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Abstract

Gene regulation is a complex and tightly controlled process that defines cell
function in physiological and abnormal states. Programmable gene repression
technologies enable loss-of-function studies for dissecting gene regulation mechanisms
and represent an exciting avenue for gene therapy. Established and recently developed
methods now exist to modulate gene sequence, epigenetic marks, transcriptional
activity, and post-transcriptional processes, providing unprecedented genetic control
over cell phenotype. Our objective was to apply and develop targeted repression
technologies for regenerative medicine, genomics, and gene therapy applications. We
used RNA interference to control cell cycle regulation in myogenic differentiation and
enhance the proliferative capacity of tissue engineered cartilage constructs. These
studies demonstrate how modulation of a single gene can be used to guide cell
differentiation for regenerative medicine strategies. RNA-guided gene regulation with
the CRISPR/Cas9 system has rapidly expanded the targeted repression repertoire from
silencing single protein-coding genes to modulation of genes, promoters, and other
distal regulatory elements. In order to facilitate its adaptation for basic research and
translational applications, we demonstrated the high degree of specificity for gene
targeting, gene silencing, and chromatin modification possible with Cas9 repressors.
The specificity and effectiveness of RNA-guided transcriptional repressors for silencing

endogenous genes are promising characteristics for mechanistic studies of gene
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regulation and cell phenotype. Furthermore, our results support the use of Cas9-based
repressors as a platform for novel gene therapy strategies. We developed an in vivo
AAV-based gene repression system for silencing endogenous genes in a mouse model.
Together, these studies demonstrate the utility of gene repression tools for guiding cell
phenotype and the potential of the RNA-guided CRISPR/Cas9 platform for applications

such as causal studies of gene regulatory mechanisms and gene therapy.
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Figure 7. Genome-wide transcriptional analysis of differentiated primary myoblasts
with p21 silencing. (a) Differential analysis of myoblasts transduced with p21sh
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dCas9 and dCas9-KRAB to the HS2 enhancer (shaded region) of the globin locus (chr11:
5244651 — 5314450), compared to dCas9-KRAB without sgRNA. An ENCODE K562
DNase I hypersensitivity DNase-seq track is included to highlight the globin LCR".
(b,c) Differential analyses of global binding activity include comparisons of dCas9-
KRAB targeted by (b) Cr4 and (c) Cr10 versus dCas9-KRAB without sgRNA. Points
labeled in red indicate FDR < 0.05 by differential DESeq analysis (n = 3 biological
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Figure 21. Genome-wide H3K9me3 signal in K562 cells treated with dCas9-KRAB
targeted to the HS2 enhancer. (a) ChIP-seq tracks show increased H3K9me3 signal at
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is included to highlight the globin LCR!%!. (b,c) Global analysis of H3K9me3 patterns
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MACS-based peak calls were normalized to total counts (mean + s.e.m). * indicated
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seq cut counts within 800 bp window surrounding the (b) HBG2 promoter and (c) HS2
enhancer are shown (mean + s.e.m, n = 3 biological replicates. * indicates p <0.05
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wide analysis of changes in chromatin accessibility induced by dCas9-KRAB targeted by
(d) Cr4 and (e) Cr10 compared to dCas9-KRAB without sgRNA in K562 cells. (f,g)
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expression analysis of dCas9-KRAB guided by (f) Cr4 or (g) Cr10 compared to dCas9-
KRAB without sgRNAs. Points labeled red indicate FDR < 0.05 by DESeq analysis.
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Figure 23. Adapting SaCas9 for transcriptional repression. (a) Inactivating mutations
D10A and N580A were introduced into the cleavage domains of SaCas9 to generate a
nuclease-null dSaCas9 DNA-binding domain. (b) For in vitro testing of dSaCas9
repressors, we stably expressed dSaCas9-KRAB and a U6-gRNA cassette on a single
lentiviral vector with puromycin resistance. Multiple gRNAs against the synthetic CAG
promoter effected potent repression of (c) mRNA by qPCR and (d) protein via luciferase
bioluminescence in primary mouse fibroblasts expressing a CAG-luciferase reporter
cassette. * indicates p <0.05 by Student’s t-test compared to non-treated (NT) controls (n
=2 independent eXPeriments). .........ccccocuiiririiiiiiniiiinii 133

Figure 24. Silencing endogenous genes with the dSaCas9-KRAB repressor. (a) Eight
gRNAs were designed to target the skeletal muscle DNase-hypersensitivity peak
upstream of the transcription start site in the endogenous mouse Acvr2b gene locus. (b)
Several single gRNAs effected strong repression of Acvr2b when delivered with
dSaCas9-KRAB, compared to no lentivirus (No LV) and dSaCas9-KRAB only (No
gRNA) controls. * indicates p < 0.05 by Student’s t-test compared to No LV controls (n =
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Figure 25. Targeting Acvr2b with AAV-dSaCas9-KRAB in vivo. (a) dSaCas9-KRAB and
Acor2b gRNA were delivered in a two-vector AAV9 expression system intramuscularly
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Figure 27. Silencing endogenous genes in vivo with AAV-dSaCas9-KRAB. Intramuscular
delivery of AAV9 expressing dSaCas9-KRAB results in efficient transgene expression in
the (a) liver and (c) heart 8 weeks after transduction in adult wild-type mice. Delivery of
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Chapter 1. Introduction and Specific Aims

1.1 Rationale and objectives

Beginning with the sequencing of the human genome, the last two decades of
genomics research have greatly advanced our understanding of how genomic sequence
and associated mutations can contribute to physiological and disease states. The critical
role that epigenetic regulation plays in development and disease is also becoming
increasingly clear?s. The tissues and organs of an individual are comprised of cells that
carry the same nucleotide sequence but are able to serve distinct functions because of
differences in gene expression. Aberrant gene regulation can accompany or cause
diseases such as muscular degenerative disorders, neurodegenerative disorders, and
cancer?>>°, Tools for perturbing gene regulation can be used to dissect the mechanisms
of complex gene regulatory patterns in guiding cell fate and function and facilitate
targeted interventions to modulate gene expression for regenerative medicine and gene
therapy.

Technologies have been developed for custom control of gene expression at the
genomic, transcriptional, and translational level. RNA interference (RNAi) exploits
endogenous microRNA machinery in eukaryotic cells to enable mRNA degradation and
translational inhibition of a target gene with the delivery of complementary small
interfering RNA (siRNA). For genomic and transcriptional modulation, programmable

DNA-binding domains have been engineered to target virtually any sequence in the
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genome. Recently, the RNA-guided clustered regularly interspaced short palindromic
repeat (CRISPR)/Cas9 system was adapted from S. pyogenes to function as a
programmable nuclease for knocking out genes or a transcriptional modulator to
activate or repress gene expression in mammalian cells® °. Fusing a nuclease-inactive,
“dead” Cas9 (dCas9) DNA-binding domain to the Kruppel-associated box (KRAB)
domain creates a transcriptional repressor with broad utility for silencing coding genes
or genomic regulatory elements.

Our objective was to apply and develop targeted repression technologies for
regenerative medicine, genomics, and gene therapy applications. We silenced the cell
cycle regulator p21 using RNAI to study differentiation in myogenic progenitors and
enhance the growth capacity of engineered iPSC-derived cartilage. These studies show
how modulation of a single gene can be used to guide cell fate and improve cell growth
for tissue engineering applications.

For customizable gene regulation, Cas9-based transcriptional repressors have
recently expanded potential targets beyond protein-coding genes accessible by RNAi
machinery to also include regulatory elements and non-coding RNAs. This flexibility
makes dCas9-KRAB repressors an exciting tool for dissecting gene regulatory networks
and developing gene therapies. We established the specificity of RNA-guided
repressors by targeting a well-studied distal regulatory element, the HS2 enhancer in the

-globin locus, and performing genome-wide analyses of the dCas9-KRAB binding,
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mRNA expression, and changes in chromatin structure. The specificity of RNA-guided
repressors is critical for research and therapeutic applications, and we demonstrated that
dCas9-KRAB is highly specific for targeting and repressing endogenous genes.

Lastly, we sought to develop an in vivo delivery platform for Cas9-based
transcriptional repressors for studying gene regulation in animal models and
modulating gene expression for therapeutic applications. We adapted a smaller Cas9
nuclease derived for S. aureus to function as a transcriptional repressor for use in an
adeno-associated virus (AAV) delivery system. We targeted the Acur2b gene, which
encodes the myostatin receptor, in a mouse model. Inhibiting the myostatin pathway is
a potential method to increase skeletal muscle mass'®. These studies verify that Cas9
transcriptional repressors are capable of targeted gene silencing in vivo and will enable

gene therapy applications.

1.2 Specific Aims

1.2.1 Aim 1: Control cell fate decisions by translational repression of
cell cycle regulators.

Retaining the self-renewal capability of progenitor cells during terminal
differentiation could be beneficial for ex vivo cell therapies that require expansion of cell
sources for regenerative medicine. We modulated cell cycle regulation using RNAi to
influence progenitor cell fate decisions in two systems: myogenic progenitors during

differentiation and tissue engineered cartilage constructs.
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We silenced cell cycle inhibitor p21 in a myoblast differentiation model to
investigate the role that cell cycle exit plays in terminal differentiation and myotube
formation. Expansion of myogenic progenitor cells is necessary for strategies that seek to
repair degenerated or aged muscle tissue. Myogenic progenitors with stable silencing of
P21 had delayed cell cycle exit and demonstrated enhanced proliferative capacity in the
absence of growth signals compared to non-treated controls. Silencing p21 in
differentiating myoblasts resulted in reduced fusion and myotube formation. Genome-
wide transcriptional analysis revealed that silencing p21 in differentiating myoblasts
caused widespread changes in global gene expression and suggests a link between
changes in cell cycle regulation and mechanotransduction pathways involved in
myoblast fusion.

Cartilage tissue engineering seeks to repair degenerated or diseased cartilage
tissue, but requires a cell source with the capacity for extensive expansion without loss
of chondrogenic potential. We hypothesized that decreased expression of the cell cycle
inhibitor p21 would enhance the proliferative and chondrogenic potential of
differentiated induced pluripotent stem cells (iPSCs). Silencing p21 limited the extent of
cell loss that occurred during early differentiation and cartilage tissue formation.
Compared to control cells, iPSCs with reduced p21 levels maintained the ability to
synthesize a high level of glycosaminoglycans, a functional component of the cartilage

extracellular matrix, even after extensive monolayer expansion. These findings provide

20



a strategy for enhancing iPSC-based cartilage tissue engineering and demonstrate how

cell cycle regulation can be modulated for regenerative medicine applications.

1.2.2 Aim 2: Evaluate specificity and efficacy of targeted epigenome
editing with RNA-guided repressors.

RNA-guided synthetic transcriptional repressors are a powerful tool for genome
engineering, but the specificity of these epigenetic modifiers require further study.
Fusions of the dCas9 DNA-binding domain to a KRAB repressor motif can silence target
gene expression, but the genome-wide specificity and the extent of heterochromatin
formation catalyzed by dCas9-KRAB is not known. As a model system to investigate the
mechanisms of KRAB-based silencing, dCas9-KRAB was targeted to the HS2 enhancer
of the globin locus in the K562 human erythroid leukemia cell line. Genome-wide
analyses demonstrated highly specific targeting of the HS2 enhancer by RNA-guided
dCas9-KRAB repressors. Targeted epigenetic modification of HS2 silenced the
expression of multiple globin genes, with minimal off-target changes in gene expression.
These results demonstrate that repression mediated by dCas9-KRAB is sufficiently
specific to disrupt the activity of individual genomic elements and justify further

development for therapeutic applications.

1.2.3 Aim 3: Develop technologies for targeted transcriptional
repression in vivo.

Using RNA-guided dCas9-KRAB repressors to silence gene expression has

demonstrated promising efficacy in cell culture models in vitro. Targeted gene
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repression in vivo could potentiate studies of gene regulation in development and
disease and is an exciting potential avenue for gene therapies. However, a technology to
deliver CRISPR/Cas9-based gene repressors in vivo has not been developed. AAV
vectors have been proposed for gene delivery of CRISPR/Cas9 components for in vivo
studies and therapeutic applications. However, gene delivery of S. pyogenes Cas9
repressors is challenging because the size of the S. pyogenes dCas9 and KRAB domain
fusion exceeds the packaging limit of standard AAV vectors. Recently, a smaller Cas9
nuclease protein derived from S. aureus was described for AAV delivery and in vivo gene
editing. We fused a synthetic KRAB repressor to S. aureus nuclease-null dCas9 (dSaCas9)
to create a programmable RNA-guided repressor for in vivo gene regulation. We
targeted dSaCas9-KRAB to the myostatin receptor Acor2b in skeletal muscle. When
delivered intramuscularly in a wild-type mouse model using an AAV9 serotype vector,
dSaCas9-KRAB protein was expressed efficiently in skeletal muscle up to 8 weeks after
delivery. Furthermore, dSaCas9-KRAB was biologically active and significantly silenced
Acvr2b expression in heart and liver when delivered with a target guide RNA molecule.
This gene delivery system can be customized to target any endogenous gene, enabling

potent and stable gene repression in animal models and for therapeutic applications.
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Chapter 2. Literature review

2.1 Methods of targeted repression

Gene expression in eukaryotes is regulated at multiple levels. Transcription of a
gene is facilitated by interactions between RNA polymerase II (Pol II), transcription
factors, and genomic regulatory elements, including promoters and enhancers'.
Transcriptionally active promoters generally demonstrate an accessible chromatin state
open to binding by activating transcription factors'>. Protein translation of mRNA

transcripts occurs at ribosomal complexes in the cytoplasm.
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Figure 1. Targeted gene repression at the genomic, transcriptional, and post-
transcriptional levels. (a) Artificial nucleases can be used to induce double-strand
breaks. Error-prone DNA repair methods introduce mutations in the coding sequence
of a target gene, producing a non-functional protein product. (b) Programmable
epigenetic repressors can be targeted to promoters or regulatory elements in order to
reduce chromatin accessibility, block activating transcription factors, and reduce target
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gene expression. (c) In RNA interference, exogenously introduced small interfering
RNA molecules can recruit the RNA-induced silencing complex (RISC) and Ago2
enzyme to cleave complementary target mRNA for degradation.

Alterations to the coding sequence of the gene can result in the production of a
non-functional protein product (Figure 1a). Sequence mutations in the regulatory
regions associated with a gene product can inhibit binding by activating transcription
factors or change mRNA splicing of the gene, resulting in diminished or an incorrect
mRNA product. Alternatively, gene expression can be repressed without changing gene
sequence (Figure 1b). The chromatin structure of gene regulatory elements determines
accessibility to activating transcription factors, and changes to the histone modifications
at these regulatory elements can inhibit binding of Pol II and other transcriptional
machinery needed for transcription. Lastly, gene expression can be halted at the
translational level via mRNA transcript degradation or inhibition of ribosome-mRNA
interactions (Figure 1c). Technologies have been developed to inhibit gene expression at
each of these checkpoints and are described in greater detail in the following sections.
2.1.1 Translational repression via RNA interference
Adapted from “Chapter 3. Genome Engineering for Therapeutic Applications,” by
Pratiksha I. Thakore and Charles A. Gersbach, published in Laurence, J. Translating

gene therapy to the clinic : techniques and experimental approaches (Elsevier, Boston,

MA, 2015)te,
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RNAI is an endogenous eukaryotic pathway for post-transcriptional regulation'”.
Non-coding microRNAs (miRNAs) are transcribed by RNA polymerase III and
processed by Drosha into short hairpin RNA (shRNA) to be exported in the cytoplasm.
shRNA is cleaved by Dicer into a double-stranded small interfering RNA (siRNA) of
approximate 19-21 nucleotides, which can be dissociated and loaded into the RNA-
induced silencing complex (RISC). If the siRNA is perfectly complementary to a target
mRNA, RISC catalyzes cleavage of the transcript, accelerating its degradation and
thereby silencing gene expression. If the siRNA has sequence similarity but is not
perfectly complementary to a target mRNA, RISC does not cleave the target but
interferes with translation by remaining bound to the target mRNA and sterically
hindering ribosome progression.

There are some important limitations to this technology for targeted gene
repression, however. RNAI is a post-transcriptional mechanism, which restricts
potential targets mainly to protein-coding genes or transcripts found in the cytoplasm.
Significant differences among splice variants of a target transcript may require multiple
siRNA targets to silence all isoforms. Additionally, despite efficient methods for shRNA
and siRNA delivery, complete abrogation of target gene expression does not occur,
likely due to incomplete mRNA degradation. Lastly, RNAi can cause undesired off-
target effects. miRNNAs function in cell development and disease, and ectopic

introduction of synthetic RNAs can interfere with endogenous miRNA pathways by
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saturating Dicer and RISC machinery.!® Also, siRNAs do not require perfect
complementarity to repress mRNA translation, increasing the risk of off-target gene
repression. Strategies such as dosing siRNA, chemically modifying siRNA, and
optimizing target site design are aimed at addressing these issues.'® 12, Despite these
limitations, RNAi has been a transformative technology for loss-of-function studies and

is in development for several clinical therapies.

2.1.2 Targeted gene knockouts with artificial nucleases

Adapted from “Chapter 3. Genome Engineering for Therapeutic Applications,” by
Pratiksha I. Thakore and Charles A. Gersbach, published in Laurence, J. Translating
gene therapy to the clinic : techniques and experimental approaches (Elsevier, Boston,
MA, 2015)'®

Genome editing harnesses endogenous DNA repair pathways and the precise
gene targeting capabilities of DNA-binding domains such as zinc finger proteins (ZFPs),
transcription activator-like effectors (TALEs), and the CRISPR/Cas9 system in order to
create sequence modifications in the genome to knockout genes (Figure 2). Zinc finger
nucleases, TALE nucleases, and Cas9 generate double-strand breaks in the genome that
can be repaired via non-homologous end joining (NHE]). In NHE], double-strand DNA
breaks are repaired by a stochastic, error-prone ligation process that often results in
small insertions or deletions. NHE] can be used to generate gene knockouts by creating

out-of-frame and nonsense mutations in the coding sequence. NHE] has also been
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applied to introduce mutations into regulatory elements such as enhancers, disrupting
their ability to bind transcription factors and causing downstream changes in gene

expression?!,
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Figure 2. Programmable DNA-binding domains. (a) Zinc fingers and (b)
TALEs are DNA-targeting platforms consisting of protein modules that bind within the
major groove of DNA to recognize specific DNA base pairs. Zinc finger domains
recognize 3-4 nucleotide sequences, whereas TALE modules recognize single
nucleotides according to a specific code. (c) Cas9 is directed to the target site by an
engineered guide RNA (gRNA). The gRNA consists of a 20 base pair targeting sequence
that recognizes its complementary genomic sequence via Watson-Crick base-pairing,
and a constant region that interacts with the Cas9 protein. In order to bind target DNA,
Cas9 also requires the presence of a protospacer-adjacent motif (PAM) immediately
following the target sequence. Cas9 derived from S. pyogenes recognizes a 5'-NGG-3’
PAM. PDB files 2113, 3UGM, and 4008 for the zinc finger protein, TALE, and
CRISPR/Cas9 structures, respectively. Adapted from Thakore et al'.

