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ABSTRACT OF THE DISSERTATION

Interactions between SMARCB1 and neural developmental state in cellular differentiation and
carcinogenesis

by

Alison Parisian

Doctor of Philosophy in Biomedical Sciences
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Professor Frank Furnari, Chair

Atypical teratoid rhabdoid tumors (ATRT) are challenging pediatric brain cancers which
are predominantly associated with inactivation of the gene SMARCBI, a conserved subunit
of the chromatin remodeling BAF complex, which has known contributions to developmental
processes. To identify potential interactions between SMARCBI loss and the process of neural
development, we introduced an inducible SMARCBI loss of function system into human induced
pluripotent stem cells (iPSCs) which were subjected to either directed neuronal differentiation
or differentiation into cerebral organoids. Using this system, we have identified substantial

differences in the downstream effects of SMARCBI loss depending on differentiation state

Xvii



and identified an interaction between SMARCBI loss and neural differentiation pressure which
causes a resistance to terminal differentiation and a defect in maintenance of a normal cell state.
Our results provide insight into how SMARCBI1 loss might interact with neural development in

the process of ATRT tumorigenesis.
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Chapter 1

Introduction to SMARCBI1 and Atypical
Teratoid Rhabdoid Tumors

1.1 Atypical teratoid rhabdoid tumors

Atypical teratoid rhabdoid tumors (ATRTS) are challenging pediatric brain tumors which
are predominantly associated with inactivation of the gene SMARCBI1. ATRT accounts for
10-20% of pediatric brain cancer in children less than 3 years of age (1). With a median age of
onset of 11 months and a lethality rate of 80-90% (2), these tumors are responsible for a huge
loss of potential life. ATRTs are histologically heterogeneous tumors, and have demonstrated
expression of several markers typical of pluripotent stem cells (3). The presence of cells from
multiple germ layers within the same tumor, combined with stem cell marker expression and
early age of onset suggest that ATRT may arise from pluripotent or multipotent stem cells. Few
effective therapies are available for the treatment of ATRT and treatment is complicated by the
negative cognitive effects of brain radiation in young children (4). Targeted therapeutics could
provide a much-needed alternative to radiation, but none are yet approved for treatment of ATRT
(although inhibitors against a few targets such as EZH2 (5) and Aurora Kinase A (6) have entered
clinical trial). The identification and testing of additional therapies would be aided by a greater
understanding of the mechanisms driving ATRT tumorigenesis and access to additional model
systems with relevance to the human disease.

The genetic underpinnings of ATRT are simple, with virtually all tumors possessing a



deletion or mutation of the SMARCBI1 locus in chromosome 22 (7, 8). SMARCBI1 deletion
has been shown to be both sufficient and necessary for ATRT tumorigenesis. Reintroduction of
SMARCBI1 to ATRT cell lines results in cell cycle arrest and reduced growth (9), while induced
deletion of SMARCBI in mice leads to developmentally restricted tumor formation in multiple
models (10-12). In addition, the mutation rate in ATRT is very low (8), with no other consistent
recurrent mutations identified. This low number of mutations is consistent with the early age of
onset, but also implies that SMARCB 1 loss must be able to initiate a wide range of transcriptional
changes in order to induce tumorigenesis without the need for additional cooperative mutations.

Although SMARCB1 mutations are the sole known drivers for ATRT development,
three tumor subtypes have been identified based on differences in transcriptional and epigenetic
signatures (13, 14). These subtypes were identified independently in two separate studies and
so two different naming schemes exist. However, the trends of mutation type, age of onset and
unique classes of transcriptional and epigenetic drivers seem consistent across studies, indicating
that a robust biological mechanism likely exists for the development of these three distinct
types of ATRT. All three subtypes possess underlying SMARCB1 mutations, but the prevalence
of mutation types has been shown to vary with subtype (13, 14). SHH/Group 1 tumors tend
to be driven by smaller loss of function point mutations of SMARCBI1, while MY C/Group
2B is frequently driven by focal alterations of the SMARCBI1 locus and in TYR/Group 2A
larger deletions of chromosome 22, containing SMARCBI1, are more common. Subtype-specific
differences in age of onset have also been identified, with the MY C/Group 2B subtype being more
prevalent in older children (13, 14). Subtypes have been shown to have substantial differences in
global DNA methylation levels (15), chromatin landscapes (13), and therapeutic sensitivities (13)
in addition to distinct transcriptional drivers. Analysis of likely subtype-specific drivers based
on RNA sequencing and enhancer profiling revealed increased expression of neurogenic genes
including those associated with glutamate receptor signaling and axonal guidance along with
genes associated with SHH and NOTCH signaling in the Group 1/SHH subtype (13, 14). Group

2A/TYR tumors display increased expression of the tyrosine metabolism pathway along with



genes associated with ciliogenesis and visual cortex or hindbrain development (13, 14), while
Group 2B/MYC tumors are characterized by overexpression of the MYC oncogene and HOX
cluster genes (13, 14). A more recent paper conducted single-cell RNA sequencing on ATRT
and compared to transcriptional profiles of pediatric and embryonic cell types (16). This data
showed that the Group1/SHH subtype bears the greatest similarity of neuroectoderm tissue types
of the early embryo, while the other two subtypes more closely resemble non-neural tissue types.
This is also consistent with a comparison between ATRT subtypes and SMARCB 1-deficient
malignant rhabdoid tumors (MRTSs) from other tissue types, which found high transcriptional
similarity between MRTs and the MYC/Group2B subtype (15). Thus, it seems likely that cell

type of origin might play a role in driving differences between subtypes.

1.2 SMARCBI1 and the BAF complex

The SMARCBI gene encodes a subunit of the BAF (also known as SWI/SNF) chromatin
remodeling complex. Thus, its effects on gene expression and tumorigenesis result from changes
in regulation of chromatin architecture. Gene expression relies not only on the expression
of necessary transcription factors, but also on the ability of DNA-binding proteins to access
the appropriate transcription start site and regulatory regions. This access is regulated by the
position of nucleosomes, the primary packaging unit of chromatin. A nucleosome consists of
147 base pairs of DNA wrapped around a histone octamer and blocks access to one face of the
associated DNA, limiting recognition and binding by other proteins (17). Nucleosome positions
are determined partly by an intrinsic sequence preference of histone octamers for particular
regions of DNA (18), but chromatin remodeling complexes also play important regulatory roles
by controlling the density and position of nucleosomes as well as the positions of activating
histone variants (17).

Nucleosomes are positioned around genes in a consistent manner, with a low-density

nucleosome free region (NFR) upstream of and through the transcription start site (TSS). The



NFR is flanked by two consistently positioned nucleosomes; the -1 nucleosome upstream of the
NFR must be evicted for transcription machinery to assemble and for transcription to occur, while
the position of the +1 nucleosome immediately downstream is tightly coupled to the position of
the TSS and may be involved in positioning of transcription factors (19). Positioning and density
of nucleosomes can have powerful effects on the ability of particular genes to be transcribed.
It has also been suggested that nucleosomes have important roles in suppressing inappropriate
antisense transcription (20). When taken together the 20 BAF subunit genes have been shown to
be mutated in 19% of all tumor types (21). This speaks to the important genome-wide regulatory
role of this complex.

The BAF complex uses ATP hydrolysis to restructure chromatin through breaking DNA-
histone interactions, sliding histones along DNA, ejecting histones or histone dimers, and
enhancing transcription factor binding (17). These alterations of nucleosome positioning and
occupancy (17) can lead to downstream changes in chromatin accessibility (22, 23) and enhancer
activity (24, 25). BAF complex subunit composition can be quite diverse. The complex con-
tains four invariable core subunits, including one of two mutually exclusive catalytic subunits
(SMARCAA4, aka BRG1, and SMARCA?2, aka BRM). While SMARCBI1 is one of these core
subunits, it is not responsible for the catalytic histone remodeling activity. SMARCBI acts as
a scaffold protein and is important for maintaining the structural stability of the complex (26).
While loss of SMARCB1 does not prevent complex formation (27), its loss does lead to reduced
incorporation and increased degradation of multiple subunits (24, 28). Structural studies on the
interactions between the yeast SWI/SNF complex and nucleosomes suggest that SMARCB 1
may also be directly involved in maintaining histone contacts during the remodeling process (26).
Tumorigenesis resulting from SMARCBI1 deletion has been shown to depend on the presence of
the SMARCAA4 catalytic subunit (29). This suggests that loss of SMARCB1 may promote tumor
formation through an altered or gain of function of the BAF complex rather than a reduction in
complex activity.

In addition to its likely role as a tumor suppressor, the BAF complex has important roles



in development and cellular differentiation. Nucleosomal occupancy changes are an important
aspect of the epigenetic alterations that take place during cellular differentiation (30), and the
BAF complex in general along with SMARCBI in particular are important regulators of normal
nucleosomal occupancy patterns (23, 31). Multiple forms of the BAF complex exist (32, 33), with
subunit composition changing as pluripotent cells differentiate (34, 35), and a distinct version
of the complex with defined subunit composition has been identified in stem cells (32). The
BAF complex has been implicated in differentiation down adipocyte, hematopoietic, hepatocyte,
neural and osteoblast lineages (36), and homozygous deletion of SMARCA4 or SMARCB1
are embryonic lethal in mouse models (10). In addition, members of the complex have been
identified as reprogramming factors to generate pluripotent cells from somatic cells (37). The
sufficiency of SMARCBI deletion to drive pediatric tumor growth but the paucity of SMARCB1
mutations in adult cancers, along with the demonstrated role of the BAF complex in development
and differentiation leads us to the hypothesis that the ability of SMARCBI1 deletion to cause
tumorigenesis may be dependent on the epigenetic environment of a particular cell type or stage

of differentiation.

1.3 Mechanisms of ATRT tumorigenesis

While the precise mechanisms of tumorigenesis resulting from SMARCBI loss are not
entirely clear, it is known that a variety of epigenetic changes take place in SMARCB1-deficient
tumors. SMARCBI loss has been shown to contribute to changes in chromatin structure and
defects in the maintenance of nucleosome positioning (23). In addition, ATRTSs display changes
in DNA methylation profiles which can vary between subtypes (13, 14) and can range from a
global hypermethylation phenotype to depletion of methylation levels. Substantial changes have
also been detected in genome-wide enhancer profiles in the absence of SMARCB1, along with
changes in the ability of the BAF complex to bind at enhancer regions (24). Enhancer profiles of

ATRTSs can be subtype-specific, with drivers of each subtype marked by active enhancers not



present in tumors of other subtypes (13, 14). These studies indicate that SMARCBI1 loss can
lead to dramatic and widespread changes in the epigenome and that these changes vary with the
subtype of the tumor.

It has been shown that SMARCB]1 loss can lead to increased activity of the polycomb
repressive complex 2 (PRC2) (22, 38). The PRC2 complex catalyzes the methylation of histone
H3 at lysine 27, an important epigenetic mark which promotes chromatin compaction and has
a repressive effect on gene expression (39). The BAF complex and PRC2 have been shown to
compete for binding sites, and to have antagonistic effects on both chromatin structure and gene
expression (22). Increased PRC2 activity in SMARCB 1-deficient cells has been suggested to
play a prominent role in the transcriptional and epigenetic changes resulting from SMARCB1
loss (Figure 1.1) and contributes to tumor growth (38). Increased PRC2 binding due to loss
of SMARCBI (38), skewed SMARCBI1-deficient BAF complex binding at superenhancers
(24), and resulting downstream epigenetic and transcriptional changes have been suggested
mechanisms of tumorigenesis in ATRT, but many questions still remain unanswered. It seems
likely that subtype-specific differences, and possibly the ability of SMARCBI loss to initiate
tumorigenesis, could arise from initial epigenetic differences in cells of various cell types and
stages of differentiation. My goal in this thesis project is to elucidate the importance of cell type
for ATRT tumorigenesis by developing a SMARCB 1-deficient pluripotent cell line which can be

subjected to differentiation into cell types of interest.
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Figure 1.1. Epigenetic changes resulting from BAF complex loss of function. Schematic
showing how BAF complex loss of function can lead to gene expression changes through a
variety of genome-wide epigenetic alterations caused by reduced BAF complex binding and a
corresponding increase in PRC2 complex binding.



Chapter 2

Engineering a SMARCBI1-deficient model
of Atypical Teratoid Rhabdoid Tumors
(ATRT) using induced pluripotent stem
cells

2.1 Introduction

A cellular model of ATRT that accurately recapitulates the low-mutation genetic back-
ground of these tumors along with the likelihood of multipotent cells of origin has not yet been
generated and could be a critical step towards the identification of effective therapeutics for this
fatal disease. Several SMARCB1-deficient mouse models have been generated (10-12, 40), but
these have limitations for application to the human disease. Early SMARCB1-deficient mouse
models displayed low penetrance of tumor formation (40) or lead to the development of tumors
in cell types and tissues inconsistent with the human disease (10). More recent models utilizing
inducible knockouts in particular tissues or stages of development (11, 12) have improved upon
these issues, but it is difficult to directly manipulate and monitor the interactions between differ-
entiation state and SMARCBI loss using an in vivo system, and a cell-based model with isogenic
control is preferable for drug screening applications. In addition, a human model may outperform
a mouse model in some situations due to the greater genetic and epigenetic resemblance to the

human disease.



