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ABSTRACT

Malignant Peripheral Nerve Sheath Tumor (MPNST) is a form of soft tissue sarcoma arising
from peripheral nerve sheath cells. Currently, there is no clinically available targeted therapy
because the targetable essential driver genes in this tumor are largely unknown. SMARCAD1
(SWI/SNF-related, matrix-associated actin-dependent regulator of chromatin, subfamily A,
containing DEAD/H box 1) has been identified as a new tumor suppressor of MPNSTs in zebrafish.
Several studies have also linked SMARCADI with cancer development together. However, the
cellular roles of SMARCAD1 in human MPNST cells remain unclear. To investigate DNA damage
repair functions of SMARCADI in human MPNST, we created a doxycycline-inducible
Schwannoma cell line by CRISPR-Cas13d, a newly developed mRNA knockdown method. I
verified efficiently SMARCADI knockdown cell line by western blot. In addition, knockdown of
SMARCADI inhibits Schwannoma cell proliferation and anchorage-independent growth. It is
reported that SMARCADI is involved in DNA damage repair mechanisms. I confirmed that loss
of SMARCADI expression compromises DNA damage repairing function in Schwannoma cells.
This result was also verified in two zebrafish smarcadl mutants. In summary, I utilized a novel
gene knockdown approach to generate a SMARCAD1 Schwannoma cell line and validated its
function in DNA damage repair. This study might provide information for developing a new

treatment option for MPNSTs.



1. INTRODUCTION

1.1 MPNST

1.1.1 Epidemiology of MPNST

Malignant Peripheral Nerve Sheath Tumor (MPNST) is a form of soft tissue sarcoma
arising from peripheral nerve sheath cells (Schwann cells) (Louis et al., 2016). It is an aggressive
tumor that tends to invade surrounding normal tissues. Although it is not a type of common cancer
with an incidence rate of 1.46 per million individuals in the US (Bates et al., 2014), MPNSTs
account for around 10% of all types of soft tissue sarcomas (Fuchs et al., 2005; Czarnecka, 2018).
It also has a poor 5-year survival rate between 16 and 52% (Natalie Wu & Lu, 2019). Approximate
50% of all MPNST cases are observed in patients with neurofibromatosis type 1 (NF1) (Amirian
et al., 2014), which is an autosomal-dominant genetic disorder caused by the NF'/ gene mutation.
MPNSTs are one of the most common non-rhabdomysosarcomatous soft tissue sarcomas
diagnosed in children (Amirian et al., 2014). Although peak diagnosis ages are 30-40 years among
the NF1-affected population, 70-80 years are the peak ages for the general population, and
pediatric cases still account for 10-20% of all MPNSTs.

1.1.2 Pathology of MPNST

MPNSTs often occur on the limbs and trunk, and they are also found in other body regions
like the head and neck (Kar et al., 2006). Diagnosis is difficult for MPNST due to the lack of
specific histology characteristics and immunohistochemistry markers (Combemale et al. 2014).
Thus, over the years, other types of soft tissue sarcomas have been incorrectly identified as
MPNSTs (Allison et al., 2005; Inoue et al., 2014). Sarcoma arising from a pre-existing benign
nerve sheath tumor should be qualified as MPNST (Ferrari et al., 2007). For example, malignant
tumors with a spindle cell morphology identified in neurofibromatosis type 1 patients should be
considered as MPNST unless proven otherwise. Sarcoma involved in a major nerve should be
highly suspected as MPNST, whereas several MPNST mimics should not be excluded as well,
such as synovial sarcoma, rhabdomyosarcoma, leiomyosarcoma, or angiosarcoma (Allison et al.,

2005). Tumors with no major nerve-relate are the most challenging type for MPNST diagnosis. It
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requires tests combining morphology examination and immunohistochemistry detection for the

Schwann cells.

Morphologically, MPNST cells are spindled, hypercellular tumor cells with intersecting
fascicles. Other morphologic features such as perivascular accentuation of cellularity, tumor
herniation into vascular lumens and necrosis are frequently found in this type of tumor (Rodriguez
et al., 2012). Several immunohistochemical features of MPNST can be utilized for the diagnosis.
S100 is a non-specific marker that separates neural crest origin tumor cells from non-neural
neoplasms (Kuberappa, 2016). It expresses in around 50% of MPNST cases but usually with a
scattered pattern (Stasik & Tawfik, 2006), which is significantly different from diffused expression
patterns in Schwannoma or melanoma (Thway & Fisher, 2014). Therefore, usage of S100
immunostaining provides a crucial diagnostic criterion to distinguish MPNST from other MPNST
mimics such as Schwannoma and different types of soft tissue sarcomas. Positive staining of other
common [HC markers, including CD34 and SOX10 been utilized for MPNST diagnosis, although
they cannot separate MPNST from Schwannoma and neurofibroma (Naber et al., 2011; Miettinen
etal., 2015). Recent studies revealed that loss of H3K27me3 can be used for sensitively identifying
MPNST (Prieto-Granada et al., 2016; Cleven et al., 2016; Sugita et al., 2021). 72% of all MPNST
cases showed completely loss of H3K27me3 expression, and 23% of all patients have a partial loss
pattern (Prieto-Granada et al., 2016). However, H3K27me3 cannot distinguish MPNST from
melanoma because more than half of melanoma cases showed partial loss (Le Guellec et al., 2017).
Overall, diagnosis of MPNSTs is difficult due to the lack of specific markers for distinguishing

this type of tumor from its mimics.

1.1.3 MPNST Etiology

MPNST could sporadically occur or transform from the existing benign tumor, NF1
neurofibromas and Schwannomas that are linked with the NFI genes. The NFI gene encodes
neurofibromin protein. It activates GTPase which dephosphorylates RAS-GTP into inactive RAS-
GDP, therefore, suppressing the RAS signaling pathway (Martin et al., 1990). Loss of function of
NFI gene lead to hyperactivation of RAS, which activates downstream pathways such as mTOR
or MEK/MAPK pathways (Bergoug et al., 2020). These pathways contribute to cell viability,

proliferation, and cell death. Loss of function of NF/ results in benign neurofibroma formation,
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but it is not sufficient for MPNST development (Yang et al., 2008). Other than NFI, somatic
mutation of CDKN2A, SUZI12, EGFR, and TP53 are frequently found in MPNSTs (Perry et al.,
2002; Legius et al., 1994; De Raedt et al., 2014; M. Zhang et al., 2014). Loss of CDKN2A has
been reported in the majority of atypical neurofibromas, which were identified as a precursor of
MPNST (Beert et al., 2011; Chaney et al., 2020). However, alterations of 7P53, EGFR, and SUZI2
expression were only discovered in MPNST, not in benign or atypical neurofibromas (Legius et
al., 1994; De Raedt et al., 2014; M. Zhang et al., 2014). These studies suggest a model that loss of
NFI causes benign neurofibroma formation, then CDKN24 loss transfer benign neurofibroma to
premalignant neurofibroma. In contrast, alterations of 7P53, EGFR, and SUZ12 only contribute to
the malignant transformation of MPNST (Prudner et al., 2020).