ZFPs are the oldest and most established of the three classes of engineered DNA-

binding proteins?*?4. Each zinc finger domain is 30 amino acids long and forms a Bf3a
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configuration, where individual amino acids in the a-helix interact with three successive
nucleotide bases in the major groove of DNA.2 Arrays of several engineered zinc finger
domains can be generated using a highly conserved linker sequence to connect the
individual DNA-binding modules.?>?* This method allows for the creation of polydactyl
ZFPs that recognize long sequences of DNA with high specificity.

TALEs are naturally occurring proteins from the pathogenic bacteria genus
Xanthomonas that bind and regulate genes in host plants. The DNA-binding domains of
these proteins are composed of 33 to 35 amino acid repeats in which the 12t and 13t
positions, termed the repeat variable di-residue (RVD), determine single nucleotide
specificity.? 26 The base pair recognition by the RVDs follows a simple code, allowing for
this technology to be reconfigured as an alternative platform for customizable DNA-
binding proteins. TALE subunits recognize single nucleotides independently, lending
them great flexibility in target site selection.

Multiple groups have recently adapted components of the type II prokaryotic
CRISPR/Cas9 adaptive immune system to facilitate RNA-guided site-specific DNA
cleavage in eukaryotic cells.” 102228 In bacteria, the CRISPR/Cas9 system is an adaptive
defense to viral infection, in which short sequences of invading foreign DNA are
incorporated into the CRISPR genomic locus, flanked by direct repeats®. These short
sequences, termed protospacers, and flanking direct repeats are transcribed and

processed into pre-crRNA. The constant region of the pre-crRNA anneals to the trans-
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activating crRNA (tracrRNA), and this RNA complex guides the endonuclease Cas9 to
cleave foreign DNA based on sequence complementarity with the protospacer. To
minimize the number of required components for genome engineering applications, the
tracrRNA and crRNA have been combined into a single chimeric gRNA molecule,
consisting of a protospacer fused to a partial tracrRNA.* The use of a chimeric gRNA
allows for genome engineering with delivery of a single RNA molecule and a Cas9-
based effector. Because specificity is determined by DNA complementarity and does
not require multi-step protein engineering, the CRISPR/Cas9 system has emerged as a
straightforward, faster, and more affordable method for genome engineering compared
to traditional ZFP- and TALE-based approaches.

DNA targeting by the CRISPR/Cas9 system is achieved by selecting a
protospacer complementary to the genomic sequence of interest. Protospacers are
typically 18-25 base pairs in length, and the target sequence must be immediately
followed by a protospacer-adjacent motif (PAM) for recognition by Cas9. The primary
determinant of target site flexibility is the PAM. The S. pyogenes Cas9 (SpCas9), the most
widely used Cas9 to date in genome editing, gene activation, and gene repression
systems® recognizes a 5’NGG PAM.*? Cas9 genes from other species, such as N.

meningitidis Cas9 3*

and S. aureus Cas9%, can also be reconfigured for genome
engineering in eukaryotic cells. NmCas9 and SaCas9 recognize PAMs of 5’

NNNNGATT and 5’NNGRRT, respectively.
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The most common nuclease effector fused to ZFPs and TALE:s is the catalytic
domain of FoklI.?¢38 Fokl is an endonuclease that dimerizes to generate double-stranded
breaks with a 5" overhang. Cleavage only occurs when two independent zinc finger
nucleases or TALE nucleases bind adjacently to opposite DNA strands, co-localizing the
FokI heterodimers. Cas9 requires no effector fusion, as it is an endonuclease protein that
generates blunt-end double strand breaks in order to silence targeted genes. Cleavage
occurs on the 3" end of protospacer; for SpCas9, the double-strand break is located 3 base

pairs upstream of the PAM.

2.1.3 Programmable transcriptional repression with epigenome
editing

Adapted from Thakore, P.L, Black, J.B., Hilton, L.B. & Gersbach, C.A. Editing the
epigenome: technologies for programmable transcription and epigenetic modulation.
Nat Methods 13, 127-37 (2016)!

Synthetic epigenome engineering tools typically consist of a protein-based
programmable DNA-binding domain genetically fused to an enzymatic or scaffolding
effector domain. Commonly employed DNA-binding domains include ZFPs? ¥,
TALEs? 2, and the CRISPR/Cas9 system (Figure 2). Site-specific gene silencing with
engineered DNA-binding domain-repressor fusions offers an alternative to RNAi, which
has been limited by inefficient knockdown, off-target effects, and toxicity associated
with oversaturation of endogenous microRNA pathways!® 44, Programmable DNA-

binding proteins can also target anywhere in the genome, facilitating silencing of
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regulatory elements and non-coding genes that cannot be targeted by RNAi. Genes and
regulatory elements can also be disrupted with site-specific nucleases, but nuclease-
mediated genome editing is a stochastic and often inefficient process that also alters
DNA sequence permanently, precluding dynamic epigenetic regulation.

Localizing a DNA-binding domain without an effector domain to promoter
regions or downstream of the transcription start site can silence gene expression by
steric interference of transcription factor binding and RNA polymerase elongation?*>4.
For example, nuclease-inactive dCas9 targeted to the Nanog enhancer disrupted binding
of endogenous activating transcription factors and silenced Nanog expression®.
However, gene repression by steric hindrance alone is often not sufficient for robust
silencing. Effectors that recruit endogenous epigenetic modifiers of histone marks and
DNA methylation, leading to chromatin condensation, typically generate more potent
silencing®-5!. The silencing domain most commonly used with custom DNA-binding
domains is the Kruppel associated box (KRAB), a naturally occurring motif in
mammalian zinc finger transcription factors>-*. Localizing KRAB to DNA initiates a
heterochromatin-forming complex that includes the histone methyltransferase (HMT)
SETDBI1 and the histone deacetylase (HDAC) NuRD complex>%. KRAB fusions can
readily achieve ten-fold or greater repression of endogenous genes with recruitment of a
single effector44$ %, In addition to silencing genes from promoters, KRAB is an effective

repressor of distal and proximal gene regulatory elements including enhancers> .
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Fusions of TALE DBDs to SID4X, the interaction domain of mSin3a, also co-recruit
histone deacetylase activity in order to silence target genes®" *.

Alternatively, effector domains that directly catalyze repressive DNA marks or
histone modifications can be fused to DNA-binding domains to create a custom
epigenetic silencing protein. Synthetic ZFPs tethered to DNMT3a catalyze DNA
methylation and suppress transcription from endogenous gene promoters®-%. LSD1 has
been tethered to TALE and dCas9 DNA-binding domains to remove H3K4me from
active enhancers and suppress downstream target expression® %. A variety of ZFP- and
TALE-based HMT fusions have also been created that repress endogenous gene
transcription by depositing H3K9 mono-, di-* ¢, and tri-methylation®” at promoter
regions.

Each type of epigenetic repressor provides unique advantages conferred by its
mechanism of action. The KRAB domain acts as a recruiter, and the complex of
heterochromatin-modifying enzymes localized to target DNA by KRAB likely
contributes to its versatility and potency for silencing protein-coding genes, non-coding
RNA, and regulatory elements*> #.51.53 5, For applications investigating the role of
specific histone marks or DNA methylation states, the use of enzymatic epigenetic
effectors that catalyze a particular type of epigenetic modification may be desired.
Lastly, the temporal stability and heritability of silencing is an important consideration.

Silencing induced by the Kap1 complex associated with the KRAB domain can persist
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through cell replication,® % and H3K9 methylation and HP1 localization are properties
of constitutive heterochromatin”. Silencing with KRAB- and H3K9 methyltransferase-
based repressors, however, has been reversible following removal of the DBD-repressor
fusion in some studies® ¢. Alternatively, targeted DNA methylation marks have the
potential to be inherited by daughter cells and persist long-term, a potential benefit for
applications in which stable and heritable suppression is desired® ¢,

The rapid and widespread application of designer epigenome editing proteins
necessitates further study of the specificity of these tools for binding target sequences,
modulating transcription, and altering chromatin structure. Genome-wide mapping of
DNA-binding by chromatin immunoprecipitation-sequencing (ChIP-seq) has revealed
substantial off-target localization of ZFP-, TALE-, and dCas9-fusions in many cases® 77
For dCas9, off-target binding correlates with the presence of a 5-7 bp protospacer seed
sequence followed by a PAM?% 7276, The functional consequences of these off-target
binding events are unclear, as off-target localization does not always result in changes in
gene transcription or chromatin accessibility, as measured by RNA-sequencing (RNA-
seq) and DNase I hypersensitivity sequencing (DNase-seq)> 7*77. dCas9-KRAB repressor
fusions caused no off-target gene silencing events when targeting a gene reporter*, and
dCas9-KRAB silencing is highly sensitive to mismatches in the PAM-proximal region of

the protospacer®.
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Small-scale targeted assessments, such as ChIP-qPCR for histone modifications,
suggest that programmable epigenetic editing proteins have limited off-target effects™ ¢
787, However genome-wide studies of histone marks or alterations in chromatin
structure have been reported for a limited subset of epigenetic effector domains” 7. For
example, reports of the distance of silencing activity, spreading of H3K9me3, or
chromatin condensation induced by KRAB domains attached to different DNA-binding
domains vary substantially>> % ©. The specificity of engineered epigenome editing
proteins for altering DNA and histone structure is critical to their further application for
guiding cell behavior, mechanistic studies of epigenome modifications, and gene

therapy.

2.1 Applications for programmable gene repression
2.1.1 Controlling cell proliferation for regenerative medicine

The majority of cells in mammals exist in a terminally differentiated, post-mitotic
state. This lack of proliferative capacity constitutes a barrier to repair when tissue is
diseased or damaged. Regenerative medicine strategies aim to repopulate degenerated
tissue with donor cells expanded ex vivo or by activating growth directly in the affected
tissue.

For example, defects in articular joint cartilage can lead to progressive
degeneration and osteoarthritis®. Chondrocyte cells of cartilage are largely non-

proliferative and cannot effect tissue repair. Thus, delivery of a combination of cells,
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scaffolds, and growth factors has been proposed as a strategy to functionally replace
damaged cartilage tissue®!. Identifying a cell source for cartilage transplantation has
been challenging, however, and a major obstacle has been monolayer expansion of
donor cells to the required numbers for chrondrocyte implantation without de-
differentiation of the chondrocyte phenotype®!.

In contrast to cartilage, skeletal muscle demonstrates a remarkable capability for
self-repair. When muscle fibers are damaged due to exercise, injury, or disease,
myogenic progenitor cells located in the basal lamina are activated. These progenitors
proliferate and fuse to repair damaged fibers®. In conditions such as age-related muscle
weakness, muscular dystrophy disorders, and other muscle degenerative diseases, the
regenerative capability of skeletal muscle declines, and muscle function diminishes by
atrophy and fibrogenesis. Aged or dystrophic muscle progenitors demonstrate
diminished proliferative capacity and become depleted over time, exacerbating
degeneration and leading to further loss of function®#. Strategies to address the
weakened growth capability of muscle progenitors are needed to develop therapies for
skeletal muscle disorders.

Targeted gene regulation technologies can be used to study mechanisms of
proliferation in terminally differentiated cells and develop new strategies to enhance
growth. Cell cycle inhibitors are an attractive target for gene regulation because they

mediate the balance between progenitor cell proliferation and differentiation in a variety
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of cell types®7. Cell cycle inhibitor p21<"/XI? (p21) expression increases in early
myogenic differentiation” and chondrogenic differentiation®. p21 blocks Go/G1 and
G1/S phase cell cycle transitions by interfering with cyclin and cyclin-dependent kinase
interactions. p21- mice have normal muscle development with slower regeneration
after injury®®. In contrast, p21- knockout mice exhibit enhanced cartilage regeneration,
with spontaneous cartilage reformation after an ear hole-punch injury®”. Both muscle
progenitors and chondrocytes from the ear pinna of p21- demonstrate increased
proliferation® *.

Studies on the role of p21 in terminal differentiation have largely been
correlative, and it is unclear whether silencing p21 and delaying cell cycle exit would
inhibit the terminal differentiation process in a lineage-specific manner. Gene repression
techniques allow for controlled silencing of p21 during myogenic differentiation and
chondrogenesis and can be used to determine if cell cycle regulation is a beneficial
strategy for enhancing proliferation for regenerative medicine applications.
2.1.2 Dissecting gene regulatory mechanisms
Adapted from Thakore, P.L, Black, J.B., Hilton, LB. & Gersbach, C.A. Editing the
epigenome: technologies for programmable transcription and epigenetic modulation.
Nat Methods 13, 127-37 (2016)*

The ability to selectively silence a target coding gene by RNAi has enabled

functional genomics studies of gene regulation. Programmable nucleases and epigenetic
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repressors have expanded on this by opening the entire genome, including regulatory
elements and non-coding RNAs, to loss-of-function studies. A primary challenge for the
study of gene regulation is elucidating the function of putative regulatory elements that
orchestrate the complex control of tens of thousands of genes in a highly coordinated
and context-specific manner!®. Defining the function of these elements is particularly
challenging because their target genes can vary in number and distance from the
regulatory region'?!. It is also a critical area of future research because the vast majority
of genetic variation associated with complex disease lies in these regions!®2. The
programmable nature of epigenome modulating tools uniquely enables the
interrogation of regulatory regions to uncover the biological role of distinct genomic
elements in the native genomic context- 50,58 6579, 105,104,

Targeting enhancers is an efficient strategy to manipulate multiple genes with a
single epigenome editing protein”. Furthermore, regulating genes via their associated
enhancers may achieve more effective control over transcription than targeting the
promoter alone® 19195, The lysine demethylase LSD1 has been coupled with TALEs®
and dCas9% to silence putative enhancers by removing H3K4me. Loss-of-function
studies with dCas9-LSD1 were used to identify novel enhancers involved in embryonic
stem cell pluripotency®. For gain-of-function studies, dCas9-p300 Core fusions have
been shown to activate potent gene transcription from a variety of regulatory elements.

Importantly, these studies show that altering specific histone modifications can directly
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modulate transcription from distal regulatory elements, illustrating how epigenome

editing technologies can be used to dissect mechanisms of gene regulation.

2.1.3 Silencing genes for therapeutic applications

Adapted from Thakore, P L, Black, J.B., Hilton, L.B. & Gersbach, C.A. Editing the
epigenome: technologies for programmable transcription and epigenetic modulation.
Nat Methods 13, 127-37 (2016)!

Aberrant genetic regulation is often associated with pathological states, either as
a symptom or cause of underlying disease®. Programmable gene silencing techniques
provide the opportunity to study the contributions of gene regulation to disease and is
an exciting potential avenue for treatment.

RNAI has been widely explored to address disease, including ongoing clinical
trials for cancer, viral infection, diabetes, macular degeneration and glaucoma?1%. The
relatively small payload of siRNA compared to protein-based gene repression methods
enables the use of a variety of delivery vehicles, including lipids, nanoparticles, and viral
vectors? 17, Challenges associated with RNAi therapies include off-target toxicity due
to oversaturation of endogenous miRNA pathways, innate immune responses to foreign
RNA, and off-target gene silencing events due to the flexible nature of siRNA-based
translational inhibition! 240,107,108 Advances in siRNA design and chemical
modification to nucleic acids are proposed methods to address these concerns'® 2. The

majority of RNAi-based clinical trials thus far have focused on transient delivery
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systems that do not provide stable silencing and require repeated administration to
maintain repression?’ 1%,

Targeting zinc finger nucleases to disrupt the CCR5 gene and confer resistance to
HIV infection in T cells is the pioneering paradigm for applying gene knockouts to treat
disease.!®” Sangamo BioSciences is currently conducting Phase II clinical trials for these
zinc finger nucleases for CCR5 modification and re-engraftment of autologous CD4+ T
cells in HIV-infected patients. Preclinical work is advancing the same strategy to the
modification of autologous hematopoietic stem cells.!1

Custom nucleases can also be used to create gene knockouts and disrupt
regulatory elements for regenerative medicine applications. For example, TALE
nucleases have been used to knock out the myostatin gene in multiple cell lines across
different species as a potential method to treat muscle degeneration." This study
provided evidence that the myostatin gene can be disrupted but did not determine the
phenotypic effects of regulating myostatin expression in cells. TALE nucleases were
also used to create disruptive mutations in the BCL11A enhancer?'. BCL11A is a silencer
of y-globin, and disrupting the BCL11A enhancer has been proposed to activate y-globin
as a compensatory treatment for (3-globinopathies.

Creating gene knockouts by introducing mutations is a permanent method for
silencing gene expression, but the rate of gene modification by artificial nucleases can be

inefficient and often requires clonal selection of modified cell populations. Newer gene
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editing platforms, such as the CRISPR/Cas9 system, however, have higher efficiencies!®
12 and may obviate the need for clonal selection. If clonal selection is not performed,
however, and a bulk population of cells or whole tissue is treated, resulting indel
mutations are heterogeneous and could have varying therapeutic outcomes.
Additionally, detrimental mutations caused by off-target activity of programmable
nucleases are a concern for clinical translation, and increasing the specificity of artificial
nucleases is an active area of research!®.

Targeted repressors can also suppress detrimental gene products associated with
disease progression without changing gene sequence. Engineered ZFP repressors have
been designed to silence oncogenes and have been effective at slowing cancer cell
growth in mouse models® 4, Synthetic ZFP repressors were also engineered to
selectively silence mutant /tt in a Huntingtin’s disease mouse model?. Several ZFP
lengths were tested to develop a repressor with specific activity at the longer CAG
repeats found in disease-causing mutant htt alleles. This strategy may also be applicable
for treating other gain-of-function genetic diseases, such as Fragile X syndrome or
myotonic dystrophy, and was also recently evaluated in cells from Facioscapulohumeral
muscular dystrophy (FSHD) patients!®.

