and organoids) is the
intrinsic degree of heterogeneity 26104105108

While the teratoma has regions of organization and maturity, these may develop in an
asynchronous manner. This lack of synchronization may prove to be a barrier in accessing certain
mature cell types that need a highly ordered cellular context to develop.

Also, since the teratoma contains cell types from all lineages, finding a single dissociation

protocol that captures as many cell types as possible is a challenge. The choice of dissociation
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method can drastically change the cell types profiled in single cell RNA-seq, and it is likely that
the set of cell types we see in our data is biased by our dissociation protocol '®°. It may be the case
that no single dissociation method can capture all cell types, and it will be necessary to design
specific dissociation protocols to capture specific tissues.

Additionally, our cell type annotations are still preliminary. While we validated key cell
types by comparison to fetal human/mouse reference datasets and RNA FISH, we were not able
to validate all cell types due to limited developmental human reference scRNA-seq datasets, as
well as cost constraints. Thus, some cell types, such as the neuro-ectoderm cell types, have more
validation than others, giving us greater confidence in their identity (Table 1.1). We may also still
be underpowered in detecting less abundant cell types and additional single cell RNA-seq could
enable us to resolve some missing cell types, as under sampling could result in smaller cell types
being collapsed into a larger cell type during analysis.
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2 Functional Genomics via CRISPR-Cas

2.1 Abstract

RNA-guided CRISPR (clustered regularly interspaced short palindromic repeat)-
associated Cas proteins have recently emerged as versatile tools to investigate and engineer the
genome. The programmability of CRISPR-Cas has proven especially useful for probing genomic
function in high-throughput. Facile single guide RNA (sgRNA) library synthesis allows CRISPR-
Cas screening to rapidly investigate the functional consequences of genomic, transcriptomic, and
epigenomic perturbations. Furthermore, by combining CRISPR-Cas perturbations with
downstream single cell analyses (flow cytometry, expression profiling, etc.), forward screens can
generate robust data sets linking genotypes to complex cellular phenotypes. In the following
review, we highlight recent advances in CRISPR-Cas genomic screening while outlining protocols
and pitfalls associated with screen implementation. Finally, we describe current challenges
limiting the utility of CRISPR-Cas screening as well as future research needed to resolve these
impediments. As CRISPR-Cas technologies develop, so too will their clinical applications.
Looking ahead, patient centric functional screening in primary cells will likely play a greater role
in disease management as well as therapeutic development.
2.2 Introduction

Prior to further discussion on the teratoma and engineering teratomas via genetic
perturbations, it is key to first delve into a deeper discussion about functional genomics utilizing
the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9 system. An
ongoing challenge in biology is comprehensively mapping genotype-phenotype relationships.
With this objective in mind, functional genomics makes use of data from all levels of biology

(genome, transcriptome, epigenome, proteome, metabolome, etc.) to better define genetic and
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protein functions and interactions. In this way, researching functional genomics is essential for
better understanding the human genome and its intricate interactions in healthy, as well as
pathophysiologic states. Characterizing the functional consequences of genomic variation is
crucial for many aspects of biomedical research including cancer screening methodologies, drug-
drug interactions, drug sensitivity and resistance, gene therapy, regenerative medicine

applications, infectious disease, and general understanding of human physiology.

Functional b Diverse Applications of
B Genomics : CRISPR-Cas9 Functional Screening
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Figure 2.1. Functional Genomics and CRISPR-Cas: (a) The goal of functional genomics is to better
understand how the genome informs diverse biological phenotypes. To this end, functional genomics makes
use of mass data sets spanning the genome, the transcriptome, and the proteome. The declining cost of
massively parallel sequencing platforms has made genome wide functional screens broadly achievable and
economically viable for academic labs of all sizes. (b) CRISPR-Cas9 has made multiplexed functional
screening with single cell resolution more robust than ever more. The ease of sSgRNA design has led to
accelerated functional mapping of the genome with extensive consequences for medicine and
biotechnology. Because sgRNA targeting almost any region of the genome can be designed in silico,
CRISPR-Cas screens can be rapidly designed and executed. Functional screens using Cas9 have been used
for a wide variety of applications, such as identifying novel cancer therapeutics and vulnerabilities,
quantifying genetic interactions, and exploring the function of the non-coding genome.
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It has become increasingly clear that the volume and complexity of genomic information
necessitates rapid screening methodologies. Utilizing large scale and high-throughput assays,
researchers can more quickly map the function of a multitude of genes and/or proteins in parallel.
To this end, Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-
associated (Cas) proteins have been utilized to help interrogate and realize functional outputs based
on targeted editing strategies. CRISPR-Cas systems are powerful tools for targeted genome
editing, that have dramatically impacted genomic research and screens since their first mammalian
applications in 2013"%!!! This technology has revolutionized the field with its ease, speed, and
targeting versatility, allowing for facile genetic perturbations and resulting functional output
analysis in a multiplexed fashion. It has allowed for a large number of high-throughput functional
genomic screens to be performed which have, in turn, identified key genes involved in a broad
range of human health and disease including cancers, infections, immune regulators and responses,
and metabolic diseases''%.

2.3 CRISPR-Cas Toolsets

CRISPR-Cas systems are divided into different classes, types, and subtypes. Class 1
utilizes multi-protein effector complexes and class 2 utilizes single protein effectors. Class 1
includes types I, III, and IV. Class 2 includes types II, V, and V1. There are a further 19 subtypes
and this will likely continue to expand as new CRISPR-Cas systems are identified!!*!!4,

The most common Cas protein used in functional screening is a type II single protein
effector derived from Streptococcus pyogenes (SpCas9). The SpCas9 uses a guide RNA to assist
in effectively cleaving the target gene. Once Cas9 successfully finds a target sequence with proper
pairing of the complement guide RNA and an appropriate protospacer adjacent motif (PAM), the

endonuclease will cleave the phosphodiester bonds upstream of the PAM forming a double-strand
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break!'!>. When the double strand break occurs, Non-Homologous End Joining (NHEJ) or
Homology-Directed Repair (HDR) will attempt to repair the damage. NHEJ often results in a small
insertion-deletion mutation (indel). If targeted to a gene, this may result in a knockout due to
generation of a frameshift resulting in a premature stop codon and nonsense-mediated decay of the
transcript. NHEJ is often the repair process of choice for mutagenesis. HDR, however, is a
templated repair process most commonly recognized for its natural use in the body during gamete
formation allowing for genetic recombination. Its use in the cell is restricted to the S and G2
phase!!'S. Due to its high fidelity, HDR can be utilized to insert a new custom region into the
genome creating knock-ins or specific gene mutations (or corrections) if desired'!”. Increasing the
efficiency and utility of HDR is still necessary to fully apply its uses for CRISPR-Cas systems.

Over the last several years the versatility of CRISPR-Cas systems has increased
dramatically. There currently exist Cas9 effector fusions with the ability to modify specific
histones, edit particular DNA base pairs, activate or inhibit the transcription of certain genes
(CRISPRa/CRISPRI), or effect DNA methylation/demethylation at user determined loci!'®. This
wide array of effector functions enables a variety of genomic elements to be probed systematically
in a high-throughput fashion.

The dominant method of generating Cas9 variants with novel functions consists of fusing
a catalytically inactive Cas9 (dCas9) protein to an effector moiety!'®. In this way, the dCas9 serves
only as a DNA targeting platform, which guides the effector moiety to the location of interest in
the human genome. The benefit of this design strategy is that it enables rapid development of new
dCas9 functionalities due to its modularity. However, optimizing the efficacy and off-target effects
of novel Cas9 fusions is a laborious undertaking which increases rapidly as the protein engineering

search space is expanded. Furthermore, because the effector moiety is fused permanently to dCas9,
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orthogonal parallel perturbations require the co-delivery of multiple fusion constructs to the cells
of interest. This, coupled with the large size of dCas9 fusions, imposes significant delivery
challenges limiting their use in functional screens. Nevertheless, dCas9 fusions represent a robust
set of tools with which to probe genome function.

The choice of appropriate Cas9 variant will depend heavily on what functionality is being
investigated. The broad array of available Cas9 based perturbation systems are summarized in
Table 2.1. While Table 2.1 includes the most common Cas9 based perturbation choices, it is far

from exhaustive.
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Table 2.1. Cas9 Perturbation Options for Functional Screens

Perturbation Effect on the Genome Mechanism References
Choice
Double stranded DNA [120-1217
Loss of function and cleavage at the target
wtCas9 deletions locus
Fusion of dCas9 to [119-122-124]
various activating
domains (ex. VP64 or the
p65 subunit of nuclear
CRISPRa Transcriptional activation factor kappa B (NF-xB))
Fusion of dCas9 to [119:124.125]
domains which inhibit
transcription (ex.
Kriippel-associated box
CRISPRi Transcriptional repression | (KRAB))
Fusion of dCas9 to [126-131]
enzymes which catalyze
nucleobase conversion
Catalyze a nucleotide base | (ex. activation-induced
pair substitution without cytidine deaminase
Base editors DNA cleavage (AID) for C->T edits)
Fusion of dCas9 to DNA | [13%13]
Cas9 guided DNA (cytosine-5)-
methylation and methyltransferase 3A
demethylation modifies (DNMT3A) and ten-
DNA methylation | chromosome structure and | eleven translocation
and subsequent gene (TET) proteins
demethylation transcription respectively
Fusion of dCas9 to [134-137]
histone modifying
enzymes (Ex. Histone
deacetylase 3 (HDAC3),
p300 acetyltransferase,
Cas9 guided control of or lysine-specific histone
Histone histone acetylation and demethylase 1A
modification methylation (KDM1A/LSD1)

The wild type Cas9 protein functions as a targeted endonuclease, catalyzing DNA double
stranded breaks!!>. These double stranded breaks often lead to indels via the error prone NHEJ.

Frameshifts resulting from these mutations can knockout the function of protein coding genes,
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120,121 " Knockout studies are often used to

making wtCas9 ideal for loss of function studies
determine the essentiality of genes in high-throughput, and simplifies downstream validation and
data analysis due to the binary nature of the perturbation. However, this simplification in some
ways limits the translational relevance of knockout screening. Although knockouts can inform our
understanding of what genes are essential for specific biological processes in vitro, there is no
guarantee that small molecule or protein-mediated inhibition in vivo will have the same effect.
Furthermore, knockout studies fail to recapitulate gain-of-function mutations and transcriptional
dysregulation which play a key role in many pathologies'3® %’ In this way, Cas9 knockout
experiments should not be considered a surrogate for drug studies, but rather a parallel set of tools
with which interrogate the user’s model. For these reasons, knockout screening requires extensive
downstream target validation before any significant conclusions can be drawn.

As an alternative to knockout experiments, CRISPRa/i systems use enhancer/repressor
proteins fused to dCas9 as a way of modulating gene transcription at particular loci'!!41:142,
Because CRISPRa/i functions at the transcriptional level, it enables investigation of genome
function without permanently modifying genomic structure. Unlike wtCas9, activation of target
genes by CRISPRa can facilitate complex gain-of-function screening from endogenous genomic
loci. In addition, CRISPRi can perform loss of function screening without the confounding effects
of off target nuclease activity'#'. For even more robust genetic studies, the combination of CRISPR
effector functions can generate complementary data sets with which researchers can generate

conclusions with greater confidence!**

. As a recent example, by co-delivering both CRISPRa and
wtCas9, researchers were able to interrogate the directionality of genetic interactions in high-

throughput'*. However, CRISPRa/i experiments suffer from their own set of limitations. First and

foremost is the limited correlation between mRNA levels and protein expression'*. While

50



CRISPRa/i can reduce or increase the levels of a particular mRNA transcript, protein expression
is subject to post-transcriptional regulation which has the potential to obfuscate the perturbations’
actual effect'**. As well, the CRISPRa/i systems require sgRNAs targeting the promoter region or
transcriptional start site of the gene of interest!?*!?>. Promoter regions and transcriptional start sites
can be rendered inaccessible to sgRNA due to chromatin structure or may not have an appropriate
PAM sequence nearby, limiting the pool of genes for which CRISPRa/i is effective. In addition,
some genes are controlled by multiple functional promoters, further confounding screens using
CRISPRa/i. Ideally, these limitations ought to inform the experimental design of CRISPRa/i
genomic screens to ensure output data is reproducible and conclusions justifiable.

Functional studies using DNA and Histone modifying Cas9 fusion constructs operate in a
similar fashion to CRISPRa/i'**. By modifying the structure of DNA/Histones (via acetylation or
methylation), these Cas9 fusions vary gene accessibility to transcriptional machinery and
consequently gene expression!*>133135 A key difference is the mechanism underlying these
structural perturbations. Whereas CRISPRa/i can modulate gene expression without leaving a scar
on the target site, DNA/Histone modifications affect gene expression via lasting structural
changes. The choice of perturbation is largely dependent on the nature of the biological question
being asked. For probing the function of protein coding genes, CRISPRa/i and CRISPR knockout
are well validated systems with a spectrum of reagents available commercially, enabling a
powerful toolset for genome wide screening. However, if the goal of the experiment is mapping
chromosomal structure-function relationships the DNA/Histone epigenetic modifiers may be a
more fitting choice. Several groups have used these DNA/Histone modifying Cas9 variants to
probe how chromosomal chemical structure and 3D architecture controls gene regulation through

diverse mechanisms of action'**!137, Nevertheless, DNA/Histone modifying Cas9 variants are not
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the only way to perturb chromosomal structure. Deletions and chromosomal rearrangements
induced by wtCas9 have also been used to explore how structural variation in the human genome
impacts nearby gene function!#’.

In contrast with wtCas9, CRISPRa/i, and Cas9 based structural modifiers, CRISPR base
editing constructs have recently been developed as novel tools for functional genomic screens.
CRISPR base editors work by modifying individual nucleic acid base pairs within the target genes
in a precise, or pseudo random manner'?®. These systems function by fusing a cytidine deaminase
or an adenosine deaminase to dCas9 to effect C—T mutations or A—G mutations
respectively.!?”1?® These novel systems represent a versatile avenue with which to model gain or
loss-of-function mutations in an endogenous context!'?~13!,

Engineered sgRNAs have also been explored as an alternative way to impart novel function

to the Cas9 system'#°

. By incorporating protein binding RNA aptamers (PP7, MS2, etc.) into the
sgRNA structure, Cas9 can recruit orthogonal proteins with a variety of functionalities. Because
the perturbation choice is encoded in the sgRNA itself, multiple perturbation types can be explored
in the same pooled screen using unmodified dCas9. This system has been used to effect
multiplexed gene activation and interference in parallel (via sgRNA modified to recruit vp64 and
KRAB respectively) as well as perform multiplexed fluorescent labelling of specific genomic
loci!47-148
2.4 Genomics Screens

The use of the CRISPR-Cas systems has many implications for functional genomics and
has been the topic of much excitement. Functional screens, in turn, are typically performed in an

arrayed or pooled format, and rely equally on three integral ingredients: a perturbation, a model,

and an assay. In an arrayed screen, the reagents are added into a multi-well plate so that one reagent
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or a small pool is added to each well allowing for a single perturbation per well. Because each well
will contain a population of cells with identical genomic perturbations, a wider array of phenotypic
data can be assayed simultaneously (proteomics data, functional assays, tissue level phenotypes,
etc.) without limitation to growth phenotypes. Furthermore, arrayed screening precludes any
paracrine mediated cell-cell interactions which may obscure the effects of individual perturbations.
Unfortunately, this arrayed format is significantly more expensive to perform and lower
throughput'?’. Arrayed library screening often requires specialized automation for cell culture due
to the need to culture large quantities of cells in isolation from one another'*’. These challenges
have typically limited the widespread adoption of high-throughput arrayed screening to the
biopharmaceutical industry. Because of this, pooled screening has rapidly become a key method
of probing genome elements using Cas9. Pooled screens involve testing thousands of genetic
perturbations in a single assay and have become increasingly popular over the past decade. Pooled
screens allow for massive libraries of gene targets to be investigated in a single cell culture dish,
accelerating the process of functional screening. However, pooled screens are somewhat limited
in the output data they can reliably produce. Because each cell in the dish will have a unique
sgRNA delivered to it, only measurements with single cell resolution (Next Generation
Sequencing [NGS], fluorescence-activated cell sorting [FACS], etc.) can be used to quantitate the
effect of the perturbations. Harnessing CRISPR-Cas systems effectively allows for a library of
perturbations (sgRNA targeting a particular locus) to be performed in a cell population either in
the arrayed or pooled format via typically lentiviral transduction. Cells successfully transduced
with the perturbation must then be selected for by some means (e.g. drug resistance, FACS).
Follow-up assays are then performed to help delineate which perturbations caused which

functional phenotypic changes. This can be done through multiple means either by high-content
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imaging (HCI) or through NGS!*'53 HCI is beneficial for arrayed screens, allowing for
quantification of spatially or temporally resolved images. This allows for a large output of
phenotypic measurements while visualizing the biology. NGS is the high-throughput sequencing
of DNA and RNA that performs quicker and cheaper than Sanger sequencing with the ability to
quantitate reads. Massively parallel sequencing has helped revolutionize the study of functional
genomics and molecular biology. In earlier years, identifying the causal mutations that led to
functional changes would have been costly and labor intensive. With the advent of NGS platforms,
mapping such mutations can be achieved quickly and with less costly streamlined protocols.
Because of this, NGS has helped fuel pooled screens at a rapid pace. NGS enables single molecule
DNA quantitation and readout of library population dynamics. Thus, a quantification can be made
on the proportion of uniquely integrated library constructs in the population of cells while
assessing cell viability to determine which genes after being perturbed are enriched and/or
depleted. To ensure the screen results are reproducible, it is critical to validate the top hits identified
from the pooled screen using an arrayed screen, preferably selecting additional sgRNAs targeting
similar genes. Further biological assays should also be performed to confirm top candidates'3%!5

Although there are many diverse CRISPR tools, their use in genome scale functional
screening is relatively conserved. Rather than isolating a trait and investigating what in the genome
causes that phenotype, Cas9 screens function by perturbing the genome and measuring the
subsequent change in a phenotype of interest. A common example of the former would be The
Cancer Genome Atlas (https://cancergenome.nih.gov/). This massive research effort attempts to
determine the genomic etiology of cancer through mass sequencing of patient cancer samples

(phenotype—genotype). Cas9 genetic screening inverts this protocol. By purposefully introducing
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a genomic perturbation with Cas9, the resulting trait can be recorded and genotype-phenotype
relationships mapped.