Besides mutations of tumor driver genes, DNA copy number alterations (CNAs) are
reported in MPNSTs. Cytogenetic studies using array comparative genomic hybridization (aCGH)
identified copy number gains on chromosomes 7, 8q, 15q, and 17q, and losses on 1p, 9p, 11, 12p,
14q, 17q, 18, 22q, X, and Y in human MPNSTs (Beert et al., 2011). Deletion of human
chromosome locus 9p21.3 was most observed in this comparative study. This region harbors the
MTAP, and CDKN2A4/B genes, which are reported to involve in different types of tumors. The
most identified gains are on 5ql4.1, 7p14.1 and 7q36.1, which contain the AP3B1, CULI, and
NEDLI genes (Mantripragada et al., 2009). These genes were reported to function as cell cycle

regulators, which may provide advantages for cancer cell growth.

Naturally, there are many key tumor driver candidates of MPNST, whereas it is difficult to
identify them within these large CNAs. Zhang et al. narrowed down the number of tumor driver
candidates by cross-species comparisons between humans and zebrafish. The rationale behind this
approach is: first, similar to human MPNST, zebrafish MPNST has been identified as highly
aneuploid. Secondly, many essential cancer genes, including p53, pten, nfl, and nf2 are conserved
between these two species (Berghmans et al., 2005; Faucherre et al., 2008; Rudner et al., 2011;
Shin et al., 2012). Thirdly, the evolutionarily distance between humans and zebrafish is far, which
means they share small syntenies. The locations of genes on chromosomes have been reshuffled
during evolution (Postlethwait et al., 1998). Therefore, the passenger genes can be excluded more
efficiently through this comparison. Many genes, such as CCND2, ETV6, HGF, HSF1, KIT,
MDM?2, MET, and PDGFR, were identified gained in both humans and zebrafish. These genes

have previously been found overexpressed in a variety of human tumors. Three genes that are
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frequently lost in human Schwann cell tumors: NF1, NF2, and SMARCBI, are also found in copy
number loss regions both in human and zebrafish samples. PTEN is a key tumor suppressor gene
which has been identified lost in both humans and zebrafish. The dosage of PTEN expression was
identified to controls the development neurofibroma and the malignant transformation into
MPNSTs (Gregorian et al., 2009). Some novel tumor suppressors, such as SMARCADI, LZTRI,
SMARCA?2, and KANK1, were identified as lost (G. Zhang et al., 2013). This study has screened
various oncogene/ tumor suppressor gene candidates in MPNST. It also demonstrated the genetic

complexity of MPNSTs due to their aneuploidy.

1.1.4 Management of MPNSTSs

Management of MPNST is challenging, and treatment option is limited. Similar to other
types of soft tissue sarcoma, surgical resection is the first choice to treat MPNST. RO resection
with at least 2 centimeter extra excision around the tumor has the best outcome for the patients
(Baehring et al., 2003). However, resection can be difficult depending on tumor size, location, and
metastatic presentation. MPNSTs mainly develop along major nerves. The most common sites
involved in MPNSTSs are extremities. The trunk, head, and neck are common locations (Kar et al.,
2006). Therefore, RO resection for extremities MPNSTSs relatively results in better outcomes
compared to head and neck MPNSTs (Ferrari et al., 2002). However, resection for the tumors
involved in local vascular would potentially result in necrosis. Resection for head and neck
MPNSTs is extremely challenging and usually results in a poorer outcome (Knight et al., 2022).
Re-resection is recommended if primary resection is unable to remove the tumor completely.
Adjuvant radiation therapy can be performed to improve local control for large high-grade lesions
(>5cm) (Angelov et al., 1998). Generally, MPNSTs have a high recurrence rate after surgery,
which can be 40-65% (Du et al., 2019). More studies are required to improve surgical management

of this type of tumor.

Traditional chemotherapy has a minimal response by most MPNST patients (Bradford &
Kim, 2015). Doxorubicin and ifosfamide have been considered the most -effective
chemotherapeutic reagents, which were either treated solely or combinedly (Seno et al., 2017).
The study has shown that NF1-associated MPNSTs have fewer responses to chemotherapy
compared with sporadic MPNSTs (Higham et al., 2017). Radiation therapy should be used with
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caution for NFI-related MPNST since radiation is one of the triggers for the malignant
transformation of type-1 neurofibroma (Evans et al., 2006). Targeted therapies are generally highly
potent and with fewer side effects. Thus, the development of targeted therapy is crucial for treating
this type of tumor. However, clinical trials for these inhibitors haven’t achieved promising results
yet, though many attempts have been made in the past. Ras signaling pathway has been considered
targetable in NFI-associated MPNST because the biallelic mutation of the NFI gene
hyperactivates RAS protein. Tipifarnib, a farnesyl protein transferase inhibitor that inhibits post-
translational farnesylation of RAS protein, has been observed with no objective responses in phase
I trial in pediatric neurofibroma patients (Widemann et al., 2006). RAS signaling downstream,
MAPK pathway is a potential target as well. The MEK inhibitor, PD184352, was reported to
selectively induce MPNST cells apoptosis (Mattingly et al., 2006). However, currently, there is no
clinical data available to prove it is effective in patients. Sorafenib, a small molecular inhibitor of
VEGF and RAF, indicated a promising non-progression rate in patients with different types of
metastatic sarcomas. However, the phase II trial failed in MPNST patients (Maki et al., 2009).
Similarly, clinical trials for inhibitors against mTOR, PTEN, and EGFR were still ongoing (Farid
etal., 2014), but no promises were seen. Therefore, currently, there is no targeted therapy clinically

available for MPNST because the key driver genes in this tumor are largely unknown.