Although RNA-guided gene regulation has engendered innovative therapeutic
strategies in preclinical studies, barriers to clinical translation remain. A primary

challenge is establishing safe and efficient delivery methods''®. AAV is being widely
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explored in gene therapy in vivo studies and clinical trials, with an AAV product
approved for clinical use in Europe. AAV delivery of ZFP- and TALE-based
transcriptional regulators have demonstrated promising preclinical results in animal
models for Huntington and Parkinson’s disease*”-'V”. The recent development of smaller
Cas9 systems that are compatible with AAV is a major advance in the development of
CRISPR/Cas9-based gene therapy® 2. Adapting new smaller Cas9 for gene regulation
and AAV-based delivery will enable in vivo studies of transcriptional regulation and the

development of novel gene therapies.
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Chapter 3. Silencing cell cycle inhibitor p21 delays cell
cycle exit and inhibits fusion during myogenic
differentiation

Co-authored by Charles A. Gersbach. Supplementary Tables can be found in

Appendix A.

3.1 Synopsis

The cell cycle inhibitor p21 has a role in myogenic differentiation, but its effects
on myotube formation and proliferation are unknown. We hypothesized that
modulating cell cycle regulation by RNA interference will increase the proliferative
capacity of myogenic precursors. In studies with myoblast progenitors, p21 was stably
silenced by RNAI, and differentiation was assessed by cell fusion and gene expression
assays. Silencing the cell cycle inhibitor p21 resulted in delayed cell cycle exit and
impaired myotube formation in primary mouse myoblasts. Gene expression analysis of
differentiating myoblasts revealed that silencing p21 caused widespread changes in cell
cycle regulation and pathways potentially involved in myoblast fusion, including
extracellular matrix remodeling, cell adhesion, and signaling. However, p21 silencing
did not significantly affect the expression of critical myogenic differentiation markers.
Enhanced proliferative capacity of myogenic progenitor cells may be beneficial for

strategies that seek to repair degenerated or aged muscle tissue.
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3.2 Introduction

Terminal differentiation is generally accompanied by a loss of replicative
capability in mammalian progenitor cells. Once differentiated, post-mitotic cells no
longer respond to signals that activate proliferation in respective progenitor precursor
populations. Cyclin/cyclin-dependent kinase inhibitors of the CIP/KIP family regulate
cell cycle exit by inhibiting Go/G:1 and G1/S phase transitions. Upregulation of CKI
expression has been widely observed during differentiation'', and forced
overexpression of cell cycle inhibitors can cause activation of terminal differentiation
markers in a variety of cell types'®. However, whether cell cycle arrest is a requirement
for terminal differentiation is not well understood.

We studied the role of cell cycle regulation in myogenic differentiation.
Myoblasts are mononucleated proliferative progenitor cells that can be isolated and
expanded from adult muscle. Myoblasts express the basic Helix Loop Helix (PHLH)
transcription factor Myod, and serum withdrawal in dense myoblast cultures induces a
well-defined differentiation program including myogenin expression, expression of
contractile proteins, and fusion and elongation into myotube structures. Myoblasts are
capable of contributing to myofiber regeneration in vivo and have been studied for use in
gene delivery and cell therapies in skeletal muscle.

Cell cycle exit occurs early in the myogenic differentiation process®. Cdknla

expression increases in response to (0} . interferes with cyclin D- ,
p21) expression i in resp MyoD?L. p21 interf ith cyclin D-CDK4/6
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cyclin B1-CDK1, cyclin E-CDK?2 interactions® and regulates apoptotic signaling
pathways during differentiation'?. Early studies performed on the role of p21-induced
cell cycle exit during myogenic differentiation have primarily been correlative and many
were performed in C2C12 mouse myoblasts, an immortalized cell line with pre-existing
cell cycle dysregulation'?!. p21-- mice have increased muscle progenitor proliferation
and slower regeneration after injury®, suggesting a link between cell cycle control and
myogenic differentiation

In order to determine how p21-mediated cell cycle exit affects myogenic
differentiation, we used RNAI to stably silence p21 and delay cell cycle exit in primary
mouse myoblasts during differentiation. Myoblasts with p21 knockdown activated
myogenin and other myogenic markers upon terminal differentiation, but demonstrated
markedly inhibited fusion and myotube formation. We performed RNA-sequencing
(RNA-seq) to elucidate potential mechanism by which p21 affects myotube fusion and
observed widespread changes in cell cycle regulation as well as extracellular matrix,
cytoskeletal, and transmembrane protein expression. These results implicate that p21-
regulated cell cycle control is a critical requirement for myogenic differentiation and
provide evidence for a relationship between proliferative capacity and

mechanotransduction pathways involved in cell fusion.
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3.3 Materials and methods
3.3.1 Plasmid constructs and shRNA design

shRNA targeting the mouse p21 transcript was expressed in a modified
pLVTHM lentiviral vector (Addgene #12447)'22. The GFP reporter in the pLVTHM
vector was appended with an IRES-puromycin resistance cassette using Spel restriction
sites. shRNA specific to the p21 transcript (p21sh) had the following target sequence: 5'-
GGAGCAAAGTGTGCCGTTG-3' as reported'?. A vector delivering a non-specific
control shRNA sequence (CTLsh) to control for the effects of the transduction process
was also generated using the following target sequence: 5'-
GATTACCGTATGGGCTGTC-3". The CTLsh sequence was selected to have no
homology to the mouse transcriptome by an NCBI BLAST search and contained fewer
than 15 base pair identities with any predicted mRNA sequence. Oligos encoding
shRNA were synthesized, annealed, phosphorylated and ligated into the Mlul and Clal
restriction sites. Luciferase reporter and Cre recombinase lentiviral plasmids used for

the myoblast fusion assay are available on Addgene (Addgene #30205 and #60622).

3.3.2 Cell culture

Primary adult mouse myoblasts were obtained from Grace Pavlath at Emory
University. Primary myoblasts were maintained in growth media consisting of F10
supplemented with 20% FBS, 1% penicillin-streptomycin, and 5 ng/mL bFGF (Sigma).

For differentiation experiments, primary myoblasts were plated in growth media on
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wells coated with elastin-collagen IV-laminin cell attachment matrix (Millipore). After
reaching 80% confluence, myoblasts were switched to DMEM supplemented with 8%
horse serum and 1% penicillin-streptomycin. HEK293T cells were cultured in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin. All cell lines were

cultured at 37C with 5% CO..

3.3.3 Lentiviral production

Primary myoblasts were transduced with lentivirus to stably express shRNA. To
produce VSV-G pseudotyped lentivirus, HEK293T cells were plated at a density of 5.1e3
cells/cm?. The next day after seeding, cells in 10-cm plates were co-transfected with the
appropriate lentiviral expression plasmid (20 ug), the second-generation packaging
plasmid psPAX2 (Addgene #12260, 15 pg), and the envelope plasmid pMD2.G
(Addgene #12259, 6 ug) by calcium phosphate precipitation'?*. After 14-18 hours,
transfection medium was exchanged for 10 mL of fresh 293T medium. Medium
containing lentiviral particles was collected 24 and 48 hours after the first media
exchange. Residual producer cells were cleared from the lentiviral supernatant by
filtration through 0.45 um cellulose acetate filters and concentrated 20-fold by
centrifugation through a 100 kDa molecular weight cutoff filter (Millipore).
Concentrated viral supernatant was snap-frozen in liquid nitrogen and stored at -80 °C
for future use. For transduction, concentrated viral supernatant was diluted 1:20 with

primary myoblast growth medium. To facilitate transduction, the cationic polymer
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polybrene was added at a concentration of 4 ug/mL to the viral media. Non-transduced
(NT) cells did not receive virus but were treated with polybrene as a control. The day
after transduction, the medium was exchanged to remove the virus. For selection, 1
ug/ml puromycin was used to initiate selection for transduced cells approximately 96

hours after transduction.

3.3.4 qRT-PCR

Cells were harvested for total RNA isolation using the RNeasy Plus RNA
isolation kit (Qiagen). cDNA synthesis was performed using the SuperScript VILO
cDNA Synthesis Kit (Invitrogen). Quantitative real-time PCR (qRT-PCR) using SsoFast
EvaGreen (Bio-rad) was performed with the CFX96 Real-Time PCR Detection System
(Bio-Rad) with the oligonucleotide primers optimized for 90-110% efficiency for the
target gene.. The results are expressed as fold-increase mRNA expression of the gene of

interest normalized to Gapdh expression by the AAC: method.

3.3.5 Western blot

Cells were lysed in RIPA buffer (Sigma), and the BCA assay (Pierce) was
performed to quantify total protein. Lysates were mixed with LDS sample buffer
(Invitrogen) and boiled for 5 min; equal amounts of total protein were run in NuPAGE
Novex 10% Bis-Tris polyacrylamide gels (Life Technologies) and transferred to
nitrocellulose membranes. Nonspecific antibody binding was blocked with 5% nonfat

milk in TBS-T (50 mM Tris, 150 mM NaCl and 0.1% Tween-20) for 30 min. The
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membranes were then incubated with primary antibody in 5% milk in TBS-T: mouse
anti-p21 (Santa Cruz) diluted 1:1000 overnight at 4°C or rabbit anti-GAPDH (Cell
Signaling, clone 14C10) diluted 1:5000 for 60 min at room temperature. Membranes
labeled with primary antibodies were incubated with anti-mouse (Santa Cruz) or anti-
rabbit HRP-conjugated antibody (Sigma-Aldrich) diluted 1:5000 for 60 min and washed
with TBS-T for 60 min. Membranes were visualized using the Immun-Star WesternC
Chemiluminescence Kit (Bio-Rad) and images were captured using a ChemiDoc XRS+

system and processed using ImageLab software (Bio-Rad).

3.3.6 BrdU analysis

Transduced myoblasts were plated on tissue culture-treated plastic slides coated
with ECL matrix and incubated with 10 ug/mL of the nucleotide analog 5-bromo-2’-
deoxyuridine (BrdU; Sigma) for 24 hours prior to fixation. Cells were fixed in ice-cold
methanol at day 0, day 4, and day 7 after serum withdrawal. Fixed cells were denatured
in 2N HCI for 20 minutes at room temperature and then washed 3 times for 20 minutes
in neutralizing buffer containing 50 mM NaCl and 100 mM Tris-HCl. Samples were
blocked for 20 minutes in PBS supplemented with 1% bovine serum albumin, 5% FBS,
and 0.1% Triton X-100 (Invitrogen) and then incubated overnight at 4°C in mouse anti-
BrdU (Sigma) at 1:1000 in blocking solution. Sections were then labeled with anti-mouse
secondary conjugated to AlexaFluor 594 (Molecular Probes) at a 1:500 dilution in

blocking serum for 60 minutes. Sections were incubated with 4',6-diamidino-2-
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phenylindole (DAPI; Invitrogen) prior to mounting in ProLong Gold Antifade reagent
(Life Technologies). Images were analyzed using a custom Image] macro. The
percentage of BrdU-positive nuclei was calculated by normalizing the number of BrdU-

positive particles over a threshold size to the number of DAPI-positive nuclei.

3.3.7 Immunofluorescence staining

Transduced myoblasts were plated on tissue culture treated plastic slides coated
with ECL matrix and were fixed in 4% paraformaldehyde 7 days after differentiation.
Samples were permeated in blocking buffer (PBS supplemented with 1% BSA, 0.1%
Triton X-100, 5% goat serum, and 5% FBS) for 15 minutes. Samples were incubated with
MF20 supernatant primary antibody (Hybridoma Bank) diluted 1:200 in blocking buffer
overnight at 4°C, and rinsed for 15 min in PBS. Samples were incubated with anti-mouse
AlexaFluor 594-conjugated antibody (Molecular Probes) for one hour at room
temperature. Sections were incubated with 4',6-diamidino-2-phenylindole (DAPI;

Invitrogen) prior to mounting in ProLong Gold Antifade reagent (Life Technologies).

3.3.8 Luciferase-based fusion assay

Primary myoblasts were transduced with either LV-Cre or LV-Floxed Luc. Four
days after transduction, LV-Cre and LV-Floxed Luc cells were split into 3 populations
and transduced with CTLsh LV, p21sh LV, or no LV. Following selection with
puromycin, each cell population was mixed and plated in a 1:1 ratio of LV-Cre

transduced cells to the corresponding LV- Floxed Luc cells in 24 well plates. Once grown
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to confluence, the cells were switched to low serum culture to induce differentiation and
fusion. Cells were harvested after 4 and 7 days after serum withdrawal and assayed for
luciferase expression. Cells were pelleted and washed with PBS. Pellets were lysed in
buffer containing 100mM KH2PO4, 0.2% Triton-X (pH 7.8). Supernatant from the lysis
was collected from each sample and mixed 1:1 with 30 uL of Bright-Glo reagent (Bright-
Glo Luciferase Assay System, Promega). Luminescence was measured in an opaque 96-
well plate by a BioTek Synergy 2 Multi-Mode Microplate Reader with 1-second scan
time. Relative luciferase expression was calculated as fold increase over background

from samples containing a 1:1 ratio of LV-Floxed Luc to non-treated cells.

3.3.9 RNA-sequencing

RNA-seq libraries were constructed as previously described!?. Briefly, seven
days after switching to differentiation medium, cells were harvested and mRNA was
purified from total RNA using oligo(dT) Dynabeads (Invitrogen). First-strand cDNA
was synthesized using the SuperScript VILO cDNA Synthesis Kit (Invitrogen) and
second-strand cDNA was synthesized using DNA polymerase I (New England Biolabs).
cDNA was purified using Agencourt AMPure XP beads (Beckman Coulter). Purified
cDNA was treated with Nextera transposase (Illumina) for 5 min at 55 °C to
simultaneously fragment and insert sequencing primers into the double-stranded
cDNA. Transposase activity was halted using QG buffer (Qiagen) and fragmented

cDNA was purified on AMPure XP beads. Indexed sequencing libraries were PCR-
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amplified and sequenced for 50-bp paired-end reads on an Illumina HiSeq 2000
instrument at the Duke Genome Sequencing Shared Resource. Reads aligning to the
delivered lentiviral vector were removed from analysis using Bowtie2'%. Filtered reads
were then aligned to mouse RefSeq transcripts using Bowtie2. Statistical analysis,
including multiple hypothesis testing, on three independent biological replicates was

performed using DESeq'?.

3.4 Results
3.4.1 Silencing p21 in myoblasts

RNA interference was employed to achieve potent and stable control over
expression of the cell cycle inhibitor p21. To determine the effect of silencing p21 on
myoblast differentiation and proliferation, a small hairpin RNA (shRNA) targeting exon
2 of the mouse p21 transcript (p21sh) was constitutively expressed on a previously
described lentiviral vector'?® (Figure 3a). To control for non-specific effects of ShARNA
expression, a mock lentiviral vector was also constructed expressing a shRNA designed
to be non-specific for the mouse transcriptome (CTLsh). Over 80% downregulation of
p21 expression was observed by mRNA and protein expression compared to non-
transduced (NT) controls in primary myoblasts 4 days post-transduction (Figure 3b and
c). Delivery of CTLsh to primary myoblasts did not have a significant effect on p21

expression.
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Figure 3. Silencing of p21 in primary myoblasts with RNAi. (a) A
lentiviral vector encoding p21 shRNA (p21sh) or non-specific control shRNA
(CTLsh), a GFP reporter, and a puromycin resistance gene was delivered to
primary mouse myoblasts. (b) Delivery of p21sh to primary myoblasts resulted
in ~80% reduction in p21 mRNA expression 4 days after transduction by qPCR (n
=3, * indicates p < 0.05 by Student’s t-test). (c) Representative Western blot
demonstrates dramatic reduction of p21 protein 4 days after shRNA lentiviral
transduction.

3.4.2 Delayed cell cycle exit and increased proliferative capacity in
myoblasts with p21 knockdown

We hypothesized that p21 silencing allows progenitor cells to maintain a
proliferative state in the absence of growth signals. Myoblasts were transduced with
p21sh or CTLsh lentivirus and cultured in low serum media to induce differentiation
and cell cycle exit. Silencing p21 in differentiating myoblasts was sufficient to interfere
with G1/S checkpoint control, indicated by significantly higher percentages of BrdU-

positive nuclei at 4 days after differentiation induction in p21sh compared to non-
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transduced cells (Figure 4a). Cell cycle exit is only delayed, however, as the majority of

p21sh cells do not incorporate BrdU at 7 days after differentiation induction.

To further investigate the effects of disrupting p21 regulation on myoblast

growth capacity, we performed competitive co-culture experiments in which shRNA-

expressing and non-treated myoblasts were cultured together in low serum medium

(Figure 4b). The p21sh cells were enriched over multiple passages and overtook the

culture by day 18, demonstrating significantly higher growth rates for p21sh myoblasts

compared to CTLsh controls (Figure 4c). Overall, these results show that p21 is a critical

regulator of cell cycle exit during myogenic differentiation and silencing p21 is an

effective method for bypassing cell cycle control in terminal differentiation conditions.
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Figure 4. Silencing p21 allows myoblasts to proliferate in differentiation
conditions. a) p21 shRNA myoblasts undergo S phase in low serum culture. BrdU
incorporation is shown as a measure of DNA synthesis in primary myoblasts
undergoing differentiation. *indicates p <0.05, compared to non-treated controls on
the same day by the Student’s t-test b) p21 shRNA myoblasts were seeded with non-
treated cells at a low percentage. Enrichment of the population in low serum culture
was tracked with a GFP marker. c) Flow cytometry data measuring % GFP-positive cells
show that p21 shRNA-treated myoblasts overtook the population in co-cultures with
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non-treated cells. * indicates significant differences between linear regressions by
ANCOVA (p <0.05), compared to control shRNA-treated cells.

3.4.3 Silencing p21 and myotube fusion during differentiation

To determine the effects of delayed cell cycle exit on myogenic differentiation,
we assessed myogenic marker expression and myotube fusion in differentiating
myoblasts with stable p21 knockdown (Figure 5a). Over a differentiation time course,
myoblasts with p21 knockdown demonstrated comparable activation to CTLsh and NT
cells of myogenesis markers Myog, Des, and Tnnt1 (Figure 5b,c). In contrast, expression
of late-stage contractile marker myosin heavy chain by immunostaining was reduced in
p21sh myoblasts at day 7 post-differentiation (Figure 5e). Furthermore, p21sh myoblasts
were morphologically distinct, exhibiting less elongation and myotube formation
compared to non-treated and non-specific ShRNA cells after 7 days in differentiation
conditions (Figure 5d).