The primary benefit of screening with Cas9 (or other CRISPR-Cas effectors) is the
throughput. Rapid screening with Cas9 is made possible by the ability to perturb multiple parallel
targets in the genome via a library of sgRNA. The declining cost of DNA synthesis (<1
cent/nucleotide) has enabled academic labs to construct these genome scale sgRNA libraries at
low costs and with relatively low error rates, spurring Cas9’s widespread adoption'6-138,

Cas9 genetic screening has most frequently been applied to screening various cancer cell

lines (https://portals.broadinstitute.org/achilles)'?""!>°. Cancer cell lines have several features

which make them ideal for Cas9 screening. Unlike many primary cells, cancer cell lines grow well
in vitro and can be expanded to large numbers. This is necessary to effectively screen large genome
scale libraries with proper coverage!'s. Furthermore, immortalized cancer cell lines can be
genetically modified to constitutively express Cas9 from a stable location in their genome,
obviating the challenge of delivering the Cas9 protein in the screen. Because Cas9 is expressed in
every cell being screened, only the much smaller sgRNA constructs need to be delivered.
Consequently, constitutive Cas9 expression enables simplified delivery of the sgRNA library
resulting in typically higher perturbation efficiencies (albeit with greater off-target rates)'°.
However, this workaround is not feasible when studying primary cells, which require the co-
delivery of Cas9 and sgRNA. In addition to providing many procedural benefits, screening in
cancer cell lines is often performed to identify cancer specific genetic vulnerabilities. Mapping
how genomic perturbations affect cell fitness can be used to circumvent drug resistances, as well

as understand underlying genetic polymorphisms driving cancer growth!2!:15%161,
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However, CRISPR-Cas screening is not limited to just cancer research. Screening with
Cas9 has shown great utility in the study of infectious diseases'®>!%, By perturbing the target cells
with libraries of sgRNA before infection with the pathogen of interest, researchers can identify
genes regulating susceptibility and resistance to an infectious disease. Alternatively, the genome
of the pathogen itself can be the target of CRISPR-Cas perturbations to identify essential genes
controlling pathogenesis. In this way, functional screening with CRISPR-Cas can provide key
information regarding the critical role host and pathogen genetics play in disease progression. This
data can then be used to help determine new molecular targets for drug development, and better
understand the genetic basis of divergent responses to existing therapeutics'®?. For example,
several groups have recently applied Cas9 functional screening to the study of HIV, Malaria, and
Tuberculosis, identifying critical genetic host factors as well as essential genes regulating infection
within the genomes of pathogenic viruses and bacteria!64166,
2.4.1 Library Design and Synthesis

The first step in developing a genomic screen using Cas9, is identifying what genomic loci
to perturb. Genome wide Cas9 screens are increasingly popular due to their relatively unbiased
interrogation of genome function. That being said, the choice of which genomic targets to perturb
is primarily determined by the researcher’s own personal interest. Regardless of what genes are
perturbed there are several key library design considerations that are universally relevant.

Nearly every gene (and non-coding region) can be considered a potential target, although
the endonuclease activity of Cas9 is limited to sequences with an adjacent PAM motif (NGG for
SpCas9). However, recent efforts to engineer Cas9 variants which tolerate expanded PAM

sequences indicate this barrier will not be a long term impediment!®’. Many in silico tools are
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available to facilitate rapid guide RNA design, enabling large libraries of guide RNA to be
designed efficiently'®,

Targeting a large library of sequences enables higher throughput interrogation of genomic
elements, while a small library of genomic perturbations will lend results greater accuracy due to
better library coverage!'®. The theoretical max library size is limited by several factors. DNA
synthesis is an inherently error prone process itself, increasing the likelihood of inaccurate
synthesis at high library size'>®. Furthermore, researchers are limited by the amount of DNA they
can effectively introduce to both bacterial and mammalian cells. While libraries of greater than
107 sgRNAs can be easily transformed and maintained in bacteria for DNA production, the sheer
number of mammalian of cells required to screen such a large library serves as a practical limit to
the library search space!!®!%°. Because of this, libraries greater than ~100,000 sgRNAs often
require cells to be grown in large-scale cell culture setups or bio-reactors.

After choosing what genomic elements to study and how to perturb them, the library of
sgRNA needs to be synthesized. There currently are a wide variety of premade sgRNA libraries
available for purchase, ranging from genome wide libraries with ~10° sgRNAs, to more targeted
libraries focused on single pathways on gene families!?!"!>17%, This is often the simplest option
for many labs, but limits researchers to preselected gene targets which may be irrelevant to their
study. Alternatively, custom sgRNA libraries can also be generated via commercial chip based

DNA synthesis'®. This allows researchers to preselect a curated library of genomic elements for
yn p yorg

perturbation, facilitating the development of more precise experiments.
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2.4.2 Delivery Systems

Choice of delivery of the CRISPR-Cas reagents is key for high editing efficiencies, proper

cell uptake, reduced off-target effects, and large cargo capacities. The advantages and challenges

of these different methods are outlined in Table 2.2.

Table 2.2. Advantages and disadvantages of different CRISPR-Cas delivery systems

Delivery Method | Advantages Disadvantages References
-Stable gene expression -Not ideal for in vivo delivery [171-176]
-High transfection efficiency
-Good for difficult-to-
transfect cells (primary
cells)
Lentivirus -Large cargo capacity
-High transduction efficiency | -Limited cargo capacity (4.7 [177178]
-Low cytotoxicity kb)
AAV -Relevant for in vivo screens -Expensive
-High transfection -High cytotoxicity [175:179]
efficiency -Limited to arrayed
-Good for difficult-to- screens
transfect cells (primary
Electroporation | cells)
-Low cost -Low transfection efficiency [175179]
-Easy handling -Highly dependent on cell
Lipid type
nanoparticles -Limited to arrayed screens
-Stable gene expression -Potential for off-target effects | ['3%181]
piggyBac -Limited scalability in pooled
transposon formats
-High transfection -Limited to arrayed screens [179-182.183]
efficiency
Gold -Large cargo capacity
nanoparticles -Less off-target effects

The choice of delivery method is important and should be catered to the unique needs of
the experimental screen being run dependent on if it is an arrayed or pooled screen, cells being
used, and cargo size. Standard delivery for most screening applications is viral, specifically

lentivirus'”1"17*, There are many advantages to utilizing lentivirus. It is a retrovirus with the ability
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to integrate into dividing and non-dividing cells thus, creating stable transductions that can later
be read via NGS. This ability also makes lentiviral transduction ideal for delivery to primary cells
that are notorious for being difficult to transfect. Lentivirus is also beneficial for large gene or

multiple gene cassette deliveries with its large cargo capacity'”

. One study utilized a lentiviral
vector library in human cells to identify the key genes that contribute to the intoxication of cells
by anthrax and diphtheria toxins'™*. Some drawbacks to this system is the random integration
which poses a risk for insertional mutagenesis and unexpected off-target effects making it not ideal
for in vivo delivery'’S. In vitro screens are typically fine by having 500-1000x coverage and using
multiple sgRNAs per gene, reducing any risk of off-target effects. The benefits of being able to
stably transduce a variety of cell types easily and quickly have ensured the continued use of
lentivirus in screens.

A few studies have more recently looked at utilizing viruses for screens that do not integrate
into the host genome such as the Adeno-associated virus (AAV). The idea to use AAVs for
functional screens is novel and somewhat limited, but could allow functional screening of tissue
level phenotypes in vivo. This is of great value because much of the data sets obtained from in
vitro screens need to be taken with some amount of skepticism. There is not true physiologic
representation in a dish, meaning the results of in vitro screens require rigorous validation. /n vivo
screening could help circumvent some of these issues, obtaining phenotypic outputs from a screen
that was performed in live animals. One such study utilized the AAV to develop a unique in vivo
CRISPR screen in conditional-Cas9 mice!”’. This study screened 49 genes known to be tumor
suppressing with 5 sgRNAs for each gene. These guides were engineered into AAVs to allow for

direct in vivo delivery into the lateral ventricle of immunocompetent living mice. Mice grew

glioblastomas over time and whole-brains were then homogenized to perform downstream
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analyses at the DNA, RNA, and protein level. The largest obstacle to overcome with this study
was sequencing which tumors received which gene knockouts as the AAVs do not integrate into
the host genome. This study designed probes to target-capture the predicted sequences of interest
where expected gene knockouts would occur. This complex capture sequencing technique
successfully could determine which tumors received which gene knockouts and follow up with
multiple phenotypic metrics. More studies like this need to be emphasized in future research to
truly recapitulate physiologic conditions during a screen. AAVs however cannot be utilized in in
vitro screens because as cells divide the AAV will be diluted out and NGS studies that rely on
genome integration could not be performed. Using clever tactics like targeted-capture sequencing
as mentioned prior or reading the viral episome are possible strategies to help circumvent some of
these issues for in vivo screening methodologies specifically. Another barrier with AAV usage is
their limited cargo capacity. The cargo must be less than 4.7 kb and SpCas9 alone is encoded by a
4.2 kb sequence!’. Utilizing conditional-Cas9 animals would be key for in vivo screening
applications with AAVs. Other studies have performed in vivo screens utilizing lentiviral
transduction of cancer cells in vitro, followed by transplantation into a mouse'®*. This simplifies
downstream NGS analysis due to the integrated guides in the genomes of cell transplants.

There are also many non-viral delivery methods in place that are not frequently used, but
could be useful for arrayed screens performed in multi-well plates. For non-viral delivery, because
the sgRNA is not stably integrated into the target cells, an arrayed format is necessary to track
which cells received which sgRNA. These methods often deliver the reagents either as mRNA or
as ribonucleoprotein (RNP) complexes via electroporation or lipid nanoparticles and further
summarized in Table 2!7>!7°. Another effective way to introduce Cas9 and/or sgRNA into cells,

and of particular benefit to functional pooled screens, is utilizing a piggyBac transposon system'%°.
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The piggyBac transposon system is a “cut and paste” mechanism and during transposition, the PB
transposase will recognize inverted terminal repeat sequences (ITRs) flanking the end of a
transposon vector and then move those contents and integrate them into TTAA sites on the host’s
DNA. This allows for creating stable cell lines. One study effectively used the piggyBac system
to perform an in vivo CRISPR library screen utilizing PB sgRNAs in mice looking at
tumorigenesis'8!. Creating an inducible Cas9 cell line with this system would be beneficial for
screens and then subsequently add the pooled sgRNA library of choice. Cas9 can then be
selectively turned on via doxycycline to limit off-target effects. There have also been further
developments in novel ways to introduce CRISPR-Cas reagents into cell types to improve
efficiency, reduce off-target effects, and increase cargo capacities such as the use of gold
nanoparticles'!82132 However, additional benchmarking of these non-viral delivery methods is
needed to determine what screening application they are most suited for.
2.4.3 Library Transduction and Maintenance

Due to the size of the Cas9 protein as well as the need to co-deliver sgRNAs, a large amount
of payload must be delivered to cells to effectively perturb them. In response to these delivery
challenges, lentiviral gene delivery has emerged as the primary method for delivering the sgRNA
library to cells, facilitated by the virus’s high genetic capacity and broad tropism!!3120:185,
After identifying target genes and synthesizing the library of sgRNAs, the next step is

ligating them into an appropriate lentiviral vector.
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Figure 2.2. Mechanics of CRISPR-Cas screens: (a-b) shows the key steps in performing a CRISPR
screen in mammalian cells. Initially the sgRNA library is ordered as a pooled tube of DNA oligonucleotides,
typically synthesized commercially via chip based DNA synthesis. The library is then amplified via PCR
and cloned into an appropriate lentiviral vector, insuring library coverage is maintained throughout. If the
library is obtained in plasmid form (ex. pooled sgRNA libraries available from Addgene), the library simply
needs to be transformed into bacteria, expanded, and sequenced to confirm sgRNA representation. Once
the library is in a suitable lentiviral vector, the next step is packaging the DNA into lentivirus. Standard
lentiviral packaging protocols will suffice, so long as coverage is maintained throughout the packaging.
After packaging the lentivirus, a test transduction should be performed to quantify the functional titer (i.e.
the actual number of cells transduced per lentiviral particle delivered). This can then be used to determine
the amount of lentivirus needed to achieve an MOI of 20-60%. The transduced cells are then passaged with
at least 500-1000 fold coverage of the library at each step to ensure accurate sgRNA quantitation. As the
cells are passaged, it also is beneficial to store freeze and store aliquots of the library for subsequent
massively parallel sequencing. At the end of the functional assay, the library is sequenced a final time to
determine the relative enrichment and depletion of specific sgRNA, corresponding to target gene fitness.
(c-d) Maintaining library coverage throughout the protocol is essential for insuring statistical confidence
and preventing arbitrary library skewing. However, maintaining high coverage of the library imposes
significant practical challenges for researchers attempting to implement a CRISPR/Cas9 screen. The figures
above highlight the technical challenges of large library screening, and can serve as a reference for future
screen design (bar plots calculated assuming 500 fold coverage of the library). As the number of sgRNA in
the library increases, the scale of the experiment may outpace available resources and become untenable.
Correspondingly, when planning a CRISPR/Cas9 genetic screen it is important to determine if the screen
is executable in terms of lab equipment, reagents, and manpower. Once the screen has been started, the
same mindfulness needs to be directed at insuring there are no library bottlenecking points which could
artificially influence the results of the assay.
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This ligation is the first of many potential bottlenecks where it is important to maintain
coverage of the library (typically 500-1000x or more)''®. To effectively screen a large library of
gene targets with confidence, adequate representation of the library elements is key. After
packaging the library of sgRNAs into lentivirus, the target cells are then transduced at a low
multiplicity of infection (MOI), typically 20-60%'312°. The transduction is carried out at a low
MOI to ensure each cell in the screen receives a single sgRNA. The cells are then routinely
passaged, ensuring at least 500-1000x library representation each passage. This high coverage is

18 As they grow, the

used to limit false positives and negatives due to erroneous library skewing
cells are then assayed to physically isolate cells displaying the phenotype of interest.
2.4.4 Data Outputs

The simplest form of output data obtainable from a CRISPR screen comes from cell growth
and viability assays. Because the sgRNA is genetically encoded into the cell via lentiviral
transduction, NGS enables analysis of the library population dynamics. In this way, the sgRNA a
cell receives both causes the genetic perturbation and functions as a unique barcode to determine
through sequencing how the population is evolving in response to the screen conditions. This
method of determining perturbation effects vis-a-vis sgRNA abundance is especially suited for
investigating cancer cell fitness and gene essentiality. For example, in a CRISPR knockout fitness
screen enriched sgRNAs indicate their target genes are nonessential or antithetical to growth. In
the same way, sgRNAs that are depleted at the end of the screen indicate their target genes are
essential for cell growth under the assay conditions. Using this protocol, groups have mapped
novel synthetically lethal genetic interactions, investigated how particular genes affect cancer cell
drug resistance, and explored how key genes impact the efficacy of immune checkpoint

blocker5123,184,186
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While fitness based screening assays (to probe drug resistance or otherwise) are the
simplest Cas9 screens to perform, there exist creative workarounds to probe diverse cell
phenotypes independent of growth rate in a pooled format. Using an engineered fluorescent
reporter system, one group utilized CRISPR screening to investigate the unfolded protein response.
This pooled screen used an mCherry transcriptional reporter of IREla activation to facilitate
cytometric isolation of cells with an activated unfolded protein response, thus enabling the
enrichment of a unique phenotype separate from growth rate'®’. Utilizing similar methods
researchers have been able to quantitate how genomic perturbations affect diverse cellular
processes such as protein stability and the innate immune response!®%!*°. However, FACS analysis
is limited to predetermined targets that have fluorescently labeled antibodies commercially
available, or to genetically encoded fluorescent reporter systems.

After isolating cells with the phenotype of interest in a pooled screen, the data output from
CRISPR screens is not limited to simply measuring sgRNA abundance. Advancements in single
cell RNA sequencing have made it possible to analyze the transcriptome of thousands of single
cells utilizing a unique barcoding strategy®®. By associating a unique barcode with each cell’s
transcriptome, CRISPR perturbations can be tracked and associated with transcriptomic
signatures'%!2. This enables researchers to identify (on a cell-by-cell basis) the effect of unique
perturbations on the gene expression profile of a cell, and determine clusters of perturbations that
may function through similar mechanisms. Unfortunately, the throughput of single cell RNA
sequencing is currently not amenable for large genome scale libraries. As the cost per cell of single
cell RNA sequencing decreases, this method will likely become more ubiquitous.

In contrast, when performing an arrayed screen the user is not limited to data outputs with

single cell resolution. Since each unique sgRNA is physically separated from the onset of the
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screen, traditional RNA sequencing (using cDNA isolated from many cells) can be performed to
analyze the effect of a given perturbation on the gene expression of a cell. As well, in an arrayed
format HCI can be used to examine the impact of a perturbation on cell morphology, cellular
processes, as well as tissue level phenotypes. This gives arrayed screening a much wider set of
cellular phenotypes which can be examined, albeit at much lower throughputs.

2.4.5 Bioinformatic Analysis of Screening Results

At the conclusion of a standard pooled CRISPR screen, the user will have a set of
sequencing data representing sgRNA abundances. This raw sequencing data corresponds to which
genetic perturbations are enriched or depleted for the phenotype of interest. Fortunately, there are
many well validated bioinformatics tools with which to analyze this sequencing data and generate
relevant conclusions. Before getting involved in design packages and computational pipelines, it
is wise to perform some manual examination to identify possible outliers or mislabeled samples.
This vital information could be lost if a cut and paste data dump into a statistical tool is performed
too quickly. Additionally, the user should manually average the effect of multiple sgRNAs
targeting one gene to compile a preliminary list of top hits. If multiple sgRNAs targeting the same
gene rank highly, that gene can be listed as a hit.