DNA replication and DNA damage repairing pathway genes have been revealed as
potential targets for MPNST therapy. Topoisomerase Ila (70OP24) was identified highly
upregulated in MPNSTs but not in neurofibromas by cDNA microarray analyses (Skotheim et al.,
2003). It was reported that the response of TOP24 inhibitor etoposide was improved in MPNST
patients with the combination of ifosfamide (Higham et al., 2017). Poly-ADP ribose polymerase
inhibitors (PARP1) target DNA damage repairing mechanism. They are widely used in treating
different types of cancer including ovarian cancer, prostate cancer, and BRCA1/2 deficient breast
cancer. Kivlin et al. found that PARP1 and PARP2 have high expression levels in MPNST tissue
samples. PARP inhibitor AZD2281 effectively suppresses proliferation in multiple MPNST cell
lines. AZD2281 treatment also decreases cell proliferation and increases cell apoptosis of MPNST
xenograft (Kivlin et al., 2016). These studies suggest genes involved in DNA replication and
damage repairing could potentially be a therapeutic target if there is a synthetic lethality effect in

cancer cells.
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1.2 The SMARCADI gene

1.2.1 Functions of SMARCAD1

Human chromosome fragment 4q22-23 was reported to be deleted in MPNST and several
other types of cancer (Adra et al., 2000; Cetin et al., 2008; Uzunoglu et al., 2014). To identify
MPNST driver genes in this chromosomal region, our lab analyzes copy number alteration (CNA)
in human MPNSTs and zebrafish MPNSTs by massively parallel sequencing. The SMARCAD1
(SWI/SNF-related, matrix-associated actin-dependent regulator of chromatin, subfamily A,
containing DEAD/H box 1) gene has been identified as a tumor suppressor candidate in the 4q22-
23 region (G. Zhang et al., 2013). SMARCADI1 belongs to the SNF2 protein family that remodels
chromatin using energy from ATP hydrolysis (Schoor et al., 1999). We recently have demonstrated
that a homologous zebrafish gene, smarcadla, is a novel tumor suppressor gene for zebrafish

MPNSTs (Han et al., 2022).

The function of this gene and its orthologs are not extensively studied yet in mammalian
cells, but based on yeast studies on its homologous gene, FUN30, and sporadic studies in human
cell lines and invertebrates, SMARCADI has three main functions 1). It controls gene expression.

OFFT3 was found to disassemble nucleosomes in

Fission yeast smarcadl ortholog FUN3
transcriptional regions to promote RNA Polymerase Il transcription (Lee et al., 2017). Drosophila
SMARCADI protein was reported to enhance the acetylation of histone H2A K5 and K8 through
interaction with CREB-binding protein (CBP), resulting in transcription activation (Doiguchi et
al., 2016). Yeast Fun30 was also reported to regulate alternative RNA splicing (Niu et al., 2020)
2). SMARCADI1 maintains heterochromatin and regulates DNA replication. Rowbotham et,
al. reported that SMARCADI knockdown increases acetylation of H3 and H4 and decreases
methylation of H3K9, suggesting SMARCADI maintains heterochromatin. In addition, it was
found to interact with histone deacetylases (HDACs), H3K9 methyltransferase G9a, and
heterochromatin maintenance factor KRAB-associated protein 1 (KAPIl) in maintaining
heterochromatin after DNA replication (Rowbotham et al., 2011). Another recent study has
revealed that SMARCADI transfers the whole histone octamer between DNA segments ATP-
dependently during de novo nucleosome assembly. Its catalytic activity requires the N-terminal

tails of histone H3 and H4 (Markert et al., 2021). Moreover, heterochromatin maintained by

SMARCADI was reported to play an essential role in genome stability by inhibiting endogenous
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retroviral elements (Sachs et al., 2019). Serval other studies have shown that SMARCADI
interacts with DNA clamp PCNA protein (Proliferating Cell Nuclear Antigen) at the DNA
replication site (Rowbotham et al., 2011; Yu & Maria, 2021). It was reported to prevent the
accumulation of 53BP1 (p53-Binding Protein 1) and ATADS (ATPase Family AAA Domain
Containing 5) in the replication site, therefore, maintaining PCNA level in replication folk in
MRCS5 human fibroblasts (Yu & Maria, 2021). 3). SMARCADI is involved in the DNA damage
repairing mechanism. SMARCADI plays essential roles in multiple DNA damage responses
such as DNA mismatch repair pathway (MMR) (Terui et al., 2018) and homologous recombination
(HR) induced by double-strand DNA breaks (DSB) (Chakraborty et al., 2018; Costelloe et al.,
2012; Densham et al., 2016). SMARCADI1 was reported to involve in double-strand break (DSB)
repairing pathway choice and required for DNA end-resection (Costelloe et al., 2012). In addition,
SMARCADI1 promotes homologous recombination by removing 53BP1 on the DNA DSB site
(Densham et al., 2016).

1.2.2 DNA damage repairing functions of SMARCAD1

There are two major double strand break repairing pathway: Homologous recombination
(HR) and Non-homologous end-joining (NHEJ). Homologous recombination is an error-proof
DSB repairing pathway that only processes during the G1 and S phases due to its requirement for
homologous DNA. DNA end-resection is an important step in HR. This process generates a 3’
single-stranded DNA overhang that can “invade” the homologous sequence to eventually restore
the break site. SMARCADI was reported to promote DNA end-resection. Knockdown of
SMARCADI1 reduced ssDNA generation at the DSB site in human osteosarcoma cell lines
(Chakraborty et al., 2018; Costelloe et al., 2012). Decreased localizations of HR proteins such as
RPA, RADS51, and BRCALI at the DSB site were also observed after SMARCAD1 knockdown
(Chakraborty et al., 2018). These results indicate that SMARCADI1 has an essential role in DSB

repairing choice, but the mechanism is still unclear.

Interestingly, 53BP1, a DSB repairing pathway choice regulator, was found to be removed
late from DSB sites in SMARCADI knockdown cells (Chakraborty et al., 2018). 53BPI is a
chromatin reader that identifies and binds to H4K20me2 and H2AK15ub to facilitate NHEJ and
limits DSB end-resection (Fradet-Turcotte et al., 2013; Wilson et al., 2016).
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The yeast smarcadl ortholog fun30 (function unknown number 30) was reported to
facilitate DNA end-resection. Fun30 deletion bubble yeast showed a slower resection rate than the
wild type after DSB. However, in yeast 53BP[ ortholog rad9 knockout mutant, fun30 becomes
less important in DNA resection than in wildtype bubble yeast (Chen et al., 2012). This result
suggests fun3( facilities DNA end-resection by overcoming inhibition from rad9. Densham et al.
confirmed a similar mechanism in human cells by double knockdown of 53BPI and SMARCADI.
Double knockdown recovered the suppression of DNA end-resection caused by single knockdown
of SMARCADI (Densham et al., 2016). Several discoveries have suggested SMARCADI1
promotes DNA end-resection by remodeling 53BP1 targeting histone through its histone-transfer
ability. However, the detailed mechanism of SMARCADI facilitating DNA end-resection by

antagonizing 53BP1 function is still unclear.

1.2.3 Smarcadl is a tumor suppressor gene

Human SMARCADI has been found frequently lost in MPNST and several other types of
cancers. Many studies have linked SMARCAD1 with cancer development together. Mutation of a
skin-specific isoform of SMARCADI has been found in human squamous cell carcinoma
(Gtinther et al., 2018). Knockdown of SMARCADI in breast cancer cells leads to decreased cell
migration proliferation and metastasis (Al Kubaisy et al., 2016). Homozygous Et/l (Mouse
SMARCADI ortholog) knockout mice experience serval abnormalities, including gastro-intestinal
tumors (Schoor et al., 1999). As previously described, SMARCAD I maintains heterochromatin and

DNA break repair pathways, and both are critical for suppressing tumor development.