Engineering of induced pluripotent stem cells (iPSCs) with known tumorigenic alterations
has been shown to be an effective technique for modeling of glioblastoma (41), and the paucity
of mutations in ATRT make it a particularly good candidate for this type of modeling. An
1PSC-based system would also enable manipulation of cellular differentiation state in order to
monitor cell type-specific differences in the phenotypic and transcriptional impacts of SMARCB 1
loss and identify cell types or stages of differentiation with differential sensitivity to the loss of
SMARCBI. Initially it was decided to generate this SMARCB 1-deficient iPSC line through

genetic mutation of the SMARCBI1 locus using CRISPR-Cas9 genome editing technology.

2.2 CRISPR-Cas9-mediated deletion of the SMARCB1
locus

2.2.1 Design of CRISPR-Cas9 knockout strategy

CRISPR-Cas9 genome editing allows precise targeted cleavage at a particular region
of the genome through use of a guide RNA (sgRNA) with the appropriate sequence, which
interacts with the Cas9 nuclease protein to direct its double-strand cleavage (42). Low rates of
off-target cleavage have been observed in human pluripotent stem cells (43). Genetic deletion of
the full chromosomal region containing SMARCB1 or a portion of the gene region is frequently
observed in ATRT (13, 14), and the precision of Cas9-targeted cleavage combined with the
ability to use multiple guide RNAs simultaneously (44) allows for accurate recapitulation of
these genetic events.

Pairs of CRISPR-Cas9 sgRNAs were designed for inactivation of SMARCB1 through
full gene excision as well as through removal of SMARCBI1 exon 2, leading to loss-of-function
through frameshift mutation and premature stop codon incorporation (Supplementary Table 2.1).
Both of these types of genomic alterations have been observed in ATRT and are prevalent in
different subtypes (13, 14). Generating both would allow a determination of whether deletion

of SMARCBI intronic regions might play a role in ATRT tumorigenesis or affect cellular



transcriptional or epigenetic profiles. In both cases, deletion would occur with simultaneous
cleavage at both sgRNA target sites and subsequent repair by the non-homologous end-joining
(NHEJ) mechanism, in which double-strand breaks are repaired by ligation without use of a
repair template. This results in removal of the intervening segment of DNA in some cells, which
can be screened for by PCR amplification of the edit region to identify cells with the desired edit.
For full-gene deletion, sgRNA sequences were designed to target Cas9-mediated cleavage in
the first and last exons of SMARCBI1. For exon 2 deletion, sgRNA sequences were targeted in
introns 1 and 2 flanking the exon (Figure 2.1, Supplementary Table 2.1).

SMARCB1 genomic locus: 47 kbp

E1 1 12 E9
sgRNA sgRNA sgRNA sgRNA

m o - H - m
—_— — — -— —_— -

ETF E1R 11F I2R ESF ESR

Figure 2.1. SMARCBI deletion strategy. Design of CRISPR-Cas9 sgRNAs (top) and PCR
primers (bottom) for either full gene deletion of SMARCB1 (E1/E9 sgRNAs and primers) or
induction of frameshift through deletion of exon 2 (I1/12 sgRNAs and primers).

2.2.2 Generation and testing of CRISPR-Cas9 knockout constructs

sgRNA sequences were cloned into a Cas9-encoding construct (PX458) which also
encodes a GFP fluorescent marker. Thus the Cas9 protein, sgRNA targeting construct and GFP
marker can all be simultaneously introduced into the target cells. Cas9 and sgRNA constructs
were validated using the 293T cancer cell line before applying to the more difficult to engineer
iPSCs. Cells were transfected with the PX458 plasmid to target Cas9-mediated cleavage and
transfected cells sorted for GFP expression. Sorted cells were screened for presence of the
desired deletion by PCR amplification of the desired edit regions with primer sites shown in

Figure 2.1. PCR product using exon 1 and exon 9 primers can only be obtained in the case of
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successful full-gene deletion, as otherwise the distance between primer sites, which span the
entire SMARCB/1 locus (approximately 47.5 kbp), is too large for product generation. In cells
with successful full-gene deletion, a PCR product of approximately 300 bp can be generated
from even a small percentage of cells with successful deletion. PCR primers within introns 1
and 2 will form product in unedited cells (approximately 650 bp), but a lower molecular weight
product (approximately 250 bp) is obtained with successful deletion of exon 2. PCR screening
of transfected and GFP-sorted 293Ts was conducted using two sets of sgRNAs per target site,
revealing successful generation of both full-gene and exon 2 deletion product in the bulk cell
population with all sgRNA combinations (Figure 2.2A). SMARCBI1 transcript levels of the
edited population were quantified by real-time PCR (Figure 2.2B) to determine efficiency of
knockdown in six combinations of sgRNAs. Efficiency of knockout was high enough that the
top-performing sets of sgRNAs showed significant reductions in SMARCBI1 transcript even
in this bulk population (22.6% of unedited 293Ts for full-gene deletion and 43.4% for exon
2 deletion). This suggests both that these sgRNA pairs are highly effective at generating the
desired deletion products and that these genetic deletions lead to a loss of SMARCBI1 expression.
Combinations of sgRNAs with the greatest reduction in transcript levels for each deletion type

were chosen for application in iPSCs.

2.2.3 Application of CRISPR-Cas9 knockout constructs in iPSCs

For SMARCBI deletion in iPSCs, the CV-1PS-B cell line (45) was electroporated with
the top-performing CRISPR-Cas9 constructs identified using 293Ts. Cells were sorted for GFP,
plated in a low concentration on matrigel-coated plates and allowed to form clonally-derived
colonies while the bulk population was analyzed for presence of the desired deletion products.
Using the same procedure applied to 293Ts, PCR of GFP-sorted iPSCs revealed successful
formation of both full-gene and exon 2 deletion products (Figure 2.2C). To identify clones with
homozygous SMARCBI1 deletion for further studies, colonies were screened for presence of

the desired mutations by PCR using the same primers applied to the bulk population along with

11



the addition of primers within the full-gene deletion region for detection of unedited genetic
material. Forty-eight clones were screened for each sgRNA pair, and while eight clones were

identified with full-gene deletion product and seven with exon 2 deletion product, all clones
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Figure 2.2. Testing of SMARCB1 knockout constructs in 293T cells and iPSCs. A) Genomic
PCR analysis of GFP-sorted CRISPR-edited 293Ts with primers and sgRNAs shown below.
Two sgRNAs were tested for each target site, with the exception of exon 9 for full gene deletion.
Asterisks mark products which represent successful CRISPR editing of the desired region.
B) Real-time PCR quantification of SMARCBI transcript levels in GFP-sorted 293Ts after
transfection of pairs of CRISPR-Cas9 editing constructs. Unedited control 293Ts are shown on
right. Based on this data the sgRNA pair Ex1-1 and Ex9-1 was chosen for full gene deletion
application to iPSCs and the pair In1-2 and In2-2 for exon 2 deletion. C) Genomic PCR analysis
of GFP-sorted CRISPR-edited CV-B iPSCs with same primer sets used in 293Ts. Asterisks mark
products which represent successful CRISPR editing of the desired region. Control unedited
iPSCs are shown on right for comparison.
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were ultimately found to be heterozygous, although the majority contained small insertions
or deletions (indels) near the sgRNA target sites on the unedited allele, indicating successful
CRISPR-Cas9-mediated cleavage but unsuccessful removal of the intervening region. These
indels were not predicted to disrupt protein function. It was initially thought that this might
be due to lower efficiency of transfection and manipulation in iPSCs compared to 293Ts, so
a second round of editing was planned using the heterozygous clones. Alternate sgRNA pairs
were chosen for each deletion type to avoid indels generated by the initial set of sgRNAs on
the intact SMARCBI allele and were tested in 293Ts for efficacy before electroporation into
heterozygous clones. In spite of high editing efficacy of sgRNA pairs in initial tests, of 48 clones
screened for each deletion type, all remained heterozygous for SMARCBI1 deletion after the
second round of editing. This substantially lower editing efficiency compared to the first round
of SMARCBI deletion suggested the likelihood of selective pressures against homozygous
SMARCBI1 deletion in iPSCs. The much higher rate of editing efficiency in 293Ts compared to
1PSCs suggest that cell type-specific effects of SMARCBI1 loss might be playing a role. Based on
this, it was determined that an inducible form of SMARCBI repression was needed to investigate
possible lethality or growth defects at the iPS state as well as the possibility of cell type-specific

differences in phenotype.

2.3 Application of CRISPR-Cas9 for engineering an in-
ducible SMARCBI1 knockout

In order to obtain the type of SMARCBI1 focal deletions typically observed in ATRT in
an inducible manner, a system was designed to incorporate LoxP sites flanking SMARCB1 exon
2 which, in conjunction with application of the Cre recombinase, would result in the removal
of exon 2 and generation of a frame shift mutation to induce loss of function (Figure 2.3A).
CRISPR-Cas9 constructs would be used to generate double-strand breaks in the vicinity of

SMARCBI exon 2, as described previously, but this time in combination with a donor plasmid
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to induce incorporation of the desired edit near the sgRNA target site. Presence of a donor
plasmid with homology to the region of the double-strand break initiates the homology directed
repair (HDR) cellular repair process, using the donor plasmid as a template for repair of the
double-strand break and incorporating the desired edit into the genomic DNA. Generation of
a successful edit by HDR is generally less efficient than inducing loss of function deletions
using the NHEJ process. To aid in the isolation of successfully edited cells, the donor plasmid
was designed to incorporate a puromycin selection cassette downstream of the second LoxP
site, within SMARCBI1 intron 1 (Figure 2.3A). This donor plasmid was engineered using a
combination of PCR amplification and restriction enzyme cloning. Unfortunately, when applied
to SMARCBI heterozygous iPSCs generated in Figure 2.2, few colonies were obtained after
puromycin selection and those generated were negative for the desired edits (Figure 2.3B),
suggesting possible non-specific integration of the donor plasmid or puromycin selection cassette.
Again, this implies a likely biological selection against homology directed repair at the target
site. While the intention of the edit design was to avoid interruptions to the SMARCBI1 coding
sequence prior to Cre introduction, it is possible that the incorporation of the LoxP sites or
selection cassette resulted in disruption to SMARCB1 expression and was selected against.
Given the resistance of iPSCs to genetic editing of the SMARCBI1 locus, it was decided that an
inducible SMARCB1 knockdown system would prove easier to engineer while providing the

desired flexibility in timing of SMARCBI loss.
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Figure 2.3. Inducible SMARCBI deletion strategy. A) Editing schematic for inducible Cre-
LoxP-mediated SMARCB1 knockout. CRISPR-Cas9 constructs were designed to incorporate
LoxP sites flanking exon 2 and a puromycin selection cassette so that Cre application would
result in exon 2 removal. B) Agarose gel of PCR product generated from puromycin-selected
1PSC clones after electroporation with CRISPR-Cas9 editing constructs and donor plasmid to
incorporate LoxP sites and puromycin selection cassette. PCR was conducted using either an
external primer set with primer sites outside of the donor plasmid homology region (top gel)
or an internal primer set with primer sites flanking exon 2 (bottom gel). None of these clones
display positive integration product in spite of their puromycin resistance, suggesting possible
non-specific integration.
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2.4 Generation of an inducible SMARCB1 knockdown cell
line using doxycycline-inducible shRNA constructs

Two alternate methods of inducible SMARCB1 knockdown were applied in distinct
iPSC lines: short hairpin RNA (shRNA) and CRISPR interference (CRISPRi). shRNA is a
form of RNA interference technology in which DNA sequences introduced through a plasmid
or lentiviral particle are transcribed by normal cellular processes, forming the shRNA. This
shRNA is then cleaved by the endogenous Dicer enzyme to generate smaller short interfering
RNA (siRNA) sequences. These fragments associate with the RNA-induced silencing complex
(RISC), allowing it to recognize and cleave its target mRNA, leading to further degradation of the
transcript. This mechanism varies significantly from CRISPRi, which contains a nuclease-dead
version of the Cas9 protein (dCas9) discussed earlier, tethered to a repressive KRAB domain. Just
as in CRISPR editing, an sgRNA sequence is used to target Cas9 to a particular site in the genome.
However, in the CRISPRi system the sgRNA is designed to target near the transcriptional start
site (TSS) of the gene of interest in order to prevent binding and transcription initiation by RNA
polymerase. Especially in conjunction with a tethered KRAB domain, this can effectively repress
the expression of the gene of interest. In summary, while sShRNA knockdown works by targeting
transcripts for degradation, CRISPR1 reduces the number of transcripts formed by blocking the
transcription start site. This leads to several differences in the application and efficacy of these
techniques. Because CRISPRIi does not actively reduce the number of target gene transcripts
in a cell, its ability to induce knockdown is slower than shRNA. It relies on normal cellular
mechanisms to degrade target gene transcript and protein before an effect will be observed, while
shRNA begins to actively degrade transcripts present in a cell as soon as the shRNA is expressed.
Thus, shRNA can initiate effective knockdown within 24 hours, while CRISPRi may take several
days to achieve an observable effect.