After these initial steps have been taken, the user can perform a more complete in-depth
analysis using a wide array of design packages. Picking the proper statistical package for the user’s
needs is key. Many factors must be accounted for in addition to identifying sgRNAs that are
significant. Most screens typically have little to no replicates which can be a potential setback
when trying to estimate the variance of reads in addition to statistical significance between
treatments and controls. Additionally, researchers must utilize a computational tool that takes

sgRNA variability into account in terms of specificities and efficiencies. Finally, knockout screens
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often result in only a few sgRNAs that tend to dominate the reads in positive selection. A successful
algorithm will require robust read normalization. Some older algorithms such as baySeq, DESeq,
edgeR, and NBPSeq have been used with some success!** 1%, They are commonly used algorithms
for RNA-seq analysis, but limited to the sgRNA level in terms of statistical significance of hits.
Some of the more common tools for pooled screens that show robust results are MAGeCK,
caRpools, and CRISPRcloud”’"'*°. In brief, MAGeCK robustly identifies positively and
negatively selected sgRNAs and genes simultaneously in genome-scale CRISPR-Cas9 knockout
screens. Its four steps include read count normalization, mean-variance modeling, sgRNA ranking,
and finally gene ranking. Interestingly, MAGeCK can assess relevant biological pathways by
reporting positively and negatively selected pathways based on gene rankings in the pathway. This
algorithm has been shown to outperform existing methods with its high sensitivity and low false
discovery rate'®’. In addition there is now MAGeCK-VISPR which was developed for quality

control and visualization of CRISPR screens?%

. CaRpools is a user-friendly R package that does
not require prior programming knowledge. CaRpools provides the user with biological information
for every hit with external links to databases. This package incorporates screening documentation
into the analysis process to generate a comprehensive report. CRISPRcloud uniquely allows the
user to deposit sequencing files confidentially and analyze them in a cloud-based online system.
Arrayed screens analyze more advanced phenotypes than simply growth and thus, often
utilize HCI. The vendors for many of these HCI platforms provide their own statistical packages
for analysis. The largest challenge with these packages is they require extensive user interaction
and can often lack statistical power as the data return from HCI is rich. Many packages are

available and have been reviewed?’!. A few common open-source ones are CellProfiler and

EBImage?’>?%, Commercial software is available as well such as Columbus or MetaXpress. After

67



features have been measured and collected with imaging software, this data must be analyzed for
statistical significance. Statistical packages for R are commonly used such as cytominer
(https://github.com/ CellProfiler/cytominer/) to assess morphological cell features.

When looking at combinatorial screens, the user must assess the phenotypic effect when a
combination of sgRNAs target the same cell. The initial combinatorial studies were performed in
yeast in mass arrays known as synthetic genetic arrays (SGA) where a gene deletion could be
crossed systematically with a deletion mutant array that contains all possible knockout ORFs in

204 More recently groups have scaled up this technology utilizing CRISPR-Cas for de

the genome
novo mapping of genetic interactions in mammalian cells'®*>% This requires additional statistical
packages such as the dual CRISPR software pipeline constructed from Python, R, and Jupyter
Notebooks (http://ideker.ucsd.edu/papers/rsasik2017/)>°®. Other tools are also available such as
TOPS which is another open-source package to analyze and visualize data from functional
genomic gene-gene and gene-drug interaction screens?’’.

Single-cell screens have benefited greatly from the Seurat pipeline (http://satijalab.
org/seurat/)**®. Seurat is an R package designed to analyze single cell RNA-seq data. This package
uses canonical correlation analysis to determine shared correlation structures across data sets. After
alignment, cells are transposed on a 2D plot (i.e. t-SNE) into clusters with shared transcriptomic
reads. Clustering can identify cell types across conditions looking at shifts and cell-specific
transcriptomic responses. Seurat allows users to identify and interpret sources of heterogeneity at
the single cell transcriptomic level.

2.4.6 Validating Results

CRISPR-Cas genome wide screening is valuable because it provides an unbiased way to

probe genome function, but the screen is only the first step in identifying functional genomic
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elements. After identifying potential genes of interest via a perturbation screen and subsequent
bioinformatics analysis, significant work must be done to validate these targets. In this way,
CRISPR-Cas genome wide screening can be thought of as hypothesis generating experiments,
which guide future genomic characterization efforts.

Initial validation is focused on ensuring the effects of the perturbations are consistent and
reproducible. To this end, CRISPR screens often utilize multiple sgRNAs targeting each genomic
element!7%?%, Ideally, one would expect all sgRNAs targeting the same gene to have similar
phenotypic effects. This redundancy provides researchers with a way to ensure that the hits
identified from the screen are due to the intended sgRNA mediated genetic perturbation, rather
than off-target effects or random noise Beyond that, potential hits can be sub-screened in a smaller
more focused library'®!. This step provides researchers with greater confidence in their results, and
helps narrow down target genes for further biological analysis. New sgRNAs targeting potential
genes of interest can also be designed and used to verify reproducibility?'®. Furthermore, it can be
informative to analyze data sets with different perturbational technologies (CRISPR, CRISPRj,
RNAI) to ensure the data is reproducible across multiple systems®!’. However, each of these
perturbations will have their own unique biases and limitations which may affect the
reproducibility of data across different systems!!®,

After several top hits have been established, a key validation step is checking the effects of
the sgRNA of interest individually, outside of the context of the pooled screen, to remove any
confounding paracrine effects. At the same time, if the gene of interest is protein coding, a western
blot can be used to ensure the gene is completely knocked out by its cognate sgRNA?!?. To generate
further confidence in top hits, Cas9 can also be used to generate a clonal population of cells with

identical genetic perturbations. Genotyping of this clonal population should then be performed to
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ensure the gene of interest is effectively knocked out via frame shifts or the introduction of stop
codons. After establishing the clonal cell line, robust phenotypic data can be collected to fully
interrogate the functional role of the gene of interest. The ultimate step in verifying the effect a
gene has on cell phenotype is to restore gene function in the knockout cell line via delivery of
cDNA encoding the gene of interest’'!. If the gene of interest is truly the cause of the phenotypic
change, cDNA delivery should restore the wild type phenotype to the knockout cell line. If
necessary, researchers can also begin testing the perturbation in multiple cell types. While
genotype-phenotype relationships may not be consistent across multiple cell types, this step can
provide a way to better understand the biology underlying the phenotypic effect of the genetic

perturbation''®

. As well, small molecules or monoclonal antibodies targeting the gene(s) of interest
can serve to verify the biological mechanism underlying the effect of the perturbation.
2.5 Challenges and Limitations

Although Cas9 based genetic screening is a rapidly maturing technology, there are still
many technical challenges that have yet to be resolved. One large obstacle when it comes to
performing pooled library screens in a dish are the potential effects of paracrine signaling. In a
pooled format it is difficult to assess and eliminate cross-talk between neighboring cells in a dish
that may all have unique genomic knockouts. Because of this, the importance of certain genes can
be easily missed if the gene function can be rescued by nearby cells. For example, if a growth
factor is knocked out in a specific cell its neighbor may continue to release the growth factor,
preventing a true knockout phenotype from appearing. In this way, a pooled genome wide screen
may still not identify all genes that are vital for a given phenotype.

Another issue with pooled approaches is the limit to phenotypic outputs that can be read.

The researcher is typically restricted to measuring cell proliferation or survival. Additionally, there
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can be efforts to look at phenotypes that FACS can select and sort through such as fluorescence or
cell surface markers. More complex phenotypes will be difficult to measure in a pooled screen
with reliability. In the future, cheaper robotics that can perform arrayed screens with unique
perturbations in each well of multi-well plates will likely allow for more complex tissue level
phenotypes to be assayed. In addition, this sort of high-throughput arrayed screening would
remove many of the paracrine effects that may confound results as mentioned previously. If a gene
that is being studied is known to be essential for cell viability, it cannot be studied in a complete
CRISPR knockout screen when assessing for additional phenotypes. Performing a knockdown
study utilizing dCas9 would be more appropriate. Additionally, genes that retain their function at
low expression levels may easily be missed in knockdown studies and be better performed with a
complete knockout screen.

Other issues may arise with false positives and false negatives. In particular, although
uncommon, an in-frame repair could occur during a standard positive selection knockout screen
resulting in a gain-of-function mutation?'%2!%. This issue is rare enough to not cause vast concern,
but something to still be mindful of. More commonly false positives can occur with genes that
have a high copy number such as oncogenes. When performing a standard Cas9 knockout screen,
these genes will consistently be cleaved leading to multiple double strand breaks and eventually
too many will cause cells to apoptose thus, mistakenly assuming that gene was essential for cell
fitness. A gene that may not truly have much of an effect on fitness can falsely appear to if the
target site is in one of these amplified regions with a high gene copy number thus, inducing many
more double strand breaks by Cas9 than is typical®!#2!®. This can be problematic when performing
cancer screens. Many groups have looked at this in detail looking at several cancer cell lines, genes,

and sgRNAs for analysis of this amplification effect’!* 26, Aneuploid cell lines produced false
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positives that mapped to amplified regions of the genome. CRISPR-mediated lethality of cells was
independent of transcriptional halting, thus showing this is due to double strand breaks and not
gene knockout. Previous studies have shown similar discoveries such as targeting the oncogenic
BCR-ABL gene fusion that is present in high copy number in K562 cells and notorious for making
up the Philadelphia chromosome in chronic myelogenous leukemia. Cas9 targeting resulted in

decreased cell viability independent of the target genes function themselves?!

. Ways to prevent
these false positives would be to use CRISPRi which do not cut the genome and only offer
transcriptional repression. However even with CRISPRi, other errors can occur especially when
dealing with bidirectional promoters causing silencing of multiple genes instead of just the gene
of interest. Attempts can be made to remove sgRNAs with massive off-target effects or exclude
them from analysis®'®. Utilizing an inducible Cas9 can also be an effective solution to select
specifically when to turn on Cas9 with the use of doxycycline.

False negatives come with their own share of complications. If a sgRNA has relatively low
activity it can inadvertently be read as a negative result in a screen. Machine learning approaches
can help circumvent some of these issues to design and include only sgRNAs with high activity
which has been actively utilized by groups!’®2!>?2°, However, in silico sgRNA design has its own
share of challenges. When utilizing available online tools, the researcher needs to be aware of the
underlying rules to limit off-target effects and increase effectiveness applied by the tool
developers. There are also constant updates to gene annotations that need to be ensured for their
accuracy and quality. In addition to using computational tools to predict guide efficacy, efforts can
also be made to modify the sgRNA scaffold itself to improve activity**!.

One of the large concerns with the use of CRISPR-Cas systems for screens is the possibility

of off-target effects. Because sgRNA libraries can contain more than 10° different guides,
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comprehensive individual sgRNA validation and testing is not possible. Multiple studies have
shown that Cas9 can tolerate some mismatches between the sgRNA and target sequence allowing
for targeting of the wrong gene!!%?22-224 The farther these mismatches are from the PAM sequence
the more likely these mismatches will be tolerated??®. It has also been shown that small insertions
and deletions are somewhat tolerated as well leading to bulging of the sgRNA or target
sequence’?*. Predictive scores have been developed to help the researcher in picking appropriate
sgRNAs??%. Additional Cas9 options are the high fidelity Cas9 (SpCas9-HF1) or the enhanced
specificity Cas9 (eSpCas9)*?728. Many benefits have been shown by delivering Cas9 as a protein
instead of a gene in a plasmid as the protein will act immediately and then be quickly degraded

which eliminates the constant peaks in expression from a promoter’?’

. One strategy to ensure a
positive is true and not from an off-target effect is through validation and ensuring that other
reagents targeting that same gene have that same phenotype. However, when performing large
pooled screens there will be multiple sgRNAs targeting the same gene or noncoding region. Effects
of a single sgRNA will be less problematic when multiple sgRNAs are targeting that region
allowing for some consistency and realization of an off-target effect.

Another challenge is working with PAM sequence restrictions. SpCas9 has a PAM
sequence that is more abundant in exons and thus coding regions of the genome which tend to be
more GC rich. Other nucleases such as Cpfl has a PAM sequence that is more abundant in introns
which are more AT rich®*. This is an important factor to keep in mind when selecting a nuclease
for screening applications. Performing noncoding functional screens utilizing CRISPR-Cas

systems to tile sgRNAs may benefit more from a nuclease such as Cpfl than SpCas9. One group

effectively engineered SpCas9 to recognize different PAM sequences'¢’. This can increase
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specificity and reduce off-target effects while selecting a PAM that is appropriate and unique for
the researcher's screening needs.

One often untapped tool for CRISPR-Cas screening is harnessing HDR to insert exogenous
genes of interest into the host genome. With HDR’s relatively low efficiency compared to NHEJ,
it has proven to be difficult to benefit from this technology and perform large knock-in screens at
endogenous loci. Knock-in screens can provide valuable information when assessing the roles of
knocked-in promoters or repressors on gene function or knocking in mutated genes to mimic
disease states. As well, knock-in screens using HDR would preclude the possibility of random
lentiviral integration causing confounding effects on cell phenotype. Because of this, more
research should be done on pushing the cell to favor HDR over NHEJ. One such study used
blocking mutations to increase HDR efficiency?*’!. They introduced silent mutations in either the
PAM or sgRNA target sequence of the donor strand. These mutations prevented Cas9 from re-
cutting the target sequence once the desired donor was introduced. Greatest efficiency of this is
achieved when the mutation is closest to the cut site. This distance can also be optimized to focus
on either a homozygous edit or heterozygous edit in the cell depending on the researcher’s specific
needs (homozygous edits are more likely when the mutation is closest to the cut site and
heterozygous edits are more likely when further). Utilizing this blocking method, another study
successfully performed a large screen utilizing HDR and saturation mutagenesis to determine
function of regulatory elements?*?. They utilized a library of all possible 6-bp combinations to
insert into exon 18 of the breast cancer susceptibility gene BRCA1 to measure transcript
abundance. They had a similar approach for the lariat debranching enzyme gene DBR1 to measure
the relative effects on growth and function. Interestingly, HDR could also be harnessed to create a

knock-in pooled library of sgRNAs in place of typical lentiviral delivery creating cells with stably
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integrated guides®**. This could circumvent issues with off-target effects from lentivirus and avoid
gene shuffling. Highlighting the potential of HDR based screening approaches, one group recently
performed a large-scale multiplexed HDR CRISPR screen in yeast, utilizing a fusion protein to
enhance HDR efficiency®**. They increased editing efficiency more than 5-fold with use of the
fork head protein homolog 1 transcription factor (Fkhlp) fused with the DNA binding protein
LexA creating a LexA-Fkh1p fusion protein. This fusion protein recruits donor DNA to the
double-strand break site. Utilizing HDR, they incorporated unique barcodes into cells. In
addition, they performed saturation editing of a gene encoding for the phospholipid transfer
protein SEC14. They incorporated all possible amino acid combinations to identify amino acids
critical for chemical inhibition of lipid signaling. Ideally, combining multiple strategies will
improve HDR at the greatest efficiency when performing knock-in functional screens.
Additionally, a researcher could use base-editing techniques to perform a targeted knock-in screen
instead of HDR. CRISPR base-editing techniques can modify individual nucleic acid base pairs
within the target genes. This is especially beneficial to edit single nucleotide polymorphisms
(SNPs). Groups have used this technique to identify novel mutations in drug resistance'?-!3°,
Overall, screening from endogenous loci using HDR or base editors, although limited to unique
screening needs, has significant unexplored potential for investigating genomic function.
Another challenge lies in the large reliability researchers place on cell lines to perform
many of these pooled functional screens. Many of these cell lines may not adequately model human
disease and functional genomics. Additionally, unless kept at a low passage number, cells can
begin to change over time with varying mutations, epigenetic changes, and chromosomal
changes. Ideally primary cells, human tissues, or in vivo screens should be the gold standard. In

the next chapter, we will perform an in vivo screen in the teratoma. Validating findings in multiple
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model systems with different techniques is critical. However, with this is the caveat that obtaining
different results in different cell lines is permissible if it further explains a critical phenotype
unique to the biology of these different systems. Additionally, plating cells with the correct growth
medium and environmental parameters can be a challenge or whether they even properly plate in
2D. Studies have shown that many human cell types change their physiology in 2D or cannot be
cultured at all. For instance, pancreatic cells are notorious for being difficult to culture in 2D and
have lasted at most a mere week before huge losses in cell viability>*>. More efforts need to be
placed in 3D culture systems and biomimetic environments to ideally model true physiology—this
will be more realized in the next chapter as we perform a three-dimensional screen in the teratoma.
2.6 Future Directions

As technical challenges limiting Cas9 based genomic screens are resolved, their ability to
inform our understanding of disease progression and treatment will rapidly evolve. By utilizing
the expanding toolbox of genetic perturbations and better integrating multiomics data for
downstream validation, screens will be able to identify functional elements in the genome more
rapidly and accurately. At the same time, expanding screens to patient derived cell types (iPSCs,
tumor biopsies, etc.) will better model human pathologies while providing a potential way to
identify patient specific disease vulnerabilities.

Because the majority of human diseases are polygenic (rather than mendelian) there is a

236237 Towards this end,

clear need for screens which investigate multigene interactions
investigators have recently developed dual knockout Cas9 vectors which deliver two unique
sgRNA to identify synthetically lethal genetic interactions in cancer cell lines!®>*, In parallel,

other researchers have developed alternative dual knockout systems, using a combination of

orthogonal Cas9 variants from different bacteria. By utilizing both SpCas9 and SaCas9 (each with
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their own cognate sgRNAs) they effectively reduce interference between delivered sgRNAs in a

dual knockout screen®’

. Moving forward, characterizing a greater number of gene combinations
will generate an improved understanding of the genetic basis of non-mendelian diseases. In
addition, expanding combination gene perturbations beyond knockouts will provide scientists with
a better understanding of directional genetic interactions. In order to characterize these directional
interactions, researchers have recently implemented a dual knockout and activation screen in
cancer cells to better understand therapeutically relevant genetic interactions networks'**. Looking
forward, integrating multiple different perturbation types in combination has the potential to
generate unique datasets with which to probe genomic interactions. For example, integrating
inducible Cas9/sgRNA constructs with pooled screening could elucidate temporal dependencies
underlying dynamic genetic interactions®*.

Beyond probing exon function, there is an increasing understanding that the noncoding
region of the human genome plays a significant role in disease progression across a wide variety
of pathologies®*!. In order to better understand this relationship, there have recently been several
parallel efforts to map the function of the noncoding portion of the genome using Cas9'!’. While
wtCas9 is ideal for inducing frameshift mutations in the coding regions of exons, probing the
noncoding portion of the genome is more challenging because insertions and deletions are less
likely to impact structure and function. To overcome this challenge, CRISPR pooled screening of
noncoding loci has primarily focused on using multiple tiled sgRNA to create indels across entire
noncoding regulatory sections of the genome to determine functional hotspots. These strategies
have identified critical components of endogenous enhancers, as well as novel regulatory elements
in unannotated regions of the genome?**>**, Combining this approach with novel downstream

single cell assays (single cell RNA seq, etc.) should further aid in rapidly characterizing the
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structure-function relationship of the noncoding genome. Furthermore, screens utilizing the full
CRISPR perturbation tool box will provide researchers with even more novel data sets with which
to assay the noncoding genome.