Our recent data show that loss of smarcadla, one of the orthologs of human SMARCAD1
in zebrafish, accelerates tumorigenesis of MPNST with #p53 mutation background (Han et al.,
2021). This result provides genetic evidence to prove smarcadla is a novel tumor suppressor gene
in zebrafish. It is the first direct evidence to support SMARCADI’s tumor suppressive function in
vivo. However, whether human SMARCADI]1 has a similar cellular function in Schwann and

MPNST cells is still unknown.
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Figure 1. Functions of SMARCAD1

1.3  CRISPR- Cas13d gene knockdown system

1.3.1 Gene knockdown technologies

Inactivation of tumor suppressor genes usually promotes tumor development. Thus,
knockdown/knockout of a potential tumor suppressor gene in premalignant/ benign tumor cells is
an initial step to studying the tumor-suppressive suppressor gene’s functions in cancer. There are
several technologies developed for this purpose. RNA interference (RNAI) is an extensively used
method for knockdown target gene. It contains two categories: transient expression of siRNA and
stable expression of shRNA. siRNA (small interfering RNA) is a 21-23 base pair double-stranded
RNA which is designed to target specific mRNA sequences (Bernstein et al., 2001). siRNA can
be transfected into cancer cells to degenerate target mRNA associated with RNA-induced silencing
complex (RISC) (Nykénen et al., 2001). However, gene knockdown by siRNA is temporary. The
interference will be lost with cell division. The shRNA (short-hairpin RNA) is a stable siRNA
delivery method. It is designed by adding a 19bp stem-loop structure to double-stranded siRNA.
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shRNA can be assembled with Polymerase III promoters such as U6 in a construct and delivered
into cells by a viral infection (Brummelkamp et al., 2002). Once transcript, ShARNA will be
processed by DICER into a siRNA, downregulating the target gene. RNAI is relatively highly
efficient, and it is a powerful tool for studying tumor suppressor genes. However, studies have
demonstrated that RNAi might interfere with multiple mRNAs other than the sequences they were
designed to. This off-target effect can lead to a false conclusion when observing phenotypes after
target gene knockdown (Putzbach et al., 2017). Moreover, the efficiency of RNAI is varied and
highly dependent on the target sequence, while the mechanism of siRNA intracellular processing

remains largely unclear.

Other technologies, such as CRISPR-Cas9, ZFNs, and TALENSs, are DNA editing methods
that will alter the cell genome permanently. CRISPR-Cas9 is a widely used technology due to its
simplicity, effectiveness, and efficiency. However, these DNA-targeted methods have some
drawbacks. These methods are highly relied on DNA damage repairing mechanism, which will
bring a variety of mutations in the target gene. Therefore, isolation and characterization of
individual mutants are necessary but also tedious steps while using these technologies. It is also
challenging to study the genes of interest when such genes are essential for cell survival by these

approaches.

In this study, we chose a newly developed CRISPR-Cas13d system, which is a highly
sensitive RNA-editing knockdown tool for generating SMARCADI loss-of-function cell lines.

1.3.2 Classification of CRISPR-Cas system

CRISPR-Cas system was first identified in E. coli. It functions as an adaptive immunity
against mobile genetic elements like viruses in bacteria. One of the defense activities of CRISPR-
Cas systems is sequence-specifically DNA/RNA cleavage guided by RNA (Mohanraju et al.,
2016). All the currently discovered CRISPR-Cas systems have been separated into two classes.
Class 1 system functions by forming protein complex that contains multiple Cas proteins, whereas
class two functions only use a single protein with multiple functional domains (Makarova et al.,
2015). Because the class 2 Cas system contains less elements, it has been widely adopted as a

genome editing tool (Cong et al., 2013; Hsu et al., 2014; Wright et al., 2016). Class 2 CRISPR-

19



Cas systems have been classified into three types, II, V and VI. Type VI systems are the only
known RNA-targeting CRISPR system so far.

1.3.3 CRISPR-Cas13d is an advanced gene knockdown system

CRISPR-Cas13 is an RNA-guided, RNA-targeting CRISPR-Cas system (Type VI) that has
been recently identified and utilized for mRNA knockdown (Abudayyeh et al., 2017; O’Connell,
2019). Similar to Cas9, Cas13 forms a complex with guide RNA that contains a short hairpin and
around 30nt spacer. It recognizes the hairpin and targets a specific RNA sequence complementary
to the spacer sequence. Cas13’s RNase activity leads to cleavage of the target transcript (O’ Connell,
2019). As Casl3 can cleavage crRNA array into gRNAs, this feature allows us to target multiple
sequences at the same time using a ctRNA array that is composed of gRNAs (Abudayyeh et al.,
2017). So far, four subtypes of Cas13 have been discovered, including Cas13a, Cas13b, Casl3c,
and Cas13d (Shmakov et al., 2017; Konermann et al., 2018). Similar to PAM (protospacer adjacent
motif) sequence for Cas9, efficiently RNA cleavage by Cas13a/b/c requires a protospacer flanking
site (PFS) in the targeted RNA sequence, which is a specific single nucleotide at the 5’ or 3’ end
of the guide RNA. Cas13d, however, can facilitate RNA knockdown in mammalian cells PFS-
independently (Konermann et al., 2018). Therefore, the gRNA design for Casl3d has fewer
limitations. The Figure 2 illustrates the progress of CRSIPR-Cas13d knockdown. Cas13d from
Ruminococcus flavefaciens XPD3002 (CasRfx) has been identified with robust activity in human
cells. It was proved to have better knockdown efficiency than shRNA, CRISPRi, and other Cas13s
(Konermann et al., 2018). I used this novel RNA knockdown system in studying the functions of
SMARCADI in human cell lines in this study.
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Figure 2. Illustration of CRISPR-Cas13d system: Cas13d protein is capable to process its own
CRISPR array with multiple gRNAs. Cas13d will identify specific mRNA sequences with the
guidance of gRNAs. Then target mRNA sequence will be cleaved by Cas13d’s RNase activity. It
will lead to mRNA degradation eventually.
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2. MATERIAL AND METHODS

2.1 Cell lines and cell culture

The human MPNST cell lines, human kidney epithelial cell line HEK293T, and human
schwannoma cell line HEI193 were purchased from ATCC. Cells were cultured in Eagle's minimal
essential medium (DMEM) with 10% fetal bovine serum (FBS). Penicillin (100IU/ml), and
streptomycin (100ug/ml) were added to the culture media during cell culture. All the cells were

incubated at 37°C humidified incubator with 5% CO:.