For shRNA knockdown of SMARCBI, three doxycycline-inducible shRNA constructs

(Supplementary Table 2.3) were purchased encoding sequences predicted to target various

17



sites in SMARCBI coding regions along with a puromycin selection cassette and doxycycline-
inducible turboRFP marker (Figure 2.4A). These constructs were initially transfected into 293Ts
for testing before being packaged into lentiviral vectors and transduced into iPSCs. Two of
the three sShRNA sequences were able to effectively reduce SMARCBI transcript in 293Ts,
although only one of these ultimately showed an effective reduction in protein levels (Figure
2.4B). Both of these shRNAs (designated sh658 and sh905) were chosen for transduction into
iPSCs. shRNA constructs were transduced into the iPS12 iPSC line and puromycin selection
applied to remove non-expressing cells. The resulting populations showed effective reduction in
SMARCBI transcript after 24 hours of doxycxyline treatment (Figure 2.4A), although sh905
reduced transcript levels further than sh658.

To generate inducible knockdown of SMARCBI using CRISPRI, the engineered
CRISPRi GenlC cell line was obtained from the Conklin lab at UCSF (46). This cell line
was engineered to express dCas9-KRAB along with the mCherry fluorescent marker from a
doxycycline-inducible promoter (Figure 2.4C). Custom CRISPR sgRNAs were designed as
described previously, but were focused around the SMARCBI1 transcription start site (TSS) or
downstream untranslated region (UTR). Six possible sgRNAs were designed (Supplementary
Table 2.3), four of which were within one hundred base pairs of the SMARCB1 TSS and two of
which were within the 5 UTR. These sgRNAs were incorporated into a construct which also
encoded a blasticidin resistance cassette and mKate2 fluorescent marker. sgRNA constructs
were electroporated into CRISPRi Genl1C cells, selected for successful sgRNA expression using
blasticidin, and induced for 7 days with doxycycline prior to analysis of SMARCBI transcript
levels. Analysis of knockdown by RT-PCR in bulk population (data not shown) showed the
strongest SMARCB 1 knockdown with two sgRNAs (UTR1 and TSS1), which were chosen for
further pursuit. However, knockdown was less efficient than was observed with shRNA, with
total knockdown levels of only about 50%.

To increase knockdown levels as much as possible, 20-24 clonal populations were

generated from each of the top two shRNA constructs and CRISPRi sgRNAs and analyzed
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for SMARCBI transcript levels (Figure 2.4A,C). CRISPRIi clones showed higher variability in
SMARCBI levels than shRNA clones (Figure 2.4A,C). For each construct, the five clones with
most effective SMARCBI1 knockdown were chosen and pooled to generate a new population
with more efficient knockdown of SMARCBI1. Resulting populations of shRNA construct sh905
and CRISPRi construct UTR1 resulted in efficient loss of both SMARCBI1 transcript and protein
(Figure 2.4B, D). However, even after pooling the top-performing clones, shRNA construct
sh658 and CRISPRi sgRNA TSS1 did not generate effective reduction in SMARCBI1 protein
levels (Figure 2.4B,D). sh905 and UTR1 were chosen for use in further experiments, and will

hereafter be referred to as ssSMARCB1 and CRISPRi SMARCBI, respectively.
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Figure 2.4. Engineering of inducible SMARCB1 knockdown cell lines. A) Above, schematic
of inducible shRNA construct used. Below, real-time PCR showing transcript levels after
doxycycline induction of isolated clones from populations transduced with two separate ShRNA
constructs, sh905 and sh658. The five clones with lowest SMARCB1 expression levels were
combined to form the cell line used in future experiments. B) Western blot of SMARCBI1
protein levels in control and SMARCB1 shRNA lines after 3 days of doxycycline induction, in
comparison to SMARCB1-deficient BT 16 and G401 rhabdoid cell lines. sh658 only demonstrates
a partial knockdown of SMARCBI and so was not used in future experiments. C) Above,
schematic of inducible CRISPRi system used. Below, real-time PCR showing transcript levels
after doxycycline induction of isolated clones from populations transduced with two separate
sgRNA constructs, UTR1 and TSS1. The five clones with lowest SMARCB1 expression levels
were combined to form the cell line used in future experiments. B) Western blot of SMARCBI1
protein levels in control and SMARCBI targeting CRISPRI cell lines with and without 7 days
of doxycycline induction, in comparison to SMARCB 1-deficient BT12 and BT16 ATRT cell
lines. sgRNA TSS1 only demonstrates a partial knockdown of SMARCB1 and so was not used
in future experiments.
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2.5 Perspectives and conclusions

In summary, the development of a SMARCB 1-deficient iPSC line was pursued in order
to effectively model the interactions between SMARCBI loss and neural development and
determine how these interactions might relate to the tumorigenesis of atypical teratoid rhabdoid
tumors (ATRT). Initially CRISPR-Cas9 engineering was attempted to generate genetic knockout
of SMARCBI at the pluripotent state prior to differentiation down a neural lineage. However,
this technique proved not to be viable in the cell type of interest, as homozygous clones were
not able to be generated. It was concluded that SMARCBI1 loss in pluripotent cells likely
contributed to cell death or cellular growth defects which prevented the generation of viable
SMARCB 1-deficient clones.

To investigate this possibility and to effectively initiate SMARCBI1 loss at various
stages of differentiation, SMARCB1 knockdown was chosen as a viable and more flexible
alternative to genetic knockout. Two forms of knockdown were pursued simultaneously: an
shRNA knockdown method designed to degrade SMARCB/1 transcript and a CRISPRi system
for blocking the initiation of SMARCBI transcription. A single construct from each method was
identified which was capable of highly effective SMARCB1 knockdown at the iPS state and was
chosen for additional experiments.

While lethality of SMARCBI loss in pluripotent cells has not been demonstrated directly
prior to this study, this hypothesis is consistent with published data from SMARCB 1-deficient
mouse models in which SMARCBI1 loss was found to be embryonic lethal if homozygous loss
of function occurred prior to embryonic stage ES (11). Heterozygous mice, however, were
viable with an increased tendency towards post-natal tumor formation (40). This is consistent
with our ability to generate heterozygous SMARCB1 knockout clones but inability to retrieve
homozygous SMARCBI1 knockouts using pluripotent cells. While it may have been possible
to induce CRISPR-Cas9 deletion of SMARCBI1 at a later differentiation state, such as in

neural progenitor cells, this would not give us the flexibility to investigate differences in effects
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of SMARCBI1 loss with differentiation stage. In addition, more differentiated cells are less
amenable to manipulation and isolation of individual clones than pluripotent cells. The inducible
SMARCBI1 knockdown cells generated in these experiments can be applied to study the role of
SMARCBI in differentiation processes and investigate the role of cellular differentiation state
in ATRT tumorigenesis. An isogenic model of ATRT using human cells can be adapted for
applications such as investigating SMARCB 1-induced changes in transcriptome and epigenetic

state, tumor engraftment studies using mouse xenografts, and in vitro or in vivo drug screening.

2.6 Methods
2.6.1 CRISPR-Cas9 editing and screening

For CRISPR-Cas9 editing, pSpCas9(BB)-2A-GFP or PX458 plasmid which expresses
Cas9-T2A-GFP, was purchased from Addgene (Plasmid 48138). sgRNA sequences were de-
signed using the CRISPR-Cas9 design website https://chopchop.cbu.uib.no/ (47) (Supplementary
table 2.1). Two suggested sgRNAs with best scores and target sites within 250bp of the region of
interest were chosen for each cut site. Complementary oligos were generated for each sgRNA,
annealed and cloned into the PX458 plasmid using the Bbsl restriction enzyme. For homology
directed repair editing, a donor plasmid was generated through restriction enzyme cloning to
incorporate the desired edit sequence (ordered as customized oligos) as well as 250 bp homology
regions on either side of the desired edit (amplified by PCR of genomic DNA). For incorporation
of PX458 constructs (and donor plasmid if needed) into cells, 293Ts were transfected using
Lipofectamine 2000 transfection reagent and CV-iPS-B cells were electroporated using the
B-016 program of Lonza Nucleofector 2b and Lonza Human Stem Cell Nucleofector Kit 1
reagents. GFP-positive cells were sorted using an SH800 cell sorter. For initial analysis of
sgRNA efficacy, DNA was extracted from the sorted population using a Qiagen miniprep kit and
target regions amplified by PCR (Supplementary table 2.2). For derivation and screening of iPSC

colonies, 1-2 x 10* cells were plated in a Matrigel-coated 10 cm tissue culture dish and allowed
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to form visible colonies. After initial editing in iPSCs, 48 colonies were manually picked and
plated in duplicated matrigel-coated 96-well plates. DNA was extracted from 96-well plates
using QuickExtract DNA Extraction Solution (Epicenter) and genotyping PCR performed using
Platinum Taq DNA Polymerase High Fidelity (Thermo Fisher Scientific). Heterozygous edited
clones were subjected to a second round of editing using the same method but a different set of

sgRNAs to avoid insertions or deletions present at the original sgRNA target site.

2.6.2 SMARCBI1 knockdown cell line engineering

Doxycycline-inducible shRNA constructs against SMARCB1 and non-targeting controls
were purchased from Dharmacon (SMARTvector Inducible Lentiviral shRNA) (Supplementary
table 2.3) and transductions were conducted using Dharmacon Trans-Lentiviral Packaging Kit
according to kit protocol. After selection with puromycin, individual clones were generated by
plating 1-2 x 10* cells in a Matrigel-coated 10 cm tissue culture dish and allowing visible colonies
to form. 20-24 clones were picked and screened for SMARCB1 knockdown by quantitative
real-time PCR. Top five clones were pooled to obtain a highly efficient knockdown. Of three
shRNA constructs tested, only one was capable of efficient SMARCB1 knockdown (sh905).

For CRISPRi experiments, CRISPRi Gen1C cell line (46) was transduced with several
guide RNAs targeting the SMARCB1 TSS region or 5> UTR (Supplementary table 2.3) and
selected with blasticidin for guide RNA expression. After selection, individual clones were
generated by plating 1-2 x 10* cells in a Matrigel-coated 10 cm tissue culture dish and allowing
visible colonies to form. 20-24 clones were picked and screened for SMARCB1 knockdown by
quantitative real-time PCR. Top five clones were pooled to obtain a highly efficient knockdown.
Of six sgRNA constructs tested, only one was capable of efficient SMARCB1 knockdown
(UTR1).

2.7 Supplementary Tables
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Table 2.1. CRISPR-Cas9 sgRNA target sequences

sgRNA SMARCBI target site

Target sequence

Ex1-1
Ex1-2
Ex2
Ex9-1
Ex9-2
Inl-1
In1-2
In2-1
In2-2

Exon 1
Exonl
Exon 2
Exon 9
Exon 9
Intron 1
Intron 1
Intron 2
Intron 2

CGAAGCCGGAAGGCGAAATG
GCGAGGGATCAGGAGGGCTG
GAGAACCTCGGAACATACGG
GCGCCATCCTGAGGATCGGG
GCCAGAAGATGGAGGAGAGG
GGCCTGGGCAGATGCCTGAG
TGCCGAAAGCGTGGCGCCTG
GTCGGGCAGGGAGCATCCCG
TGCCTGGAGTGCTCACAGGG
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Table 2.2. SMARCBI1 PCR primers

Primer Product detection Primer sequence

Exon 1F  Full-gene deletion/Exon 1 WT ~ GAAGTCCTCTACACCACGAC
Exon IR Exon 1 WT TCCTCCAGCTGGAACTTCAC
Exon 9R Full-gene deletion GGGCTCAACAAATGGAATGTG

Intron 1F  Exon 2 deletion/Exon 2 WT GTGCCAGAGATCCTTAGTCC
Intron 2R Exon 2 deletion/Exon 2 WT CTGACAGTGGACCACCAATG
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Table 2.3. shRNA and CRISPRIi target sites

Knockdown construct

SMARCBI target site

Target sequence

sh905 Exon 6 GTGACGATCTGGATTTGAA

sh658 Exon 7 CATACAGCATCCGGGGACA

sh740 Exon 2 CCGTATGTTCCGAGGTTCT
CRISPRi UTRI1 UTR CGGGCTGCGAGGGATCAGGA
CRISPRi TSS1 TSS GGAGAAAGAGAAATTAGTCG
CRISPRi UTR2 UTR CGAAGCCGGAAGGCGAAATG
CRISPRi TSS2 TSS TGGCTCCTTTAAGGGGTCCG
CRISPRi TSS3 TSS CCGGCCTTTTGTTTGAGCGG
CRISPRi TSS4 TSS CGCGCCGCCGCTCAAACAAA
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Chapter 3

Interrogating interactions between
SMARCBI1 and neural differentiation
state

3.1 Introduction

As has previously been discussed, the BAF complex has been shown to play important
roles in a wide range of developmental processes (32, 33, 35, 36, 48). This is likely due to the
widespread remodeling of chromatin architecture which occurs during development. A large
portion of the genome has been shown to switch between active and inactive chromatin states
during lineage specification (49). This means that the epigenetic landscape (including chromatin
state, histone profiles and DNA methylation) can vary dramatically between cells of different
lineages or cells at different stages of differentiation. Because SMARCBI1 is a subunit of a
chromatin remodeling complex, we were curious whether the effects of SMARCBI1 loss might
vary at different stages of cellular differentiation. If so, this could explain why loss of function
mutations in SMARCB1 can have such a dramatic effect on cellular transformation in the case of
pediatric ATRT and MRT but are rarely observed in adult tumors. There may be a particular cell
type or epigenetic landscape which is particularly sensitive to the effects of SMARCBI loss, and
in which loss of function leads to tumorigenesis. It is even possible that an interaction could take

place between the timing of SMARCBI loss and the transformative epigenetic changes which

29



occur during the process of cellular differentiation.