While Cas9 genetic screening has enabled systematic characterization of a broad range of
cancer cell lines (via the Broad Institute’s Project Achilles among other work), screening primary
cells is still in its infancy. Although there is a wealth of information to be gained from screening
cancer cell lines, as discussed above they are not ideal models for healthy cells or diseases other
than cancer. Screening in primary cells would better model the in vivo genetic and epigenetic
profile of the cells of interest, while simultaneously allowing for patient-specific screening
strategies to be developed. Because primary cells can be obtained from individuals (or mice)
afflicted with nearly any disease, a broader range of disease-specific screening strategies can be
developed. As well, screening in primary cells would allow scientists to unravel the genomic
mechanisms underlying the function of various healthy cell types. Primary cell screening has so
far been limited to immune cell types which grow sufficiently in vitro. As a proof of principal, two
groups have recently described a protocol for lentiviral knockout CRISPR screens in mouse
primary immune cells, identifying key regulators of the innate immune response and plasma cell
differentiation'®?*>. To push this technology forward, the editing efficiency of Cas9 in primary
cells needs to be further optimized to allow for large library screening in many primary cell types.
In parallel, improving in vitro primary cell culture techniques will drastically improve the ease of
primary cell screening protocols. Looking ahead, transitioning this technology toward screening
iPSCs could provide a novel method to understand biological development and patient-specific
pathological phenotypes. Although iPSC CRISPR screens are still in their infancy, one group

recently published a method using Cas9-mediated homologous recombination to fluorescently tag
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endogenous proteins in developing iPSCs**®. This method would allow researchers to track the
temporal expression and localization of diverse cellular proteins over the course of iPSC
differentiation.

As an alternative way to more accurately model cell phenotypes, several groups have
independently developed in vivo CRISPR screening protocols. /n vivo CRISPR screening typically
involves delivering a library of sgRNAs to a tumor cell line ex vivo, implanting the cells into a
mouse model, and then tracking which sgRNAs are enriched or depleted as the tumor grows. This
method has been used to effectively identify genetic vulnerabilities to immune checkpoint
blockers, as well as track genetic drivers of metastasis'®**?*’. These in vivo screening methods
represent a more robust contextual model with which to analyze cell function, and warrant
additional investigation. Other efforts to screen cells in a context that better matches their native
environment have utilized 3D culture systems and organoid models. While 3D and organoid
models necessitate arrayed screening due to their multicellular architecture, the ability to
investigate tissue level phenotypes has immense implications for functional screens. In 2015, one
study described a small scale CRISPR knockout screen in an organoid model, investigating genetic
elements controlling the differentiation of unpolarized basal progenitors into airway epithelium?*®,
Although screens involving 3D culture models will certainly be restricted to small libraries of
perturbations, their ability to dissect tissue level phenotypes guarantees their utility to the
biomedical community.

As CRISPR screens become more commonplace, it is necessary to stress the importance
of using diverse output data to validate results. While sgRNA abundance provides valuable
information regarding which genes are essential for a cellular phenotype, it provides little to no

mechanistic data with which to understand gene function. To better understand the biology
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underlying CRISPR screen results, future research needs to be done on how to best integrate
multiomics data with pooled CRISPR screens. Utilizing advances in proteomic and metabolomic
measurements has great potential to complement next generation DNA and RNA sequencing
technologies already common place in CRISPR screens. As mass spectrometry pushes closer
toward single cell resolutions, this data will only become more robust, opening up new avenues
for understanding the results of pooled screens***%°,

Although CRISPR knockout screening via the NHEJ repair pathway has seen widespread
adoption, knock-in screening via the HDR templated repair mechanism has been less utilized due
to its relatively low efficiency. Many parallel efforts are currently underway to improve the
efficacy of HDR mediated gene editing, paving the way for library scale knock-in
screening®**31252 Knock-in screening using HDR to scarlessly insert a mutagenized DNA
sequence at its endogenous locus has many unexplored applications. In the future, researchers
could use HDR to perform site directed mutagenesis of complex mammalian proteins in their
endogenous loci, enabling the engineering of post-translationally modified proteins which may not
be amenable to production in yeast or bacteria. This same method could also be used to engineer
mammalian cell lines with novel metabolic pathways for use in biopharmaceutical production.

The past half-decade has seen rapid development of novel CRISPR-Cas based tools with
which to investigate genomic function. At the same time, de novo DNA synthesis and in silico
sgRNA design tools have quickly become mature technologies, resolving many of the technical
challenges preventing the widespread adoption of CRISPR-Cas genetic screens. Consequently,
CRISPR-Cas genetic screening has transitioned from exciting new academic research, to a
ubiquitous technology with few barriers to use. Looking forward, it now seems plausible that the

many functional screens ongoing in immortalized cancer cell lines will lead to a complete mapping
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of cancer specific gene function and genetic interactions. While this research has great potential to
inform our understanding of cancer etiology and drug candidate efficacy, the immense genetic
variation in patient cancer samples limits the translational relevance of cell line based genetic
screening. In addition, conclusions drawn from screens performed in cancer cell lines may have
limited relevance to other disease phenotypes. This genetic variation between patients and cancer
cell lines necessitates the development of patient-specific CRISPR-Cas screening protocols.
Building off existing cancer mapping initiatives, CRISPR-Cas functional screening efforts in
patient-derived cells should one day help oncologists predict treatment efficacy and inform drug
choice. In parallel, future screens in patient derived iPSCs will allow researchers to expand the
range of disease phenotypes CRISPR-Cas functional screening can investigate. In this way,
CRISPR-Cas screening can contribute to a growing body of research underlying precision
medicine and personalized therapeutics. In the next chapter we will utilize a CRISPR-Cas9
genomic screen in the context of the teratoma.
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3 Engineering Teratomas via Genetic Perturbations

3.1 Abstract

We propose that the teratoma, a recognized standard for validating pluripotency in stem
cells, could be a promising platform for studying human developmental processes. Using pooled
CRISPR-Cas9 knockout screens, we showed that teratomas can simultaneously assay the effects
of genetic perturbations across all germ layers. We found that TWIST1, RUNX1, ASCL1, CDX2,
and KLF6 knockouts resulted in reproducible shifts in lineage abundance consistent with known
biology. All of these knockouts had effects on cell types from multiple germ layers. Additionally,
we used the teratoma to model human neural disorders, specifically Pitt-Hopkins, Rett, and L1
syndromes. We generated a CRISPR knockout library targeting the genes responsible for these
syndromes in teratomas: TCF4, MECP2, and LICAM respectively and assessed their downstream
differential gene expression which were consistent with known pathways related to these genes.
Taken together, the teratoma is a promising platform for modeling multi-lineage development and
pan-tissue functional genetic screening.
3.2 Introduction

We propose here the use of teratomas as a model for studying human development **. The
teratoma displays multi-lineage differentiation to all germ layers, has vascularized 3D structure,
bears regions of complex tissue-like organization, and is relatively straightforward to implement.
Teratoma formation is the gold standard to validate pluripotency and developmental potential of
hPSC lines 3,

There has also been some progress in utilizing the inherent differentiation potential of

teratomas to derive highly sought-after cell types. However, the semi-random nature of teratoma
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development has previously made characterization of teratomas difficult, as the different lineages
can often be found in close spatial proximity.

After rigorous characterization of the teratoma, we deem it essential to validate the use of
the teratoma as a model for studying developmental biology. Do the cells within the teratoma
develop as would be expected in normal development and follow standard differentiation
trajectories or are they developing in non-canonical ways? Performing a developmental knockout
screen within the teratoma will help elucidate some of these questions as well as potentially find
novel biology previously difficult to study in standard 2D stem cell culture systems or organoid
systems without the use of human embryos.

We hypothesized that the advent of high-throughput single cell gene expression profiling

via droplet based methods ®'-¢’

, and simple genetic perturbation toolsets such as CRISPR-Cas9
could enable us to address this challenge by enabling systematic analysis and perturbation of
teratomas at the single cell level 87192253258 'We established a comprehensive experimental and
computational framework to systematically analyze, perturb and modulate human PSC-derived
teratomas to evaluate their potential for modeling human development.
3.3 Materials and Methods
3.3.1 Method Details
3.3.1.1 PGP1-Cas9 Clone Generation

The PGP1 human induced pluripotent stem cell line was a kind gift of Dr. George Church
at Harvard Medical School. The sgRNA targeting AAVS1 locus of the human genome (spacer
sequence GGGCCACTAGGGACAGGAT) was cloned into the Lenti-guide-puro plasmid

(Addgene #52963). To generate the knockin donor plasmid, we cloned the CAG promoter

followed by a cassette of co-expression of spCas9 and EGFP splitting via the P2A sequence into
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the pCR4-Blunt-TOPO vector (Thermo Fisher Scientific). Two homology arms were amplified
from upstream (804 bp) and downstream (837 bp) of the sgRNA targeting site in AAVS1 genomic
locus and constructed into the donor plasmid flanking the CAG-spCas9-P2A-EGFP
cassette. Between the upstream homology arm and the CAG promoter, we inserted a splice
acceptor sequence following by a T2A linked blasticidin resistance gene.

Human iPSC PGP1 cells were electroporated using 4D-Nucleofector system and P3
Primary Cell X kit (Lonza) according to the manufacturer's instruction. Briefly, the PGP1 cells
were dissociated into single cells. 1x10° cells were mixed with 100 ul nucleofection reagents and
10 pg DNA (5 pg Cas9 donor + 5 pg sgRNA) and electroporated. The cells were recovered with
pre-warmed medium and then cultured on inactivated MEF feeders in 10 cm dishes with mTeSR
medium supplemented with 0.5 pM ROCK-inhibitor. Afterward, the mTeSR medium without
ROCK-inhibitor was refreshed daily. 2 pg/ml blasticidin were added into the culture medium 7
days after electroporation. The cells were cultured without passage until clones emerged on the
plate. The clones were checked under the microscope and those with EGFP expression were picked
up and expanded individually.

To detect genomic integration, the genomic DNA from cultured cells was extracted using
DNeasy Blood & Tissue Kits (Qiagen). Approximately 500 ng of genomic DNA was used for each
PCR reaction using KAPA HiFi HotStart Ready Mix (Kapa Biosystems). The PCR amplification
of the left and right arm utilized primers that amplified regions spanning both the PGP1 AAVS1
endogenous locus and the engineered cassette (Figure 3.2B).

The primer sequences are listed below.

Left arm_forward ACTTCCCCTCTTCCGATGTTG

Left arm_reverse ATTGTAGCCGTTGCTCTTTCA
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Right arm_forward GAGCAAAGACCCCAACGAGAAGC

Right arm reverse CTGCCTGGAGAAGGATGCAGGA

This was further validated by direct Sanger sequencing of the arms (Figure 3.2A), The
activity of Cas9 in the PGP1-Cas9 cells was validated by the generation of indels at the expected
position when guide RNAs were introduced.
3.3.1.2 sgRNA Design

The CRISPR-KO sgRNA sequences targeting transcription factor genes were obtained

from the GPP sgRNA Designer web tool (https://portals.broadinstitute.org/gpp/public/analysis-

tools/sgrna-design, accessed February 2018) as follows. The 24 gene symbols in the table below

were converted to Entrez gene IDs using Bioconductor package org.Hs.eg.db 3.5.0, and the
resulting IDs were submitted together with the following parameters: enzyme Sp, taxon human,
quota 50, include unpicked. From the resulting output, the two guide sequences with the highest
“pick order” were selected for each target gene. To check the validity of each guide sequence, the
corresponding context sequence was compared to the human reference genome at the predicted
cut location using Bioconductor package BSgenome.Hsapiens.UCSC.hg38 1.4.1, and the cut
location was confirmed to be fully within the target gene coding sequence determined using

Bioconductor package TxDb.Hsapiens.UCSC.hg38.knownGene 3.4.0.

Gene symbol Entrez ID sgRNA-1 sgRNA-2

SOX17 64321 GGCAACGGGTAGCCG | AGGGCGAGTCCCGT
TCGAG ATCCGG

CDX2 1045 CCGCAGTACCCGGAC | CAAATATCGAGTGG
TACGG TGTACA

HNF4A 3172 GGGACCGGATCAGCA | GCAATGACTACATTG
CTCGA TCCCT
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GATA4 2626 TGTGGGCACGTAGAC | CCGGCTTACATGGCC
TGGCG GACGT

GATA6 2627 CGGGACGCCTCAGCT | GCCGACAGCGAGCT
CGACA GTACTG

RUNX1 861 CTGATCGTAGGACCA | TGCTCCCCACAATAG
CGGTG GACAT

FOXA2 3170 ATGAACATGTCGTCG | TCCGTGAGCAACAT
TACGT GAACGC

PDXI1 3651 GGAGAACAAGCGGAC | TATTCAACAAGTACA
GCGCA TCTCA

NKX2-1 7080 GCGAGCGGCATGAAC | GGTTGGCGCCGTACC
ATGAG ATCCG

NKX2-5 1482 GTAGGCACGTGGATA | GAAGACAGAGGCGG
GAAGG ACAACG

SOX9 6662 ACGTCGCGGAAGTCG | TTCACCGACTTCCTC
ATAGG CGCCG

PROX1 5629 AGTGTCCACAACTTG | CGGGTTGAGAATAT
CGACA AATTCG

SNAI 6615 GGGACTCTCCTGGAG | TGTAGTTAGGCTTCC
CCGAA GATTG

TWISTI 7291 CGGGAGTCCGCAGTC | AGCGGGTCATGGCC
TTACG AACGTG

ASCL1 429 CCAGGTTGACCAACT | AAACGCCGGCTCAA
TGACG CTTCAG

NEUROGI 4762 CCGCATGCACAACTT | TTGGTGTCGTCGGGG
GAACG AACGA

KLF6 1316 TCTGAGGCTGAAACA | GCTGACCAAAACTTC
TAGCA GCCAA

KLF2 10365 GGTTCGGGGTAATAG | CTTCGGTCTCTTCGA
AACGC CGACG
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HESI1 3280 GTGCGAGGGCGTTAA | AGCCAGTGTCAACA
TACCG CGACAC
FOXG1 2290 AGCGCGTTGTAGCTG | CCGCGCCACTACGA
AACGG CGACCC
TULP3 7289 GGAGTATGACAGTTC | TGAAAGTGTGAACTT
ACCAA CGATG
MYOG 4656 TTACACACCTTACAC | TCGAACCACCAGGC
GCCCA TACGAG
GATA3 2625 TCCAAGACGTCCATC | CAGGGAGTGTGTGA
CACCA ACTGTG
FGFR2 2263 CTTAGTCCAACTGATC | TGACCAAACGTATCC
ACGG CCCTG
Gene sgRNA-1 sgRNA-2 sgRNA-3
symbol Entrez
ID
TCF4 GTGGACATCGGAG | TGTCCACTTTCCA | CAAACGTTCATGT
925 GAAGAC TCGTAG GGATGC
MECP2 GCTCCATCATCCG | AAAGCCTTTCGCT | TTGCGTACTTCGA
204 TGACCG CTAAAG AAAGGT
L1CAM GCGTCCGGTGTCA | GCGTACTATGTCA | GCCAGTACCGAAC
897 TTGGCC CCGTGG TGGATG

3.3.1.3 Library Preparation

The lentiviral backbone plasmid for the sgRNAs was the CROPseq-Guide-Puro vector

(Addgene #86708). To create the sgRNA library, individual sgRNAs were PCR amplified utilizing

overlapping forward and reverse primers custom designed with flanking sequences compatible

with the BSMBI restriction sites (Table S7). The lentiviral backbone was digested with BSMBI

(New England Biolabs) at 55°C for 3 hours in a reaction consisting of: CROPseq-Guide-Puro

backbone, 5 pg, Buffer NEB 3.1, 5 ul, BSMBI, 5 ul, H20 up to 50 ul. After digestion, the vector
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was purified using a QIAquick PCR Purification Kit (Qiagen). Each sgRNA was then individually
assembled via Gibson assembly.

The Gibson assembly reactions were set up as follows: 1:10 molar ratio of digested
backbone to sgRNA insert, 2X Gibson assembly master mix (New England Biolabs), H20 up to
20 pl. After incubation at 50°C for 1 h, the product was transformed into One Shot Stbl3
chemically competent Escherichia coli (Invitrogen). A fraction (150 pL) of cultures was spread on
carbenicillin (50 pg/ml) LB plates and incubated overnight at 37°C for 15-18hrs (miRNA
constructs required longer incubation times). Individual colonies were picked, introduced into 5
ml of carbenicillin (50 pg/ml) LB medium and incubated overnight in a shaker at 37°C. The
plasmid DNA was then extracted with a QIAprep Spin Miniprep Kit (Qiagen), and Sanger
sequenced to verify correct assembly of the vector and to extract barcode sequences.

To assemble the library, individual sgRNA vectors were pooled together in an equal mass
ratio along with 5 non-targeting control (NTC) sgRNAs which constituted 50% of the final pool.
3.3.1.4 Viral Transduction

For viral transduction, virus was added at a low MOI (ensuring a single barcode/cell or a
single sgRNA/cell) to stem cells at 20% confluency alongside polybrene (5 pg/ml, Millipore) in
fresh mTeSR medium. The following day, medium was replaced with fresh mTeSR. Appropriate
selection reagent was added 48 hrs after transduction (puromycin [0.75pg/pL] for CRISPR KO
screen) (Thermo Fisher Scientific) and was replaced daily. For editing in CRISPR KO screen,
selection was continued for 5 days prior to use for teratoma formation in mice.
3.3.1.5 sgRNA Editing Rate Validation

We individually transduced each sgRNA into our PGP-Cas9 cell line in an arrayed format

and selected with puromycin after 48 hrs and allowed editing to occur for an additional 5 days (7
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days total). From there we retrieved the cell pellets from each individual sgRNA and extracted
gDNA. We then designed primers (Table S7) upstream and downstream of the expected cut site
for each individual sgRNA and amplified that region utilizing standard PCR on the gDNA
extracted from each cell pellet transduced with each individual sgRNA. Each amplicon for each
sgRNA was then sent out for deep sequencing. We used CRISPResso with default parameters to
compute the fraction of reads containing mutations, which we split out into an indel rate and an
overall mutation rate.
3.3.2 Quantification and Statistical Analysis
3.3.2.1 Overview

For all figures, we used the CellRanger pipeline as described in the Single Cell RNA-Seq

85, We also used the Seurat R package for

Processing section to generate counts matrices
clustering, data integration, and classification for all figures as described in the Seurat Data
Integration and HI Teratoma Clustering and Validation methods sections %. For assigning
lentiviral CRISPR guide RNAs to cells (relevant to Figure 3.1/3.2), we used the genotyping-
matrices method as described in the Lentiviral Barcode and CRISPR Guide Assignment section 7.
For Figure 3.1, we quantified guide RNA editing using CRISPResso 2*°. And for Figure 3.2, we
used DESeq2 as described in the PGPI Neural Disorder Screen Analysis section 2°. The
remaining analysis was done using custom R scripts.