2.2 CRISPR-Cas13 SMARCADI1 knockdown in HEI193 cells

2.2.1 gRNA array design

To knockdown SMARCADI expression in a schwannoma cell line, we utilized a newly
developed RNA targeting CRISPR-Cas13d system. The protein-coding transcript of SMARCAD1
was targeted. Cas13d was reported to have pre-ctrRNA processing ability. It can cleavage a gRNA
array that targets different RNA sequences. We designed a crRNA array that contains three
different gRNAs that target exon2, exon 12, and exon 24 (3’UTR), respectively, based on the
sequence of the ENSEMBL transcript (ENST00000354268). The three gRNAs were designed with
an online Casl3 design tool (https://casl3design.nygenome.org/). Sequences of gRNAs can be
found in Table 1. The prediction suggests no off-targets for these gRNAs.

To assemble three gRNA into the RNA assay, we designed two oligos with restriction
endonuclease cutting site (BsmB I), which contain three individual mRNA sequences (Table 1).

All oligonucleotides were synthesized by the ITD (The Integrated DNA).

2.2.2 DNA Construct Generation

To express gRNAs and casl3d protein in HEI193 cells, we chose an established
tetracycline-inducible Cas13d expression system (Wessels et al., 2020). It contains two constructs,
pLentiRNACRISPRO07-TetO-NLS-RfxCas13d-NLS-WPRE-EFS-rtTA3-2A-Blast and
pLentiRNACRISPRO01-hU6-RfxCas13d-DR1-BsmBI-EFS-Puro-WPRE. plentiRNAO0O1
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constantly expresses gRNAs, while plentiRNAOO7 expresses Casl3d protein only under

doxycycline activation. (Figure 3)

We ligated two oligos containing gRNAs sequence with plentiCRISPRRNAOO! vector
using golden gate cloning (K. Zhang et al., 2020). First, the sense strand and antisense strand
oligonucleotides were annealed in a thermocycler using a thermocycler program: 95°C: 5 minutes,
95-85°C: -20°C /second, 85-25°C: - 0.10°C /second. Next, we mixed two double-stranded
oligonucleotides (2ul each oligonucleotide) with 300ng plentiCRISPRRNAOO1 empty vector and
then added 1ul Type IIS endonuclease BsmB I (New England Biolabs, #R0739L) and 1ul T4 ligase
(New England Biolabs, #M0202M). The reactions were incubated in a thermocycler with a
thermocycler program: (42°C: 1min, 16°C) X 60, 60°C: Smin, 12°C, 2min.

2.2.3 Transformation and plasmid construct diagnosis

We performed plasmids transformation using the heat shock method (Hanahan, 1983). Five
microliter ligation product was added into 50ul of competent E. coli cells stbl3. The mixture was
incubated on ice for 30min. Then, heat shock was performed by incubating E. coli cells at 42 for
Imin, then transferred to ice and incubated for 2min. Next, 150ul LB media was added to the
mixture, and sample tubes were incubated in an orbital cell culture shaker at 37°C. All the products
will be spread onto an LB agar plate with 50ug/ml ampicillin. The transformed cells were

incubated overnight at 37°C to produce enough colonies.

Colony PCR was performed to identify colonies with the correct plasmid. Forward primer
SV40pA-F (5-GGACAAACCACAACTAGAATGCAG-3’) and reverse primer U6a-Seq333F
(5’-GCTCTCCCTCCAGCTCTTGGTTC-3’) were used to identify the inserted sequence in
plentiCRISPRRNAOO1 vector. Colonies with positive PCR band will be cultured overnight at
37°C. Mini-prep was performed to extract the plasmid then the correct plasmid will be verified by

Sanger-sequencing.

2.2.4 Generating a stable cell line

A stable SMARCADI1 knockdown HEI193 cell line was chosen because it has relative
normal SMARCADI1 expression by western blot, and it is a benign tumor cell line. First,

plentiRNACRISPR007, a doxycycline inducible Cas13d expression construct, was transduced into
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the HEI193 cell line by lentivirus. HEK293T cell line was used to produce lentivirus by transient
transfection. About 10ug plentiRNACRISPRO07 construct, 7.5ug lentivirus packaging construct
CMV-DRS8.2 and 2.5ug lentivirus envelop construct CMV-VSVG were transfected together into
HEK293T cells using Turbofect (Thermo Fisher, # R0531) transfection reagent following the
manufacturer protocol. The cell culture medium was refreshed after overnight incubation. Then
media containing lentivirus was collected twice at 48hr and 72hr post-transfection. This medium
was filtered and concentrated by LentiX concentrator according to the manufacturer's manual.
After further concentrated by centrifugation, all the viruses were used to infect HEI193 cells. Cells
were incubated with viruses and 8ug/ml polybrene overnight, then incubated in fresh cell culture

media for 24hr. Sug/ml blasticidin was used to select positive cells for at least seven days.

Next, the plentiRNACRSIPROO1 construct containing three gRNA was introduced into
plentiRNACRISPRO07-HEI193 cells, which conditionally express Cas13d. The procedure of
lentiviral transduction followed the protocol described above. plentiRNACRSIPR0OO01 construct
has a puromycin resistance element instead of a blasticidin resistance element. Therefore, 2ug/ml

puromycin was used to select cells that express both Cas13d and gRNAs.

2.2.5 Verification of SMARCADI1 knockdown in the CRISPR-Cas13d HEI193 cell line

Newly generated Tet-on Cas13d SMARCAD1 knockdown HEI193 cells were seeded into
a 6-well plate. Different dosages of doxycycline (0, 125ng, 250ng, 500ng, 1000ng, 2000ng/ml)
were treated in each well through serial dilutions. After three days of treatment, cells were
collected and lysed. Then cell lysates were used to detect SMARCAD1 expression by western blot
following the procedure that will be described in 2.3.

2.3  Western blotting

Treatment for each sample before western blot is different dependent on different
experiment designs. Cells were incubated and cultured until 80% confluency. Then cell samples
were lysed by ice-cold RIPA buffer with a protease inhibitor (Roche: #5892791001) and a
phosphatase inhibitor (Roche: #4906837001) directly after being rinsed three times with cold PBS.
Bicinchoninic acid (BCA) assay was used to measure the total protein concentration in each

sample using a kit (Thermo Fisher, #23227). Total protein was electrophoresed on SDS-page gels
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with different concentrations, depending on the target protein size. Then proteins were transferred
to the PVDF membrane to perform blotting (Bio-rad # 1620177). Antibodies used for western blot:
human Anti-phosphorylated-histone H2A.X (Ser139) (Millipore, 05-636; 1:1000), zebrafish Anti-
phosphorylated-histone H2A.X (Ser139) (Genetex, GTX127342; 1:1000), anti-SMARCADI
(#12458, Cell signaling: 1:1000), B-ACTIN (sc-47778, Santa Cruz, 1:2000). Images were taken
using Azure 280 Economical Chemi Imager (Azure, #AZI280). Band/protein intensity was

quantified using ImagelJ software.