3.2 SMARCBI loss causes differential phenotypes in
pluripotent and committed cell types

To interrogate possible interactions between SMARCBI1 loss and cellular differentiation
state, we generated a doxycycline-inducible SMARCBI1 loss of function system in an iPSC
line using an inducible shRNA construct targeting SMARCBI1 (Figure 3.1A, S3.1A). To rule
out the possibility that any observed effects could be due to shRNA off-target effects on genes
other than SMARCBI, a doxycycline-inducible SMARCBI1 re-expression vector was engineered
with either three (m3) or six (m6) silent mutations in the shRNA target sequence (Figure 3.1B,
S3.1A). Treatment of this cell line with doxycycline resulted in rapid reduction of SMARCBI1
transcript and protein levels (Figure 3.1C,D), both of which were successfully rescued in the
presence of re-expression vectors. With this inducible system, SMARCBI1 loss could be initiated
at various stages of differentiation to observe the interplay between cell state and the effects
of SMARCBI loss. After initial doxycycline induction at the iPSC state, it was observed
that prolonged induction of SMARCBI loss resulted in a pronounced cell death phenotype in
shSMARCB]1 iPSCs (Figure 3.1E,F) but not in control iPSCs engineered with a non-targeting
shRNA. Beginning three days post-doxycycline induction, a pronounced decrease in growth rate
was observed (Figure 3.1G) along with an increase in cell death as measured by cell cycle assay,
which showed an increase in Sub-G phase dead and dying cells (Figure 3.1F). This SMARCBI1-
induced cell death phenotype is consistent with mouse model data showing embryonic lethality
of SMARCBI knockout mice (11, 40), but has not been previously demonstrated in human
cells. Cell death induced by SMARCBI1 loss was replicated in a separate doxycycline-inducible
SMARCBI knockdown iPSC cell line utilizing the CRISPR interference method of transcription
repression described in Chapter 2 (Figure 3.2A-E). However, this system proved to be less stable

than the shRNA method and was subject to silencing during differentiation. For this reason, all
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differentiation experiments were conducted using the shRNA knockdown method with rescue
vector. To investigate whether the effects of SMARCB1 loss might vary with differentiation
state, iPSCs were differentiated into neural progenitor cells (NPCs) according to the protocol
described by Reinhardt et al. (50) (Figure S3.1B) prior to exposure to doxycycline. Cells
were induced with doxycycline for 5 days and monitored for changes in morphology or growth
rate. In contrast to the iPSCs, SMARCB1 knockdown NPCs tolerated the loss and displayed
no changes in growth rate or morphology (Figure 3.1E,H), even with extended doxycycline
treatment (data not shown) and a similar level of knockdown as observed in the iPSCs (Figure
S3.1C). SMARCBI1 knockdown NPCs displayed changes in expression of BAF complex subunits
similar to those observed in SMARCB1-deficient rhabdoid cell lines and reductions in BAF
complex stability (Figure S3.1D) consistent with those observed in the literature with ATRT cell
lines (24), suggesting that ShRNA knockdown of SMARCBI1 has a similar molecular effect to

SMARCBI loss occurring through genomic deletion.
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Figure 3.1. Development of an inducible SMARCB 1 knockdown system reveals that SMARCB 1
loss causes lethality in pluripotent cells but not neural progenitors. (A) Schematic representation
of doxycycline-inducible SMARCB1 shRNA construct, which was stably transduced into in-
duced pluripotent stem cells (iPSCs). (B) Schematic representation of doxycycline-inducible
SMARCBI rescue construct, which was stably transduced into ssSMARCB1 iPSCs to rescue
SMARCBI1 knockdown. Efficacy of sSsSMARCB1 and rescue vector was tested in iPSCs after
3 days of doxycycline induction using (C) gqRT-PCR to measure SMARCBI transcript levels
and standard deviation relative to control mean, or (D) western blot to measure SMARCB1
protein levels. (E) Phase contrast images at 4X magnification of SMARCBI1 knockdown iPSCs
and NPCs after 5 days of doxycycline induction. (F) Cell cycle assay of 5 day SMARCBI1
knockdown iPSCs. Above, FACS readout of PI stained cellular DNA content and corresponding
phases of the cell cycle. Numbers indicate percentage of total in each phase. Below, table of
percentage differences and 95% confidence interval between control and knockdown at each cell
cycle stage. Gold indicates statistically significant differences with 8 replicates. Growth of (G)
iPSCs and (H) NPCs was also assessed with doxycycline induction beginning at Day 0 of assay.
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Figure 3.2. SMARCB1 knockdown using CRISPR interference shows similar phenotypes and
growth effects to ShRNA knockdown in iPSCs. (A) Brightfield images at 2X magnification of cell
morphology in CRISPRi control and SMARCB1 knockdown iPSCs after 8 days of doxycycline
induction. (B) ATPlite growth curve showing CRISPRIi control and SMARCB1 knockdown
iPSCs in the presence of doxycycline. * indicates p-value of final timepoint < 0.05. (C) Cell
cycle assay of CRISPRi control and SMARCB1 knockdown iPSCs. Left, FACS readout of PI
stained cellular DNA content and corresponding phases of the cell cycle. Numbers indicate
percentage of total in each stage. Right, table of percentage differences and 95% confidence
interval between control and knockdown at each cell cycle phase. Gold indicates statistically
significant differences with 8 replicates. (D) Volcano plot of SMARCB1 knockdown CRISPRi
iPSC RNA sequencing data relative to control. Statistically significant differences are highlighted
in teal. (E) Diagram showing overlap of genes differentially expressed in SMARCB1 knockdown
cells relative to control in shRNA iPSCs, CRISPR1 iPSCs and shRNA NPCs. Greatest overlap is
observed between shRNA and CRISPRi iPSCs.
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To identify transcriptional differences underlying these contrasting phenotypes, we
conducted RNA sequencing on control and SMARCB1 knockdown iPSCs and NPCs. In both cell
types, more downregulated genes were observed in SMARCB 1 knockdown cells than upregulated
genes (Figure 3.2D,E, 3.3A). This is consistent with the previously described mechanism for
epigenetic and transcriptional changes underlying ATRT, in which loss of SMARCB]1 leads to
a decrease in BAF complex activity and a corresponding decrease in H3K27Ac active histone
marks, along with altered activity of the polycomb repressive complex 2 (PRC2) (22, 25, 38,
51). Comparison of the genes differentially expressed by SMARCBI1 loss in the two cell types
revealed very little overlap between knockdown NPCs and iPSCs (Figure 3.3B), suggesting that
the downstream targets of SMARCBI1 can vary substantially based on cellular context. Gene
ontology analysis of the dysregulated genes show similarities in the classes of genes altered
by SMARCBI loss in the two cell types, including genes associated with neural development,
cellular proliferation and cellular adhesion (Figure 3.3C,D). However, many of these shared
genes were altered in opposite directions in iPSCs and NPCs, both on the ontology level (Figure
3.3E) and on the individual gene level (Figure 3.3F). About a quarter of genes which were
dysregulated in both iPSCs and NPCs were upregulated in one cell type but downregulated in
the other. This unexpected result suggests that the transcriptional effects of SMARCBI loss
can vary dramatically in different epigenetic environments, even leading to opposite phenotypic
and transcriptional effects, and explains the very different growth phenotypes observed in
knockdown iPSCs and NPCs. These results, along with the established role of the BAF complex
in developmental processes (32, 34, 35), lead us to believe that SMARCBI1 loss might also
have dramatic impacts on cellular differentiation processes, potentially highlighting an interplay

between differentiation state and ATRT tumorigenesis.
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Figure 3.3. SMARCBI loss leads to differing transcriptional effects at defined stages of dif-
ferentiation. RNA sequencing was conducted on SMARCB1 knockdown and shControl iPSCs
and NPCs. (A) Volcano plot of genes differentially expressed in SMARCB1 knockdown cells
relative to controls in each cell type. (B) Overlap of genes differentially expressed in SMARCB1
knockdown iPSCs and NPCs relative to controls. (C, D) Gene ontology networks for differen-
tially expressed genes in (C) iPSCs and (D) NPCs. Dots represent statistically significant gene
ontology terms, clustered based on overlap of the genes contained in each term. Dot size indicates
the number of genes included in each term and darker color corresponds to smaller adjusted
p-value. Labels indicate the main process making up each cluster. (E) Table comparing shared
gene ontology results and direction of alteration between SMARCB1 knockdown iPSCs and
NPCs. g-value was obtained using the Benjamini-Hochberg adjustment for multiple comparisons.
(F) Heatmap showing genes which are differentially expressed in both iPSCs and NPCs. Boxes
indicate regions which are altered in opposite directions between iPSCs and NPCs. Overall, 62
out of 230 overlapping genes (27%) were altered in opposite directions between the two cell

types.
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3.3 Neural development without SMARCBI leads to defects
in neuron formation in an organoid model

To assess the effect of SMARCBI1 loss on neural differentiation, we utilized a cerebral
organoid model of neural development (52) (Figure 3.4A). Because this protocol results in the
formation of multiple regional identities without selecting for specific neural cell types (53),
the model allows a relatively unbiased assessment of the impact of SMARCBI loss on the
neural developmental process. shControl or ssSMARCB1 iPSCs were induced to form cerebral
organoids with doxycycline induction beginning at various time points through the protocol
and assessed for changes in expression of various neural marker genes (Figure S3.2A). While
no obvious changes were observed in markers of pluripotency or neural progenitor formation
(Nanog, Pax6), decreases were observed in markers of neuronal commitment and maturation
(Dcx, visible trend in Map2), especially with earlier doxycycline induction. It was also observed
that these early knockdown organoids demonstrated morphological differences relative to the
control during expansion and early maturation phases of the protocol (Figure 3.4B). Knockdown
organoids were defective for the outward expansion of neuroepithelium (53) into the surrounding
matrix typically observed after Matrigel embedding at Day 7 of the differentiation protocol,
suggestive of a defect in normal cell differentiation. These results imply that there is a window
early in development where cells are especially sensitive to the effects of SMARCBI loss.

To better assess the impact of early-stage SMARCBI loss on neural differentiation we
conducted droplet-based single-cell RNA sequencing (scRNA-seq) on three control and three
SMARCBI knockdown organoids at Day 20 of the differentiation protocol, when morphological
differences were apparent. These six organoids (Figure S3.2B) were aligned and clustered
using canonical correlation analysis (54) in order to compare numbers of neural cell types
between control and knockdown organoids. Cluster analysis resulted in 15 distinct clusters
(Figure 3.4C, Figure S3.2C-D), one of which was excluded for containing less than 100 cells.