For Figure 3.2, we collapsed the expression all cells with the same cluster and guide RNA
identity into a single replicate in order to run pseudobulk differential expression analysis.

A brief summary of the analysis details for each figure can be found in the results and figure

legends. Below we also provide a mapping between each figure and the relevant methods sections:
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e Figure 3.1/3.2: PGP1 Embryonic Lethal Screen Analysis, PGP1 Neural Disorder Screen

Analysis

All analysis code as well as instructions on how to reproduce our analyses can be found at
the Github repository: yanwu2014/teratoma-analysis-code.
3.3.2.2 Seurat Data Integration

Data integration was performed on the aggregated counts matrices for the 6 PGP1 CRISPR-
KO screen teratomas. We used the Seurat v3 data integration pipeline ®7!. Briefly, we first filtered
the counts matrix for genes that are expressed in at least 0.1% of cells, and cells that express at
least 200 genes. We then normalized the counts matrix using total-counts normalization, and log-
transformed the result. Log-transforming RNA-seq counts results in the data following an
approximately normal distribution, which is the assumption that Seurat makes for the remainder
of the analysis ’%. For each teratoma, we identified highly variable genes, and selected the top 4000
genes that appeared as overdispersed across the most teratomas. We then identified anchor cells,
and integrated the teratomas to create a batch-corrected gene expression matrix. After batch
correction, we used a linear model to regress away library depth, and mitochondrial gene fraction,
and ran Principal Components Analysis (PCA) 7, keeping the first 30 principal components. We
then used the PCs to generate a k Nearest Neighbors (kNN) graph, setting k = 10, and then used
the kNN graph to calculate a shared nearest neighbors (SNN) graph "*. We ran modularity
optimization algorithm with a resolution of 0.4 on the SNN graph to find clusters ’".
3.3.2.3 CRISPR Guide Assignment

To assign one or more gRNA barcode to each cell, we extracted each barcode by
identifying its flanking sequences, resulting in reads that contain cell, UMI, and barcode tags. To

remove potential chimeric reads, we used a two-step filtering process. First, we only kept barcodes
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that made up at least 0.5% of the total amount of reads for each cell. We then counted the number
of UMIs and reads for each plasmid barcode within each cell, and only assigned that cell any
barcode that contained at least 10% of the cell’s read and UMI counts. The code for assigning

barcodes to each cell can be found on GitHub at: https://github.com/yanwu2014/genotyping-

matrices .
3.3.2.4 PGP1 Embryonic Lethal Screen Analysis

For each of the six teratomas across the original and replicate screens, we used two
technical replicate 10X runs. In order to ensure consistent cell types across teratomas, we merged
the 10X runs corresponding to the same teratoma, and then integrated all six teratomas across both
the original and replicate screen using Seurat v3 data integration. We used 3000 anchor features
and 20 CCA dimensions for the integration. Using the annotated H1 teratoma dataset as the
reference, we used Seurat label transfer to identify the cell type for all cells in the screen datasets.
Due to the relatively low number of cells per guide RNA in the original screen, we collapsed
closely related cell types into broader cell groupings in order to boost the power of our analysis.
Specifically, Airway Epithelium was merged into Foregut (Airway epithelium is derived from the
foregut epithelium during development), Schwann Cells and Melanoblasts were grouped as
Schwann Cell Progenitors (SCP), Immune Cells, Erythrocytes, and Hematopoietic Stem Cells
(HSCs) were grouped as Hematopoietic cells, Muscle Progenitors and Cardiac/Skeletal Muscle
were grouped as Muscle, all MSC/Fibroblast populations were merged, Intermediate Neuronal
Progenitors (INP) and Radial Glia were grouped as Neuronal Progenitors, and Retinal Neurons
and Early Neurons were simply grouped as Neurons. In order to visualize the PGP1 data, we
projected the integrated screen dataset onto the first 20 PCs from the H1 dataset and ran UMAP

on the projected PCs.
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We validated the editing efficiencies of all our guide RNAs using PCR amplification of the
expected cut site and looking for mutations and indels with CRISPResso. We then selected the top
guide targeting each gene with at least a 60% overall editing efficiency and a 40% indel efficiency
which resulted in a total of 16 out of 48 guides selected. We then only used these 16 validated
guides for further computational analysis. Unfortunately, the TULP3-2 guide was not detected in
the replicate screen so we ended up using 15 guides (plus 5 NTC guides) for analysis.

We assigned CRISPR-KO gene perturbations using the barcode assignment strategy
described in the Lentiviral Barcode and CRISPR Guide Assignment section. To determine the total
effect of each knockout, we computed a normalized Earth Mover’s Distance (EMD) between all
cells in each gene knockout with all cells belonging to the NTC separately for each screen 26!,
EMD computes the difference in cell type composition between two groups of cells, weighted by
how transcriptionally distinct the cell types are 2!, Thus, differences in cell type composition
between cells belonging to the gene knockouts and NTC that arise from the fact that the label
transfer has a hard time distinguishing similar cell types will not be as highly weighted as
differences between distinct cell types. We ran the EMD analysis separately for the original and
replicate screens, and normalized the EMD metric so that the average EMD for all NTC guides
would equal 1.

To assess the effect of gene knockouts on individual cell types, we used a ridge regression
model with the R glmnet package as initially described in the PerturbSeq method '°*?%2, Briefly,
for each CRISPR gRNA, this resulted in regression coefficients for each cell type describing the
enrichment or depletion of that gRNA in that cell type. This method assumes that the data is
normally distributed, which is approximately true for RNA-seq and scRNA-seq data when log-

transformed (insert ref). We permuted the gRNA assignments to assign p-values to each coefficient
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representing the probability that coefficient is non-zero by chance. Because we used a non-
parametric permutation test, we did not make any assumptions about the distribution of regression
coefficients. We then used the Benjamini-Hochberg multiple testing correction 2 to generate
False Discovery Rates and visualized coefficients with an FDR < 0.05. For each gRNA, we
computed the cell type shift effect size as the average EMD effect across the screens. The
reproducibility of the gRNA knockout was assessed by correlating the gRNA knockout effects
(regression coefficients) across the original and replicate screen.

3.3.2.5 PGP1 Neural Disorder Screen Analysis

For each of the 2 teratomas across the original and replicate screens, we used two technical
replicate 10X runs. In order to ensure consistent cell types across teratomas, we merged the 10X
runs corresponding to the same teratoma, and then integrated the teratomas using Seurat v3 data
integration. We used the same data integration and label transfer parameters as the embryonic
lethal screen. We again collapsed closely related cell types into the broader cell groupings
described in the PGP1 Embryonic Lethal Screen section, and additionally filtered out any
remaining cell types with fewer than 200 cells.

We assigned CRISPR-KO gene perturbations using the barcode assignment strategy
described in the Lentiviral Barcode and CRISPR Guide Assignment section. To determine the total
effect of each knockout, we again computed the normalized Earth Mover’s Distance (EMD)
between all cells in each gene knockout with all cells belonging to the NTC separately for each
screen 26!,

We analyzed differential expression for each broad cell type separately so that cell type
specific effects would be captured. For each cell type, we summed the counts for all cells assigned

to a specific guide RNA and a specific teratoma to create a pseudobulk expression matrix. This
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essentially treats each guide in each teratoma as a biological replicate for a given gene knockout,
and enables us to use DESeq2, a well-validated differential expression method 2. For each gene
knockout, we ended up with 6 pseudobulk replicates (3 guides x 2 teratomas). We ran DESeq2
with default parameters, comparing the pseudobulk replicates for each gene with the NTC
replicates, and used apeglm to shrink effect sizes. We set a False Discovery Rate cutoff of 0.1 to
call a gene differentially expressed. We also ran DESeq2 on each teratoma separately to compute
log fold-changes and assess reproducibility.
3.3.2.6 Figure Generation

All figures were generated using original artwork or open source with InkScape, Adobe
Mlustrator®, and Image].
3.4 Results
3.4.1 Engineering Teratomas via Genetic Perturbations

To establish the utility of the teratoma system as a model for human development, we
performed a single-cell genetic knockout screen using CRISPR-Cas9. To identify key
developmental genes to include in our screen, we compiled a list of 24 major organ/lineage
specification genes that are embryonic lethal upon knockout in mice (Table S6). Studying the
effects of these genes using cell lines or organoid models would typically require different
experiments and different models for each cell lineage, as even a single gene can have functions
across cell types, and even different germ layers. With the teratoma model, we can screen the
effects of these genetic perturbations in all major cell lineages and germ layers in the same
experiment. Using the CROPseq-Guide-Puro vector backbone, we cloned in 48 individual single
guide RNAs (sgRNAs) directed at each developmental gene (2 sgRNAs per gene) 12 (Figure 3.1A,

Table S6 and S7). We also designed a stable Cas9-expressing iPSC line (PGP1) in order to prevent
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Cas9 silencing (Figure 3.2A, 3.2B, 3.3 Materials and Methods). After creating a pooled lentiviral
library with our sgRNAs, we transduced our engineered PGP1-Cas9 line at a MOI of 0.1 so that
each cell received approximately one perturbation (Figure 3.1A). After selection, these cells were
injected subcutaneously into 3 Rag2”;yc”~ immunodeficient mice for teratoma formation,

extraction, and downstream scRNA-seq processing with 10X Genomics (Figure 3.1A).
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Figure 3.1. Engineering teratomas via genetic perturbations. (A) PGP1-Cas9 iPSCs were transduced
with a CRISPR library targeting a panel of 16 key developmental genes with 1 gRNA per gene. After
generating 3 teratomas with the PGP1-iPSCs, scRNA-seq was used to identify shifts in cell type formation
as a result of gene knockouts. We repeated this process with 3 additional teratomas to serve as a replicate
screen. (B) Average effect of gene knockout on cell type enrichment/depletion versus the correlation of cell
type enrichment between the original screen and replicate screen. Genes with a reproducibility greater than
0.4 (3.3 Materials and Methods) were selected for further analysis. (C) A heatmap of the effect size
(regression coefficient) of gene knockout enrichment for cell types and germ layers. (D) Scatterplot of
individual guide RNA effects on cell type abundance for selected genes TWIST1, RUNX1, CDX2, KLF6,

ASCLI.
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Figure 3.2. Engineering teratomas via genetic perturbations. Related to Figure 3.1. (A) Schematic
showing knock-in of the CAG-spCas9-P2A-EGFP cassette with an upstream T2A linked blasticidin
resistance gene into the AAVS1 locus thus, creating the Cas9-expressing PGP1 line (above).
Accompanying validated trace sequences of the left and right arms (below). (B) 2% agarose gel confirming
integration of the CAG-spCas9-P2A-EGFP cassette into the AAVSI locus of the PGP1 line via PCR
amplification of the left and right arm spanning the endogenous locus and the engineered cassette compared
to a PGP1 negative control. (C) Observed cells per gRNA and cells per gene for the screen. (D) UMAP
projection of PGP1 cell types classified using the H1 cell types as a reference.
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We validated the editing efficiencies of all our guide RNAs using PCR amplification of the
expected cut site and looking for mutations and indels with CRISPResso (Table S7, S8, 3.3
Materials and Methods). We then selected the top guide targeting each gene with at least a 60%
overall editing efficiency and a 40% indel efficiency which resulted in a total of 16 guides (Table
S7, S8, 3.3 Materials and Methods). We then only used these validated guides for further
computational analysis. To assess the reproducibility of our results, we also reran the CRISPR-KO
screen by repooling these validated guides and generated 3 additional teratomas (Figure 3.1A,
Table S1, 3.3 Materials and Methods). We successfully captured a median of 118 cells per
gene/guide in the original screen and 1,280 cells per gene/guide in the replicate screen (Figure
3.2C). We were able to capture more cells per guide in the replicate screen since we only pooled
the top 16 guides, while the original screen had a total of 48 guides (3.3 Materials and Methods).

In order to ensure consistent cell types across teratomas, we integrated all six teratomas
across both the original and replicate screen using Seruat v3 . We then called cell types in the
PGP1 teratoma cells using Seurat label transfer with the 7 H1 teratomas as reference and collapsed
developmentally similar cell types (Figure 3.2D, 3.3 Materials and Methods). To determine the
total effect of each knockout, we measured the difference in cell type composition between cells
in each gene knockout with all cells belonging to the non-targeting control (NTC) separately for
each screen using Earth Mover’s Distance (EMD) ?%! (Figure 3.1A, 3.3 Materials and Methods).
For both the original and replicate screen, we ran a ridge regression model to assess effects of each
gene knockout on cell type enrichment/depletion >>* (Figure 3.1A, 3.3 Materials and Methods).
For each gene, we plotted its EMD alongside the Pearson correlation of the regression coefficients
for the both the original screen and the replicate screen, giving us a sense of both the effect size

and reproducibility of each gene knockout (Figure 3.1B, 3.3 Materials and Methods). We also
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see that gene knockouts with strong effect sizes tend to be more reproducible (R = 0.59) (Figure
3.1B, 3.3 Materials and Methods). We highlighted genes with a Pearson correlation of greater
than 0.4 between the original and replicate screen for further analysis (Figure 3.1B).

For the highlighted genes, TWISTI, RUNXI, CDX2, KLF6, and ASCLI, we wanted to
identify the gene knockout effects on cell types that were statistically signficant. Towards this we
merged the cells from both screens and ran a combined ridge regression analysis, computing P-
values using a permutation test and False Discovery Rates using the Benjamani-Hochberg
correction (3.3 Materials and Methods). We then visualized all gene knockout effects with an
FDR < 0.1 (Figure 3.1C, 3.3 Materials and Methods).

CDX2 is known to be important for the development of the midgut and hindgut 26*2%°, Our
data shows that cells with a CDX2 are enriched in the Foregut and depleted in the Mid/Hindgut,
which lines up with past literature reports that CDX2 knockout shifts the gut differentiation
pathway away from intestine and towards gastric activation 2°¢27 (Figure 3.1C, 3.1D). TWISTI
showed the largest effect size and is a known transcription factor for the epithelial-to-mesenchymal
transition (EMT), which is important in development as well as metastatic cancers (Figure 3.1B)
268,269 Our screen found that cells with a TWISTI knockout are depleted in mesodermal cell types
(muscle, smooth muscle, pericytes, and mesenchymal stem cell/fibroblasts), and enriched in neuro-
epithelium (retinal epithelium, neurons), confirming prior studies that have identified TWIST1 as
key to mesodermal specification 2’° (Figure 3.1C, 3.1D). We see that RUNXI knockout results in
a depletion of neurons and muscle cell types and an enrichment in mid/hindgut, which is consistent
with previous mouse and stem cell studies that show RUNXI to be critical for neural crest
formation, signaling in gut epithelium stem cells, and myoblast proliferation ’'27* (Figure 3.1C,

3.1D). KLF6 knockout resulted in a depletion of pericytes, consistent with its role in promoting
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endothelial activation during vascular repair>’® (Figure 3.1C, 3.1D). ASCL] interestingly resulted
in an increase in the proportion of retinal epithelium and neural progenitors (Figure 3.1C, 3.1D).
Since ASCLI is key to cell cycle exit and neuronal differentiation, knocking out ASCLI may slow
down neurogenesis and result in a buildup of neural progenitors 2’’. With this CRISPR knockout
screen of key developmental regulators, we were able to assay the multi-lineage functions of these
genes in a human-specific model, something that to our knowledge, no other human developmental
model can currently accomplish.
3.4.2 Modeling Neural Disorders using Teratomas

While we were able to demonstrate the teratoma’s unique ability to assess the multi-lineage
function of embryonic lethal genes, we also wanted to see if the teratoma could model human
neural disorders. Specifically, we looked into Pitt-Hopkins *’%, Rett?”’, and L1 2% Syndromes. Pitt-
Hopkins syndrome is a rare neurodevelopmental disorder most often caused by a de novo loss of
function of one allele of the transcription factor 4 (TCF4) gene 2!, Rett Syndrome is a severe X-
linked neurological disorder caused by a de novo mutation in the methyl-CpG-binding protein 2
(MECP?2) gene. Finally, L1 syndrome is another X-linked syndrome with a mutation in the L1 cell
adhesion molecule (L/CAM) gene important for neuron migration, adhesion, and neuronal
differentiation 2%2. To assess the downstream effects of perturbing these genes, we generated a
CRISPR-KO library targeting 7TCF4, MECP2, and L1CAM, with 3 guides for each gene (Table
S7). We transduced PGP1-Cas9 cells with the neural disorder library, generated 2 teratomas, and
then sequenced 2 scRNA-seq libraries for each teratoma using the 10X Genomics platform (Table
S1)%.

We integrated and clustered the teratomas using Seurat data integration and used Seurat’s

label transfer method to call cell types using the H1 teratomas as the reference. We then looked
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for shifts in both cell type proportion and cell type specific gene expression as a result of the gene
knockouts (Figure 3.2E). As one would expect, we found that the shift in cell type proportion
(normalized EMD) was much smaller than for the embryonic lethal knockouts (Figure 3.2F). We
thus looked at cell type specific shifts in gene expression from the neurological disorder knockouts
instead. We merged our cell types into 7 broad cell types (Neurons, Neural Progenitors, Gut,
Retinal Epithelium, Muscle, Immune, MSC/Fibroblast) and computed differential expression
between each gene knockout and the NTCs (3.3 Materials and Methods). There was no
significant gene expression shift due to the presence of a double stranded break (per AAVS
control) (Table S9).