To further assess effects of p21 expression on myotube formation, we quantified
myoblast fusion using a Cre recombinase-based luciferase reporter system, in which
luciferase expression is contingent upon fusion of a floxed-luciferase myoblast with a
myoblast expressing Cre recombinase'” (Figure 6a,b), and luciferase activity indicates
relative fusion levels. Myoblasts treated with p21 shRNA demonstrated significantly
reduced fusion levels after 4 and 7 days in differentiation conditions, compared to non-

treated controls (Figure 6c). These results demonstrate that p21 expression is critical for
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late stage myogenic differentiation and suggest a link between delayed cell cycle exit by

p21 silencing and myoblast fusion.
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Figure 5. Myogenic marker expression during differentiation of primary
myoblasts. (a) p21 silencing is maintained during myogenic differentiation in low serum
(8% horse serum) conditions. (b-d) p21-silenced myoblasts upregulate myogenic
markers during differentiation via qRT-PCR (n =3). (e) Images were taken of primary
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myoblasts after 4 days in differentiation conditions. Myosin heavy chain (MyHC, red) is
expressed in all conditions, but cells with p21 shRNA lack the elongated myotube
structure characteristic of myogenic differentiation. GFP (green) indicates lentiviral
transduction.
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Figure 6. Reduced fusion observed with p21 silencing during
myogenic differentiation. (a,b) A Cre recombinase-based luciferase
reporter assay was used to quantify myoblast fusion. (b) After 7 days in
low serum culture, p21sh myoblasts exhibited significantly decreased
fusion compared to NT controls. (n=3, * indicates p < 0.05 by Student’s t-
test compared to NT control)

3.4.4 Global gene expression analysis of p21-silenced cells during
differentiation

In order to determine genome-wide transcriptional effects of silencing p21 on
myogenic differentiation, we performed RNA-seq on myoblasts after 7 days in
differentiation conditions. Genome-wide mRNA differential expression levels of 30518
transcripts were analyzed for p21sh and CTLsh cells compared to NT conditions (Figure
7). Lentiviral expression of shRNA resulted in numerous significant changes in

transcript expression, with 858 differentially regulated genes for p21sh and 870 for non-
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specific CTLsh cells compared to NT controls (Figure 7a-c, False Discovery Rate, FDR, <
0.01). Of these, 192 significantly changed genes (22%) were shared between p21sh and
CTLsh treated cells (Figure 7c). These shared changes in gene expression in p21sh and
CTLsh cells may have been due to lentiviral transduction, puromycin selection, or
sequence-independent overexpression of small, exogenously delivered RNAs. The
significantly changed transcripts uniquely observed in CTLsh cells may be a result of
unanticipated off-target silencing activity of the non-specific ShRNA.

With p21sh treatment, the most significant changes in gene expression were
repression of p21 transcripts (Supplementary Table 1). Other cell cycle regulators
implicated in muscle cell cycle regulation, such as CIP/KIP Cdkn1b (p27) and INK4a
Cdkn2a (p16) and Cdkn2d (p19), were not significantly affected by p21 silencing,
indicating that expression of these CKlIs is not compensating for lack of p21 protein
(Figure 7a). Interestingly, Cdkn2c (p57) is significantly downregulated with p21
knockdown, suggesting a relationship between activation of the two CIP/KIP CKIs in
differentiating myoblasts (Figure 7a). Standard myogenic differentiation markers Myod1,
Myog, Des, Tnnt1, Ckm, and Actal were also not significantly altered in p21sh myoblasts
compared to NT cells (Figure 7a).

We performed functional annotation clustering using the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) tool. We concentrated our

gene ontology analysis on the 676 transcripts that were significantly altered in p21sh
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only compared to NT control differentiated myoblasts in order to elucidate potential
mechanisms for p21-mediated inhibition of myotube fusion and terminal differentiation.
We considered significantly activated and significantly repressed transcripts as two
separate groups for functional clustering (Figure 7d,e). Of the 314 transcripts that were
differentially activated in p21sh cells compared to NT controls, 126 clustered
significantly into eight functional groups (Figure 7e, Supplementary Table 2). Genes
involved in the cell cycle, particularly the mitosis phase, were significantly enriched
with p21 knockdown. Along with BrdU incorporation and competitive growth assays,
this further supports that p21 is a master switch in cell cycle regulation during myogenic
terminal differentiation and interfering with this checkpoint can cause widespread
changes in the proliferative capacity of myogenic progenitors, even in the absence of
growth signals. Other functional groups involved ATP binding, zinc ion binding (such
as zinc finger-based transcription factors), GTPase activation, glycoproteins, DNA
repair, and transmembrane proteins.

Of the 362 transcripts that were differentially repressed with p21 knockdown,
128 clustered into ten functional groups (Figure 7d, Supplementary Table 3). The
majority of clustered genes fall into ion channel transport (17) and transmembrane
protein (52) categories. These groups included immunoglobulin super family receptors,
Wnt signaling receptors, and G-protein coupled receptors that have been implicated in

cell-cell contact and motility for myoblast fusion!® 3. p21 silencing in differentiating
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myoblasts also results in reduced extracellular matrix (ECM), ECM-remodeling
metallopeptidases, and cytoskeletal myosin filament gene expression. These gene
groups regulate cell adhesion, motility, and cytoskeletal dynamics, all processes which
are critical to myoblast fusion'®. Kinase, ATP binding, signaling, transcription and
DNA-binding homeobox genes were also significantly represented in downregulated
genes, suggesting alterations in signal transduction pathways with p21 silencing.
Together, these results suggest that p21 silencing inhibits myoblast fusion via

mechanotransduction pathways in differentiating myoblasts.
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Figure 7. Genome-wide transcriptional analysis of differentiated primary
myoblasts with p21 silencing. (a) Differential analysis of myoblasts transduced with
p21sh lentivirus (p21sh LV) versus non-treated (No LV) myoblasts after 7 days in
differentiation medium. (b) Differential analysis of myoblasts treated with non-specific
shRNA lentivirus (CTLsh LV) versus No LV myoblasts. In (a) and (b), red indicates FDR
<0.01, compared to No LV controls, and cyan indicates genes of interest with FDR >
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0.01. (c) Comparison of p21sh versus CTLsh differentiated myoblasts for gene
expression fold change over non-treated controls. DAVID functional annotation
clustering classified genes significantly (d) downregulated or (e) upregulated in p21sh
differentiated myoblasts compared to non-treated controls.

3.5 Discussion

The majority of tissues in adult mammals are comprised of non-proliferative,
terminally differentiated cells. We have shown that p21 is a critical regulator of cell
cycle exit during myoblast differentiation. Silencing the CKI p21 enabled myoblasts to
maintain DNA synthesis in low serum culture and imparted a competitive growth
advantage compared to non-treated cells. Global gene expression analysis showed that
silencing p21 alone resulted in widespread differential activation of genes involved in
cell division and proliferation. This enhanced growth capacity did not cause de-
differentiation of treated myoblasts. Myoblasts with p21 knockdown expressed markers
of myogenic differentiation in low serum culture. However, silencing p21 reduced the
formation of functional, multinucleated myotubes.

Although p21 has not been previously been linked to myoblast fusion, CIP/KIP
CKIs have been shown to regulate actin cytoskeleton remodeling, actin-myosin
contractility, and Wnt signaling pathways in other cell types®. Our RNA-seq analysis
supports these findings in the context of myogenic differentiation and further suggest
that these pathways are the mechanisms through which silencing p21 inhibits myoblast

fusion and completion of the myogenic terminal differentiation program.
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Retaining the self-renewal capability of progenitor cells with terminal
differentiation could be beneficial for regenerative medicine therapies that require
expansion of cell sources while maintaining phenotype. Increased proliferation and
delayed differentiation of myoblast progenitors has been proposed as a method to
improve the efficiency of myoblast implantation therapies’?2. Silencing CKIs has also
been implicated as a strategy to instigate cell cycle reentry and proliferation in
terminally differentiated myotubes!? 123, cardiomyocytes®, and cartilage tissue® 1%
Understanding the role CKIs play in coordinating cell cycle exit and regulating

differentiation will inform these regenerative medicine strategies.
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Chapter 4. Knockdown of the cell cycle inhibitor p21
enhances cartilage formation by induced pluripotent
stem cells

Original article co-authored by Brian O. Diekman (co-first author), Shannon K.
O’Connor, Vincent P. Willard, Jonathan M. Brunger, Nicolas Christoforou, Kam W.

Leong, Charles A. Gersbach, and Farshid Guilak'®.

4.1 Synopsis

The limited regenerative capacity of articular cartilage contributes to progressive
joint dysfunction associated with cartilage injury or osteoarthritis. Cartilage tissue
engineering seeks to provide a biological substitute for repairing damaged or diseased
cartilage, but requires a cell source with the capacity for extensive expansion without
loss of chondrogenic potential. In this study, we hypothesized that decreased
expression of the cell cycle inhibitor p21 would enhance the proliferative and
chondrogenic potential of differentiated induced pluripotent stem cells (iPSCs). Murine
iPSCs were directed to differentiate towards the chondrogenic lineage with an
established protocol and then engineered to express a short hairpin RNA (shRNA) to
reduce the expression of p21. Cells expressing the p21 shRNA demonstrated higher
proliferative potential during monolayer expansion and increased synthesis of
glycosaminoglycans (GAGs) in pellet cultures. Furthermore, these cells could be
expanded approximately 150-fold over three additional passages without a reduction in

the subsequent production of GAGs, while control cells showed reduced potential for
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GAG synthesis with three additional passages. In pellets from extensively passaged
cells, knockdown of p21 attenuated the sharp decrease in cell number that occurred in
control cells, and immunohistochemical analysis showed that p21 knockdown limited
the production of type I and type X collagen while maintaining synthesis of cartilage-
specific type II collagen. These findings suggest that manipulating the cell cycle can
augment the monolayer expansion and preserve the chondrogenic capacity of
differentiated iPSCs, providing a strategy for enhancing iPSC-based cartilage tissue

engineering.

4.2 Introduction

Articular cartilage provides a low-friction load-bearing surface in diarthrodial
joints such as the knee and hip'*. However, cartilage degeneration or loss that occurs
with osteoarthritis (OA) is associated with significant pain and joint dysfunction'®. The
risk for cartilage degeneration is enhanced by the presence of focal damage!% 1%,
prompting efforts to treat cartilage defects using techniques such as marrow
stimulation'®. Using a combination of cells, scaffolds, and growth factors to engineer
cartilage for transplantation has been proposed as a potential therapy, but the optimal
cell source has yet to be identified'®. The use of autologous chondrocytes requires an
additional procedure to harvest healthy cartilage and follow-up studies have indicated
the presence of suboptimal fibrocartilage tissue after repair'#. Adult stem cells also have

limitations, as bone-marrow derived mesenchymal stem/stromal cells (MSCs) display a
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propensity for mineralization'#! '¥2 and adipose-derived stem cells (ASCs) may need
additional growth factors for full chondrogenesis in some systems!#> 14, Embryonic stem
cells and induced pluripotent stem cells (iPSCs) have emerged as other alternatives, but
require extensive differentiation protocols to avoid a remnant of undifferentiated cells
with tumor-forming potential'#.

A major obstacle to using many of the proposed cell types for treating cartilage
injury is the loss of chondrogenic capacity with monolayer cell expansion. Expansion is
required to achieve necessary cell numbers for autologous chondrocyte implantation
(ACI)™¢, but primary chondrocytes rapidly progress to a de-differentiated phenotype
during monolayer culture!¥-1#. Under certain circumstances, expanded chondrocytes
can be grown in three dimensional culture with defined conditions to promote re-
differentiation to a chondrocyte phenotype'®, although these cells may not regain the
ability to synthesize sufficient matrix!. Certain adult stem cells such as MSCs also
demonstrate a limited capacity for expansion before loss of chondrogenic potential'®?,
whereas other cell types such as ASCs retain chondrogenic ability even after numerous
passages'®. Even iPSCs, which have virtually unlimited self-renewal capability in the
undifferentiated state, exhibit a loss of chondrogenic potential with expansion once they
have been differentiated towards the chondrogenic lineage!>.

Among the factors that influence the phenotypic change associated with

prolonged culture are cell cycle inhibitors such as p21Wa{/C¢! (hereafter referred to as
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p21)'%5. p21 regulates proliferation by binding cyclin and cyclin-dependent kinase
complexes and preventing Go/Giand Gi/S phase progression'®, and a reduction of p21
levels is a shared mechanism by which growth factor treatment and hypoxic culture
mediate enhanced proliferation of MSCs while maintaining differentiation potential?“4.
Evidence from mouse strains with enhanced healing capabilities support these findings,
as reduced levels or a complete loss of p21 expression results in increased cell
proliferation and recapitulation of native tissue architecture after injury®. Thus the
modulation of p21 provides a potential mechanism that could be used to prevent the
loss of chondrogenic potential during extensive cell expansion.

Chondrocytes display very limited proliferation during normal tissue
homeostasis, but immature growth plate chondrocytes undergo a phase of both
proliferation and abundant matrix synthesis'”. Studies on the chondrogenesis of MSCs
support the concept of coordinated cell growth and matrix synthesis, suggesting that
proliferation may be important to recapitulate the developmental paradigms of
cartilage'®. We hypothesized that knockdown of p21 expression in iPSC-derived
chondrocytes would lead to increased cell proliferation in monolayer expansion while
maintaining robust chondrogenic potential. To test this hypothesis, we used short
hairpin RNA (shRNA) to silence the expression of the cell cycle inhibitor p21 in
differentiated iPSCs and investigated the proliferative capacity and potential for

utilizing these cells as a source for cartilage tissue engineering.
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4.3 Materials and methods
4.3.1 iPSC culture and differentiation

Murine iPSCs were derived and differentiated towards the chondrogenic lineage
as previously described'™ and outlined in Figure 8. Briefly, pluripotency was initiated
through the doxycycline-inducible expression of Oct4 (Pou5f1), Sox2, KIf4, and c-Myc'®.
iPSCs were maintained in an undifferentiated state through culture on mouse
embryonic fibroblasts (MEFs; Millipore) in the presence of 20% fetal bovine serum (FBS;
Atlanta Biologicals) and mouse leukemia inhibitory factor (LIF; Millipore). Cells were
differentiated towards the chondrogenic lineage using a multi-step process that resulted
in a purified population of iPSC-derived chondrocytes. Differentiation included 15 days
of high density micromass culture with 50 ng/ml BMP-4 (R&D Systems) and 100 nM
dexamethasone (Sigma-Aldrich) provided during days 3-5 only. After micromass
culture, chondrocyte-like cells were sorted with flow cytometry based on the presence of
GFP driven by a type II collagen promoter'®. These cells were expanded in monolayer
on gelatin-coated plates at a density of 10,000 cells/cm? in chondrogenic expansion
medium consisting of DMEM-HG (Sigma-Aldrich), 10% FBS, 100 nM non-essential
amino acids (Gibco), 55 uM B-mercaptoethanol (Gibco), ITS+ (Becton Dickinson), 50
ug/ml L-ascorbic acid 2-phosphate (Sigma), 40 pg/ml L-proline (Sigma), and 4 ng/ml

bFGF (Roche) as previously described!>*. After 3-4 days of expansion, cells were
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trypsinized and stored in liquid nitrogen to serve as a pre-differentiated cell stock. We

defined this cell population to be at passage 1 when plated from frozen stocks.

4.3.2 p21 knockdown with shRNA

shRNA targeting the mouse p21 transcript was expressed in a modified
pLVTHM lentiviral vector (Addgene #12447)122. The GFP reporter in the pLVTHM
vector was replaced with a dsRedExpress2-IRES-puromycin resistance cassette using
Pacl and Spel restriction sites. shRNA specific to the p21 transcript (p21sh) had the
following target sequence: 5'- GGAGCAAAGTGTGCCGTTG-3' as reported!?. A vector
delivering a “scrambled” shRNA sequence (scr) to control for the effects of the
transduction process was also generated using the following target sequence: 5'-
GATTACCGTATGGGCTGTC-3'. The scrambled sequence was confirmed to have no
homology to the mouse transcriptome by an NCBI BLAST search and contained fewer
than 15 base pair identities with any predicted mRNA sequence. To produce VSV-G
pseudotyped lentivirus, HEK293T cells were plated at a density of 5.1e3 cells/cm?in high
glucose DMEM (GIBCO, cat #11995) supplemented with 10% FBS. The next day, cells in
10-cm plates were co-transfected with the shRNA lentiviral expression plasmid (20 ug),
the second-generation packaging plasmid psPAX2 (Addgene #12260, 15 ug), and the
envelope plasmid pMD2.G (Addgene #12259, 6 ug) by calcium phosphate
precipitation’?*. After 12-14 hours, transfection medium was exchanged for 10 mL of

fresh 293T medium. Conditioned medium containing lentivirus was collected 24 hours
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after the first media exchange. Lentiviral supernatant was cleared of producer cells by
filtration through 0.45 um cellulose acetate filters and then concentrated 20-fold by
centrifugation through a 100 kDa molecular weight cutoff filter (Millipore).
Concentrated viral supernatant was then snap-frozen and stored at -80 °C for future use.
Frozen stocks of passage 1 iPSC-derived chondrocytes were plated into chondrogenic
expansion medium and were transduced the following day. For transduction,
concentrated viral supernatant containing the p21 shRNA (p21sh) or scrambled
sequence (scr) was diluted 1:40 with chondrogenic expansion media. The cationic
polymer polybrene was added at a concentration of 4 pug/mL to facilitate transduction.
Non-transduced (NT) cells did not receive virus but were treated with polybrene as a
control. After 16 hours of transduction, the medium was exchanged to remove the
virus, and 2 pug/ml puromycin was used to initiate selection for transduced cells
approximately 36 hours after transduction. Cells were passaged once they reached
approximately 90% confluence for further expansion or used for chondrogenic pellet

cultures as described below.