All but one of these remaining clusters (cluster 10) contained a similar distribution of cells
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across replicate organoids (Figure S3.2B). Organoids had similar distributions of UMI counts
and detected genes (Figure S3.2E), and SMARCB1 knockdown organoids displayed loss of
SMARCBI transcript in nearly all cells analyzed (Figure S3.2F). Clusters were analyzed for
expression of several neural development marker genes to identify corresponding cell types
(Figure 3.5A-F) and Slingshot pseudotime analysis (55) was performed to identify differentiation
trajectories across clusters (Figure 3.4C). This analysis revealed a mix of clusters representing
neural progenitors, positive for markers such as Sox2, Pax6, and Hes1 (Figure 3.5A, C, D),
and various stages of neuronal differentiation including intermediate progenitors (Figure 3.5E),
immature neurons, and more mature neurons (Figure 3.5F). Within the progenitor clusters, some
seemed to represent neuroepithelial cells and some radial glia (Figure 3.5B, D), while others
were negative for markers of either of these cell types and may represent progenitors of a distinct
lineage (clusters 1, 10, 12). Other clusters were defined by aspects of cell state such as cell cycle
stage or apoptosis (Figure 3.5B) rather than cell type. Grouping together the identifiable clusters
representing neuroepithelial progenitors (cluster 4) and radial glia-like cells (clusters 0, 7, 11),
intermediate progenitors (clusters 3, 13), and committed neurons (clusters 2, 5, 14) (Figure 3.4D),
the number of cells in each group were quantified in both control and SMARCB1 knockdown
organoids. The number of neuron-associated clusters was substantially lower in SMARCB1
knockdown organoids (p < 0.001) than controls (Figure 3.4D, Figure S3.2D) and the expression
of individual neuronal markers was lower in knockdown organoids (Figure 3.5G), suggesting
that the knockdown might be causing a differentiation block and preventing cells from achieving
a neuronal cell fate. Although no differences were observed in the number of neuroepithelial or
radial glial progenitors, some apparent increases (although not statistically significant to p <
0.05 with current number of replicates), spread across progenitor clusters 1, 12 and 10 (Figure
3.4D, S3.2D) suggest that SMARCB1 loss might lead to a shift in the lineage preference of cells

during differentiation while contributing towards a preference for less differentiated cell types.
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Figure 3.4. SMARCBI loss during cerebral organoid development leads to neural differentiation
defects. Cerebral organoids were formed from shSMARCB1 and shControl iPSCs in the presence
of doxycycline from Day 0 of differentiation protocol. (A) Schematic showing stages of organoid
generation from iPSCs. (B) At day 20 of the protocol (10 days of maturation), organoids
were examined for morphology and presence of neuroepithelial expansion (black arrows) at
4X magnification. White arrow indicates absence of neuroepithelial expansion. (C) Single-cell
RNA sequencing was conducted on three Day 20 control and SMARCB1 knockdown organoids
using droplet-based scRNA-seq methodology. Canonical correlation analysis was conducted on
combined single-cell data and displayed on a tSNE graph. Clustering and pseudotime analysis
was conducted on the combined data to identify variability in cell types and lineages within
the organoids. Fifteen clusters were identified, of which cluster 15 was excluded from analysis
due to its small size. (D) Left, clusters were analyzed for expression of neural differentiation
markers and grouped together by cell type where possible. Clusters not matched to a particular
cell type were left unnamed. Right, mean with standard deviation of the number of each cell type
in control and knockdown organoids. Statistical comparisons were conducted using two-way
ANOVA with Sidak multiple comparisons test. *** indicates adjusted p-value < 0.001. (E)
Venn diagram of the overlap across cell types of genes differentially expressed in SMARCB1
knockdown organoids relative to control organoids. (F) Tables showing top gene ontology results
from genes differentially expressed in SMARCB1 knockdown organoids relative to controls
relative to a list of all expressed genes in progenitor cells, left, and neurons, right. Ontologies
highlighted in gold are similarly altered in both cell types.
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Differences in the gene expression changes caused by SMARCBI loss across cell types
within the organoids highlight the effects of SMARCBI loss on differentiation as well as
further demonstrating that the transcriptional effects of SMARCBI loss vary with cell state. For
differential expression analysis, related clusters were combined to form larger groups representing
different stages of neural differentiation: neural progenitor cells (combining neuroepithelial
progenitors, radial glia, and progenitor clusters 1 and 12), intermediate neuronal progenitors, and
committed neurons. For each cell type, differential expression analysis was conducted comparing
cells of that type in the control and knockdown organoids. A similar number of genes were
significantly dysregulated in each cell type, but only about a quarter of these were dysregulated
in all three cell types (Figure 3.4E). In addition, the number of overlapping genes was greater
between more closely related cell types (progenitors and intermediates or intermediates and
neurons) than between the more distantly related progenitors and committed neurons. This
suggests that there may be a spectrum of transcriptional changes occurring without SMARCB1
that varies throughout the developmental process and has different effects on cells at different
stages of cellular differentiation. Gene ontology analysis of dysregulated genes in neural
progenitors and neurons showed that different biological processes were affected in the two cell
types (Figure 3.4F). While canonical glycolysis was upregulated in both cell types and genes
associated with both neural development and transcriptional regulation were downregulated, cell
death processes were altered in opposite directions. In addition, neural progenitors had additional
changes in pathways associated with cellular migration, extracellular matrix organization, Wnt
signaling and BMP signaling which were not observed in the more differentiated cells. These
differences in transcriptional state illustrate how SMARCBI loss could lead to distinct cellular

phenotypes depending on the cellular epigenetic landscape.
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Figure 3.5. Cell type determination of clusters in organoid single-cell RNA-seq data. (A)
tSNE plots of overlaid control and SMARCB1 knockdown organoids colored for expression of
SMARCBI and various neural marker genes ranging from those common in less differentiated
cells (top) to those common in more differentiated neurons (bottom). (B) Heatmap of top 10
differentially expressed genes in each cluster after a differential expression analysis comparing
all clusters. Yellow indicates higher expression and purple/black indicates lower expression.
Labels on right indicate cell types or processes enriched in that group of genes. (C) Violin
plots showing expression of neural progenitor markers Sox2 and Pax6 across organoid clusters.
(D) Violin plots showing expression of intermediate neuronal progenitor markers EOMES and
NHLHI1 across organoid clusters. (E) Violin plots showing expression of neuronal markers DCX
and STMN?2 across organoid clusters. (F) Violin plots showing expression of radial glia markers
Hes1 and Hes5 across organoid clusters. (G) Above, tSNE plots of control (lower subplot) and
knockdown (upper subplot) organoids colored for level of expression of neuron markers MAP2,
STMN?2, TUBB2A, SYTI1, SYP, and NRXNI1. Below, violin plots of neuron markers MAP2 and
STMN?2 in control and knockdown organoids. Knockdown organoids show a lower amount of
expression for neuronal markers than control organoids.
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3.4 Perspectives and conclusions

Through the generation of a doxycycline-inducible SMARCB1 knockdown human iPSC
line, we have been able to provide novel insights into the relationship between SMARCBI loss
and neural development. We have shown directly that both cellular growth phenotypes and
transcriptional changes resulting from SMARCBI1 loss can vary substantially between pluripotent
cells and committed neural lineage cells. We have demonstrated that SMARCBI loss at the
pluripotent state leads to cell lethality, an observation which provides insight into embryonic
lethality phenotypes observed in SMARCB1 knockout mouse models (11, 40). And we have
utilized our cell line to observe the morphological and transcriptional effects of SMARCB1
loss on the process of neural development as recapitulated in an organoid model. We observed
that loss of SMARCBI1 expression throughout neural development results in differentiation
defects and impairs the ability of neuronal cells to mature appropriately. This discovery may
provide insight into mechanisms which contribute to ATRT tumorigenesis, an idea which will be

discussed further in additional chapters.

3.5 Methods
3.5.1 Pluripotent stem cell culture and neural differentiations

Human induced pluripotent stem cell (iPSC) line iPS12 was purchased from Cell Appli-
cations. This cell line is integration-free and was validated for pluripotency, viability, karyotype
normality and normal disease status by Cell Applications. CRISPRi1 GenlC and WTC iPS
lines were obtained from the Conklin lab at University of California San Francisco. iPSCs
were cultured using standard feeder-free conditions with mTESR1 or mTESR Plus medium
on Matrigel-coated plates. iPSCs were induced to form neural progenitor cells using a small-
molecule based differentiation protocol as described in Reinhardt et al. (50), using combined
small-molecule inhibition of BMP and TGF f signaling along with WNT and SHH pathway

stimulation. Neuron differentiations were also conducted as described in Reinhardt et al. for
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peripheral neurons (50), starting from NPCs of 3-6 passages in smNPC maintenance medium
(N2B27 medium + CHIR + PMA). Neurons were harvested after two weeks in neuronal matura-
tion medium (N2B27 medium + dbcAMP + TGF-b3 + BDNF + GDNF). Both neural progenitor
and neuron differentiations were conducted under 0.5 ptg/mL puromycin to prevent loss of shRNA
expression. Rescue cell lines were differentiated in the presence of 0.5 pug/mL puromycin and
100 pg/mL G418. When needed, doxycycline was applied at a 1 ng/mL concentration for all

experiments.

3.5.2 Organoid development and culture

Organoids were generated using the STEMdiff Cerebral Organoid Kit from Stemcell
Technologies (Cat. 08570), which is based on the Lancaster et al.(52) protocol for cerebral
organoid formation and development. Organoids were developed in the presence of 0.5 pg/mL
puromycin and 1 pg/mL doxycycline. Organoids were matured for 10-50 days in Maturation
Medium (Day 10 of protocol). Organoids used for single-cell RNA-seq were matured for 10

days to look at early-stage commitment and development of neural progenitors.

3.5.3 Growth, cell cycle and cell death assays

For growth assays, 1000-2000 cells/well with 5-10 replicates per cell line were plated on
Matrigel-coated black 96-well plates in maintenance medium without antibiotic selection. First
timepoint was read within 24 hours of plating for baseline comparison and subsequent readings
were performed every 24 hours following. Medium changes were conducted as needed (every 2-3
days) throughout the assay. ATPlite 1step assay kit (PerkinElmer 6016731) was used to estimate
cell number. For cell cycle assays, eight replicate doxycycline inductions of 1 x 10° cells were
harvested and fixed overnight in 70% ethanol, washed three times with PBS and stained for 30
minutes with 0.5 mL FxCycle PI/RNase Staining Solution (Life Technologies F10797) before
quantification with a BD LSR II flow cytometer. Cell cycle percentages were calculated using

FlowJo software and the Dean-Jett-Fox model. Doxycycline was added to shRNA iPSCs for 5
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days before fixation and to CRISPRi iPSCs for 9 days before fixation.

3.5.4 Western blots and immunoprecipitations

For western blots, cells were lysed in RIPA lysis buffer with proteinase and phosphatase
inhibitors. 20 ug lysate was run on an SDS-PAGE gel, transferred at 350 mA over 1.5 hours
to EMD Millipore Immobilon-P PVDF membrane, blocked for one hour in 5% BSA, and
probed with primary antibody overnight. Membranes were washed with PBS + 0.1% Tween-20,
probed for 1-2 hours with secondary HRP-conjugated antibody and exposed using Thermo
Scientific SuperSignal West Pico or Femto Chemiluminescent Substrate. For BAF complex
immunoprecipitations, nuclear extractions were first performed using Thermo Scientific NE-
PER Nuclear and Cytoplasmic Extraction Reagents (78833) according to kit instructions. For
immunoprecipitations, 2 g of BRGI antibody (Santa Cruz, sc-17796) was incubated for one
hour with 20 uL. Dynabeads Protein G magnetic beads (Thermo Fisher Scientific, 10004D),
washed, then incubated overnight at 4 ith 500 pg of nuclear lysate, washed and prepared for SDS-
PAGE. Washes were conducted with either citric or RIPA buffer, as specified. Western blots were
run as previously described. Primary antibodies used for western blots were: SMARCB1/BAF47
(mouse, 1:500, BD Biosciences, 612110), GAPDH (rabbit, 1:5000, 2118), HDACI1 (rabbit,
1:1000, Cell Signaling, 2062), SMARCD1 (mouse, 1:1000, Santa Cruz, sc-135843), SMARCCI1
(rabbit, 1:1000, Santa Cruz, sc-10756), BRG1 (mouse, 1:1000, Santa Cruz, sc-17796), Nestin
(rabbit, 1:1000, EMD Millipore).