We then analyzed the effect of L/CAM in Neurons and the effect of TCF4 and MECP2 in
Neural Progenitors and plotted the cell type specific log fold-changes for all DEGs with an FDR
below 0.1 across both teratomas, showing that our hits are fairly reproducible (Figures 3.2G —I).
Knocking out L/CAM in Neurons decreased the expression of clusterin (CLU), an effect that has

previously been shown in colorectal cancer cells 2%

, while also increasing the expression of MAPT
(which produces the tau protein). Tau efflux via LICAM exosomes is present in certain
neurological diseases 2** (Figure 3.2G, Table S9). Knocking out MECP2 in neural progenitors
decreased the expression of transient receptor potential cation channel subfamily M member 3
(TRPM3), and previous literature has shown a similar decrease in expression and function of TRP
channels in the hippocampus and several other brain regions of MECP2 mutant mice contributing
to Rett syndrome etiology 2527 (Figure 3.2H, Table S9). Finally, knocking out TCF4 in neural
progenitors decreased the expression of FOXO3 which is consistent with 7CF4 knockdown studies

in the human neuroblastoma line SH-SYS5Y showing a fold decrease in FOXO3 which has been

suggested to contribute to the molecular pathology of Pitt-Hopkins and other autism spectrum
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disorders 2% (Figure 3.21, Table S9). Overall, we were able to reproducibly discover cell type
specific gene expression shifts that occurred when knocking out the genes underlying Rett, Pitt-
Hopkins, and L1 syndromes, potentially building a resource for future in-depth study.

3.5 Discussion

The teratoma has the potential to be a fully vascularized, multi-lineage model for human
development. Its major advantages are that it can grow to a large size due to its vascularization,
and it can produce a wide array of relatively mature cell types from all major developmental
lineages. We demonstrated with our CRISPR-Cas9 knockout screens, the teratoma’s ability to
generate cells from all lineages enables a comprehensive assessment of the effect of genetic
perturbations on human development within a single integrated experiment. This experiment also
shows the validity of the teratoma as a model for multi-lineage human development as the
perturbation effects follow standard canonical pathways known to developmental biologists.

Any model system has its intrinsic strengths and weaknesses. One issue with the teratoma
system (and organoids) is the intrinsic degree of heterogeneity 294105198 n this regard, we found
the use of internal controls when conducting perturbation experiments was important. For
example, in our CRISPR-Cas9 screen, each teratoma contained both gene targeting guides and
non-targeting controls, enabling us to compare cell type proportion shifts within each teratoma
without having to worry about heterogeneity between teratomas.

Taken together, we believe the teratoma is a promising platform for modeling multi-lineage
human development and pan-tissue functional genetic screening.
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4 Engineering Teratomas via miRNA based Molecular Sculpting
4.1 Abstract

We propose that the teratoma, a recognized standard for validating pluripotency in stem
cells, could be a promising platform for studying human developmental processes. We
demonstrated teratomas can be molecularly sculpted via miRNA-regulated suicide gene
expression to enrich for specific tissues. Specifically, we used miR-124 to enrich for neuro-
ectoderm and validated through scRNA-seq analysis, histology, immunostaining, and RNA-FISH.
The teratoma is a promising platform for modeling multi-lineage development and tissue
engineering.

4.2 Introduction

We propose here the use of teratomas as a model for studying human development **. There
has also been some progress in utilizing the inherent differentiation potential of teratomas to derive
highly sought-after cell types. For instance, teratomas were recently utilized to derive skeletal
myogenic progenitors by injecting PSCs into the tibialis anterior muscle of mice to enrich for
muscle cell types in the teratomas that formed in those muscles . Additionally, some groups have
successfully enriched for hematopoietic stem cells (HSCs) from teratomas utilizing strategies such
as human umbilical vein endothelial cell (HUVEC) pooling >"-%°.

We have successfully characterized and validated 23 human cell types across all 3 germ
layers and they are reproducible without significant cell type biasing, developmentally staged
neuronal and gut tissue at gestational weeks 17 and 8 respectively, and utilized the teratoma as a
tool to model human cell fate specification with reproducible results that are consistent with known
biology in a single study. Since the teratoma is a multi-lineage system, we wanted to molecularly

sculpt it to instead yield only specific lineages of interest. These lineages would be derived through
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the normal processes of organogenesis and being vascularized the system would allow continuous
maturation enable focused developmental biology and tissue engineering applications.

This next study performs molecular sculpting of teratomas with the assistance of
endogenously expressed micro RNAs (miRNAs)***2°!. MiRNAs are a class of regulatory non-
coding RNA molecules that are approximately 21-24 nucleotides long. They form unique short
hairpin structures and are present in plants, animals, and viruses. MiRNAs work through RNA-
silencing and post-transcriptional regulation of gene expression. Their sequence is complementary
to regions within specific messenger RNAs (mRNAs). When the miRNA (in association with
argonaute proteins of the RNA-Induced Silencing Complex [RISC]) binds to its mRNA target, the
mRNA is either cleaved, destabilized, or its translation efficiency is reduced?®*2°!. This effect is
critical in regulating gene expression in a cell-specific manner as many miRNAs are unique to
explicit cell types, lineages, or disease states. The miRNA profile is often more precise and
informative than the mRNA profile in characterizing developmental lineages*>?%*. To this end,
we hijacked the miRNA capabilities to skew and molecularly sculpt teratomas down one
lineage?**2%.

4.3 Materials and Methods
4.3.1 Experimental Model and Subject Details
4.3.1.1 Organoid Generation and Dissociation

Self-patterned whole brain organoids were generated following the Quadrato et al. 2017
protocol 1%, Briefly, H1 ESCs transduced with either miR-124-HSV-tk-GFP or HSV-tk-GFP were
cultured as embryoid bodies for 5 days, transferred into Neural Induction (NI) media for 5 days,
and finally embedded in Matrigel and cultured in Cortical Differentiation (CD) media for 25 days.

Day 35 organoids were dissociated to single cell following a modified protocol using the
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GentleMACS Human Tumor Dissociation Kit, but without use of the GentleMACS dissociator
and instead cells were triturated post-37°C 1-hr incubation with a 1000 pL pipetman prior to 70
uM filtration. Resulting single cell suspension was analyzed for GFP florescence via flow
cytometry. Cells, embryoid bodies, and organoids were maintained under puromycin selection
[0.75ng/uL] for the entirety of the experiment.
4.3.2 Method Details
4.3.2.1 Library Preparation

The lentiviral backbone plasmid for the miRNA-HSV-tk-GFP constructs was an EF1-alpha
promoter, GFP, IRES domain, and puromycin-resistance gene (EGIP) backbone. The lentiviral
backbone was digested with EcoRV-HF (New England Biolabs) at 37°C for 1 hour to excise out
the GFP in a reaction consisting of: EGIP backbone, 5 pg, 1X Cutsmart Buffer (New England
Biolabs) , 5 ul, EcoRV-HF, 5 ul, H20 up to 50 pl. After digestion, the vector was purified using a
QIAquick PCR Purification Kit (Qiagen). We amplified a gBlock containing the Herpes Simplex
Virus thymidine kinase (HSV-tk), 2A self-cleaving peptide, and GFP.

The primers used to amplify the gBlock contain unique miRNA binding sites (see below).

miR_Empty F | TGGCTAGTTAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATC

CAGATCACACCGGTCGCCA

miR Empty R | GGGAGAGGGGGGGGGGGCGGAATTCCGCGGGCCCGTCGACGCG

GTTAACGCCGCTTTACTTGTACAG

miR 21 F TGGCTAGTTAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATC

CTCAACATCAGTCTGATAAGCTA AGATCACACCGGTCGCCA
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miR 21 R

GGGAGAGGGGGGGGGGGCGGAATTCCGCGGGCCCGTCGACGCG

GTTTAGCTTATCAGACTGATGTTGAAACGCCGCTTTACTTGTAC

AG

miR_122 F

TGGCTAGTTAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATC

CCAAACACCATTGTCACACTCCA AGATCACACCGGTCGCCA

miR_122 R

GGGAGAGGGGGGGGGGGCGGAATTCCGCGGGCCCGTCGACGCG

GTTTGGAGTGTGACAATGGTGTTTGAACGCCGCTTTACTTGTAC

AG

miR_124 F

TGGCTAGTTAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATC

CGGCATTCACCGCGTGCCTTA AGATCACACCGGTCGCCA

miR_124 R

GGGAGAGGGGGGGGGEGEGECGGAATTCCGCGGGCCCGTCGACGCG

GTTTAAGGCACGCGGTGAATGCC AACGCCGCTTTACTTGTACAG

miR_126 F

TGGCTAGTTAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATC

CCGCATTATTACTCACGGTACGA AGATCACACCGGTCGCCA

miR_126 R

GGGAGAGGGGGGGGGEGEGECGGAATTCCGCGGGCCCGTCGACGCG

GTTTCGTACCGTGAGTAATAATGCGAACGCCGCTTTACTTGTAC

AG

miR_302A_F

TGGCTAGTTAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATC

CAGCAAGTACATCCACGTTTAAGT AGATCACACCGGTCGCCA

miR_302A_R

GGGAGAGGGGGGGGGEGEGECGGAATTCCGCGGGCCCGTCGACGCG

GTTACTTAAACGTGGATGTACTTGCTAACGCCGCTTTACTTGTAC

AG
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We cloned this amplicon into our digested EGIP backbone using standard Gibson
assembly.

The Gibson assembly reactions were set up as follows: 1:10 molar ratio of digested
backbone to sgRNA insert, 2X Gibson assembly master mix (New England Biolabs), H20 up to
20 pl. After incubation at 50°C for 1 h, the product was transformed into One Shot Stbl3
chemically competent Escherichia coli (Invitrogen). A fraction (150 pL) of cultures was spread on
carbenicillin (50 pg/ml) LB plates and incubated overnight at 37°C for 15-18hrs (miRNA
constructs required longer incubation times). Individual colonies were picked, introduced into 5
ml of carbenicillin (50 pg/ml) LB medium and incubated overnight in a shaker at 37°C. The
plasmid DNA was then extracted with a QIAprep Spin Miniprep Kit (Qiagen), and Sanger
sequenced to verify correct assembly of the vector and to extract barcode sequences.

To assemble the library, individual sgRNA vectors were pooled together in an equal mass
ratio along with 5 non-targeting control (NTC) sgRNAs which constituted 50% of the final pool.
4.3.2.2 Viral Transduction

For viral transduction, virus was added at a low MOI (ensuring a single barcode/cell or a
single sgRNA/cell) to stem cells at 20% confluency alongside polybrene (5 pg/ml, Millipore) in
fresh mTeSR medium. The following day, medium was replaced with fresh mTeSR. For miRNA-
HSV-tk-GFP transduced cells puromycin selection did not begin until 5-7 days after transduction
to allow for enough GFP positive cells.
4.3.2.3 GCV-HSV-tk Killing in vitro

Cells transduced with miRNA-HSV-tk-GFP construct and EGIP-transduced controls grew
for a maximum of 5 days in standard medium conditions in the presence of Ganciclovir ([GCV,

Sigma-Aldrich] 1uM, 10uM, or 100uM) with daily phase and fluorescent microscopy imaging.
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GCV was resuspended and stored in 1 mL PBS (Gibco) aliquots at 3mg/mL in -20°C. Cells were
seeded at similar densities on Day 0 of experiment.
4.3.2.4 miRNA-HSV-tk-GFP Knockdown in vitro

Cells were transduced with miRNA-HSV-tk-GFP constructs and allowed to grow for a
maximum of 5 days in standard medium conditions. After 5 days, cells were spun down and
resuspended in PBS (Gibco) at 1x10° cell / mL and ran on the Becton Dickinson FACScan flow
cytometer gating for fluorescence (FL1-H [GFP positivity]) and forward scatter (FSC-H [shape
and size]).
4.3.2.5 Molecular Sculpting of Teratomas

Standard teratoma formation protocol was followed using miRNA-HSV-tk-GFP
transduced H1s. Once teratomas reach a size of at least 10mm in one axis, intratumoral (IT) or
combined intraperitoneal intrautumoral (IPIT) administration of GCV begins at 80mg/kg/d or
100mg/kg/d (50mg/kg/d at each site) respectively, using standard needle and syringe injection.
Teratoma was allowed to grow for a total of 10 weeks before extraction.
4.3.2.6 Immunostaining

For neuro-ectoderm staining, fresh frozen sections were rinsed onced with PBS before
fixation at room temperature for 15 min with 4% paraformaldehyde. Three consecutive washes
were then performed with PBS 5 min each before addition of blocking buffer (5% normal donkey
serum, 0.2% triton x-100 in PBS) for 1 hr. Primary antibody (anti-PAX6 rabbit [Millipore Sigma]
diluted 1:50 in blocking buffer) was added overnight (12 hrs) at 4C. Three consecutive washes
were then performed with PBS 10 min each with gentle agitation before addition of secondary
antibody (Anti-Rabbit Dylight 550 (Abcam) diluted 1:200 in blocking buffer) for 1 hr at 37C

shielded from light. Three consecutive washes were then performed with PBS 5 min each with
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gentle agitation before addition of DAPI (1:10,000 dilution in PBS) for 10 min. This was finally
followed by three consecutive washes with PBS 10 min each with gentle agitation before imaging.
4.3.2.7 Microscopy

Following 24 hrs of incubation with RNAScope® probes in 4°C, slides were imaged using
Zeiss 880 Airyscan Confocal microscope with special thanks to Michael Hu for image processing
utilizing the UC San Diego Microscopy Core. Raw images on the Leica DMi8 were obtained with
16bit bit-depth per color, and highlights and shadows were adjusted in the LASX software. Raw
images on the Zeiss 880 were obtained with 16bit bit-depth per color, and highlights and shadows
were adjusted in the ZEN software. RNAScope images were dilated using ImageJ’s MorphoLib
by splitting the image into the composite channels and dilating the dots in the appropriate channel.
Dots were dilated to 3 pixels as disks.
4.3.3 Quantification and Statistical Analysis
4.3.3.1 Molecular Sculpting Analysis

To assess the enrichment or depletion of cell types in the miRNA-HSV-tk transduced H1
teratomas, we compared teratomas that had ganciclovir (GCV) added using intratumoral (IT) and
both intratumoral and intraperitoneal (IPIT) injection methods, versus a control teratoma that had
the construct miRNA-HSV-tk but no GCV. All teratomas were injected on the same date and
extracted after 10 weeks of growth. To assign cell types, we again used Seurat’s label transfer. We
then collapsed cell types using the same merging strategy described in the PGP1 Teratoma
Screen Analysis (3.3 Materials and Methods) section, and then computed the fraction of cell
types present in each teratoma. Finally, we computed log2 fold-changes of cell type fractions by
dividing the cell type fractions in the GCV+ IT/IPIT teratomas with the cell type fractions in the

GCV- teratoma. To compute an estimated z-score, we subtracted the GCV- teratoma fractions
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from the GCV+ IPIT/IT teratoma fractions and divided by the cell type fraction variance. The z-
scores for IPIT and IT teratomas were computed separately, and the cell type fraction variance was
computed by pooling the variance of the miRNA-HSV-tk teratomas and the variance of the plain
H1 teratomas with Cohen’s pooled standard deviation 2°’.

4.3.3.2 Figure Generation

All figures were generated using original artwork or open source with InkScape, Adobe
[lustrator®, and Image].

4.4 Results

Since the teratoma is vascularized and has the potential to yield mature tissue, we sought
to sculpt the teratoma towards specific lineages, which could allow for focused developmental
modeling and tissue engineering. We used endogenously expressed micro RNAs (miRNAs) 25~
21 which are often unique to specific cell types, lineages, or disease states 2°>2%%, Specifically, we
appended tissue specific miRNA target sequences to the 5’ and 3° UTR of a GFP fluorescent
suicide gene (HSV-tk-GFP), thereby suppressing its expression in a miRNA specific lineage of
interest (Figure 4.1A, Table S10)***2°%, This design ensures that cell types that do not express the
miRNA are killed by the suicide gene in the presence of gancliclovir (GCV), thus selecting for our
desired lineage (Figure 4.1B).

We first tested the functionality our miRNA-HSV-tk-GFP constructs in H1 ESCs by
showing that cells transduced with our miRNA-HSV-tk-GFP construct die in the presence of
10uM GCYV after 5 days of culture, while cells transduced with a GFP control continue growing
(Figure 4.2A). We then assessed the cell type specificity of the miRNA construct using miR-21
expressing HeLa cells?*!-2%83% HEK293T cells are show little to no expression of miR-21 and can

serve as a control 9139 After transduction of both cell lines with our miR-21-HSV-tk-GFP
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construct, we cultured the cells for 5 days and then performed flow cytometry analysis where we
saw a decrease in GFP expression in the HeLA cells, but not in the HEK293T cells (Figure 4.2B).
This would indicate that the GFP expression was silenced by the miR-21 expressed by HeLa cells.
We used an HSV-tk-GFP construct without any miRNA binding sites as a control (Figure 4.2B).
We repeated this experiment with a miR-126-HSV-tk-GFP construct (endothelial cell-specific) 3%
and observed GFP repression ina decrease in GFP signal in HUVEC cells as compared to the
HEK293T control (Figure 4.2C). With this we were able to validate both the HSV-tk killing with

GCV, and the ability of our miRNA constructs to specifically repress GFP in target cell lines.
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Figure 4.1. Engineering teratomas via miRNA based molecular sculpting. (A) Schematic of miRNA-
HSV-tk-GFP construct. 2A encodes for a self-cleaving peptide. Upon transcription, the expression will be
diminished if corresponding endogenously expressed miRNA is present in the cell. (B) Schematic of how
a developing teratoma would form in the presence of Ganciclovir (GCV, 80mg/kg/d, 4.3 Materials and
Methods) if cells were transduced with a neural-specific miRNA-HSV-tk construct. (C) Quantification
using flow cytometry and gating based on the presence or absence of GFP in 35-day self-patterned whole
brain organoid single cells transduced with either HSV-tk-GFP control or miR-124-HSV-tk-GFP. (D) In
vivo studies of miR-124-HSV-tk-GFP teratomas in the presence of GCV administration (80mg/kg/d, 4.3
Materials and Methods) using both intratumoral (IT) and intratumoral and intraperitoneal injection
methods. A heatmap showing cell type fraction log fold-change for each teratoma replicate compared to a
control miR-124-HSV-tk-GFP teratoma in the absence of GCV. Z-scores for each cell type fraction change
are plotted as well, with standard deviations calculated using a pooled variance (4.3 Materials and
Methods).
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Figure 4.2. Engineering teratomas via molecular sculpting. Related to Figure 4.1. (A) Phase images
from light microscopy showing H1 cell survival after 3 and 5 days in the presence of GCV (10uM). H1
ESC line was either transduced with GFP control (EGIP backbone) or miR-124-HSV-tk-GFP. (B)-(C)
Quantification using flow cytometry and gating based on the presence or absence of GFP in HEK293T and
HeLa/HUVEC cells (B)/(C) transduced with either No GFP control, HSV-tk-GFP, or miR-21-HSV-tk-
GFP/miR-126-HSV-tk-GFP for 5 days (4.3 Materials and Methods). (D) Schematic of generating self-
patterned whole brain organoids (4.3 Materials and Methods). (E) Images of teratomas grown in the
absence and presence of GCV administration (80mg/kg/d, 4.3 Materials and Methods) for 10 weeks. (F)
H&E stains of teratomas grown in the absence (left) and presence (right) of GCV administration.
Arrowheads highlight regions of neuro-ecotoderm. Scalebars are directly labeled. (G) anti-PAX6 (red) and
DAPI (blue) immunostaining in GCV+ and GCV- control sections across 3 different regions of the
corresponding teratoma. Scalebar = 2 mm. (H) Secondary antibody staining only (Dylight 550, red) and
DAPI (blue) for a GCV+ and GCV- negative teratoma. Scalebar =2 mm. (I) RNA FISH analysis of HESS
(red) and DAPI (blue) in a GCV+ and GCV- teratoma. Scalebar = 2 mm, 200 um (magnified insert).
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We further validated our construct in whole brain organoids. Following a standard self-

patterned whole brain organoid protocol (Figure 4.2D, 4.3 Materials and Methods) '**,

we
created organoids using H1 ESCs transduced with either the miR-124-HSV-tk-GFP construct or
the HSV-tk-GFP construct (lacking any miRNA binding sites). We used miR-124 since it is a pan-
neural miRNA 3%73% Day 35 organoids from both groups (miR-124-HSV-tk-GFP and HSV-tk-
GFP) were dissociated down to single cell level and analyzed via flow cytometry for GFP
fluorescence (Methods). As expected, HSV-tk-GFP organoid single cells maintained their GFP
fluorescence while miR-124-HSV-tk-GFP organoids showed GFP repression (Figure 4.1C).