4.3.3 Expansion rates and cell cycle analysis

To determine cell expansion rates, cells were seeded at ~10,500 cells/cm? (100,000
cells in 9.5 cm? wells of Corning plates) at passages 2, 3, and 4. Cells were passaged
every three days and an automated cell counter (Countess; Invitrogen) was used to

determine the cumulative fold-expansion for each well over the 3 passages.
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Additionally, cells at the end of passage 2 were used to analyze the cell cycle
distribution with propidium iodide staining based on a previously described method'.
Briefly, cells were fixed in cold 70% ethanol and stained with a solution of 0.1% (v/v)
Triton X-100 (Sigma-Aldrich), 10 ug/mL propidium iodide (Biolegend), and 100 pg/mL
DNase-free RNase A (Sigma-Aldrich) for at least 30 minutes before analysis by flow
cytometry. The percentage of cells in S phase was determined from the region between
the two maximal peaks. For comparison, undifferentiated iPSCs and expanded murine
chondrocytes isolated from the hips of 12 day old mice were analyzed in the same

fashion.

4.3.4 qRT-PCR

At the end of passages 1 and 4 (denoted as passage 2 and passage 5 to indicate
analysis was performed after trypsinization), cells were harvested for total RNA
isolation using the RNeasy Plus RNA isolation kit (Qiagen). cDNA synthesis was
performed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). Quantitative
real-time PCR (qQRT-PCR) using SsoFast EvaGreen SYBR Green Supermix was
performed with the CFX96 Real-Time PCR Detection System (Bio-Rad) with the
oligonucleotide primers reported in Supplementary Table 1. The results are expressed
as fold-increase mRNA expression of the gene of interest normalized to Gapdh

expression by the AAC: method.
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4.3.5 Pellet culture for chondrogenic differentiation

Cells were used to establish chondrogenic pellet cultures at the end of passages 1
and 4 (denoted as passage 2 and passage 5 pellets). The chondrogenic differentiation
medium contained the same components as chondrogenic expansion medium but with
the addition of 10 ng/ml transforming growth factor 33 (R&D Systems) and 100 nM
dexamethasone (Sigma) and without the FBS or bFGEF. Cells were distributed to
individual wells of 96-well round bottom plates (BD Falcon) with 150,000 cells in each
well. Plates were centrifuged twice at 200x g for 5 minutes, and samples were cultured
for up to 28 days with media changes every 2-3 days to maintain 250 ul of media per
well. Pellets were harvested at days 9, 18, and 28 for biochemical and histological

analyses.

4.3.6 Assessment of proliferation in pellet cultures with BrdU

Separate pellet cultures were incubated with 10 ug/mL of the nucleotide analog
5-bromo-2’-deoxyuridine (BrdU; Sigma) for the duration of days 0-9, days 9-18, or days
18-28. Pellets were harvested immediately after the end of the treatment window.
Cryosections were denatured in 2N HCl for 20 minutes at room temperature and then
washed 3 times for 20 minutes in neutralizing buffer containing 50 mM NaCl and 100
mM Tris-HCl. Samples were blocked for 20 minutes in DPBS supplemented with 1%
bovine serum albumin, 5% FBS, and 0.1% Triton X-100 (Invitrogen) and then incubated

overnight at 4°C in mouse anti-BrdU (Sigma) at 1:1000 in blocking solution. Sections
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were then labeled with anti-mouse secondary conjugated to AlexaFluor 594 (Molecular
Probes) at a 1:500 dilution in blocking serum for 60 minutes. Sections were incubated
with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen) prior to mounting in ProLong
Gold Antifade reagent (Life Technologies). Images were analyzed using a custom
Image] macro. The percentage of BrdU-positive nuclei was calculated by normalizing
the number of BrdU-positive particles over a threshold size to the number of DAPI-

positive nuclei.

4.3.8 Biochemical analysis for DNA, GAG, and collagen content

Pellets were washed with PBS and stored frozen until digestion with papain for
subsequent analysis of DNA and glycosaminoglycan (GAG) content as previously
described'®. Briefly, the PicoGreen assay (Molecular Probes) was used to measure DNA
content and GAGs were analyzed using the 1,9-dimethylmethylene blue assay with a
525 nm wavelength. Aliquots of the cell suspension used to establish pellet cultures
were harvested at day 0 and analyzed in parallel to provide a reference value for the
starting DNA content of each group. Total collagen was determined by measuring the

hydroxyproline content using a previously described assay'®.

4.3.9 Histology and immunohistochemistry

Pellets were harvested for cryosectioning by washing with PBS, embedding in
O.C.T. solution (Tissue-Tek), and snap freezing in liquid nitrogen before storage at -

20°C. Cryosections of 8-10 um were collected on glass slides. For histology, slides were
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fixed in 10% neutral buffered formalin and then stained with safranin-O/fast
green/hematoxylin as described!¢2. For immunohistochemistry, unfixed sections were
digested with pepsin for 5 minutes (10 minutes for type I collagen), treated with primary
antibody (II-II6B3 from Iowa hybridoma bank for type II collagen at a dilution of 1:3,
8D4A1 from Chondrex for type I collagen at 1:200, c7974 from Sigma for type X collagen
at 1:200), incubated with secondary antibody for type II and type X (ab97021; AbCam),
and stained with Histostain Plus kit and AEC Single (Life Technologies). Appropriate

positive and negative controls confirmed specificity of staining.

4.3.10 Western blots

Cells were lysed in 50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 0.5% Triton X-100 and
0.1% SDS. Total protein was quantified using the BCA assay (Pierce). Lysates were
mixed with loading buffer and boiled for 5 min; equal amounts of total protein were run
in NuPAGE Novex 10% Bis-Tris polyacrylamide gels (Life Technologies) and transferred
to nitrocellulose membranes. Nonspecific antibody binding was blocked with 5% nonfat
milk in TBS-T (50 mM Tris, 150 mM NaCl and 0.1% Tween-20) for 30 min. The
membranes were then incubated with primary antibody in 5% milk in TBS-T: mouse
anti-p21 (Santa Cruz, clone F-5) diluted 1:1000 overnight at 4°C or anti-GAPDH (Cell
Signaling, clone 14C10) diluted 1:5000 for 60 min at room temperature. Membranes
labeled with primary antibodies were incubated with anti-mouse (Santa Cruz) or anti-

rabbit HRP-conjugated antibody (Sigma-Aldrich) diluted 1:5000 for 30 min and washed
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with TBS-T for 30 min. Membranes were visualized using the Immun-Star WesternC
Chemiluminescence Kit (Bio-Rad) and images were captured using a ChemiDoc XRS+

system and processed using ImageLab software (Bio-Rad).

4.3.11 Statistical analysis

Samples were analyzed using student’s t-test or two-way ANOVA with Fisher’s

PLSD post-hoc test when applicable (a = 0.05).
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Figure 8. Overview of experimental approach. Undifferentiated iPSCs were
expanded on a feeder layer of mouse embryonic fibroblasts, plated in high density
micromass cultures for 15 days of differentiation, which included the growth factor bone
morphogenetic protein 4 during days 3-5. After differentiation, chondrocyte-like cells
expressing GFP driven by a type II collagen promoter were sorted by flow cytometry.
Sorted cells were expanded in primary passage and then stored as frozen stocks for
future experiments. Cells were subsequently plated into passage 1 (p1) and transduced
the following day with virus encoding shRNA to reduce the expression of p21 (p21sh) or
kept as non-transduced (NT) cells. Both cell groups were expanded and then
trypsinized to obtain passage 2 (p2) cells. Cells were either replated for continued
expansion or used for qRT-PCR analysis and the formation of chondrogenic pellet
cultures. After three additional passages, the same analysis was performed on passage 5
(p5) cells. See methods section for additional details and media formulations.
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4.4 Results
4.4.1 Knockdown of p21 expression

Expression of the shRNA targeting p21 caused a reduction in p21 mRNA levels
of approximately 80% as assessed by qRT-PCR (Figure 9A, p<0.05) and also caused a
reduction in p21 protein as determined by Western blot (Figure 9B). This reduction in
p21 protein was maintained throughout the 28 days of chondrogenic pellet culture
(Figure 9C). A scrambled shRNA sequence showed a small increase in p21 protein
expression (Figure 9D) and a decrease in the size of chondrogenic pellet cultures (Fig.
2E) compared to non-transduced cells that was potentially an effect of viral
transduction. To ensure that effects of p21 knockdown were significant relative to the
unaltered state, subsequent experiments compared differentiated iPSCs with silenced

p21 expression (p21sh) to non-transduced (NT) cells.
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Figure 9. p21 knockdown. A) mRNA expression of p21 in passage 2 cells either
non-transduced (NT) or expressing p21 shRNA (p21sh). Expression was normalized to
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Gapdh and NT controls. Data from n =3 of a representative experiment. Asterisk
indicates p<0.05 compared to NT cells. B) Western blot for protein levels of p21 and
GAPDH in passage 2 cells. C) Western blot for protein levels of p21 and GAPDH after
passage 2 cells were in chondrogenic pellet culture for 28 days. D) Western blot for
protein levels of p21 and GAPDH in passage 2 cells. Cells were either non-transduced
(NT) or transduced with a lentivirus expressing a scrambled (scr) control shRNA. E)
Chondrogenic pellet cultures from passage 2 NT or scr cells. Pellets were cryosectioned
and stained with safranin-O (sulfated glycosaminoglycans, red), fast-green (collagen,
green), and hematoxylin (nuclei, blue). Scale bar =100 um.

4.4.2 Effect of knockdown on cell expansion

p21sh cells demonstrated an enhanced potential for cell expansion, with
approximately double the level of total expansion compared to NT cells over three
passages (Figure 10A, p<0.05). The three additional expansion passages with p21sh cells
generated almost 150 times the number of cells available for tissue engineering at
passage 5 as compared to passage 2 (Figure 10A). To determine whether p21
knockdown altered the cell cycle profile, the percentage of cells in S phase was
determined with propidium iodide analysis. p21sh cells showed a significant increase in
the percentage of cells in S phase as compared to NT cells at the same passage (Figure
10B, p<0.05). Mouse primary chondrocytes and undifferentiated iPSCs of the same line
as the differentiated cells were used as controls to establish the dynamic range expected
for the assay. With knockdown, iPSC-derived chondrocytes had a slightly higher
percentage of cells in S phase as compared to mouse chondrocytes (Figure 10B, p<0.05),
but without knockdown this percentage was lower than mouse chondrocytes (Figure

10B, p<0.05). All iPSC-derived chondrocytes showed an S phase percentage that was
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more similar to chondrocytes than to undifferentiated iPSCs, nearly half of which were

in S phase.
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Figure 10. Cell expansion. A) Cumulative fold increase of cell number over 3
passages, measured following plating NT or p21sh cells into passage 2. Data fromn =6
total combined from two independent cell preparations. Asterisk indicates p<0.05
compared to NT. B) Percentage of cells in S phase as measured by propidium iodide cell

cycle analysis. Undifferentiated iPSCs and primary mouse chondrocytes served as
controls. Data from n =3 and groups not sharing a letter indicate p<0.05.

4.4.3 Gene expression during monolayer expansion

Analysis of gene expression with qRT-PCR showed that knockdown of Cdknla
(p21) expression was maintained through passage 5 (Figure 11, p<0.05). This effect
appears to be specific to p21, as a cell cycle inhibitor from a different family, Ink4a (p16),
did not show reduced expression (Figure 11, p>0.05). In NT cells, the expression of p21
decreased (p<0.05) and p16 was unaffected (p>0.05) with continued passaging,
suggesting that iPSC-derived chondrocytes do not upregulate G1/S phase cell cycle
inhibitors under the expansion conditions used in this study. The chondrogenic markers
type II collagen (Col2al) and aggrecan (Acan) decreased with monolayer expansion

(p<0.05), as expected, and p21 knockdown did not preserve expression of these
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chondrogenic markers (Figure 11). The expression of collagens that are not typically
expressed by chondrocytes, types I (Col1al) and X (Col10al), were also monitored over
passage. Knockdown of p21 significantly reduced the expression of Collal at passage 2

(p<0.05), and caused nearly a 3-fold reduction in Col10al at passage 5 (p<0.05).
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Figure 11. qRT-PCR during cell expansion. mRNA expression of cells either
non-transduced (NT, black bars) or expressing p21 shRNA (p21sh, gray bars) was
analyzed at passages 2 and 5. Gene expression was normalized to GAPDH and to

passage 2 NT cells. Data from n =6 total combined from two independent cell
preparations. Groups not sharing a letter indicate p<0.05.

4.4.4 DNA synthesis and cell content during pellet culture

To determine whether the knockdown of p21 affected the synthesis of new DNA
under chondrogenic differentiation conditions, we analyzed the incorporation of BrdU
into newly replicated DNA during distinct time periods. When BrdU was provided

from the time of pellet formation until day 9, pellets from p5 p21sh cells had an
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increased percentage of BrdU-positive cells compared to NT cells (representative images
in Figure 12A, quantitative results in Figure 12B, p<0.05). When BrdU was added during
days 9-18 or days 18-28 of culture, BrdU analysis indicated less proliferation in pellets
from p5 p21sh cells as compared to days 0-9 (p<0.05), and no significant difference to
corresponding NT pellets was found at later timepoints (p>0.05). Additionally, BrdU
incorporation showed no significant differences with time in pellets from p5 NT cells
(p>0.05). The BrdU analysis was corroborated by measurements of total DNA content,
which was significantly higher in p21sh cells as compared to NT cells at day 9 in both p2
and p5 pellets (Figure 12C, p<0.05). For both p2 and p5 cells, the difference between
DNA content in p21sh and NT pellets was maintained at the day 18 and day 28 time-
points (p<0.05), but DNA content decreased in p21sh pellets at day 28 as compared to
day 9 (p<0.05). Together, these results indicate that p21 knockdown increases the total
cells present during the earlier stages of pellet culture. However, DNA synthesis, is
slowed and cell loss eventually occurs in later stage pellet cultures even with p21

knockdown.
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Figure 12. BrdU incorporation during chondrogenic pellet culture. A) Passage
5 cells, either non-transduced (NT) or expressing p21 shRNA (p21sh), were formed into
chondrogenic pellet cultures that were harvested immediately after BrdU treatment
windows of days 0-9, days 9-18, and days 18-28. Representative overlayed fluorescence
images show DAPI-stained nuclei (blue) and BrdU positive nuclei (red). B) Percentage
of BrdU-positive nuclei in passage 5 pellets harvested immediately after BrdU treatment
windows of days 0-9, days 9-18, and days 18-28. Data from n =3 and groups not sharing
a letter indicates p<0.05. C) DNA content measured in pellets digested with papain at
days 9, 18, and 28 and expressed as percentage of DNA present at day 0 of pellet
formation. Pellets from passage 2 (left) and passage 5 (right) cells shown. Data from n >
5 combined from two independent cell preparations. Groups not sharing a letter
indicate p<0.05.
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4.4.5 GAG production

Pellets made with passage 2 NT cells and pellets made with passage 2 p21sh cells
contained sulfated GAGs that stained positive for safranin-O, although p21 knockdown
enhanced staining at the day 9 timepoint (Figure 13A). Pellets made from passage 5 NT
cells were small and showed minimal staining, while pellets made from passage 5 p21sh
cells were larger and showed significant GAG staining (Figure 13B). Pellets from
passage 2 p21sh cells demonstrated a higher GAG content than pellets from passage 2
NT cells, as assessed via the DMMB assay (Figure 14A, p<0.05). The higher total GAG
content observed in p21sh pellets at the day 18 and 28 time points was likely due to
higher cell content, as GAG/DNA levels were similar in the NT and p21sh groups at
those latter time points (p>0.05). However, GAG/DNA values at day 9 showed that p21
knockdown did result in greater synthesis of GAGs on a per cell basis in pellets from
passage 2 cells (p<0.05). In pellets made with passage 5 cells, p21 knockdown had a
dramatic effect on both total GAG and GAG/DNA at all time points (Figure 14B, p<0.05).
The pellets made with passage 5 NT cells showed minimal GAG production as
compared to pellets made with passage 2 NT cells (p<0.05). In contrast, pellets made
with passage 5 p21sh cells showed total GAG and GAG/DNA values that were even
higher than levels in pellets made with passage 2 p21sh cells (Figure 14A vs. Figure 14B).
Together, these data indicate that p21 knockdown maintains the potential for GAG

production with extended passaging.
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Figure 13. Histology for glycosaminoglycans. A) Passage 2 cells, either non-
transduced (NT) or expressing p21 shRNA (p21sh), were formed into chondrogenic
pellet cultures that were harvested at days 9, 18, and 28. Pellets were cryosectioned and
stained with safranin-O (sulfated glycosaminoglycans, red), fast-green (collagen, green),
and hematoxylin (nuclei, blue). Images are representative of pellets from two
independent cell preparations. B) Pellets from passage 5 cells cryosectioned and stained
as in panel A.
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Figure 14. Quantification of glycosaminoglycan (GAG) content. A) Passage 2
cells, either non-transduced (NT, black bars) or expressing p21 shRNA (p21sh, gray
bars), were formed into chondrogenic pellet cultures that were harvested at days 9, 18,
and 28. Papain-digested samples were analyzed for GAG content by DMMB assay.
Data are presented as total GAGs per pellet (left) or GAGs normalized to DNA content
(right), combined from n>5 total from two independent cell preparations. Groups not
sharing a letter indicate p<0.05. B) Pellets from passage 5 cells harvested and analyzed
as in panel A.

4.4.6 Collagen production

Total collagen content was assessed quantitatively with the hydroxyproline
assay, while immunohistochemical labeling for types I, II, and X collagen was used to
determine which collagen proteins were produced. Total collagen in the pellet was
increased in passage 2 p21sh cells as compared to NT cells, but p21 knockdown did not
alter the amount of collagen/DNA (Figure 15, p>0.05). At passage 5, pellets from p21sh

cells had higher total collagen at all timepoints but lower collagen/DNA at days 9 and 18
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(p<0.05). Staining for cartilage-specific type II collagen was present in all pellets made
from passage 2 cells, even at the day 9 timepoint (Figure 16A). Type II collagen labeling
was less intense for pellets made from passage 5 NT cells, especially at the day 9
timepoint, but pellets from passage 5 p21sh cells retained robust staining at all
timepoints (Figure 16B). Additional labeling was used to assess the relative contribution
of collagens indicative of either a fibrocartilage (type I) or the hypertrophic chondrocyte
(type X) phenotype. Pellets did not label for the presence of type I collagen except in
passage 5 pellets made from NT cells, which showed labeling at the periphery and in the
center of the pellets at all timepoints (Figure 17A and B). The presence of type X
collagen was investigated at day 28 and NT pellets showed enhanced labeling as
compared to pellets from p21sh cells at both passages, with greater labeling at passage 5
(Figure 17C). The immunohistochemistry findings showed that the predominant
collagen in all pellets was type II collagen, with some contribution of types I and X

collagen in p5 pellets.
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Figure 15. Quantification of total collagen content. A) Passage 2 cells, either
non-transduced (NT, black bars) or expressing p21 shRNA (p21sh, gray bars), were
formed into chondrogenic pellet cultures that were harvested at days 9, 18, and 28.