3.5.5 Single-cell RNA sequencing preparation and analysis

Three replicate control and knockdown Day 20 organoids (10 days maturation) were
collected, washed and incubated for one hour on a 37 C shaker in Accutase + 50 pg/mL DNasel
to aid in generation of a single-cell suspension. Organoids were dissociated by gentle pipetting
with a wide-bore pipette after 15 and 45 minutes of incubation. Clumps were removed by

filtration through a cell strainer, resuspended in PBS+0.04% BSA, counted and resuspended to a
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1.2 x 10° cells/mL concentration. Cell viabilities were 60-80% with a total of 5 x 10* to 2 x 10°
cells collected per organoid. Samples were prepared for single-cell RNA sequencing as detailed
in the 10X Chromium Single Cell 3° Reagent Kits v2 User Guide. Reagents used included the
Chromium Single Cell 3’ Library & Gel Bead Kit v2 (PN-120237), Chromium Single Cell A
Chip Kit (PN-120236) and Chromium i7 Multiplex Kit (PN-120262). The protocol was followed
for a desired 10,000 cells per organoid using 10 cycles of cDNA amplification. Quality control
was conducted after cDNA amplification and library construction on a BioAnalyzer TapeStation
instrument. Sample libraries were pooled, and shallow sequencing conducted on an Illumina
HiSeq4000 to estimate cell numbers and read counts for each sample and a new pool generated
to obtain 50000 reads/cell for each sample. Final sequencing was conducted on an Illumina
NovaSeq 6000. Analysis of the resulting data was conducted using the Cell Ranger pipeline for
counting and aggregation of sequencing reads. Additional analysis was then conducted using
the Seurat R toolkit for single cell genomics (54). Cells with a mitochondrial DNA percentage
above 0.1 were filtered out of subsequent analysis. Canonical correlation analysis was conducted
using variable genes from the control and knockdown conditions, and a tSNE plot of the first
20 aligned subspaces used for visualization. Clusters were generated using a resolution value
of 0.6 and the first 20 CCA subspaces, resulting in the identification of 15 clusters, of which
cluster 15 was excluded from later analysis due to its small size. Identification of cluster markers,
differential expression analysis, and cluster quantifications were all conducted using the Seurat
toolkit. Gene ontology analysis of differential expression gene sets was conducted using the

Gorilla (56) website in comparison to a background list of expressed genes.

3.6 Supplementary Figures
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Figure S 3.1. Doxycycline-inducible SMARCBI1 knockdown system efficiently reduces
SMARCBI levels in both iPSCs and NPCs. (A) Table of shRNA sequence and target se-
quence on SMARCBI, along with sequences of rescue vectors at shiSMARCBI target site.
Induced mutations for resistance to sSaISMARCBI1 are shown in red. (B) Above, schematic of
NPC differentiation protocol and below, qRT-PCR mean and standard deviation of shControl
NPC transcript levels of several markers of pluripotency or NPC differentiation relative to those
in undifferentiated iPSCs for two different iPSC cell lines. (C) Western blots of SMARCB1 and
GAPDH protein levels in iPSCs (left) in comparison to ATRT cell line BT16 and rhabdoid cell
line G401 and (right) in NPCs induced for three days with doxycycline. (D) Immunoblot of BAF
complex subunits in shControl and SMARCB1 knockdown NPC and BT16 cell line nuclear
lysates and BRG1 immunoprecipitation. BRG] immunoprecipitations were conducted with both
a milder citric buffer wash and the more stringent RIPA buffer to assess differences in complex
stability under both conditions. HDACI in nuclear lysates serves as loading control.
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Figure S 3.2. Additional visualizations and metrics of organoid single-cell RNA-seq data. (A)
gRT-PCR analysis of SMARCBI transcript levels and neural development-associated genes
in Day 20 organoids with doxycycline induction at various timepoints during the organoid
development protocol. Plotted is transcript fold-change relative to GAPDH and standard devia-
tion. Comparisons were conducted using one-way ANOVA with Tukey’s multiple comparisons
test. *** indicates adjusted p-value < 0.001, ** indicates adjusted p-value < 0.01, * indicates
adjusted p-value < 0.05. (B) Overlaid single-cell RNA sequencing data of three control and
SMARCBI1 knockdown organoids graphed on a tSNE plot, colored by organoid of origin. (C)
Phylogenetic tree of organoid clusters. Clusters on the left represent more differentiated neurons
or neuronal intermediates, while those on the right represent less differentiated progenitors. (D)
Quantification of the mean and standard deviation number of cells in each cluster in control and
SMARCBI1 knockdown organoids. (E) Graphs of single-cell RNA sequencing UMI counts and
gene counts for individual organoids. (F) tSNE plots of control organoids (left) and SMARCB 1
knockdown organoids (right) colored by level of SMARCB1 expression.
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Chapter 4

Investigating interactions between ATRT
tumorigenesis and cellular differentiation
state

4.1 Introduction

In addition to their normal roles during development, many BAF complex genes have
demonstrated roles as tumor suppressor genes. When taken together, the 20 BAF subunit genes
have been shown to be mutated in 19% of all tumor types (21). This speaks to the important
genome-wide role of this complex in maintenance of a stable epigenome. Genetic loss-of-
function of SMARCBI in particular has been shown to be both sufficient and necessary for
tumorigenesis of atypical teratoid rhabdoid tumors (ATRT) (7, 9, 57), a highly aggressive and
early onset pediatric brain tumor. The mutation rate in ATRT is very low (8, 14), with no
other consistent recurrent mutations identified. This low number of mutations is consistent
with an early age of onset, but also implies that SMARCB]1 loss likely leads to tumorigenesis
through initiation of epigenetic changes rather than through the combined effect of multiple
genetic mutations. While transcriptomic and epigenomic analyses of ATRT samples (13-15,
51) have characterized the epigenetic alterations which take place following SMARCBI loss,
the mechanisms by which SMARCBI1 loss leads to these changes and the factors required for

SMARCBI loss to initiate cellular transformation are not well understood. Increased PRC2
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binding (22, 38) and skewed SMARCB 1-deficient BAF complex binding at super-enhancers
(24, 25) have been suggested mechanisms of tumorigenesis due to SMARCBI loss, but many
questions still remain unanswered. The sufficiency of SMARCBI1 deletion to drive pediatric
tumor growth but lack of SMARCB1 mutation as an exclusive driver mutation in adult cancers,
along with the demonstrated role of the BAF complex in development and differentiation leads us
to the hypothesis that the ability of SMARCBI1 deletion to cause tumorigenesis may be dependent

on the epigenetic environment of a particular stage in cellular differentiation.

4.2 SMARCBI1 loss during neuronal differentiation leads to
a lack of stability among neural progenitors which may
contribute to tumorigenesis

To further investigate the effects of SMARCBI1 loss on neural differentiation processes
and how these might relate to cancer, iPSCs were induced with doxycycline and simultaneously
differentiated into neural progenitor cells (Figure 4.1A). Resulting progenitors were cultured
for several passages post-differentiation to assess their ability to maintain an NPC state, and it
was observed that NPCs differentiated without SMARCB1 were prone to morphology changes
2-5 passages post-differentiation (Figure 4.1A), while control and SMARCBI1 rescue NPCs
maintained a consistent morphology for up to 10 passages (data not shown). NPCs differentiated
without SMARCBI1 were also subject to a low-frequency enhancement in growth rate (Figure
4.2A), another indication of a lack of stability in these cells relative to control or rescue NPCs.
These cells demonstrated a reduction in levels of neural progenitor marker Nestin (Figure 4.1B)
which is prevented by SMARCBI rescue, implying a defect in differentiation in the absence
of SMARCBI, consistent with observed results using the organoid system. Analysis of BAF
complex expression levels in NPCs differentiated without SMARCBI1 revealed a decrease in
levels of nuclear BAF complex subunits ARID1A, BRG1, SMARCCI1, and SMARCDI rel-
ative to control NPCs (Figure 4.1C), consistent with what has been observed in SMARCB1

re-expression cell lines (24). However, the level of decrease varied substantially in different
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batches of differentiation for the same level of SMARCB1 knockdown (Figure 4.1C), suggesting
a stochasticity in the downstream effects of SMARCBI1 loss after application of cellular dif-
ferentiation pressures. RNA-seq of four NPC lines differentiated in the absence of SMARCB1
also revealed a higher transcriptomic variability than was observed in control or rescue cells
differentiated with doxycycline or in NPCs subjected to SMARCBI1 loss post-differentiation
(Figure 4.1D). Correlations within replicates of NPCs differentiated without SMARCBI1 were
significantly lower than rescue NPCs or NPCs with SMARCB1 knockdown induced at the NPC
state. A comparison in the genes dysregulated when SMARCBI1 is absent throughout NPC
differentiation and those altered with SMARCBI loss at the NPC state (Figure 4.1E, 4.2B,C)
revealed that SMARCBI loss throughout the differentiation process leads to changes in a wide
variety of differentiation-associated pathways ranging from renal development to ossification
in addition to the expected neural development-associated genes. Changes in pathways associ-
ated with cell death, cellular proliferation and TGF-beta signaling are also observed in genes
dysregulated by SMARCBI loss when it occurs during NPC differentiation. A time course of
doxycycline application throughout the NPC differentiation process (Figure 4.2D) verified that
more deleterious effects on neural development are observed with earlier induction of SMARCB 1

loss.
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Figure 4.1. SMARCB]1 loss throughout neural differentiation leads to aborted differentiation
and a lack of stability in resulting neural progenitor cells. (A) Above, schematic of directed
differentiation of iPSCs into neural progenitor cells, with doxycycline induction at Day 0. Be-
low, phase contrast images at 20X magnification of resulting NPC morphology at Day 10-14
of protocol. Cells with abnormal morphology are observed migrating between NPC clusters
in cells differentiated without SMARCB1. (B) Western blot showing protein expression of
SMARCBI1, neural marker Nestin, and control GAPDH in control, SMARCB1 knockdown or
rescue NPCs differentiated in the presence of doxycycline. (C) Western blot of BAF complex
subunit protein expression in nuclear lysates of NPCs differentiated in the presence of doxycy-
cline. (D) Top, schematic of NPC differentiation with doxycycline induction occurring either
at the beginning of the differentiation process (NPC diff.) or at the NPC state (NPC). Middle,
Pearson correlation chart comparing transcriptome similarity between control, knockdown or
rescue NPCs differentiated with or without doxycycline. Black boxes indicate groups being
compared. White corresponds to greater correlation and red to lower correlation. Bottom, mean
within group correlation values with standard error of the mean for each group of NPCs. Within
group correlations were compared using one-way ANOVA with Tukey’s multiple comparisons
test. ** indicates adjusted p-value < 0.01. (E) Gene ontology network of top 500 genes which
were differentially expressed in NPCs differentiated with SMARCB1 knockdown relative to
controls but not in NPCs with knockdown post-differentiation relative to controls. Dots represent
statistically significant gene ontology terms, clustered based on overlap of the genes contained
in each term. Dot size indicates the number of genes included in each term and darker color
corresponds to smaller adjusted p-value. Labels indicate the main process making up each cluster.
(F) Top, schematic showing directed neuronal differentiation with doxycycline induction either
at Day O or at the NPC state. Control and SMARCBI1 knockdown neurons differentiated in this
manner were assessed for neuronal maturation efficacy by FACS analysis for neuronal surface
marker NCAM1. Bottom, mean and standard deviation percentages of NCAM positive cells in
post-differentiation neurons. Comparisons between groups were conducted by one-way ANOVA
with Tukey’s multiple comparisons test. * indicates p-value < 0.05. (G) Heatmap of scaled
transcript expression of neuronal differentiation markers in control or SMARCB1 knockdown
neurons differentiated with Day 0 doxycycline. VIM, HES1, HESS5, PAX6, and EOMES are
markers of less differentiated neural cells. All other genes are markers of committed neurons.
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To validate results from the organoid model and further assess the interaction between
SMARCBI loss and differentiation, control and knockdown cells were subjected to in vitro
directed neuronal differentiation (50). Neuronal maturation efficacy was measured using FACS
analysis for surface expression of NCAM, a marker of mature neurons. Cells subjected to
SMARCBI1 knockdown during both NPC and neuronal differentiation had lower numbers of
NCAM positive cells after 25 days of neuronal differentiation and maturation than control cells,
as well as when compared to cells subjected to knockdown beginning at the NPC state (Figure
4.1F). RNA-seq analysis of control and knockdown neurons showed a reduction in the expression
of neuronal markers in cells differentiated in the absence of SMARCBI, along with a retention
of some markers of earlier stages of neural differentiation (Figure 4.1G) This suggests that
SMARCBI loss during neuronal differentiation leads to a failure in maturation in multiple
contexts and validates that cells are particularly vulnerable to SMARCBI loss early in neural
development. This window of vulnerability is consistent between organoid and directed neuronal
differentiation experiments, and demonstrates a similar trend to that previously observed in an

inducible SMARCB1 knockout mouse model (11).
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Figure 4.2. NPCs differentiated without SMARCBI1 are prone to changes in morphology and
may demonstrate enhanced proliferation or dependency on continued SMARCBI loss. (A)
ATPlite growth curve of one differentiation batch of control, rescue and SMARCBI1 knock-
down NPCs differentiated with doxycycline (Day 0) compared to induction with doxycycline
post-differentiation (NPC). * indicates a p-value < 0.05, *** indicates a p-value < 0.001. This
phenotype was not observed in all batches of differentiation but illustrates a flexibility in NPCs
differentiated without SMARCB]1 to display unusual changes in morphology or phenotype. (B)
Diagram comparing genes differentially expressed in SMARCB1 knockdown condition relative
to control in NPCs differentiated without SMARCB1 (NPC diff.) and NPCs induced with doxy-
cycline post-differentiation (NPC). (C) Gene ontology network of genes unique to SMARCB1
knockdown at the NPC state and not altered in NPCs differentiated without SMARCB1. Dots
represent statistically significant gene ontology terms, clustered based on overlap of the genes
contained in each term. Dot size indicates the number of genes included in each term and darker
color corresponds to smaller adjusted p-value. Labels indicate the main process making up each
cluster. (D) Above, schematic showing time-course experiment with doxycycline induction
at various time points throughout the NPC differentiation process. Below, qRT-PCR analysis
showing transcript levels and standard deviation relative to control mean for SMARCB1 and
neural progenitor markers Pax6 and Nestin. Upper bars indicate most conservative significance
levels between control and knockdown. Lower bars indicate significance between knockdown
timepoints. Comparisons were conducted using two-way ANOVA with Tukey’s multiple com-
parisons test. * indicates adjusted p-value < 0.05, ** indicates adjusted p-value < 0.01, ***
indicates adjusted p-value < 0.001.
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4.3 Neural progenitors differentiated without SMARCBI1
are transcriptionally similar to ATRT, particularly the
SHH subgroup