We then tested the miRNA-HSV-tk-GFP constructs in vivo using the miR-124-HSV-tk
construct to generate teratomas enriched for the neural lineage. After the Hl ESC line was
successfully transduced with the miR-124-HSV-tk-GFP construct, we formed teratomas as
described in our previous studies (Methods). Once teratomas reached a minimum of lcm in
diameter, we began either intratumoral (IT) injections with GCV (80mg/kg/d, 4.3 Materials and
Methods) or two-site intraperitoneal and intratumoral (IPIT) injections (50/mg/kg/d for each site,
4.3 Materials and Methods) all compared to a control miR-124-HSV-tk-GFP teratoma with no
GCV (4.3 Materials and Methods). There were 2 teratomas for each injection condition for a
total of 4 teratomas + 1 control teratoma and all teratomas were grown for up to 70 days. Post-
extraction, teratomas were observed for external heterogeneity. The teratomas that received GCV
injections were of smaller size (approx. 2cm compared to 4cm) and weight (approx. 1-2 gm
compared to 5+ gm) than the control teratoma without GCV injections (Figure 4.2E).

We ran the 10X scRNA-seq protocol on each teratoma and classified cells using Seurat
label transfer (Table S1) %, A comparison of the GCV+ teratomas cell type composition with the

GCV- teratoma revealed enrichment in Early Neurons, Neuronal Progenitors, and Schwann cells
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(Figure 4.1D). In addition, we saw depletion in muscle, retinal pigmented epithelium (lacks miR-
124 expression), and other cell types (Figure 4.1D). The teratomas with the IPIT injection strategy
showed a stronger enrichment for the neuro-ectoderm cell types, suggesting that the addition of an
intraperitoneal injection site helps with GCV selection (Figure 4.1D). We also visualized the
neuro-ectoderm enrichment in GCV+ teratomas with H&E staining of a GCV+and GCV- teratoma
(Figure 4.2F). The IPIT teratomas had a stronger enrichment for Early Neurons (Z-score > 3) than
for Neuronal Progenitors or Schwann cells, possibly since the expression of miR-124 increases as
the neuro-ectoderm cell types mature (Figure 4.1D, Figure 4.2F).

We further validated the enrichment of neuro-ectoderm in IPIT teratomas by
immunostaining for PAX6, a key marker of neuronal fate determination (Figure 4.2G). The three
GCV+ teratoma sections with IPIT injections showed higher levels of PAX6 protein expression
than the three GCV- teratoma sections, validating that our miR-124 circuit enriches for neuro-
ectoderm (Figure 4.2G). We used a secondary antibody (Dylight 550) only staining to confirm
that there was no non-specific secondary antibody binding (Figure 4.2H). Additionally, we
validated that the GCV+ teratoma has higher expression of HESS5, a key Radial Glia marker, using
RNA FISH (Figure 4.21).

In summary, we developed a miRNA circuit that enables us to engineer the teratoma
towards a desired lineage. We demonstrated this circuit in vitro using miR-126 (endothelial
lineage) and miR-21 (cancer), and in vivo using miR-124 (neuro-ectoderm lineage). Our in vivo
results showed that administering GCV through multiple sites resulted in improved neuro-
ectoderm enrichment. Our miRNA circuit can be extended to any cell-type specific miRNA, and
could have applications in studying developmental biology and human disease, as well as in tissue

engineering.
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4.5 Discussion

The teratoma has the potential to be a fully vascularized, multi-lineage model for human
development. Its major advantages are that it can grow to a large size due to its vascularization,
and it can produce a wide array of relatively mature cell types from all major developmental
lineages. Additionally, we show the teratoma can be engineered using miRNA circuits to
grow/enrich specific tissues of interest in vivo.

Further optimization is necessary on the miRNA molecular sculpting technology. We
anticipate there will be a considerable degree of silencing that occurs in the miRNA-suicide gene
constructs due to the use of lentiviral vectors. Future studies could explore incorporating these in
genomic regions such as the AAVSI locus that would enable constitutive expression across all
cell types. Safety switches based on suicide genes will also be critical for eliminating potential
residual undifferentiated cells, and mouse cells within the teratoma, to mitigate impact on safety
and utility in tissue engineering applications. This study could also still be enhanced by optimizing
the timing, dosing, and route for GCV administration. Additionally, the use of multiple miRNA-
regulated switches together may be beneficial to enrich for multiple lineages (i.e. miR-122 liver
and miR-126 endothelial) in the same tumor tissue to assess multi-lineage interaction.

We have validated a proof-of-concept for molecular sculpting with our miRNA circuit.
However, different lineages may have more effective miRNAs that are also more translationally
relevant. A future study of conducting a miRNA circuit screen would be beneficial in assessing
which miRNAs are most effective at translational lineage enrichment for downstream focused
developmental biology and tissue engineering applications. Taken together, we believe the
teratoma is a promising platform for modeling multi-lineage human development and cellular

engineering.
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5 Engineering Teratomas via Material Microenvironment

5.1 Abstract

In this final chapter we engineer the teratoma microenvironment to aid in controlling PSC
differentiation and ultimate tissue composition. We assayed materials both natural and synthetic
across ranges of stiffness: collagen, fibrin, gelatin methacryloyl, polyethylene glycol, blended
mixtures of fibrin/hyaluronic acid, blended mixtures of fibrin/Matrigel, blended mixtures of
fibrin/gelatin/Matrigel, and finally Matrigel/mTeSR control. We find that the addition of
hyaluronic acid allows for greater neural differentiation and fibrin (40mg/mL) allows for greater
cardiac muscle differentiation. This validates a proof-of-concept of the importance of the PSC
microenvironment and matrix composition for downstream differentiation. Taken together, the
teratoma is a promising platform for modeling multi-lineage development and tissue engineering
with many parameters that can be uniquely modified by the researcher for their desired teratoma
outcome.
5.2 Introduction

Developmental biologists have long wanted to understand the key parameters that
influence stem cell differentiation especially in a 3D context**®3%’, Understanding these parameters
is vital for organotypic tissue engineering and developmental biology research. Researchers have
modulated biomaterials previously to assess regulatory effects on stem cell fate*!%!! but never in
a developing three dimensional growing tissue context.

We have previously shown that the teratoma, a recognized standard for validating
pluripotency in stem cells, could be a promising platform for studying human developmental
processes in 3D as we identified approximately 20 cell types across all 3 germ layers®'?. The inter-

teratoma cell type heterogeneity was comparable to organoid systems and the teratoma gut and
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brain cell types corresponded well to similar fetal cell types. Additionally, we demonstrated
teratomas can be molecularly sculpted to enrich for specific tissues.

After utilizing a genetics approach to sculpt the teratoma, we wish to utilize a materials
approach to prime for desired lineages. We assayed teratomas under multiple unique matrix
conditions to assess cellular heterogeneity outcomes. We engineered microenvironments by
varying matrix composition from our standard 1:1 Growth Factor Reduced Matrigel / mTeSR
condition. Assessing an assortment of materials will allow us to understand the impact of a
naturally derived environment compared to a fully synthetic environment, as well as the potential
impact of certain materials known to be present at high levels in specific organs, such as hyaluronic
acid in the brain®!3. Furthermore, each material is used over a range of concentrations to vary the
elastic modulus, another factor known to impact stem cell differentiation®'*3!>_ Fibrin in particular

exists as a natural material with a highly tunable stiffness®!®-3!7

, and as such, is included in a large
portion of the compositions. The matrix composition upon PSC injection for teratoma formation
is a unique parameter we can tune to enhance desired tissue types. Taken together, the teratoma is
a promising platform for modeling multi-lineage development and tissue engineering.
5.3 Methods
5.3.1 Method Details
5.3.1.1 Hydrogel Formation

Teratoma cells were encapsulated in matrices of 15 different compositions. Specifically,
these included: Matrigel (5 mg/mL), collagen (5 mg/mL), fibrin (3, 20, or 40 mg/mL), a blended

mixture of fibrin (3 or 20 mg/mL) and hyaluronic acid (2 mg/mL), a blended mixture of fibrin (3

or 20 mg/mL) and Matrigel (4 mg/mL), a blended mixture of fibrin (3 or 20 mg/mL), gelatin (10
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mg/mL) and Matrigel (4 mg/mL), gelatin methacryloyl (5% or 10%), and polyethylene glycol (5%
or 10%).

Matrigel and collagen matrices were allowed to incubate at 37°C to gelate with no
additional components save mTeSR media. Blended matrices of fibrin, gelatin, and Matrigel were
formulated with Matrigel (4 mg/mL), fibrinogen (3 or 20 mg/mL), gelatin (10 mg/mL),
transglutaminase (2 mg/mL), CaCl. (2.5 mM), and thrombin (2 U/mL)*'%. Briefly, stock solutions
of gelatin, CaCl,, and thrombin were prepared prior to formulation. Type A porcine skin gelatin
(Sigma-Aldrich) was dissolved overnight in water (15 wt/vol %) at 70 °C, buffered to pH 7.4 using
1 M NaOH, passed through a 0.22 mm filter (Millipore), and stored at 4 °C. CaCl. was dissolved
at 250 mM in Dulbecco’s phosphate buffered saline (dPBS), and Thrombin (Sigma-Aldrich) was
prepared at 500 U/mL, aliquoted, and stored at -20 °C. Solutions of both bovine plasma fibrinogen
(Millipore) and transglutaminase (MooGloo) were dissolved in dPBS at 37 °C immediately prior
to use, and at respective concentrations of 100 mg/mL and 50 mg/mL. During formulation, all
components except Matrigel and thrombin were mixed and incubated at 37 °C for 20 minutes, after
which Matrigel and thrombin were rapidly added. Blended matrices of fibrin and Matrigel were
formulated identically, but with the absence of gelatin, transglutaminase, and CaCl.. Matrices of
fibrin alone were formulated identically, but in the additional absence of Matrigel, and with the
addition of the high-concentration 40 mg/mL fibrin formulation. Blended matrices of fibrin and
hyaluronic acid were formulated from fibrinogen (3 or 20 mg/mL), hyaluronic acid (2 mg/mL),
and thrombin (2 U/mL). All components except hyaluronic acid were prepared as previously
described. Hyaluronic acid (LifeCore) was prepared at a stock concentration of 10 mg/mL by

stirring overnight in PBS at 4 °C. Matrices were prepared by directly mixing all components.
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Gelatin methacryloyl 300-bloom (Millipore-Sigma) and polyethylene glycol diacrylate
(Millipore-Sigma) were both prepared by dissolving respective components in dPBS to form stock
20% solutions, diluting with mTeSR to the appropriate concentrations, encapsulating cells, and
exposing to a UV light source in the presence of Irgacure 2959 (Millipore-Sigma) initiator to
induce radical polymerization.
5.3.1.2 Hydrogel Implantation

Mice were anesthetized using intraperitoneal administration of ketamine (75mg/kg) /
xylazine (15mg/kg). Once the mouse was fully anesthetized, the right flank was shaved and
sterilized with alternating swabs of 7.5% povidone-iodine and 10% USP povidone-iodine
respectively (PDI PVP #S141125) followed by 70% isopropyl alcohol. A small incision was made
on the right flank subcutaneously with small animal surgical scissors. Subcutaneous connective
tissue was released via blunt dissection to create a small pocket for the hydrogel. Upon hydrogel
placement, the incision was closed with standard 4-0 silk sutures (UNIFY® #S-S418R13). Sutures
were removed 10-14 days post-op.
5.3.1.3 Teratoma Processing

After growth for 8-10 weeks on average mice were euthanized by slow release of CO2
followed by secondary means via cervical dislocation. Tumor area was shaved, sprayed with 70%
ethanol, and then extracted via surgical excision using scissors and forceps. Tumor was rinsed with
PBS, weighed, and photographed. Tumors were cut in a semi-random fashion in <22 mm diameter
pieces and frozen in OCT for sectioning and H&E staining courtesy of the Moore’s Cancer Center
Histology Core. Remaining tumor was cut into small pieces and flash frozen in LN2 for

downstream bulk RNA extraction.

124



5.3.1.4 Histology

Sectioning and H&E staining was performed by the Moore’s Cancer Center Histology
Core. In brief, Optimal Cutting Temperature (O.C.T.) blocks were sectioned with a cryostat into
10 micron sections onto a positively charged glass slide. The slide was then stained with Harris
hematoxylin and then rinsed in tap water and treated with an alkaline solution. The slide was then
de-stained to remove non-specific background staining with a weak acid alcohol. The section was
then stained with an aqueous solution of eosin and passed through several changes of alcohol, then
rinsed in several baths of xylene. A thin layer of polystyrene mountant was applied, followed by a
glass cover slip.
5.3.1.5 Bulk RNA Extraction

Teratoma samples were frozen via LN2, then pulverized with a pestle and mortar until fully
powderized. Powderized samples were resuspended in Qiazol (Qiagen) at a ratio of 900 uL Qiazol
per 100 mg of original tissue, mixed with an 18-gauge syringe, and allowed to incubate on a shaker
for approximately 30 minutes. Samples were centrifuged at 12000g at 4 °C for 10 minutes, and
supernatant was collected. Chloroform (Fisher Scientific) was added to samples at a ratio of 180
uL chloroform per 900 uL supernatant. Samples were mixed and allowed to incubate for 10
minutes, then centrifuged at 12000g at 4 °C for 15 minutes to separate into aqueous and organic
phases. The aqueous phase was collected, while the organic phase was discarded. Samples were
diluted at a 1:1 ratio with 70% ethanol, and the remainder of the extraction was performed using
the RNeasy Kit (Qiagen).

Following RNA extraction, approximately 1 ug of RNA from each condition was used to
synthesize cDNA and construct a transcriptomic library using the NEBNext poly(A) mRNA

Magnetic Isolation Module (New England Biosystems) and NEBNext Ultra Il RNA Library Prep
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Kit (New England Biosystems). Multiplex indexing was performed with NEB Multiplex Primers.
The final product was purified using Ampure XP beads, pooled in equal ratios, and sequenced
using the NovaSeq with paired end 100 bp reads.
5.3.2 Quantification and Statistical Analysis
5.3.2.1 Cibersort

Reads were aligned to both human reference genome HG38 and mouse reference genome
MM10 using STAR. Resulting BAM files were processed using the XenofilteR analytical tool*!?
to remove reads from transcripts from cells of the host mice. Read counts were then generated by
mapping to reference transcriptome GenCode v33 using FeatureCounts. Prior single-cell
sequencing data across seven teratomas was used to construct a signature matrix containing gene
profiles associated with twenty-three different cell types identified within the teratomas. The
CIBERSORTX analytical tool (https://cibersort.stanford.edu/)*** was used to estimate abundances
of each of the different cell types based on the read counts obtained from the transcriptomic
libraries, and the gene profiles in the signature matrix.

To decompose the proportion of each cell type in a given sample from bulk RNA-seq data
with CIBERSORTX, we created a reference matrix for input to CIBERSORTx. We obtained a
single cell expression matrix by randomly sampling up to 200 cells from each cell type present in
7 wild type teratomas®'?.
5.3.2.2 Gene Ontology

Read counts were normalized in DESeq2?%° both across all samples for a given gene using
the geometric mean, and within each sample using the median. Relative expression profiles and
differentially expressed gene lists were subsequently generated using the DESeq2 pipeline.