Papain-digested samples were analyzed for total collagen content by hydroxyproline
assay. Data are presented as total collagen per pellet (left) or total collagen normalized
to DNA content (right), combined from n>5 total from two independent cell
preparations. Groups not sharing a letter indicate p<0.05. B) Pellets from passage 5 cells
harvested and analyzed as in panel A.
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Figure 16. Immunohistochemistry for type II collagen. A) Passage 2 cells,
either non-transduced (NT) or expressing p21 shRNA (p21sh), were formed into
chondrogenic pellet cultures that were harvested at days 9, 18, and 28. Pellets were
cryosectioned and labeled with primary antibody to type II collagen (red) and
hematoxylin (nucleus, blue). Images are representative of pellets from two independent
cell preparations. B) Pellets from passage 5 cells cryosectioned and labeled as in panel
A.
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Figure 17. Immunohistochemistry for type I and type X collagen. A) Passage 2
cells, either non-transduced (NT) or expressing p21 shRNA (p21sh), were formed into
chondrogenic pellet cultures that were harvested at days 9, 18, and 28. Pellets were
cryosectioned and labeled with primary antibody to type I collagen (red) and
hematoxylin (nucleus, blue). Images are representative of pellets from two independent
cell preparations. B) Pellets from passage 5 cells were cryosectioned and labeled for type
I collagen as in panel A. C) Pellets from passage 2 (left) or passage 5 (right) cells were
harvested at day 28, cryosectioned, and stained for type X collagen (red) and
hematoxylin (nucleus, blue). Images representative of pellets from two independent cell
preparations.
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4.5 Discussion

Cartilage tissue engineering necessitates a cell source that can maintain
chondrogenic potential even after the monolayer expansion that is often required to
provide sufficient cell quantities. We showed that knockdown of the cell cycle inhibitor
p21 preserved the potential of iPSC-derived chondrocytes to synthesize GAGs after
three additional passages that increased the cell number by nearly 150-fold.
Furthermore, p21 knockdown allowed the cells to remain in the cell cycle during initial
stages of chondrogenic differentiation in 3D culture without sacrificing matrix synthesis.
These results support the feasibility of an approach for generating a sufficient supply of
chondrogenic cells for tissue engineering strategies: (1) iPSCs provide a self-renewing
starting cell population that is genetically matched to the donor without an invasive
tissue harvest; (2) multi-step differentiation and purification protocols provide an
intermediate cell stock that can undergo quality control characterization; (3) p21
knockdown can be utilized for significant monolayer expansion and continued
proliferation without a loss of GAG synthesis in a three-dimensional engineered
construct.

The most dramatic effect of p21 knockdown in this study was the preservation of
chondrogenic potential over extensive passaging. While undifferentiated iPSCs show
virtually unlimited expansion potential, our previous studies indicated that twice-

passaged iPSC-derived chondrocytes generated the most robust cartilage matrix in this
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system'™, and the current study confirmed that pellets from passage 5 cells had reduced
production of GAGs and decreased staining for type II collagen. However, p21
knockdown during expansion eliminated the loss in subsequent GAG production, with
even higher levels of total GAG and GAG per cell from passage 5 p21sh cells as
compared to pellets from passage 2 cells with or without p21 knockdown. Our findings
that altering p21 levels affects the expansion rates and GAG production of iPSC-derived
chondrocytes are consistent with previous results in human MSCs showing that reduced
p21 expression through the use of hypoxia, growth factors, or siRNA can increase both
proliferative and differentiation potential® % 164,

An important result of p21 silencing was attenuation of the sharp decrease in cell
number associated with early stages of pellet culture in control cells, a phenomenon that
also occurs in other cell types!*. BrdU staining indicated that increased DNA synthesis
was one factor in the higher DNA content of pellets from p5 p21sh cells as compared to
controls, but silencing p21 may also have played a role in modulating cell survival. It is
also important to note that DNA synthesis did decrease in p21sh cells after the first 9
days of pellet culture and that cell loss did occur in this group by day 28. Cell density is
an important variable in the process of chondrogenesis for a variety of cell types due to
signaling pathways active in cartilage development (reviewed in %), and it is possible
that the effects of p21 knockdown on GAG synthesis were at least partially due to

altering the cellular dynamics during early pellet culture. Further investigation using
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hydrogels that can be modified to isolate variables such as cell density and cell-matrix
interactions would be valuable in pursuing this question'®.

Upregulation of cell cycle inhibitors during in vitro expansion is believed to
contribute to cellular senescence® ', and levels of p21 expression are involved in
guiding cell fate decisions regarding cell cycle re-entry, temporary exit, or permanent
exit associated with senescence' 1. The role for p21 in mediating the cell cycle during
chondrogenic differentiation is supported by studies with mouse chondroprogenitor
lines®: 1170 and from observations of developmental abnormalities related to cartilage
growth!”!. Interestingly, we showed dramatic effects of p21 knockdown on
chondrogenesis despite the observation that non-transduced iPSC-derived chondrocytes
continue to expand in monolayer and the mRNA expression of p21 or p16 ¥« did not
increase with passage. Furthermore, p21 knockdown preserved GAG synthesis in
subsequent pellet culture without preventing the loss of chondrogenic gene expression
during monolayer expansion, as Col2al and Acan decreased similarly with further
expansion in both groups. This observation is similar to experiments with human
articular chondrocytes that show bFGF treatment does not prevent de-differentiation in
culture but does enhance the ability of cells to re-differentiate when placed in
appropriate conditions'”>'7>. These data suggest that p21 may interact with one of the
many signaling pathways controlled by cell-matrix interactions during the

chondrogenesis of stem cells'”®. The contrast between the effects of p21 knockdown
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during 2D and 3D culture extends to the regulation of collagens associated with
fibroblastic (type I) and hypertrophic chondrocyte (type X) phenotypes, as knockdown
resulted in modest changes in monolayer gene expression but did alter the degree of
immunohistochemical staining of these collagen types in p5 pellets. Additional studies
are needed to define the molecular pathways by which reduced p21 levels specifically
modulate chondrogenic differentiation and to determine how a single factor regulates
both cell expansion and the capacity for subsequent matrix synthesis.

The use of a cell source that can be significantly expanded before subsequent
differentiation presents new possibilities compared to differentiated cells or adult stem
cells. One such possibility is generating individual lots of chondrogenic cells that could
serve a large number of patients, with the advantage of reduced cost in terms of lot
characterization. Notably, this strategy is consistent with an emerging concept that the
clinical application of iPSCs will benefit from proliferative intermediate cell populations
that can be frozen and stored to allow for quality control of every lot'””. The feasibility of
using allogeneic adult stem cell transplantation for musculoskeletal applications has
been demonstrated in clinical trials'”®, but using iPSC-derived chondrocytes with
appropriate expansion would allow for larger lots that could be immunologically
matched to a significant percentage of the population'”. A second possibility is
obtaining sufficient cell numbers to move from developing tissue engineering solutions

for cartilage defects to whole joint resurfacing strategies for patients with widespread
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OA. The average defect in ACI procedures is approximately 5 cm? and requires
approximately 12 million cells!4 1%, but the restoration of an entire joint surface would
most likely involve a large scaffold seeded at high density and would therefore require
significantly more cells’®. The features of continued cell expansion in a three
dimensional context and rapid matrix production indicate that this cell source may be
particularly well suited for use with scaffolds designed to limit or eliminate in vitro
culture before implantation'®! 182, Furthermore, iPSCs can be derived from OA
patients!s> 18 and thus allow for autologous approaches to treatment of widespread joint
disease.

While iPSCs have several advantages as a starting cell source!®, the manner in
which pluripotent cell lines are derived affects the potential for uncontrolled growth and
some established lines display tumorigenic potential during chondrogenic
differentiation'®. Efforts to derive iPSCs from adult chondrocytes using non-integrating
methods such as mRNA delivery may address some of these concerns'®, and methods to
isolate successfully differentiated cells can add additional control over the phenotype of
cells transplanted for therapy'®” %, Indeed, the multi-step differentiation strategy
employed in this study uses positive selection with a Col2 reporter as an additional
safeguard to exclude non-differentiated iPSCs. The paradigm of producing

differentiated cell types from human iPSCs for clinical applications is being established
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in the use of retinal pigment epithelium for age-related macular degeneration'®, with
encouraging pre-clinical safety profiles being used as the basis for clinical trials.

One potential concern with utilizing the knockdown of a cell cycle inhibitor is
that this approach may increase the oncogenic risk, as spontaneous tumorigenesis has an
incidence of 40% at 16 months in mice with germline knockouts of p21'®*. However,
reduced p21 levels alone have not been associated with increased formation of tumors of
mesenchymal origin'®*1*2 and germline knockouts of p21 demonstrate increased tumor
latency compared to similar studies performed with germline knockouts of p53 or
plermksaids 194 - Importantly, our study shows that the growth advantage conferred by
reducing p21 expression is mostly present during monolayer expansion and lessens with
time during chondrogenic pellet culture. This knowledge should help inform future
strategies that may build on this work by using transient means to alter p21 levels, such
as the development of small molecule inhibitors to temporarily block p21 activity.
Systems designed for temporary reduction of p21 levels would alleviate concerns that
p21 silencing may increase the risk of tumor formation. The use of means other than
viral transduction to manipulate the cell cycle would also avoid effects of the
transduction process itself, as we noted an increase in protein levels of p21 and reduced
chondrogenesis after treatment with a scrambled shRNA sequence that has no

homology to the mouse transcriptome.
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Chapter 5. Highly specific epigenome editing by
CRISPR-Cas9 repressors for silencing of distal
regulatory elements

Original article co-authored by Anthony M D’Ippolito, Lingyun Song, Alexias
Safi, Nishkala K. Shivakumar, Ami M. Kabadi, Timothy E. Reddy, Gregory E. Crawford,

and Charles A. Gersbach’. Supplementary material can be found in Appendix B.

5.1 Synopsis

Epigenome editing with the CRISPR/Cas9 platform is a promising technology to
modulate gene expression to direct cell phenotype and to dissect the causal epigenetic
mechanisms of gene regulation. Fusions of the nuclease-inactive dCas9 to the KRAB
repressor (dCas9-KRAB) can silence target gene expression, but the genome-wide
specificity and the extent of heterochromatin formation catalyzed by dCas9-KRAB is not
known. We targeted dCas9-KRAB to the HS2 enhancer, a distal regulatory element that
orchestrates expression of multiple globin genes. Genome-wide analyses demonstrated
that localization of dCas9-KRAB to HS2 specifically induced H3K9 tri-methylation
(H3K9me3) at the enhancer and reduced the chromatin accessibility of both the enhancer
and its promoter targets. Targeted epigenetic modification of HS2 silenced the
expression of multiple globin genes, with minimal off-target changes in gene expression.
These results demonstrate that repression mediated by dCas9-KRAB is sufficiently
specific to disrupt the activity of individual enhancers via local modification of the

epigenome.
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5.2 Introduction

Custom control over epigenetic regulation is becoming increasingly attainable
with the expansion of genome engineering technologies that combine epigenetic
modulators with programmable DNA-targeting platforms. Engineered zinc finger
proteins, transcription activator-like effectors, and the clustered regularly interspersed
short palindromic repeat (CRISPR)/dCas9 system can localize effector domains to target
genomic regions to control epigenetic state#-5! 6566,77.79,1%,1%_n the CRISPR/dCas9
system adapted from Streptococcus pyogenes, co-delivery of a single guide RNA (sgRNA)
directs dCas9 binding through an 18-20 nucleotide protospacer region complementary
to the target genomic sequence'® ?- %, The ease and versatility of this RNA-guided
epigenome editing platform has enabled its rapid application for designing gene
regulatory networks, screening for cellular phenotypes, and directing cell fate#¢- 50,53 197-200,
Site-specific epigenome engineering with the CRISPR/dCas9 system is also a promising
technology to investigate the function of distal regulatory elements.>”” Large-scale
efforts to map the human epigenome have revealed more than one million DNase I
hypersensitive sites (DHS), many of which likely act as cell-type specific enhancers’ 1o
201 Epigenome editing proteins can be targeted to candidate regulatory elements in
order to modify local chromatin structure and determine the role these distal elements

have in influencing endogenous gene expression.
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For targeted gene repression, the most commonly employed effector is the
Kruppel-associated box (KRAB) domain* 5. 1%, When localized to DNA, KRAB recruits a
heterochromatin-forming complex that causes histone methylation and deacetylation".
dCas9-KRAB fusions have effectively silenced non-coding RNAs and single genes when
targeted to promoter regions, 5 untranslated regions, and proximal enhancer elements*
45,5053 Single gRNA libraries targeting dCas9-KRAB to genomic regions proximal to
transcription start sites have also been used for high-throughput gene silencing
screens™,

Unmodified dCas9 is known to bind at off-target loci containing a 5 bp seed
sequence followed by a protospacer adjacent motif (PAM)7> 7. The potential for binding
and subsequent epigenome editing by dCas9-KRAB at off-target sites has not been
evaluated. Off-target activity is a particular concern given recent evidence that the
addition of a KRAB domain to a targeted zinc finger protein can dramatically increase
off-target interactions”. Other studies also suggest that targeting the KRAB domain to
genomic loci with other DNA-binding proteins can lead to long-range, stable H3K9me3
and chromatin condensation* % 656, If similar issues occur with the dCas9-KRAB
platform, long-range epigenetic effects would convolute loss-of-function screens and the
annotation of gene regulatory elements. Therefore we sought to evaluate the genome-
wide specificity of gene regulation, DNA-binding, and chromatin remodeling catalyzed

by dCas9-KRAB targeted to an endogenous distal regulatory element.
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We targeted dCas9-KRAB to the HS2 enhancer in the globin locus control region
(LCR)>2. The LCR contains five DHS enhancer regions (HS1-5) that orchestrate
expression of hemoglobin subunit genes in erythroid cells during development. Studies
of HS2 have revealed fundamental mechanisms of enhancer activity including
transcription factor binding, maintenance of chromatin accessibility, and chromatin
looping to the globin promoters?32%. Here, we demonstrate that targeting dCas9-KRAB
to the HS2 enhancer disrupted the expression of multiple globin genes. Genome-wide
analysis of dCas9-KRAB binding and repression activity established that RNA-guided
synthetic repressors are highly specific for endogenous target loci. Deposition of
H3K9me3 was limited to the intended HS2 region, leading to chromatin closing at both
the targeted enhancer and its associated promoters. These results demonstrate that
dCas9-KRAB can alter the local epigenome of individual enhancers, and support the use
of dCas9-KRAB as a highly specific epigenome editing tool for directing cell phenotype

and revealing connections between regulatory elements and gene expression.

5.3 Materials and methods

5.3.1 Plasmids

The sgRNA plasmid and lentiviral plasmid encoding dCas9 are available on
Addgene?” (Addgene #53188 and #53191). The KRAB domain was cloned in-frame with
the dCas9 ORF at the C-terminus using Nhel sites. For sgRNA screening, the

oligonucleotides containing HS2 protospacer sequences were synthesized (IDT-DNA),
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hybridized, phosphorylated, and inserted into phU6-gRNA plasmids using BbslI sites.
The protospacer target sequences for the panel of 21 HS2 enhancer sgRNAs are
provided in Supplementary Table 1. U6-sgRNA expression cassettes were transferred in
reverse orientation upstream of the hUbC promoter at the Pacl sites. For sgRNA and
dCas9 transduction experiments, a puromycin resistance cassette was linked to the

dCas9 and dCas9-KRAB effectors using a T2A ribosome skipping peptide.

5.3.2 Cell culture

K562 cells and HEK293T cells were obtained from the American Tissue
Collection Center (ATCC) through the Duke University Cancer Center Facilities. Cell
lines were verified via morphological inspection. K562 cells were maintained in
RPMI1640 supplemented with 10% FBS and 1% penicillin-streptomycin. HEK293T cells
were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin.

All cell lines were cultured at 37C with 5% CO..

5.3.3 Lentiviral transduction

K562s were transduced with lentivirus to stably express dCas9 or dCas9-KRAB.
To produce VSV-G pseudotyped lentivirus, HEK293T cells were plated at a density of
5.1e3 cells/cm?in high glucose DMEM (GIBCO, #11995) supplemented with 10% FBS and
1% pencillin-streptomycin. The next day after seeding, cells in 10-cm plates were co-
transfected with the appropriate dCas9/dCas9-KRAB lentiviral expression plasmid (20

ug), the second-generation packaging plasmid psPAX2 (Addgene #12260, 15 ug), and

98



the envelope plasmid pMD2.G (Addgene #12259, 6 ug) by calcium phosphate
precipitation'?. After 14-20 hours, transfection medium was exchanged for 10 mL of
fresh 293T medium. Conditioned medium containing lentivirus was collected 24 and 48
hours after the first media exchange. Residual producer cells were cleared from the
lentiviral supernatant by filtration through 0.45 um cellulose acetate filters and
concentrated 20-fold by centrifugation through a 100 kDa molecular weight cutoff filter
(Millipore). Concentrated viral supernatant was snap-frozen in liquid nitrogen and
stored at -80 °C for future use. For transduction, concentrated viral supernatant was
diluted 1:10 with K562 media. To facilitate transduction, the cationic polymer polybrene
was added at a concentration of 4 ug/mL to the viral media. Non-transduced (NT) cells
did not receive virus but were treated with polybrene as a control. The day after
transduction, the medium was exchanged to remove the virus. For cells that were
transduced with lentivirus containing a puromycin resistance gene, 1 pg/ml puromycin
was used to initiate selection for transduced cells approximately 96 hours after

transduction.

5.3.4 Transient transfection

Six to eight days after transduction with dCas9 or dCas9-KRAB lentivirus, K562s
were transiently transfected with plasmid encoding HS2 sgRNAs via electroporation.
2e6 cells were transfected with 5 ug of plasmid DNA in 200 uL of Opti-MEM (Gibco)

within 2 mm cuvettes at 160V, 950 uF, and infinite resistance. Transfection efficiencies
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of greater than 70% were routinely achieved, as assayed by flow cytometry after

delivery of a control eGFP expression plasmid (unpublished data, P. Thakore).