2.4  DNA damage repair response

Human Schwannoma cell line HEI193 with doxycycline induced SMARCAD1 knockdown
and without SMARCADI knockdown were treated with 4Gy X-ray irradiation. The radiation was
produced with an X-ray irradiator (X-RAD 320, PXi Precision X-Ray) with a dose rate of 1 Gy/25s.
Cells were then lysed using RIPA buffer with 10% protease inhibitor (Roche: #5892791001) and
10% phosphatase inhibitor (Roche: #4906837001) at 30min, 60min, 120min, 600min post-
irradiation. BCA assay was used to measure the total protein concentration in each sample.

Western blots were performed following the procedure described in section 2.3.

Zebrafish embryos were raised in Petri dishes with system water and 0.01mg/L methylene
blue until 1-day post- fertilization. Before irradiation, chorions were removed by incubating fish
embryos in fish water with Img/mL pronase. Then pronase was washed out, and embryos were
rinsed with fish system water 3 times. Then the de-chlorinated embryos were resting in system
water for at least one hour. Next, embryos were treated with 15Gy X-ray irradiation with a dose
rate of 1 Gy/25s. Non-irradiated control embryos were mock irradiated at room temperature as
well. All Embryos were collected for protein extraction at 1hour, 24 hours, 36 hours, 48 hours, and
72 hours post-irradiation. At each collection point, embryos were transferred into 1.5mL
Eppendorf tubes. System water was removed then ImL deyolking buffer (0.3 mM PMSF and
10 mM EDTA in calcium-free Ringer's solution) was added to each tube. The yolk was removed
by gently pipetting up and down, followed by a brief centrifuge (200 rpm, 30 seconds). After
removing the yolk, embryos were rinsed in calcium-free Ringer’s solution three times to
completely remove the yolk. Then RIPA lysis buffer with a protease inhibitor cocktail (Roche:
#5892791001) and a phosphatase inhibitor (Roche: #4906837001) was added to completely lysis
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embryos. BCA assay was used to measure the total protein concentration in each experiment

sample. Western blots were performed following the procedure in section 2.3.

2.5 Cell viability and anchorage-independent growth

The cell viability of the SMARCAD1 knockdown HEI193 cell line was measured by MTT
assay. Cas13d SMARCADI knockdown HEI193 cell line was seeded in a 96-well plate. Two
thousand cells were seeded in each well. On the second day, doxycycline (500ng/ml) was added
to half of the wells to induce SMARCAD1 knockdown. 24 hours later, all the wells were treated
with MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Thermo #M6494,
0.5 mg/ml). Viable cells are capable of reducing MTT into insoluble formazan. After 4 hours of
incubation, cell media was removed. 100ul DMSO was added into each well to dissolve formazan.
A plate spectrophotometer (Bio-TEK) was used to measure optical density at 595nm in each well.
Cell viability will be tracked for 5 days. Student #-test was used to calculate the significance

between non-doxycycline treatment and doxycycline treatment cells.

The soft-agar assay was performed to examine anchorage-independent growth in
Schwannoma cells. Briefly, 1% and 0.6% agar were prepared and autoclaved prior to the
experiment. Both agar solutions were cooled down in a water bath until the temperature dropped
to 42°C. Then 1% agar was mixed with cell culture media in a 1:1 ratio, 1.5ml of the mixture was
added to each well in a 6-well plate. The plate will be incubated at room temperature for 10min to
let the agar solidify. HEI193 SMARCADI CRISPR-Cas13d cells were trypsinized and re-
suspended in cell culture media. One thousand cells were seeded in each well. 0.6% agar was
mixed with cells suspension in a 1:1 ratio. 1ml mixture with agar and cells was placed in each well
on the top of lower agar layer. The plate will be incubated at room temperature for 10min to let
the agar solidify. Then 1 ml cell culture media was gently added on the top of upper agar layer.
The plate was incubated overnight in a 37°C humidified incubator. The next day, the media in the
3 wells on the first roll was changed into a medium containing 100ng/ml doxycycline. The media
in other wells was changed into fresh culture media without doxycycline. The plate was incubated
for 3 weeks to form colonies. The cell culture medium was refreshed twice weekly. After three
weeks, colonies were stained with 1% of crystal violet, then images were token for counting

colonies.
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Table 1. Sequences of gRNA oligos

Oligo name 5’- Sequence-3’

SMARCADI1A-Cas13d1F CGTCTCCAAACAACAACGATCAAATGAGGACCATAACCCCTACCAACTGGTCGGGGTTTGAA
ACCAGCAATATAGACTGACAGGAGACG

SMARCADI1A-Cas13dIR CGTCTCCTGTCAGTCTATATTGCTGGTTTCAAACCCCGACCAGTTGGTAGGGGTTATGGTCCTC
ATTTGATCGTTGTTGTTTGGAGACG

SMARCADI1A-Cas13d2F
CGTCTCCGACAGGCAGAACCCCTACCAACTGGTCGGGGTTTGAAACACATATTGGTAGAAAG

CACCACCTTTTTGGAGACG

SMARCADI1A-Cas13d2R
CGTCTCCAAAAAGGTGGTGCTTTCTACCAATATGGTTTCAAACCCCGACCAGTTGGTAGGGGT

TCTGCCTGTCGGAGACG

pLentiRNACRISPR_007 tet-on Cas13d

cPPT NLS NLS P2A

psi+ RRE \ \ RfxCas13d \WPRE EFS rtTA \ BSD

\

)]

miniCMV
Tet operator

pLentiRNACRISPR_001

cPPT spacer 1 spacer 2 spacer 3

psi+ RRE \ U6 DR DR / DR / EFS Puro WPRE

/ \ / N \

Figure 3. Tet-on CRISPR-Cas13d expression system constructs. Doxycycline-inducible
SMARCADI1 knockdown system contains two constructs: pLentiRNACRISPR 007 will express
Cas13d after being induced by doxycycline (above). pLentiRNACRISPR 001 harbors a crRNA

array having three spacers with their direct repeats (below).

27



3. RESULTS

3.1 SMARCADI1 expression in human Schwann and MPNST cells

To study SMARCADI in human Schwannoma cells, first we need to knockdown the
SMACADI in benign Schwannoma cells to observe the behavior changes involving in
SMARCADI removal. Currently, there is no SMARCAD] expression data available in human
MPNST since it is rare cancer. To select available cell lines for functional study, we need to know
SMARCADI1 expression in human MPNST and benign neurofibroma, and relative normal
Schwann cell lines. I examined the SMARCADI protein level of six human MPNST cell lines and
one schwannoma, cell line by western blot. The expression level of SMARCADI1 has been
detected and quantified (Figure 4A, B). SMARCADI is expressed at a low level in most MPNST
cell lines compared with benign schwannoma cell line HEI193. Expression in sNF02.2, 90-8TL,
and STS26T cells are significantly downregulated, while in sNF96.2, ST8814, and T265 cells,
SMARCADI1 shows a mildly reduced expression (Figure 4A). These results are consistent with
the SMARCADI tumor suppressor function in human MPNST.