It seems probable that these observed interactions between SMARCB/1 loss and neural
differentiation could play a role in ATRT tumorigenesis. To investigate this, previously published
bulk RNA-seq data generated from ATRT tumors (14) was obtained in order to determine the
similarity of this cellular model to patient tumors and to identify cell types with the greatest
similarity. To compare the tumor data to the organoid scRNA-seq data, averaged transcriptomic
data for each organoid cluster was computed and correlated to the ATRT samples (Figure 4.3A,
S4.1A). While correlations were generally higher within the organoid or tumor groups, there
was variability in the similarity of different organoid cell types to tumors. Neurons in the control
organoids were the least similar to the tumors, while progenitor clusters in the SMARCB1
knockdown organoids were most similar (Figure 4.3A). This is consistent with the concept of a
SMARCB 1-deficient early neural progenitor acting as the cell of origin for ATRT. Progenitor
clusters in the control organoids were generally less similar to the tumor samples than the same
clusters in the knockdown organoids, with the least differentiated clusters (10, 12) showing
the greatest similarity to tumors (Figure 4.3A). These clusters also demonstrate a possible (but
not statistically significant with n=3 organoids) expansion in knockdown organoids relative to
controls (Figure S3.2D), and thus their development may be favored in the absence of SMARCB 1
expression. SMARCB1 knockdown progenitors also show changes in genes associated with
transcriptional regulation, nervous system development, and extracellular matrix organization
(Figure 3.4F), all pathways identified as being altered in ATRT (13, 14). Comparison of ATRT
transcriptomes with RNA-seq data from control and SMARCB1 knockdown iPSCs and NPCs
(Figure 4.3B-C) revealed greater ATRT similarity to NPCs differentiated without SMARCB1 than
either knockdown iPSCs or NPCs induced with SMARCBI1 loss post-differentiation. Previous

transcriptomic and epigenomic analyses have identified three subgroups within ATRT with
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differing epigenetic landscapes and gene expression profiles (13, 58). A comparison of both NPCs
differentiated without SMARCBI1 via small molecule-directed differentiation and progenitors
within SMARCBI1 knockdown organoids with ATRTs from each of the three subgroups revealed
the greatest similarity with the SHH, or Neurogenic subgroup (Figure 4.3D, Figure S4.1A-C).
This suggests a possible mechanism of ATRT tumorigenesis, likely most relevant to the SHH
subgroup, in which focal deletion of SMARCB1 occurs early in neural development, leading
to unstable NPCs with tendencies toward differentiation defects, cellular transformation and

tumorigenesis.
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Figure 4.3. Neural progenitor cells differentiated without SMARCBI1 are transcriptomically
similar to atypical teratoid rhabdoid tumors. (A) RNA sequencing data from 25 ATRTs (Johann et
al. 2014) was compared to averaged single-cell RNA sequencing data for each cluster in control
and SMARCBI1 knockdown cerebral organoids. Left, chart of pearson correlation values between
individual clusters and ATRT samples, clustered by similarity. White indicates highest correlation
and red corresponds to lowest correlation. Labels indicate cell types corresponding to clusters.
Box indicates region of highest similarity to ATRT samples. Upper right, schematic of protocol
used for organoid generation. Lower right, mean and standard error of pearson correlation values
of progenitors and neurons from control and SMARCB1 knockdown organoids. Comparisons
between groups conducted using one-way ANOVA with Tukey’s multiple comparisons test. ***
indicates adjusted p-value < 0.001. (B) Top, schematic of protocol used for NPC differentiation
either in the presence of doxycycline from Day 0 (NPCdiff) or at the NPC state (NPC). Bottom,
principal component analysis of RNA sequencing results from 25 ATRT samples compared to
directed differentiation of control or SMARCBI1 knockdown iPSC-derived NPCs, along with
BT16 ATRT cell line and undifferentiated iPSCs induced with doxycycline. (C) Top, chart
of pearson correlation values between control and SMARCB1 knockdown iPSCs and NPCs,
induced with doxycycline during and post-differentiation, along with ATRT samples, clustered
by similarity. White indicates highest correlation and red corresponds to lowest correlation. Box
indicates region of highest similarity to ATRT samples. Bottom, mean and standard error of
pearson correlation values of control and SMARCB1 knockdown NPCs and BT16 cell line with
ATRT samples. Comparisons between groups conducted using one-way ANOVA with Tukey’s
multiple comparisons test. * indicates adjusted p-value < 0.05 and *** indicates adjusted p-value
< 0.001. (D) Mean and standard error of pearson correlation values of NPCs differentiated
without SMARCBI1 and samples from each of the three ATRT subgroups. Comparisons between
groups conducted using one-way ANOVA with Tukey’s multiple comparisons test. ** indicates
adjusted p-value < 0.01.
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4.4 Neural progenitor cells differentiated without
SMARCBI, but not NPCs induced with SMARCBI1 loss
post-differentiation, are capable of xenograft formation
in mice
To test the ability of SMARCB 1-deficient neural progenitors to initiate tumorigenesis,

shControl and sASMARCB1 NPCs differentiated without doxycycline induction were induced at
the NPC stage to initiate SMARCBI1 loss and injected into mouse cerebellums (Figure 4.4A).
Mice were monitored for weight loss or neurological symptoms indicative of cerebellar tumor
formation. When these NPCs differentiated with intact SMARCBI1 expression were injected,
both control and SMARCB1 knockdown NPCs failed to form tumors. Six to eight months
post-injection, mice injected with both control and knockdown NPCs began to demonstrate
weight loss and the experiment was concluded, although formation of large intracranial tumors
near the injection site was not visible (Figure 4.4A). There were no statistically significant
differences in the survival of mice injected with control and knockdown NPCs (Figure 4.4A).
However, when NPCs differentiated without SMARCB1 were injected into mice, visible tumors
formed over the course of three to six months in all mice injected (Figure 4.4B). Absence of
doxycycline treatment to the mice was sufficient to prevent tumor formation. Human nuclei
staining revealed that SMARCB 1-deficient cells were able to continue to proliferate within the
mice, forming visible tumors near the injection site and leading to a statistically significant
reduction of survival compared to mice not treated with doxycycline (Figure 4.4B).

This data further supports the concept of an interaction between SMARCBI1 loss and
neural differentiation state. It seems that cells early in the neural differentiation process are
sensitized towards tumorigenesis resulting from SMARCBI loss, while undifferentiated cells are
unable to tolerate the loss and committed neural progenitors are resistant to transformative effects.
These observations are consistent with the early age of onset of rhabdoid tumors, restricted

tissues of origin and rarity of SMARCBI loss of function mutations in other tumor types.
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Figure 4.4. Neural progenitor cells differentiated without SMARCBI1, but not NPCs with
post-differentiation knockdown, are capable of forming tumors orthotopically in mice. A)
Left, survival curves of mice injected with control or SMARCB1 knockdown NPCs induced
with doxycycline at the NPC state. Right, human nuclei staining of a sample shSMARCBI1
NPC cerebellum near the injection site. B) Left, survival curves of mice injected with NPCs
differentiated without SMARCBI, either with doxycycline removed or in the continued presence
of doxycycline. Statistical comparisons were conducted using the log-rank (Mantel-Cox) test. **
indicates a p-value < 0.01. Right, human nuclei staining of a sample mouse cerebellum injected
with ssSSMARCB1 NPCdiff and maintained with dox.
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4.5 Perspectives and conclusions

SMARCBI is an important chromatin remodeling subunit as well as a known tumor
suppressor whose loss is the primary driver of pediatric rhabdoid tumors. In this study we
have interrogated the interactions between SMARCBI loss, cellular differentiation state, and
transcriptional changes associated with tumorigenesis, while generating a cellular model which
will have utility for future mechanistic studies as well as for identification of potential thera-
peutic vulnerabilities in SMARCB 1-deficient cells. While other systems of SMARCBI loss or
reintroduction have been used to study the mechanisms underlying ATRT in a controlled manner
(11, 12, 24, 25, 38, 59), this complementary system has the benefit of using human cells, having
the flexibility to take into account the effects of differentiation processes, and using SMARCB 1
loss alone without additional oncogenic drivers, consistent with the human tumor phenotype
(8). In addition, similar to a recent publication (59), our study provides an interrogation of
the interactions between SMARCB/1 loss and neural development, however, here we illustrate
novel insight into the dramatic phenotypic differences which can occur with loss of SMARCB1
at different stages of differentiation, such as lethality in pluripotent cells and impairment of
neuronal commitment and maturation. This is the first study to model the interaction between
SMARCBI loss and cellular differentiation state that likely contributes to ATRT tumorigenesis
in human cells, and to monitor the accompanying gene expression and phenotypic changes.

We have demonstrated significant differences in the response of cells to SMARCBI1 loss
at differing stages of neural differentiation and identified a window early in neural commitment
in which cells seem to be particularly vulnerable to SMARCBI1 loss of function and in which
SMARCBI loss results in profound defects in the progression of differentiation. SMARCBI1 loss
during this period results in cells with greater similarity to ATRT tumors than loss at an earlier
pluripotent or later committed neural progenitor state, along with a lack of stability resulting
in a tendency toward stochastic alterations in cellular morphology and gene expression. This

provides insight into a possible mechanism for ATRT tumorigenesis in which a loss of SMARCB 1

70



during embryogenesis could result in cells which are primed for cellular transformation. This is
consistent with both the early age of onset of this disease and heterogeneity of presentation, as
well as with mouse data showing development of ATRT-like tumors with SMARCBI1 loss during
early mouse embryogenesis (11). While it is clear that the neural progenitors differentiated
without SMARCBI in this study are most similar to the SHH/Neurogenic subgroup of ATRT,
more work is needed to determine the mechanism underlying this similarity. It is possible that
the transcriptomic and epigenetic differences between the subgroups are driven by different
cells or developmental stages of origin, and the origin of SHH/Neurogenic tumors more closely
resembles the loss of function early in development which was applied in this study. Indeed, the
SHH/Neurogenic subgroup of tumors does tend to occur in younger children, consistent with
this hypothesis (13, 14). Another possibility is that the mechanism of SMARCBI1 loss could play
a role, with the larger chromosomal alterations observed more often in the other subgroups of
ATRT leading to additional effects on neighboring genes or regulatory regions not replicated
with a knockdown model. Thus, the predominance of smaller focal or point mutations in the
SHH subgroup might more closely resemble a SMARCB1 knockdown system.

In this study we focused on the interactions of SMARCBI1 loss with neural development,
but molecular heterogeneity and dysregulated developmental pathways observed in extra-cranial
malignant rhabdoid tumors (15, 60) suggest that a similar mechanism might take place in
other types of rhabdoid tumors. In all, we have presented an in depth investigation into the
stages of neural differentiation in which SMARCBI loss has the greatest effects on cellular
outcome, chronicled gene expression changes resulting from SMARCBI1 loss at various stages
of differentiation and generated a novel platform on which to expand our understanding on the

mechanisms and vulnerabilities underlying ATRT tumorigenesis.
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4.6 Methods
4.6.1 Pluripotent stem cell culture and neural differentiations

1PSCs were induced to form neural progenitor cells using a small-molecule based dif-
ferentiation protocol as described in Reinhardt et al. (50), using combined small-molecule
inhibition of BMP and TGF f signaling along with WNT and SHH pathway stimulation. Neuron
differentiations were also conducted as described in Reinhardt et al. for peripheral neurons (50),
starting from NPCs of 3-6 passages in smNPC maintenance medium (N2B27 medium + CHIR +
PMA). Neurons were harvested after two weeks in neuronal maturation medium (N2B27 medium
+ dbcAMP + TGF-b3 + BDNF + GDNF). Both neural progenitor and neuron differentiations
were conducted under 0.5 pg/mL puromycin to prevent loss of ShRNA expression. Rescue cell
lines were differentiated in the presence of 0.5 pg/mL puromycin and 100 pg/mL G418. When

needed, doxycycline was applied at a 1 ug/mL concentration for all experiments.