Enriched and depleted pathways were identified using Metascape®?!. Differentially expressed
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genes were classified as genes with both |Zscore| > 2 and FDR < 0.1, were input into Metascape,
and pathway lists were restricted to terms within the Gene Ontology Biological Process domain.
5.3.2.3 Figure Generation

All figures were generated using original artwork or open source with InkScape, Adobe
[lustrator®, and Image].
5.4 Results

We have previously characterized the teratoma in terms of cell type presence and
proportion with the standard Matrigel:mTeSR (1:1) matrix condition. We wanted to better
understand changes in cell type heterogeneity when these matrix conditions are manipulated. We
thus, encapsulated H1 ESCs in the following 15 matrix conditions for downstream analysis:
Matrigel (5 mg/mL), collagen (5 mg/mL), fibrin (3, 20, or 40 mg/mL), a blended mixture of fibrin
(3 or 20 mg/mL) and hyaluronic acid (2 mg/mL), a blended mixture of fibrin (3 or 20 mg/mL) and
Matrigel (4 mg/mL), a blended mixture of fibrin (3 or 20 mg/mL), gelatin (10 mg/mL) and Matrigel

(4 mg/mL), gelatin methacryloyl (5% or 10%), and polyethylene glycol (5% or 10%) (Table 5.1).
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Table 5.1. Matrix Conditions Analyzed

Condition | Matrigel  Collagen  Fibrin Hya:::"'c Gelatin  GelMA  PEGDA
1 5 mg/mL
2 5 mg/mL
3 3 mg/mL
4 20 mg/mL
5 40 mg/mL
6 3mg/mL | 2mg/mL
7 20 mg/mL | 2 mg/mL
8 4 mg/mL 3 mg/mL
9 4 mg/mL 20 mg/mL
10 4 mg/mL 3 mg/mL 10 mg/mL
11 4 mg/mL 20 mg/mL 10 mg/mL
12 5%
13 20%
14 5%
15 20%

After formation and implantation of hydrogels subcutaneously in the right flank of Rag2™”"
;yc” immunodeficient mice (5.3 Materials and Methods) teratomas were allowed to grow for up
to 8 weeks until the tumors were of a sufficient size for extraction and downstream analyses. Post-
extraction, tumors were photographed (Figure 5.1A), weighed, inspected, and sectioned in a semi-
random fashion. Half of tissue was utilized for bulk RNA extraction and sequencing and other half
was utilized for H&E staining (5.3 Materials and Methods). Of note, the collagen matrix
condition did not form any appreciable tumor mass throughout the study. Additionally, all
synthetic conditions (gelatin methacryloyl and polyethylene glycol) failed to form tumor tissue as
well and upon extraction (8 weeks) only the initial matrix was present with a surrounding fibrous

capsule. Upon initial inspection, the blended mixture of fibrin, gelatin, and Matrigel (FibGelMa)
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condition formed tumors that were excessively black in color, the fibrin and hyaluronic acid
(FibHA) condition formed softer tumors than the matrigel control, and the fibrin (40mg/mL)
condition formed tumors with little to no black coloration at all. All other tumors seemed to be

visually similar to matrigel control teratomas macroscopically (Figure 1.1C, Figure 5.1A).
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Figure 5.1. Images and Histology of Teratomas with Different Matrix Conditions. (A) Images of 18
teratomas generated from H1 cells encapsulated in varying matrix conditions. (B) H&E stains of the 18
teratoma histology sections. (C) Highlighted regions of enriched tissue types for Fibrin (40mg/mL), FibHA
(3 + 20mg/mL), and FibGelMa (3mg/mL).

Upon deeper histological analysis we saw in general fibrin (3mg/mL) and fibrin
(20mg/mL) showed unremarkable sections comparable to matrigel control tumors. However,
fibrin (40mg/mL) showed an excess of muscle cell types, in particular cardiac muscle in both
replicates (Figure 5.1B,C). The FibHA conditions (3mg/mL and 20mg/mL) showed greater neural

architecture compared to matrigel controls histologically with FibHA (3mg/mL) showing more
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differentiating neuroblasts interlaced with fetal skeletal muscle and FibHA (20mg/mL) showing
greater primitive neuroectoderm (Figure 5.1B,C). The fibrin (3 or 20 mg/mL) and Matrigel (4
mg/mL) blended conditions histologically appeared somewhat unremarkable with some presence
of retinal pigmented epithelium (Figure 5.1B). However, the FibGelMa (3 and 20mg/mL) was
notable for a large retinal pigmented epithelium (RPE) presence in particular with the FibGelMa
(3mg/mL) condition throughout the section (Figure 5.1B,C). The FibGelMa (20mg/mL) condition
although had regions of RPE was also notable for a relatively intact matrix upon sectioning with
little tissue and cell development in the interior of the matrix likely due to its high stiffness levels
(Figure 5.1B).

These results were all confirmed via gene ontology analysis from respective tumor tissue
bulk RNA compared to matrigel control (Figure 5.2A). In particular, the fibrin (40mg/mL)
conditions showed its most abundant gene pathways in muscle contraction, muscle structure
development, muscle cell development, with some additional pathways related to intestinal
development (Figure 5.2A). This result would be consistent with known biology of increased
matrix stiffness (~9-11 kPa) leading to more muscular development’'*. We assessed fibrin
(40mg/mL) via Cibersort to determine cell type distribution from bulk RNA data by projecting the
data onto the original H1 teratoma dataset (5.3 Materials and Methods)*'?. The Cibersort dataset
shows consistent upregulation in cardiac/skeletal muscle cell types compared to matrigel control
and in addition, increased MSC populations (also mesodermal) (Figure 5.2B,C). Fibrin
(40mg/mL) has the greatest enrichment in muscle cell types in comparison to all other tested matrix

conditions (Figure 5.2B,C).
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Figure 5.2. Gene Ontology and Heatmap of Teratomas with Different Matrix Conditions. (A) Gene
ontology of teratomas with different matrix conditions compared to matrigel control (B) Average cell type
proportion heat map of teratomas with different matrix conditions across 5 Cibersortx runs (C) Log Fold
Change of Cell Type Proportions heat map relative to Matrigel control across 5 Cibersortx runs
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The FibHA conditions (3mg/mL and 20mg/mL) were also consistent in their gene ontology
results showing greater levels of neuronal pathways (especially FibHA 20mg/mL) compared to
matrix control, in particular: axonogenesis, neuron projection morphogenesis, regulation of
neuronal differentiation, synaptic signaling, and brain development. The Cibersort dataset shows
the greatest enrichment in Schwann cells compared to all other matrix conditions. There is also
consistent enrichment in early neurons and intermediate neuronal progenitors (INP) compared to
matrigel control (Figure 5.2B,C). This result is reasonable with known biology as it is well known
in the field that hyaluronic acid has a high water-retaining capacity allowing for a soft sponginess
(previously noted) and highly prevalent in the brain*'>*?2, In addition, there is increased muscle
progenitors and cardiac/skeletal muscle with this condition (Figure 5.2B,C).

Finally, the FibGelMa conditions (3 and 20mg/mL) had consistently upregulated gene
ontology pathways for eye development, in particular: visual perception, sensory organ
development, and developmental pigmentation (RPE importance). This was consistent with
histological analysis and Cibersort confirms this as well showing the highest levels of retinal
neurons compared to all other matrix conditions tested. In addition, there were high levels of
melanoblasts (also a pigmented cell population) and MSCs.

These data show that stiffer fibrin conditions (40mg/mL, ~9-11kPa) can influence a more
myogenic phenotype, addition of hyaluronic acid to a more neuronal phenotype, and including
gelatin into a matrigel fibrin blend to a more pigmented and retinal phenotype. Further validation
will still be needed on this front with more rigorous scRNA-seq analysis and
immunostaining/RNA-FISH studies. Taken together, unique matrix conditions can influence the

stem cell microenvironment and differentiation/lineage commitment in a 3D context.
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5.5 Discussion

This study has highlighted the importance of the cellular microenvironment and its
influence on stem cell growth and differentiation in 3D space utilizing the teratoma. When the
proper cues are given to PSCs they can seemingly be primed and fed information in order to
differentiate down specific lineages. This has been shown before in many studies®!*315323-325 pyt
this study highlights the importance in a 3D context with a growing maturing vascularized tissue.
This study may offer some novel information for developmental biologists and tissue engineers.
Cerebral organoids have long been grown and encapsulated in a Matrigel condition®®!2, but it may
be more beneficial to be grown in a hyaluronic acid-containing matrix to boost growth dynamics
and maturity from standard current protocols. More research would be needed to assess the validity
of this idea. In addition, muscle differentiation seems to benefit best in a matrix condition with
matched stiffness to native muscle tissue and may prove to be beneficial for future muscle
generation studies.

This study, like any study, has its limitations. We allowed for random assembly of tissue
which gives semi-random architecture. Though influencing matrix conditions may push PSCs
towards a lineage of interest, structured tissue organization is still a key component to tackle. In
addition, the system is not perfect with additional unwanted tissue still present from all other germ
layers regardless of the enrichment seen in our conditions. Finding ways to trim unwanted tissue
will be essential for tissue engineering applications. Utilizing this method in combination with a
miRNA-regulated suicide gene circuit (Chapter 4)*'2 may prove to help alleviate some of these
issues. Additionally, for proper tissue engineering and future transplantation studies, the mouse
vasculature will need to be eliminated as a chimeric transplantation will be unreasonable in any

clinical application. Utilizing ex vivo growth methods with bioreactors and roller cultures in
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combination with 3D bioprinting may prove to be essential in these cases*!*!832%, Finally, further
validation will be necessary with rigorous scRNA-seq analysis and immunostaining/RNA-FISH
studies.

The strengths of tuning the teratoma matrix are tremendous with seemingly unlimited
options. Here we tested a few key conditions for a proof-of-concept, but this can be taken further
with addition of growth factors/cytokines and testing novel matrices. The researcher may, in
addition, tweak other parameters to shift cell type heterogeneity such as cell number upon injection
or implantation/injection location for wunique signaling cues from the surrounding
microenvironment (i.e. muscular injection)’®®. Taken together, we believe the teratoma is a
promising platform for modeling multi-lineage development and tissue engineering with multi-
faceted tuning ability of many unique parameters.
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6 Conclusions and Outlook
6.1 Conclusions

The teratoma has the potential to be a fully vascularized, multi-lineage model for human
development. Its major advantages are that it can grow to a large size due to its vascularization,
and it can produce a wide array of relatively mature cell types from all major developmental
lineages. Additionally, as we demonstrated with our CRISPR-Cas9 knockout screens, the
teratoma’s ability to generate cells from all lineages enables a comprehensive assessment of the
effect of genetic perturbations on human development within a single integrated experiment.
Furthermore, we show the teratoma can be engineered using miRNA circuits and/or novel matrix
conditions to grow/enrich specific tissues of interest in vivo.

In Chapter 1, we rigorously characterized the teratoma determining an array of 20+ cell
types present across all germ layers and assessed reproducibility and maturity of these cell types
and abundance patterns across different stem cell lines. The teratoma’s reproducibility was
comparable to patterned brain organoids when formed within the same cell line. In terms of
maturity, we determined asynchronous development with neural tissue being staged as more
mature (week 17 gestational age) than the teratoma’s gut tissue (week 8 gestational age).

In Chapter 2, we discussed the importance of functional genomics utilizing CRISPR-Cas9
and clarified the importance of 3D in vivo screens to produce the most biomimetic and rigorous
datasets (i.e. organoids or the teratoma).

In Chapter 3, we utilized CRISPR-Cas9 to perform our own developmental and neural
disease screens within the teratoma to assess the effects of perturbing key developmental genes or
mimicking genetic neural diseases in a 3D developing vascularized multi-lineage tissue. We found

many key developmental gene knockouts reproduce biological effects consistent with literature
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(i.e. CDX2 knockout leading to depletion in mid/hindgut and enrichment in foregut). We realized
the power of this model as we had some perturbation effects span all germ layers in a single
experiment (i.e. RUNXI), an experiment that would be seemingly impossible until now and
requiring organoid systems from multiple lineages. Furthermore, we recapitulated 3 neural
diseases in the teratoma (Pitt-Hopkins, Rett Syndrome, and L1 Syndrome) all in a single study to
assess changes in differential gene expression.

In Chapter 4, we modulated the teratoma to sculpt tissue types of interest. We utilized a
miRNA-regulated suicide gene circuit to enrich for the neural lineage while trimming away
unwanted tissue types.

In Chapter 5, we modulated the teratoma by tuning the PSCs matrix conditions to influence
growth and differentiation. This study showed the importance of hyaluronic acid in neural
development and proper matrix stiffness for muscle development.

Taken together, this study has characterized, validated, utilized, and engineered the
teratoma to assess its power as a model for multi-lineage human development.

Any model system has its intrinsic strengths and weaknesses, and below we discuss some
of the limitations of the teratoma system and also considerations towards improving it for enabling
basic science and engineering studies. One issue with the teratoma system (and organoids) is the
intrinsic degree of heterogeneity?®-!04105:1%8 In this regard, we found the use of internal controls
when conducting perturbation experiments was important. For example, in our CRISPR-Cas9
screen, each teratoma contained both gene targeting guides and non-targeting controls, enabling
us to compare cell type proportion shifts within each teratoma without having to worry about

heterogeneity between teratomas.
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While the teratoma has regions of organization and maturity, these may develop in an
asynchronous manner. This lack of synchronization may prove to be a barrier in accessing certain
mature cell types that need a highly ordered cellular context to develop.

Also, since the teratoma contains cell types from all lineages, finding a single dissociation
protocol that captures as many cell types as possible is a challenge. The choice of dissociation
method can drastically change the cell types profiled in single cell RNA-seq, and it is likely that
the set of cell types we see in our data is biased by our dissociation protocol '®°. It may be the case
that no single dissociation method can capture all cell types, and it will be necessary to design
specific dissociation protocols to capture specific tissues.

Additionally, our cell type annotations are still preliminary. While we validated key cell
types by comparison to fetal human/mouse reference datasets and RNA FISH, we were not able
to validate all cell types due to limited developmental human reference scRNA-seq datasets, as
well as cost constraints. Thus, some cell types, such as the neuro-ectoderm cell types, have more
validation than others, giving us greater confidence in their identity (Table 1). We may also still
be underpowered in detecting less abundant cell types and additional single cell RNA-seq could
enable us to resolve some missing cell types, as under sampling could result in smaller cell types
being collapsed into a larger cell type during analysis.

In regard to lineage engineering, we anticipate there will be a considerable degree of
silencing that occurs in the miRNA-suicide gene constructs due to the use of lentiviral vectors.
Future studies could explore incorporating these in genomic regions such as the AAVSI locus that
would enable constitutive expression across all cell types. Safety switches based on suicide genes
will also be critical for eliminating potential residual undifferentiated cells, and mouse cells within

the teratoma, to mitigate impact on safety and utility in tissue engineering applications.

138



Additionally, the teratoma is a chimera utilizing the host vasculature for growth and
development. The mouse vasculature will need to be eliminated as a chimeric transplantation will
be unreasonable in any clinical application. Utilizing ex vivo growth methods with bioreactors and
roller cultures in combination with 3D bioprinting may prove to be essential in these cases*!-*18-326,

The feasibility of utilizing the teratoma as a model in terms of cost is as follows. Overall,
the cost of profiling a single teratoma with the 10X RNA-seq system runs at about $1,300,
including sequencing costs for ~8,000 cells (the output of a single 10X RNA-seq run) at a
sequencing depth of 50,000 reads per cell. Mouse husbandry and reagents related to teratoma
formation (cells, Matrigel, media) are relatively cheap in comparison. During teratoma growth, the
researcher needs to only monitor the mice for health concerns, weights, and tumor measurements
if desired. The teratoma can be extracted at any time after 3 weeks of growth. It is also theoretically
possible to inject both flanks of the mouse to generate 2 teratomas per animal. With the availability
of easy to use analysis tools such as Seurat/PAGODA?2, as well as methods for integrating datasets
(such as CONOS), running a basic clustering and cell type annotation of scRNA-seq data is fairly
straightforward.

Taken together, we believe the teratoma is a promising platform for modeling multi-lineage
human development, pan-tissue functional genetic screening, and cellular/tissue engineering with
multi-faceted tuning ability of many unique parameters.

6.2 Outlook

The power of the teratoma has just begun to be fully realized. What makes this system so

potent is the tunability of many parameters to ultimately form a tissue of interest to the researcher.

With the teratoma, the researcher can adjust which cells enter the teratoma upon injection. For

example, the researcher can blend PSCs with other cell types to influence growth (i.e. HUVEC
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pooling)*® or change the cell density for the injection site. Additionally, cells may be pulsed with

factors prior to injection or during growth such as SMAD inhibitors for greater neural

7

opulations®?’. The surrounding matrix that the cells reside in can be manipulated to influence
pop g p

PSC growth. Additionally, injection site can potentially enrich for desired cell types (i.e. muscle
for muscle cells)>. Finally, time is a key factor to increase (or decrease) maturity. The allowance
for larger host animals besides mice can increase the time these tumors are allowed to be ethically
formed in a host such as the use of mini-pigs or larger farm animals. Tweaking all of these
parameters may allow for the greatest control of tissue types the researcher is interested in. For
example, for greatest neural enrichment perhaps the researcher can utilize PSCs containing the
miR-124 suicide gene circuit pulsed with SMAD inhibitors prior to injection into the cerebral area
of a mouse for growth while encapsulated in a hyaluronic acid-containing matrix. Thus PSCs are
given the greatest chance for neural growth while also exogenously adding GCV to continuously
trim away undesired lineages throughout growth. With this tissue, researchers may study the
effects of drugs on human tissue, perform screens, or even span into transplantation studies (for
endodermal or cardiac tissues) which may in the future aid in ameliorating the ongoing issue of
donor deficiency and the extensive UNOS list*?®, The researcher may also use multiple miRNA-
regulated circuits simultaneously to enrich for multiple lineages together to study unique questions

329330 The teratoma

regarding the brain-gut axis or neuromuscular junction for example
intrinsically has low endodermal levels (as is the case in human development) so tuning multiple
parameters to push for endodermal tissue may be of highest interest for the future of these studies
and for the most clinically translational studies.

One hindrance with the teratoma is how it is chimeric in nature utilizing the host

vasculature. Finding ex vivo culturing methods is critical for understanding human vascular studies

140



in the teratoma in addition to allowing continued growth and maturation ethically without the need
of an animal host*!-18,

Benchmarking with human patient-derived teratomas would be valuable, especially as
many of these often can become quite mature. Additionally, expanding screens to patient-derived
cell types (iPSCs) will better model human pathologies while providing a potential way to identify
patient-specific disease vulnerabilities utilizing the teratoma. Another critical future study is
assessing the impact of different dissociation methods on teratoma cell type proportion. The ability
to achieve greater cell numbers with the most current single cell RNA sequencing protocols, such
as SPLiT-seq®! and sci-RNA-seq %, will be vital for identifying additional cell types. A time series
analysis of teratomas at multiple stages of maturity could help uncover developmental pathways
that the cell types follow. Growing patient-specific teratomas could benefit disease research
through isogenic iPSC lines aiding in understanding the disease state in various tissues that
otherwise may be inaccessible with current technologies. Additionally, we have validated a proof-
of-concept for molecular sculpting with our miRNA circuit, but different lineages may have more
effective miRNAs that are also more translationally relevant. Thus, a future study conducting a
miRNA circuit screen would be beneficial in assessing which miRNAs are most effective at
translational lineage enrichment for downstream focused developmental biology and tissue
engineering applications. Taken together, we believe the teratoma is a promising platform for
modeling multi-lineage human development. From the earliest depictions of teratomas in 600 to
900 BCE on ancient tablets* to the initial thorough description made by Thiirlbeck and Scully in
1960*7, we have taken the teratoma to greater heights in developmental biology and tissue

engineering research in the 21% century.
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