5.3.5 Western blot

Cells were lysed in RIPA buffer (Sigma), and the BCA assay (Pierce) was
performed to quantify total protein. Lysates were mixed with LDS sample buffer
(Invitrogen) and boiled for 5 min; equal amounts of total protein were run in NuPAGE
Novex 4-12% Bis-Tris polyacrylamide gels (Life Technologies) and transferred to
nitrocellulose membranes. Nonspecific antibody binding was blocked with 5% nonfat
milk in TBS-T (50 mM Tris, 150 mM NaCl and 0.1% Tween-20) for 30 min. The
membranes were then incubated with primary antibody in 5% milk in TBS-T: mouse
anti-y hemoglobin subunit (Santa Cruz, clone 51-7) diluted 1:1000 overnight at 4°C, anti-
FLAG (Sigma, F7425) diluted 1:1000 for 60 min at room temperature, or rabbit anti-
GAPDH (Cell Signaling, clone 14C10) diluted 1:5000 for 60 min at room temperature.
Membranes labeled with primary antibodies were incubated with anti-mouse (Santa
Cruz, SC-2005) or anti-rabbit HRP-conjugated antibody (Sigma-Aldrich, A6154) diluted
1:5000 for 60 min and washed with TBS-T for 60 min. Membranes were visualized using
the Immun-Star WesternC Chemiluminescence Kit (Bio-Rad) and images were captured

using a ChemiDoc XRS+ system and processed using ImageLab software (Bio-Rad).
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5.3.6 Quantitative reverse transcription-PCR

Cells were harvested for total RNA isolation using the RNeasy Plus RNA
isolation kit (Qiagen). cDNA synthesis was performed using the SuperScript VILO
cDNA Synthesis Kit (Invitrogen). Quantitative real-time PCR (qRT-PCR) using QuantIT
Perfecta Supermix was performed with the CFX96 Real-Time PCR Detection System
(Bio-Rad) with the oligonucleotide primers reported in Supplementary Table 2. The
results are expressed as fold-increase mRNA expression of the gene of interest

normalized to Gapdh expression by the AAC: method.

5.3.7 RNA-sequencing

RNA-seq libraries were constructed as previously described!?. Briefly, seven
days after transduction, cells were harvested and mRNA was purified from total RNA
using oligo(dT) Dynabeads (Invitrogen). First-strand cDNA was synthesized using the
SuperScript VILO cDNA Synthesis Kit (Invitrogen) and second-strand cDNA was
synthesized using DNA polymerase I (New England Biolabs). cDNA was purified using
Agencourt AMPure XP beads (Beckman Coulter). Purified cDNA was treated with
Nextera transposase (Illumina) for 5 min at 55 °C to simultaneously fragment and insert
sequencing primers into the double-stranded cDNA. Transposase activity was halted
using QG buffer (Qiagen) and fragmented cDNA was purified on AMPure XP beads.
Indexed sequencing libraries were PCR-amplified and sequenced for 50-bp paired-end

reads on an Illumina HiSeq 2000 instrument at the Duke Genome Sequencing Shared
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Resource and for 75 paired-end reads on an Illumina MiSeq. Reads were trimmed to 50
bp and aligned to the delivered lentiviral vector were removed from analysis using
Bowtie2'?. Filtered reads were then aligned to human RefSeq transcripts using Bowtie2.
Statistical analysis, including multiple hypothesis testing, on three independent

biological replicates was performed using DESeq'?.

5.3.8 Chromatin immunoprecipitation

ChIP experiments were performed in in biological triplicate, starting from
independent cell transductions and harvested seven days after transduction. For each
replicate, 2 x 107 nuclei were re-suspended in 1 mL of RIPA buffer (1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS in PBS at pH 7.4). Samples were sonicated using a
Diagenode Bioruptor XL sonicator at 4°C to fragment chromatin to 200-500 bp segments.
Insoluble components were removed by centrifugation for 15 min at 15000 rpm. We
conjugated 5 ug of anti-FOSL1 (Santa Cruz Biotechnology, sc-183), anti-GATA-2 (Santa
Cruz Biotechnology, sc-9008), anti-FLAG (Sigma-Aldrich, F1804), or anti-H3K9me3
(Abcam, ab8898) to 200 ul of either sheep anti-rabbit or sheep anti-mouse IgG magnetic
beads (Life Technologies, 11203D/11201D). Sheared chromatin in RIPA was then added
to the antibody-conjugated beads and incubated on a rotator overnight at 4°C. After
incubation, beads were washed five times with a LiCl wash buffer (100 mM Tris at pH
7.5, 500 mM LiCl, 1% NP-40, 1% sodium deoxycholate), and remaining ions were

removed with a single wash with 1 mL of TE (10 mM Tris-HCl at pH 7.5, 0.1 mM
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Na:EDTA) at 4°C. Chromatin and antibodies were eluted from beads by incubating for
1 h at 65°C in IP elution buffer (1% SDS, 0.1 M NaHCO:), followed by incubating
overnight at 65°C to reverse formaldehyde cross-links. DNA was purified using

MinElute DNA purification columns (Qiagen).

5.3.9 ChIP-gPCR

Quantitative real-time PCR (qQRT-PCR) using QuantIT Perfecta Supermix was
performed with the CFX96 Real-Time PCR Detection System (Bio-Rad) and the
oligonucleotide primers reported in Supplementary Table 2. 100 pg of ChIP DNA was
loaded into each reaction. The results are expressed as a fold-increase of signal at the

HS2 enhancer normalized to signal at the GAPDH promoter by the AAC: method.

5.3.10 ChlP-sequencing

[llumina TruSeq adapted libraries were constructed using an Apollo 324 NGS
Library Prep System with a PrepX Complete ILMN DNA Library Kit (WaferGen
Biosystems Inc). ChIP products were amplified with 15 cycles of PCR, and fragments
150-700 bp in length were selected using an AxyPrep MAG PCR Clean-Up Kit (Axygen
MAG-PCR-CL-50). Libraries were sequenced using single end 50 bp reads on an
[llumina HiSeq at the Duke Genome Sequencing Shared Resource. ChIP-seq analyses
were executed independently for each epitope to find regions of differential FLAG or
H3K9me3 enrichment, as compared to cells treated with lentivirus encoding dCas9-

KRAB without sgRNA or dCas9 with sgRNA. To account for background levels of
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integrated lentiviral DNA, reads aligning to the delivered lentiviral sequences were
filtered from analyses using Bowtie2'?°. Next we used Bowtie2 to align the remaining
reads to the hg19 reference genome and removed PCR duplicates using the rmdup tool
from SAMtools?*®. Reads from each triplicate for each condition were combined, and
peaks were called using MACS?®. Resulting peaks from each condition with a g-value <
0.05 were merged using the mergeBed tool from BEDTools?"°. The number of reads
overlapping each of these peaks for each triplicate was determined using the
intersectBed tool from BEDTools. Differential enrichment for each peak was evaluated

from these read counts using DESeq2%'! with an FDR cutoff of < 0.05.

5.3.11 DNase | hypersensitivity-sequencing

All experiments were performed in biological triplicate, starting from
independent cell transductions. Library preparation and analysis were performed as
previously described with the one exception of adding a 5 phosphate group to oligo 1b
to increase ligation efficiency?'. For each replicate, seven days after transduction,
approximately 2.5 x 107 nuclei were extracted and then digested with different amounts
of DNase I for 16 min at 37 °C. Reactions were terminated by the addition of 50 mM
EDTA. Libraries were constructed from pooled digests as described and sequenced on
the Illumina HiSeq2000 platform with 50-bp single-end reads at the Duke Genome

Sequencing Shared Resource. Resulting reads were filtered for delivered vector

104



sequences and aligned by Bowtie?'3. Peaks were called by MACS version 22, with a cut-

off line at FDR < 0.01. Differential DHS sites were determined using DESeq22!.

5.4 Results
5.4.1 dCas9-KRAB silences globin genes from a distal enhancer

To find optimal sgRNAs for repression of the HS2 enhancer by dCas9-KRAB, we
designed a panel of 21 sgRNAs (Cr1 - Cr21) to cover the 400 base pair core of the HS2
enhancer (Figure 18a, Supplementary Table 1). Each sgRNA was transiently transfected
into K562 human erythroid leukemia cells that were modified to stably express dCas9 or
dCas9-KRAB (Supplementary Fig. 1a). The activity of each sgRNA was screened three
days after transfection by qRT-PCR for HBE1, HBG1 and HBG2 (HBG1/2), and HBB
mRNA expression (Supplementary Fig. 1b-d). Due to the sequence similarity between
HBGI1 and HBG2, PCR primers do not distinguish between the two transcripts. When
transfected into K562 cells expressing dCas9-KRAB, most of the 21 sgRNAs caused
decreased HBE1 and HBG1/2 expression. The sgRNAs had no effect on globin gene
expression in unmodified K562 cells or when designed to target the ILIRN promoter as a
negative control”, demonstrating that the effects were both HS2- and dCas9-specific.
Reduced globin gene expression likely resulted from a combination of steric blocking
and epigenome modification because dCas9-KRAB was more effective than dCas9 in
silencing HBE1 and HBG1/2. HBB is not highly expressed in K562 cells?'#, and transient

delivery of sgRNAs did not impact HBB expression. The repressive effects did not
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persist at six days after transient transfection of sgRNA expression plasmids
(Supplementary Fig. 2), likely due to time-dependent reduction of the transfected DNA.
To further characterize the mechanisms of targeted repression by dCas9 and
dCas9-KRAB, four sgRNAs from the initial screen with the strongest effects on globin
gene expression (Cr2, Cr4, Cr7, and Cr10) were transferred into a lentiviral vector and
co-expressed with either dCas9 or dCas9-KRAB (Figure 18b). Stable co-expression of
each of the four sgRNAs with dCas9-KRAB substantially repressed HBE1, HBG1/2, and
HBB expression seven days after transduction relative to co-delivery of the sgRNA with
dCas9 (Figure 18c-e). Globin gene expression was not altered by dCas9 or dCas9-KRAB
delivered alone or co-delivered with an ILIRN-targeted sgRNA. As observed with
transient sgRNA delivery, targeting dCas9-KRAB to HS2 reduced globin expression
more than targeting dCas9. Moreover, stable expression of HS2 sgRNAs with dCas9-
KRAB, but not with dCas9, reduced HBG1/2 protein expression over 21 days
(Supplementary Fig. 3). These results demonstrate that dCas9-KRAB repressors
targeted by a single gRNA can interrupt distal enhancer activity and silence expression

of multiple genes >10 kb away.
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Figure 18. Silencing of downstream globin genes by dCas9-KRAB
transcription factors targeted to the distal HS2 enhancer. (a) A panel of 21 sgRNAs
were designed to target dCas9-KRAB to the HS2 enhancer, a distal activator of globin

genes. Cr2, Cr4, Cr7, and Cr10 sgRNAs were selected for further study and stably
delivered to K562 cells using the lentiviral vector shown in (b). (c-e) Repression of the
HS2 enhancer was assayed by qRT-PCR of (c) HBE1, (d) HBG1/2, and e) HBB genes and
fold-changes were calculated relative to non-transduced K562 cells (mean + s.e.m).
Within each panel, groups that share the same letter (A — F) are not significantly
different by multi-way ANOVA followed by Tukey’s post-hoc test, P < 0.05 (n=3
independent experiments).

5.4.2 dCas9-KRAB repression is highly specific

Previous studies using multiplexed sgRNAs with dCas9-VP64 activators have
established the specificity of endogenous gene activation’ 7. Additionally, sgRNA-
mediated silencing with dCas9-KRAB was highly specific as determined by microarray
analyses when targeting an endogenous promoter® and RNA-seq when targeting a

reporter gene*. To determine if that specificity extends to dCas9-KRAB-mediated
107



repression of an endogenous enhancer, we used RNA-seq to measure the transcriptome-
wide effects of targeting dCas9-KRAB and dCas9 to HS2 using the Cr4 and Cr10
sgRNAs (Figure 19a and b, Supplementary Fig. 4a and b).

When dCas9-KRAB was targeted to the HS2 enhancer by either Cr4 or Cr10, the
only significantly repressed genes were HBG1/2, HBE1, and HBBP1 (false discovery rate,
FDR <0.01), compared to dCas9-KRAB alone (Figure 19a and b). A similar result was
observed when comparing the effect of targeting dCas9-KRAB versus dCas9, both co-
delivered with sgRNAs (Supplementary Fig. 4a and b). HBBP1 is a pseudogene that
does not encode functional globin protein but may still be regulated by HS2. HBD
expression was also reduced by targeting dCas9-KRAB to HS2 with either Cr4 or Cr10,
but the change in expression was not significant after multiple hypothesis testing. The
only significant off-target effect observed was an increase in expression of the PCSKIN
gene when dCas9-KRAB + Cr10 was compared to dCas9 + Cr10 (Supplementary Fig. 4b).
PCSKIN regulates processing of neuroendocrine pathway proteins, and is not known to
be involved in KRAB-mediated effects. No off-target gene expression differences were
observed for Cr4.

When we compared samples treated with dCas9/dCas9-KRAB with gRNA to un-
transduced controls, we detected a larger number of differentially expressed genes,
varying from six to ten genes depending on the comparison (Figure 19c and d,

Supplementary Fig. 4c and d, Supplementary Tables 2-5). When we compared dCas9-
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KRAB without gRNA to un-transduced controls, we observed 29 differentially
expressed genes (Supplementary Fig. 4e, Supplementary Table 6). Three genes were
differentially expressed in all comparisons to untreated controls, with or without
presence of gRNA or the KRAB domain. These modest off-target changes in gene
expression may be the result of lentiviral transduction, puromycin selection, or dCas9
expression. Overall, these results indicate that RNA-guided KRAB-mediated gene
repression is highly specific and underscore that inclusion of dCas9-KRAB treatment
controls without a functional sgRNA are critical to proper experimental design and

interpretation.
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Figure 19. Specificity of gene regulation by dCas9-KRAB repressors targeted
to the HS2 enhancer. RNA-seq was performed for genome-wide analysis of HS52 sgRNA
silencing specificity. (a-d) Differential expression analyses demonstrate specific silencing

of globin genes when comparing dCas9-KRAB targeted by (a) Cr4 and (b) Cr10 versus
dCas9-KRAB without sgRNA and when comparing dCas9-KRAB guided by c) Cr4 and
d) Cr10 to no lentivirus control (No LV CTL) K562s. Red data points indicate FDR <0.01
by differential expression analysis compared to dCas9-KRAB controls without sgRNA (n
= 3 biological replicates). Points labeled in blue indicate other globin genes.
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5.4.3 dCas9-KRAB binding is highly specific

Previous reports have found evidence that dCas9 promiscuously binds the
genome outside of the target site” 7> 7. However, recent studies have demonstrated that
dCas9 and dCas9-KRAB effectors can bind specifically when targeting endogenous gene
promoters”™. Evaluating off-target localization and potential downstream effects of
targeting endogenous enhancers is critical for implementing dCas9-KRAB to control cell
phenotype and to investigate epigenome function. To evaluate the genome-wide DNA-
binding of dCas9-KRAB, we performed ChIP-seq using a FLAG epitope expressed on
the N-terminus of dCas9 or dCas9-KRAB (Figure 18b). Recruitment of dCas9 and
dCas9-KRAB by Cr4 or Cr10 was highly localized to the HS2 enhancer (Figure 20a), and
there were no other significant dCas9-KRAB binding sites in the human genome other
than the sgRNA target site (Figure 20b and ¢, Supplementary Table 7 and 8).

The addition of KRAB to dCas9 did not alter binding signal (Supplementary Fig.
5a and b). With a genome-wide FDR < (.05, there was one genomic window, located on
chromosome 2, with a significant decrease in ChIP-seq signal when comparing dCas9-
KRAB + Cr4 versus dCas9 + Cr4 (Supplementary Table 9). The region contained a 5 bp
protospacer seed sequence matched to Cr47>7. No genome-wide significant changes in
ChlIP-seq signal were observed when comparing dCas9-KRAB + Cr10 versus dCas9 +
Cr10 (Supplementary Fig. 5a and b). When comparing dCas9-KRAB + Cr4/10 versus

dCas9 + Cr4/10, we observed a decrease in ChIP-seq signal at HS2, but it did not reach
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genome-wide significance (P = 4.5 x10# and P =1.9 x 10 for Cr4 and Cr10, respectively)
(Supplementary Fig. 5a and b). The decrease in FLAG ChIP-seq signal at the HS2
enhancer and off-target site was perhaps due to epitope or target site inaccessibility after
formation of the repressive complex by KRAB. These findings show that RNA-guided

dCas9-KRAB repressors can localize to intended genomic loci with exceptional

specificity.
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Figure 20. Genome-wide binding activity of dCas9 repressors targeted to the
HS2 enhancer. (a) ChIP-seq tracks demonstrate highly specific binding of FLAG-tagged
dCas9 and dCas9-KRAB to the HS2 enhancer (shaded region) of the globin locus (chr11:
5244651 — 5314450), compared to dCas9-KRAB without sgRNA. An ENCODE K562
DNase I hypersensitivity DNase-seq track is included to highlight the globin LCR!",
(b,c) Differential analyses of global binding activity include comparisons of dCas9-
KRAB targeted by (b) Cr4 and (c) Cr10 versus dCas9-KRAB without sgRNA. Points
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labeled in red indicate FDR < 0.05 by differential DESeq analysis (n = 3 biological
replicates).

5.4.4 dCas9-KRAB binding disrupts transcription factor binding

We hypothesized that targeting dCas9-KRAB to HS2 would reduce binding of
endogenous transcription factors at the enhancer. The GATA2 and AP-1 transcription
factors are well known to bind the HS2 enhancer and regulate globin gene expression, as
confirmed in K562 cells by data from the ENCODE project”.2'5. The binding motifs for
both GATA2 and AP-1 are adjacent to the Cr4 and Cr10 sgRNA targets within the
enhancer?? 203 215 (Supplementary Fig. 6a). We used ChIP-qPCR to evaluate disruption
of the interactions of GATA2 and the AP-1 subunit FOSL1 with HS2 by dCas9-KRAB or
dCas9. Recruiting dCas9-KRAB to HS2 with Cr4 or Cr10 significantly reduced binding
of both GATA2 (Supplementary Fig. 4b) and FOSL1 (Supplementary Fig. 6¢c) compared
to dCas9-KRAB only controls. In contrast, localizing dCas9 to the HS2 enhancer did not
significantly reduce binding of endogenous transcription factors. These results show
that dCas9-KRAB can disrupt interactions between endogenous transcription factors

and their DNA binding sites.