To better understand the relative normal expression of SMRCADI, I also examined
SMARCADI expression levels in 4 more neurofibromas and 2 NF/ deficient Schwann cell lines.
Four out of six cell lines have a significantly lower level of SMARCADI compared to non-
tumorous Schwann cell line ipn02.3 (Figure 4B). All four Schwannoma cell line with low
SMARCADI level are originated from neurofibromatosis type 1 patients, which contains somatic
NFI gene mutations. Low SMARCADI level in NF/-Schwannoma cells suggests SMARCAD1

could also be involved in Schwannoma formation in NF1 patients.

According to my results, the benign schwannoma cell line HEI193 has a relatively normal
SMARCADI expression. Thus, I chose this cell line for the SMARCADI functional studies in
this project.
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Figure 4. SMARCADI1 expression in human Schwann and MPNST cells. A) The expression
level of SMARCADI in six human MPNST cell lines and, one immortalized human benign
Schwannoma cell line HEI-193. B) SMARCADI expression level of 4 human neurofibroma and
two Schwann cell lines (all harboring NF'/ mutations except HEI193) and ipn02.3 2, an
immortalized human normal Schwann cell line.

3.2 Created SMARCAD1 knockdown Schwannoma cell line by CRISPR-Cas13d

To study the cellular functions of SMARCAD1 in human Schwannoma and MPNST cells,
I reasoned that loss-of-function is a suitable approach. Thus, I created a doxycycline-inducible
SMARCADI1 knockdown HEI193 schwannoma cell line by CRISPR-Cas13d. The doxycycline
system gives me the flexibility to adjust SMARCADI1 expression levels if needed. We choose
knockdown SMARCADI in the HEI193 cell line, a benign Schwannoma cell line with relative
normal SMARCADI expression level compared with normal Schwann cells (Figure 4B). Western
blot was performed to examine the knockdown efficiency and sensitivity toward doxycycline.
Cells were treated with different dosages of doxycycline (0, 125ng, 250ng, 500ng, 1000ng,
2000ng/ml) for three days. Doxycycline was refreshed after 3 days of treatment. To verify that
SMARCADI expression was knocked down successfully, I examined the treated stable cells using
immunoblot. Indeed, the expression level of SMARCADI is significantly reduced (around 85%
reduction) after doxycycline treatment at all concentrations of doxycycline treatment. (Figure SA).
This result indicates a highly efficient SMARCAD]1 knockdown in HEI193 cells by the tet-on
cas13d binary knockdown system.

Our lab has already generated a SMARCADI1 knockdown HEI193 cell line using a
commercial doxycycline-inducible shRNA construct (ULTRA-3351712, TransOMIC
technologies Inc.) (Han et al., 2021). Thus, I compared the knockdown efficiency of Casl13d
knockdown with shRNA knockdown by western blot. SMARCADI expression was also examined

29



after being treated with different dosages of doxycycline (Figure SB). SMARCADI1 has not been
significantly downregulated (around 60% reduction) until cells were treated with no less than
500ng doxycycline in this ShRNA knockdown cell line. In contrast, the CRISPR-Cas13d cell line
is more sensitive toward doxycycline treatment and has better efficiency of SMARCADI1

knockdown.

A B
HEI193 plentiRNA001 Tet-on cas13d HEI193 ULTRA-3351712
DOX- 125 250 500 1000 2000ng/ml DOX- 125 250 500 1000 2000ng/ml
SMARCADI _ SMARCADI1 D D — . —
ACTB [ — — R — — ACTB — —
Quantification 1 0.14 0.10 0.08 0.05 0.06 Quantification 1 097 0.65 0.39 037 0.17

Figure 5. High knockdown efficiency of SMARCAD1 by CRISPR-Cas13d. CRISPR-Cas13d
SMARCADI1 knockdown HEI193 cells (A) and shRNA SMARCAD1 knockdown HEI193 cells
(B) were treated with different dosages (125, 250, 500, 1000, and 2000 ng/ml) of doxycycline.
Western blots were performed to measure SMARCAD1 expression after 3-days of doxycycline-
induced knockdown.

33 Functional validation of SMARCAD1 Cas13d Knockdown cells by cell proliferation
and anchorage-independent growth assays

SMARCADI1 knockdown was reported to cause cell growth inhibition in xxx cells. In
addition, we also verified this with HEI193 cells by shRNA knockdown (Han 2021). To further
functionally validate this Cas13d knockdown cell line, I performed MTT and soft-agar assays. For
the MTT assay, cells were separated into 500ng/ml doxycycline treatment and control groups. Cell
number was continuously tracked by MTT assay for 5 days. Increased cell numbers can be
observed in both treated and control groups. However, the cell growth of the SMARADI-
knockdown group was significantly suppressed comparing to the control group starting from the
third day (Figure 6A). This data indicates that knockdown of SMARCADI in Schwannoma cell
line causes cell-growth delay. Moreover, anchorage-independent growth was significantly

decreased after 21 days of incubation with 100ng/ml doxycycline (Figure 6B). These results

30



indicate that knockdown by the CRISPR-Cas13d system effectively generates loss-of-function
SMARCADI cells. In addition, these results also confirmed our previous findings on the growth

defect caused by SMARCAD1 downregulation
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Figure 6. Cell proliferation and anchorage-independent growth were suppressed in the
CRISPR-Cas13d SMARCADI cell line. A) 5-days cell proliferation of SMARCADI1
knockdown HEI193 cells was measured by MTT assay. B) Colony numbers of Cas13d

SMARCADI1 knockdown Schwannoma cells were counted in soft-agar assay. DOX-: cells
without doxycycline treatment. DOX+: cells with doxycycline treatment (500ng/ml for MTT
assay; 100ng/ml for soft-agar assay)

34 Knockdown of SMARCADI1 compromises DNA damage repair in vitro and in vivo

Studies have suggested SMARCADI has an important role in DSB repairing (Chakraborty
et al., 2018; Costelloe et al., 2012). DNA double-strand breaks increase genomic instability, which
will promote cancer development (Aparicio et al., 2014). Therefore, we reasoned that loss of
SMARCADI also compromises DNA damage repairing function in Schwannoma. I utilized the
newly generated CRISPR-Cas13d SMARCADI1 knockdown Schwannoma cell line to test this
hypothesis. SMARCAD1- knockdown cells and parental control cells were exposed to 4Gy X-ray
irradiation to induce DNA double-strand breaks. Proteins were collected at a series of time points
after irradiation. I chose to monitor DNA damage by YH2AX, a widely used surrogate marker for
DNA damage. YH2AX stands for specificity phosphorylation in histone H2AX on the 139" serine

residue. It can be rapidly activated by ataxia-telangiectasia mutated (ATM) protein kinase within
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seconds after DNA damage occurs (Mah et al., 2010). Knockdown of SMARCADI leads to an
elevated YH2AX level at 30min, 60min, and 120min post-irradiation compared to the control group
(Figure 7A), which indicates loss of SMARCADI reduces DSB repairing function in
Schwannoma cells. This result suggests that the DNA damage repairing function of SMARCAD1

1s involved in human Schwannoma cells.