4.6.2 Western blots and immunoprecipitations

For western blots, cells were lysed in RIPA lysis buffer with proteinase and phosphatase
inhibitors. 20 ug lysate was run on an SDS-PAGE gel, transferred at 350 mA over 1.5 hours to
EMD Millipore Immobilon-P PVDF membrane, blocked for one hour in 5% BSA, and probed
with primary antibody overnight. Membranes were washed with PBS + 0.1% Tween-20, probed
for 1-2 hours with secondary HRP-conjugated antibody and exposed using Thermo Scientific
SuperSignal West Pico or Femto Chemiluminescent Substrate. For BAF complex immunopre-
cipitations, nuclear extractions were first performed using Thermo Scientific NE-PER Nuclear
and Cytoplasmic Extraction Reagents (78833) according to kit instructions. For immunopre-
cipitations, 2 ug of BRGI antibody (Santa Cruz, sc-17796) was incubated for one hour with
20 uLL Dynabeads Protein G magnetic beads (Thermo Fisher Scientific, 10004D), washed, then
incubated overnight at 4 C with 500 ug of nuclear lysate, washed and prepared for SDS-PAGE.

Washes were conducted with either citric or RIPA buffer, as specified. Western blots were run
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as previously described. Primary antibodies used for western blots were: SMARCB1/BAF47
(mouse, 1:500, BD Biosciences, 612110), GAPDH (rabbit, 1:5000, 2118), HDACI (rabbit,
1:1000, Cell Signaling, 2062), SMARCD1 (mouse, 1:1000, Santa Cruz, sc-135843), SMARCCI1
(rabbit, 1:1000, Santa Cruz, sc-10756), BRG1 (mouse, 1:1000, Santa Cruz, sc-17796), Nestin
(rabbit, 1:1000, EMD Millipore).

4.6.3 Bulk RNA sequencing preparation and analysis

RNA was extracted using Qiagen RNeasy Plus Mini Kit and library prep was conducted
using [llumina NEBNext Ultra Directional Library Prep Kit. Samples were sequenced using an
[llumina sequencer with a minimum of 20 million reads per sample. Transcriptome data was
aligned using the STAR aligner to a reference human genome (hg19). Reads were counted using
featureCounts with default settings, and differential expression analysis conducted using DESeq2
R package (61). Significant genes were considered to be those with a Benjamini-Hochberg
adjusted p-value of greater than 0.05 and a fold-change of greater than 2. Gene ontology analysis
for upregulated and downregulated genes was conducted using the GOrilla web-based tool (56),
comparing a list of up to 500 most significant genes (based on adjusted p-value) to a background
list of all expressed genes (rpkm > 4 across all samples). For gene ontology networks, top 500
significant genes were analyzed for GO biological process and Reactome biological pathway
enrichment by gProfiler (62) and output file visualized using Cytoscape (63) software with

EnrichmentMap plugin (64).

4.6.4 Flow cytometry

For neuron FACS experiments, Day 25 neurons were dissociated with Accutase + DNase
I for 30 minutes, with occasional gentle pipetting to break up clumps. Cells were filtered through
a cell strainer and resuspended in PBS + 1% FBS. 1 x 10° cells were stained with NCAM-1
antibody (CD56 Anti human Alexafluor 700, 1:200 dilution, Fisher Scientific, BDB557919) for

1 hour, washed three times with PBS + 1% FBS, and analyzed on a Sony SH800 instrument.
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4.6.5 Mouse xenograft experiments

Animal research experiments were approved by the UCSD Animal Care Program, proto-
col number S00192M. Control and SMARCB1 knockdown NPCs induced with doxycycline for
7 days prior to injection were dissociated using accutase (Innovative Cell Technologies), washed
with PBS, and resuspended at 1 x 10% cells in 2 uL PBS supplemented with 0.1% BSA per
animal. Animals were fed doxycycline chow for a week prior to injections and for the duration
of the experiment. Resuspended cells were kept on ice and were inoculated into the cerebellum
of 4-6 week-old female Nod scid mice (Charles River Laboratory) by stereotactic injections (2.0
mm posterior and 2.0 mm to the right of the bregma, and 3 mm deep from the inner plate of
the skull). Animals were sacrificed when weight loss was detected or animals began showing

neurological symptoms.

4.7 Supplementary Figures
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Figure S 4.1. NPCs differentiated with SMARCB1 knockdown are most similar to the
SHH/Group 1 subtype of ATRT in both organoid and directed differentiation models. (A)
RNA sequencing data from 25 ATRTs was compared to averaged single-cell RNA sequencing
data for each cluster in control and SMARCBI1 knockdown cerebral organoids. Left, chart of
pearson correlation values between individual clusters and ATRT samples, clustered by similarity
and labeled by subgroup designation (Johann et al. 2014). White indicates highest correlation
and red corresponds to lowest correlation. Labels indicate cell types corresponding to clusters.
Box indicates region of highest similarity between ATRT subgroup and organoid clusters. Right,
mean and standard error of pearson correlation values of progenitors from SMARCB1 knock-
down organoids with ATRTs from each subgroup. Comparisons between groups conducted
using one-way ANOVA with Tukey’s multiple comparisons test. *** indicates adjusted p-value
< 0.001. ** indicates p-value < 0.01. (B) Principal component analysis of RNA sequencing
results from 25 ATRT samples, labeled by corresponding subgroup where known, compared to
directed differentiation of control or SMARCB1 knockdown iPSCs differentiated into NPCs
in the presence of doxycycline (NPCdiff) or at the NPC state (NPC), along with BT16 ATRT
cell line and undifferentiated iPSCs induced with doxycycline. (C) Chart of pearson correlation
values between control and SMARCB1 knockdown iPSCs and NPCs, induced with doxycycline
during and post-differentiation, along with ATRT samples, clustered by similarity and labeled
by subgroup designation (Johann et al. 2014). White indicates highest correlation and red
corresponds to lowest correlation. Box indicates region of highest similarity between ATRT
subgroup and SMARCB1 knockdown model.
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Chapter 5

Conclusions and Future Directions

In summary, I have developed an inducible SMARCB 1-deficient induced pluripotent stem
cell line in order to model ATRT tumorigenesis and investigate interactions between SMARCB 1
loss and neural differentiation state. While initial experiments inducing genetic knockout
of SMARCBI using CRISPR-Cas9 methodology ultimately failed to generate homozygous
knockout clones, these experiments gave us early insight into the ability of SMARCBI loss to
initiate cell death in certain developmental contexts. In addition, an inducible system provides
versatility, allowing initiation of knockdown at various timepoints throughout a differentiation
process or in differentiated cells. These studies have demonstrated the utility and flexibility of an
engineered pluripotent cell line to investigate roles of developmental processes in tumorigenesis.
While we specifically used this system to look at the interactions between SMARCBI1 loss
and neural differentiation, it would be possible to apply this cell line to other developmental
contexts as well. Future applications could include studying the developmental context of kidney
rhabdoid tumor tumorigenesis or identifying whether differentiation down alternate lineages can
lead to the formation of cells resembling Group 2A/TYR or Group 2B/MYC ATRT. This cell
line also has an important potential application for in vitro drug screening to identify putative
ATRT therapeutics. NPCs differentiated without SMARCB1 represent an ideal candidate for
use in drug screens due to their demonstrated transcriptional similarity to ATRT, proliferative

and tumorigenic capacity, and the presence of a relevant isogenic control in the shControl cell
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line or ssSMARCBI line in the absence of doxycycline induction. These properties will allow
for ease of identifying drugs with a deleterious effect on growth of SMARCB 1-deficient cells
and removing those which also affect the proliferation or viability of wild-type cells. Given our
data suggesting a role for blocked differentiation in ATRT tumorigenesis, screens could also be
used to detect therapeutics capable of reversing this block and promoting cellular differentiation.
Our results suggest that promoting tumor differentiation might block the progression of ATRT
and could be a viable therapeutic strategy for these tumors. In addition, beyond developing a
model for a single tumor type, the techniques we utilized to develop an in vitro model of ATRT
could be replicated for many other conditions which involve a dysregulation of developmental
processes in disease pathogenesis.

I applied this inducible SMARCB1 knockdown cell line to demonstrate differences in the
phenotypic and transcriptional effects of SMARCBI1 loss depending on cellular differentiation
state. I determined that SMARCBI1 loss in pluripotent cells is lethal, leading to decreased
growth rate, loss of cellular adhesion and increased cell death. Additional studies could be
performed investigating the mechanisms by which SMARCBI loss leads to cell death in this
context and which epigenetic or signaling patterns are required for SMARCBI loss to have
this effect. 1 additionally determined that, in contrast to pluripotent cells, SMARCBI1 loss
in committed neural progenitors leads to no obvious phenotypic effects, although detectable
transcriptional changes do occur. These studies demonstrate the profound differences which can
occur in the effect of an epigenetic regulator like SMARCB1 depending on cellular context and
differentiation state. While it seems likely that the differences observed in transcriptional profiles
due to SMARCBI loss in different developmental contexts might be driven by differences
in the epigenetic landscape, additional data is needed to determine this conclusively. Further
studies will use chromatin immunoprecipitation sequencing (ChIP-seq) of histone marks and
BAF complex binding to investigate the relationships between cellular epigenetic landscape,
BAF complex activity and SMARCBI1 loss.

Application of SMARCB1 knockdown during the process of neural development revealed
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that the absence of SMARCBI1 contributes to differentiation defects in a cerebral organoid model
of neural development as well as during directed in vitro neuronal differentiation. In both of
these differentiation systems, SMARCB 1-deficient cells were not able to appropriately develop
into mature neurons. In the organoid system, SMARCB1 knockdown organoids displayed a sub-
stantial reduction in the number of mature neurons which formed, while in the directed neuronal
differentiation system, neural progenitors differentiated without SMARCB1 were deficient in
their ability to express markers of mature neurons after a 25 day neuronal differentiation and
maturation protocol. This data illustrates that SMARCB1 plays an important role in the process
of neural differentiation, particularly the commitment and maturation of neurons. While this
is an interesting observation, the mechanisms underlying this effect are yet to be determined.
Future studies could investigate whether these effects of SMARCB1 loss on neural differentiation
capacity are unique to SMARCBI1 or whether other means of reducing BAF complex activity
might have similar effects. It also remains to be determined whether SMARCBI1 is uniquely
involved in neuronal differentiation, or whether other cell lineages are similarly affected by
SMARCBI loss.

In addition to impaired neural differentiation, cells subjected to SMARCBI1 loss through-
out the neural developmental process displayed a marked loss of cellular stability. These cells
displayed higher morphological and transcriptional variability, particularly over multiple pas-
sages, compared to control or SMARCBI rescue cells. While control and rescue cells could be
maintained at the NPC state for many passages without noticeable phenotypic changes, NPCs
differentiated without SMARCBI1 were prone to spontaneous changes in cellular morphology
and growth rate, accompanied by transcriptional alterations. These cells were shown to be
capable of cerebellar xenograft formation in mice, and to be more tumorigenic than both control
NPCs and SMARCB1 knockdown NPCs which were induced with doxycycline at the NPC
state. In addition, transcriptional profiles of these cells showed the greatest similarity to ATRT
transcriptomes of all cell types analyzed. This combination of findings leads to a hypothesis of

ATRT tumorigenesis where early neural progenitors with SMARCB1 mutations are unable to
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differentiate normally, become trapped in a progenitor state, and are prone to transcriptional (and
possibly epigenetic) alterations which lead to tumorigenesis (Figure 5.1). Additional studies
analyzing the epigenetic landscapes of NPCs differentiated without SMARCB1 will elucidate
whether this observed transcriptional and phenotypic instability is driven by an inability of
SMARCB 1 -deficient cells to appropriately maintain a particular chromatin architecture.

In all, I have developed a novel cell-based model of atypical teratoid rhabdoid tumors
which can be applied to future studies and therapeutic screens. I have identified contributions of

the gene SMARCBI to the process of neural development, and neuronal maturation in particular.
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Figure 5.1. SMARCBI1 loss interacts with developmental state to redirect cell fate. Schematic
summarizing findings on the interaction between neural differentiation state and the effect of
SMARCBI loss. In pluripotent cells, SMARCBI loss results in cell death. In the early stages of
neural differentiation, SMARCBI1 loss induces dedifferentiation, morphology changes and lack
of stability in resulting NPCs along with defects in capacity for further neuronal differentiation.
With induction of knockdown in later stages of differentiation, little to no effect on differentiation
capacity or cell growth was observed.
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And I have observed alterations in cellular stability driven by interactions between SMARCB1
loss and the process of neural differentiation which may contribute to cellular transformation
and tumorigenesis. While many questions regarding the role of SMARCBI1 in development and
mechanisms of ATRT tumorigenesis remain unanswered, in this work I have provided substantial
contributions to the field of ATRT research and developed a model system which can be applied

to many future studies.
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