To further examine this double-strand DNA repairing function of SMARCADI in vivo, 1
also examined two zebrafish mutants, SA1299 and p403. SA1299 carries a point mutation
generated with ENU, and p403 is CRISPR-Cas9 small knockout mutant. One day post fertilized
SA1299, p403, and wildtype embryos were treated with 15Gy X-ray irradiation then the expression
level of YH2AX was examined at different time points. Approximate 50-100 fish embryos were
pooled for protein collection at each time point. Similar to in vitro result, elevated YH2AX level
was observed at all time points in both mutant embryos compared to wildtype. The reduction of
YH2AX was delayed in two mutants after irradiation (Figure 7B, C). These results confirmed my

hypothesis that loss of function of smarcadla compromises DNA damage repair in zebrafish.

A
- DOX +DOX
4Gy min after IR min after IR
un 30 60 120 600 wun 30 60 120 600
H2AX ser139 | — — —  — W — —
ACTB R
H2AX ser139/ACTB 0.12 1.19 1.04 1.00 0.32 0.44 1.27 1.87 1.71 0.39

Figure 7. The Loss function of SMARCADI1 compromises DNA damage repair in vitro and
in vivo. A) YH2AX expression was examined by western blot in CRISPR-Cas13d SMARCADI
knockout HEI193 cell line after 4Gy X-ray irradiation. B) YH2AX expression was examined by
western blot in wildtype, smarcadla®'**°7", and smarcadlaP***~"~ 1dpf zebrafish embryos. C)

Quantification of YH2AX expression measured by western blotting from A. Relative fold change
of YH2AX were calculated upon each collecting time point after irradiation. Bars are the means
of three independent experiments in same time point. Student's #-test was performed to caluate
the significance between wildtype and two zebra fish mutants (SA1299 and p403) (*: p<0.05;

¥ p<0.01; ***: p<0.001; NS: p>0.05)
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4. DISCUSSION

4.1 CRISPR-Cas13d is an efficient gene knockdown system

To study the tumor-suppressive function of SMARCADI in human MPNST, I created a
doxycycline-inducible SMARCADI1 knockdown Schwannoma cell line by CRISPR-Casl13d.
Western blot was employed to examine the knockdown efficiency and sensitivity toward
doxycycline treatment. The expression level of SMARCADI is significantly reduced after
doxycycline treatment at a low concentration of doxycycline of 125ng/ml. (Figure SA) This result
indicates Tet-on CRISPR-Cas13d binary knockdown system efficiently knockdown SMARCAD1
in HEI193 cells. I also compared the sensitivity of Cas13d knockdown with a commercial shRNA
(ULTRA-3351712) knockdown in the same Schwannoma cell line HEI193 (Figure 5B).
SMARCADI had not been significantly downregulated (around 60% reduction) until cells were
treated with no less than 500ng/ml doxycycline. Compared to the sShRNA knockdown cell line, the
CRISPR-Cas13d cell line is more sensitive toward doxycycline treatment and has better efficiency
of SMARCADI knockdown. This result is consistent with the previous discovery that CRISPR-
Cas13d has better knockdown efficiency than shRNA, CRISPRi, and other types of Casl3s
(Konermann et al., 2018). Although different knockdown efficiency between two cell lines might
result from different constructs design or technical variances when generating stable cell lines with
lentivirus. Our data have indicated that CRISPR-Cas13d is an efficient gene knockdown system,
and it can be utilized in studying tumor drivers. However, the potential off-target effect of each

gRNAs should be further evaluated.

4.2  Knockdown of SMARCADI1 causes cell growth inhibition

Several studies have linked SMARCAD1 with cancer development together. Mutation of a
skin-specific isoform of SMARCADI was found in quamous cell carcinoma patients (Giinther et
al., 2018). Homozygous Etll (Mouse SMARCADI ortholog) knockout mice experience serval
abnormalities, including gastro-intestinal tumors (Schoor et al., 1999). SMARCAD]1 knockdown
was reported to cause a significant decrease in breast cancer cell growth (Al Kubaisy et al., 2016)
and pancreatic cancer cells (Liu et al., 2019). Consistently, my knockdown experiment

demonstrated that loss of function of smarcadl also leads to decreased cell proliferation and

34



anchorage-independent growth in schwannoma cell line HEI193 (Figure 6A, B). Moreover, the
loss of smarcadla, one of the orthologs of human SMARCADI in zebrafish, accelerates
tumorigenesis of MPNST with #p53 mutation background (Han et al., 2021). Although the growth
inhibition is consistent in different cancer cell lines, this contrasts with the classical notion of tumor
suppressor genes, whose loss of function usually promotes cell growth, such as TP53. It is worth
noting that a recent result from our laboratory revealed that SMARCAD]1 overexpression also
caused cell growth inhibition (Han 2021). Thus, a proper expression level (gene dosage) of
SMARCADI seems to be required for maintaining normal tissue and cells since this gene has been
proved to have an essential function in heterochromatin formation, retroviral inhibition, and DNA

damage repair.

4.3 SMARCADI1 involves in the DNA damage repair process

Our data shows knockdown of SMARCADI extents time of DSB marker yH2AX existing
in X-ray irradiated human Schwannoma cells and zebrafish embryos (Figure 7), indicating the
function of SMARCADI1 in DNA damage repairing mechanism. However, how SMARCADI1
involves in DNA damage repairing mechanisms is still unclear. Whether the reported mechanism
remains the same in MPNSTs and is there other molecular mechanisms of smarcadl in DNA
damage still need to be evaluated.

Tumor cells often experience more stress from double-strand break because, first, their
hyperactivated cell replication induces more error during dysregulated mitosis (Ganem & Pellman,
2012). Second, genetic defects of the DNA damage repairing mechanism of tumor cells
accumulate more damage (Torgovnick & Schumacher, 2015). This difference between normal
cells and tumor cells can be a targetable characteristic for cancer therapy exampled by BRCA1
and BRCA2 mutants (Rose et al., 2020). Mutation of SMARCADI leads to PRAP inhibitor
sensitivity in yeast and human osteosarcoma cell lines (Costelloe et al., 2012). Knockdown of
SMARCADI1 was reported to increase the sensitivity of PRAP inhibitor in PRAP1 resistant mouse
breast tumor cells (Yu & Maria, 2021). Targeting SMARCADI combined with PRAP inhibition
might provide potential target therapy for MNPST. Future studies could explore this possibility

since currently there is no targeted therapy available for this type of malignant tumor.
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