5.4.5 dCas9-KRAB induces histone methylation at enhancers

To investigate the epigenetic consequences of KRAB-mediated silencing, global
H3K9me3 patterns were assayed by ChIP-seq (Figure 21a). dCas9-KRAB targeted to
endogenous promoters can induce repressive histone methylation®, and SETDB1, a

methyltransferase recruited by the KRAB repression complex, catalyzes H3K9me3 when
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localized to genomic loci*®. Co-delivery of dCas9-KRAB + Cr4/Cr10 significantly
increased H3K9me3 signal at the target HS2 enhancer relative to dCas9-KRAB without a
sgRNA (Figure 21b-c; Supplementary Fig. 7a and b; Supplementary Fig. §;
Supplementary Tables 10 and 11). The strength of H3K9me3 ChIP-seq signal induced by
dCas9-KRAB at the HS2 enhancer was comparable to nearby endogenous H3K9me3
signal at sites that flank the globin locus (Figure 21a), indicating that dCas9-KRAB
induces histone methylation at physiologically relevant levels. Furthermore, the
H3K9me3 observed at HS2 did not spread beyond the DHS overlapping the enhancer,
covering a span of 853 bp. The effect at HS2 was specific to the KRAB domain, as no
changes in H3K9me3 occurred at the enhancer when dCas9 was targeted with Cr4 or
Cr10 (Figure 21d; Supplementary Fig. 7c-f; Supplementary Table 12 and 13). For Cr4,
increased H3K9me3 signal was also observed at the immediately adjacent HS3 enhancer,
and both Cr4 and Cr10 increased H3K9me3 at the DHS between HS1 and HS2.

Together, these results demonstrate that dCas9-KRAB can induce histone modifications
associated with heterochromatin when targeted by sgRNAs to active enhancers.

To identify off-target H3K9me3 sites, we first compared dCas9-KRAB + Cr4/Cr10
to dCas9-KRAB without a sgRNA (Supplementary Table 10 and 11). For Cr4, ten off-
target changes in H3K9me3 signal were detected, and eight of these contained a
protospacer seed sequence match for Cr4 (Figure 21b). Only one off-target change in

H3K9me3, found in the IRF3 gene, coincided with dCas9-KRAB binding by anti-FLAG
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ChlIP-seq with an FDR < 0.10 (FDR = 0.0785; Figure 20b; Supplementary Table 7). For
Cr10, one off-target H3K9me3 site was observed nearby the CYP17A1 gene, and this
region did not contain a match for the protospacer target seed (Figure 21c). Although
we expected KRAB to only cause increases in H3K9me3, five of the eleven total off-
target regions (45%) had decreased H3K9me3 signal. All changes in H3K9me3 signal
outside the globin LCR were smaller in magnitude and less statistically significant than
at sites within the LCR (Supplementary Fig. 7a and b).

We performed a similar analysis to identify differences in H3K9me3 that occur
when adding KRAB to dCas9. For the Cr4 gRNA, we identified 44 off-target changes in
H3K9me3 (Supplementary Fig. 7c). Of these changes, 39 (89%) had a decrease in
H3K9me3 ChlIP-seq signal that we do not expect to be directly due to KRAB domain
activity. The off-target changes were also low in magnitude compared to changes in the
LCR (Supplementary Fig. 7c and e). We further analyzed the 20 off-target regions with
the strongest statistical significance, and found 14 to contain Cr4 seed sequences
(Supplementary Tables 12 and 13). For dCas9-KRAB + Cr10 compared to dCas9 + Cr10,
no off-target H3K9me3 modifications were identified (Supplementary Fig. 7d and f;
Supplementary Table 13). Overall, these results show that dCas9-KRAB generated
H3K9me3 at the globin LCR with nearly perfect specificity, and off-target histone
modification events were typically subtle and varied depending on sgRNA target

sequence. Since many of the off-target H3K9me3 changes were decreases in H3K9me3
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signal, it may be that these are false positives at this threshold of statistical significance.

Furthermore, we did not observe any downstream effects on nearby gene expression

associated with off-target H3K9me3 (Figure 19a-d).
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Figure 21. Genome-wide H3K9me3 signal in K562 cells treated with dCas9-
KRAB targeted to the HS2 enhancer. (a) ChIP-seq tracks show increased H3K9me3

signal at the HS2 enhancer (shaded area) and flanking DHS sites in the globin LCR

(chr11: chr11:5241410 - 5317466). An ENCODE K562 DNase I hypersensitivity DNase-



seq track is included to highlight the globin LCR'. (b,c) Global analysis of H3K9me3
patterns was performed by ChIP-seq for (b) Cr4 or (c) Cr10, comparing dCas9-KRAB
with sgRNA versus dCas9-KRAB without sgRNA. Points labeled red indicate FDR <
0.05 by differential expression analysis compared to dCas9-KRAB without sgRNA (n=3
biological replicates). (d) Counts for the HS2 enhancer (chr11: 5301862-5302715) from
MACS-based peak calls were normalized to total counts (mean + s.e.m). * indicated
significance (p<0.05) by Student’s t-test compared to dCas9-KRAB only control.

5.4.6 dCas9-KRAB reduces chromatin accessibility at enhancers

As an orthogonal measure of the specificity of epigenome editing by dCas9-
KRAB, we used DNase I hypersensitive sequencing (DNase-seq) to identify genome-
wide changes in chromatin accessibility concurrent with KRAB-mediated gene silencing.
Targeting dCas9-KRAB to the HS2 enhancer decreased chromatin accessibility at HS2,
HS3, and the DHS between HS1 and HS2 (Figure 22a-e; Supplementary Fig. 9), which
were the same regions that displayed increases in H3K9me3 (Figure 21a). In addition,
we also observed decreased chromatin accessibility at the HBG1 and HBG2 promoters
(Figure 22b; Supplementary Fig. 9e-h). These promoters are up to 25 kb from the
targeted enhancer region, indicating that dCas9-KRAB-mediated H3K9me3 of the LCR
directly affects chromatin structure at the target promoters.

The most significant and highest magnitude changes for both Cr4 and Cr10
occurred at the HS2 and HS3 enhancers and the HBG1 and HBG2 promoters (Figure 22d-
e). The effects on chromatin state were largely dependent on the addition of the KRAB
domain to dCas9, as supported by comparing dCas9-KRAB to dCas9 with the same
gRNAs (Figure 22b and ¢; Supplementary Fig. 9a-h; Supplementary Fig. 10a-d). No

significant effects on chromatin accessibility were found outside the globin locus,
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providing further evidence that dCas9-KRAB targeting has highly specific effects on the
epigenome. Collectively these findings suggest substantial and highly specific changes
to chromatin accessibility concomitant with gene repression and the introduction of

repressive histone modifications by the targeted dCas9-KRAB.
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Figure 22. Changes in global chromatin landscape with dCas9-KRAB localized
to the HS2 distal enhancer. (a) Genome browser tracks of DNase-seq alignments at the
globin locus (chr11: 5244651 — 5314450) show reduced DHS peaks at the HS2 and HS3
enhancers, as well as HBG1 and HBG2 promoter regions, in conditions containing
dCas9-KRAB with sgRNA compared to dCas9-KRAB without sgRNA. Red shading
labels the HBG1 promoter, HBG2 promoter, HS2 enhancer and HS3 enhancer regions for
dCas9-KRAB + Cr4/10, which demonstrated decreased chromatin accessibility when
compared to dCas9-KRAB with no sgRNA or dCas9 + Cr4/10. (b,c) Normalized DNase-
seq cut counts within 800 bp window surrounding the (b) HBG2 promoter and (c) HS2
enhancer are shown (mean + s.e.m, n = 3 biological replicates. * indicates p <0.05
compared to the dCas9-KRAB only sample (Student’s t-test). (d,e) Differential genome-
wide analysis of changes in chromatin accessibility induced by dCas9-KRAB targeted by
(d) Cr4 and (e) Cr10 compared to dCas9-KRAB without sgRNA in K562 cells. (f,g)
Volcano plots of significance (p-value) versus fold-change for differential DESeq
expression analysis of dCas9-KRAB guided by (f) Cr4 or (g) Cr10 compared to dCas9-
KRAB without sgRNAs. Points labeled red indicate FDR < 0.05 by DESeq analysis.
Points labeled in blue indicate other regions in the globin promoters or globin LCR.

6.5 Discussion

The simplicity and efficacy of the RNA-guided CRISPR/dCas9 targeting system
has the potential to transform epigenome editing into a widely used research tool, but
the success of these applications relies on precise editing of epigenetic state.
Programmable KRAB fusion proteins have previously been employed to repress
enhancers up to 20 kb from a single target gene* . This study expands the capability of
synthetic gene regulation by targeting dCas9-KRAB to and enhancer located 10 to 50 kb
away from target genes and by comprehensively characterizing the remarkable
specificity of this technology.

A recent study showed that targeting dCas9-KRAB to a putative distal enhancer

silenced downstream gene expression but did not induce repressive histone marks at the
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target enhancer®. Here, we demonstrate that dCas9-KRAB can deposit H3K9me3 at
endogenous enhancers, indicating that dCas9-KRAB-mediated histone methylation may
be locus or cell type-dependent. We also did not find evidence that addition of the
KRAB domain to dCas9 increased off-target binding, in agreement with other recent
dCas9-KRAB genome-wide binding studies”. This is in contrast to another study of
engineered zinc finger-KRAB fusion proteins”. That difference may be due to the
distinct mechanism of protein-DNA binding versus RNA-DNA interactions mediated by
dCas9 or locus- or cell type-specific effects. Overall, our findings advocate the use of
dCas9-KRAB repressors to achieve precise silencing of endogenous genomic targets.

Histone methylation induced by KRAB or HP1 has been estimated to spread up
to 20 kb from the repressor binding site using synthetic reporter assays with other DNA
targeting proteins® ¢ ¢, In contrast, with dCas9-KRAB, increases in H3K9me3 were
found up to 4.5 kb away from the sgRNA target site. Furthermore, our H3K9me3 ChIP-
seq data show that epigenome modification occurred only at flanking DHS sites, and did
not span the region between those sites. That observation suggests that heterochromatin
spreading induced by KRAB may not occur linearly along the genome, and may instead
spread through three-dimensional interactions between discrete nearby open chromatin
sites. Spreading of histone methylation over long distances may therefore be site-

specific and dependent on three-dimensional chromatin structure at those sites.
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The DNase I hypersensitivity profiles of enhancers correlate with associated
promoters'”!, and chromosome conformation analyses have shown that the globin LCR
physically interacts with HBG1, HBG2, and HBET in K562 cells?®. Furthermore, forcing
DNA looping interactions with the globin LCR activates developmentally silenced
embryonic and fetal globin expression?. When dCas9-KRAB was targeted to HS2,
promoter regions of HBG1 and HBG2 also had reduced DNase-seq signal, while the HS1
region between HS2 and the target promoters was not affected. Furthermore, HBG1 and
HBG2 promoters did not have increased H3K9me3 signal. The reduced hypersensitivity
observed at HBG1 and HBG?2 is therefore unlikely to be caused by heterochromatin
spreading from the HS2 enhancer, but rather may be caused by disruption of long-range
interactions between the promoters and the HS2 enhancer. Potential mechanisms for the
disruption of DNA looping include interference with endogenous transcription factor
binding and alteration of the chromatin state of the enhancer region. Overall, these
results suggest that the accessible chromatin structure and active state of some
promoters requires continuous input from enhancer elements and support the use of
dCas9-KRAB as a potential method to identify and disrupt these enhancer-promoter
interactions.

The KRAB domain is distinctive from epigenome editing enzymes because,
rather than catalyzing a single type of histone modification, it draws a diverse group of

histone modifiers that cooperate to form heterochromatin® 5., This broad efficacy
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likely contributes to the effectiveness of KRAB at silencing different types of genomic
elements, including transcribed genes and proximal and distal regulatory elements* 4 5.
53, This versatility, along with the exceptional specificity demonstrated in this study,
distinguishes dCas9-KRAB as a promising platform for applications such as gene
therapy, cellular reprogramming, and high throughput screens of regulatory element

function and modulators of cell phenotype®.
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Chapter 6. In vivo transcriptional repression of
endogenous genes using S. aureus Cas9-based
repressors

Co-authored by Nishkala K. Shivakumar and Charles A. Gersbach.

6.1 Synopsis

RNA-guided dCas9-KRAB repressors have demonstrated promise in cell culture
models for silencing target gene expression efficiently and specifically. An exciting
application of this technology would be to study gene regulation in development and
disease in animal models and to design novel gene therapies. However, a technology to
deliver CRISPR/Cas9-based gene repressors in vivo has not been developed. AAV
vectors have been used as a delivery platform for CRISPR/Cas9 nuclease components for
in vivo studies and therapeutic applications®. Recently, a smaller Cas9 nuclease protein
derived from S. aureus was described for AAV delivery and in vivo gene editing®. We
fused a KRAB repressor motif to S. aureus nuclease-null dCas9 (dSaCas9), thereby
generating a programmable RNA-guided repressor for in vivo gene regulation.
dSaCas9-KRAB repressors efficiently silenced a reporter luciferase gene in primary
fibroblasts and the myostatin receptor Acvr2b in a mouse myoblast cell line. When
delivered intramuscularly via an AAV9 dual-vector expression system, dSaCas9-KRAB
and Acor2b gRNA were efficiently expressed in the injected tibialis anterior, heart, and
liver tissues of adult wild-type mice. We did not achieve appreciable silencing of

Acvr2b in skeletal muscle, but dSaCas9-KRAB was biologically active and significantly
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silenced Acvr2b expression in heart and liver when delivered with a target guide RNA
molecule. This gene delivery system can be customized to target any endogenous gene,
enabling potent and stable gene repression in animal models and for therapeutic

applications.

6.2 Introduction

RNA-guided gene regulation with the CRISPR/Cas9 system has enabled
functional genomics studies in cell culture systems> 55 17, The potency and specificity
of dCas9-KRAB epigenetic repressors, in particular, are promising for loss-of-function
studies and guiding cell phenotype in vitro® * . Adapting programmable transcriptional
modulators for use in vivo would allow for the study of gene regulation in complex
organisms and enable the development of therapies to address aberrant gene regulation
in disease.

The large packaging capacity of lentiviral vectors, a commonly used method to
stably deliver CRISPR/Cas9 components in vitro, can accommodate the 4.2 kb S. pyogenes
Cas9, epigenetic modulator fusions, a single gRNA, and associated regulatory elements
required for expression. While efficacious for in vitro delivery, lentiviral delivery is not
suitable for in vivo gene regulation due to concerns for insertional mutagenesis. Adeno-
associated viral (AAV) vectors are a promising gene delivery vehicle as they provide
stable episomal gene expression with minimal integration and have been extensively

engineered to target a variety of tissue types?”. However, the packaging capacity of
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AAV is limited to 4.5 kb, precluding delivery of the 4.2 kb S. pyogenes dCas9 DNA-
binding domain, KRAB repressor motif, and associated regulatory elements. A smaller
3.2 kb Cas9 nuclease derived from S. aureus (SaCas9) has recently been identified and
adapted for genome editing in vivo in the liver and skeletal muscle3 112218, We aimed to
generate a SaCas9-based transcriptional repressor for AAV-based delivery and silencing
of endogenous genes in vivo.

We tested the SaCas9-based transcriptional repressor in vitro for silencing a
luciferase reporter gene in primary fibroblasts. For in vivo gene regulation, we targeted
the myostatin receptor, Acvr2b. Inhibiting the myostatin signaling pathway is a potential
method for treating skeletal muscle degeneration. Myostatin is a secreted protein that
acts as a negative regulator of skeletal muscle growth by binding the activin type II
receptor (Acvr2b) and activating TGF-f3 signaling pathways?"®. Knockout animal models
of myostatin and Acvr2b demonstrate a double muscling phenotype?! 22, Blocking
myostatin signaling through systemic administration of blocking antibodies or soluble
Acvr2b receptors has been tested in clinical trials for the treatment of muscular
dystrophy, but has thus far showed limited efficacy and safety concerns over adverse
side effects??!: 222, A more targeted strategy to localize myostatin inhibition to skeletal
muscle may increase the efficacy and safety of this strategy for treating muscle

disorders.
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We designed an AAV9 two-vector system for expressing SaCas9 repressors and
targeting guide RNA (gRNA) molecule. AAV9 can provide stable and high transgene
expression in skeletal and cardiac muscle?” 2% and is currently being evaluated in
clinical trials for spinal muscular atrophy. When delivered intramuscularly in adult
wild-type mice, SaCas9 repressors effected significant silencing of the endogenous
Acor2b gene in the heart and liver. These studies demonstrate that SaCas9-based
repressors can regulate genes in animal models and will facilitate the development of

gene-regulation based therapies.

6.3 Materials and methods
6.3.1 Plasmid constructs and AAV design

An inactive version of SaCas9 (dSaCas9) was created by introducing D10A and
N580A mutations®. dSaCas9 was cloned into a lentiviral vector driven by the human
Ubiquitin C (hUbC) promoter, fused to a KRAB repressor motif, and linked to a
puromycin resistance cassette via T2A ribosome skipping peptide. For sgRNA
screening, the oligonucleotides containing protospacer sequences were synthesized
(IDT-DNA), hybridized, phosphorylated, and inserted into a phU6-SaCas9 gRNA
plasmid using BbsI sites. U6-gRNA cassettes were then cloned in reverse orientation
upstream of the hUbC promoter in dSaCas9-KRAB lentiviral vectors for stable

expression.
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A Staphylococcus aureus Cas9 (SaCas9) AAV expression plasmid (Addgene
#61592) was received as a gift from the Zhang lab?*. We replaced the nuclease-active
SaCas9 with dSaCas9-KRAB. We also removed the C’ terminal 3x HA epitope tag and
incorporated a single N’ terminal HA tag for tracking protein expression. For the AAV-
U6 gRNA plasmid, a U6-Acvr2b gRNA cassette was cloned into a pTR-eGFP backbone

replacing the CMV with the gRNA.

6.3.2 Cell culture

C2C12s cells and HEK293T cells were obtained from the American Tissue
Collection Center (ATCC) through the Duke University Cancer Center Facilities.
Primary fibroblasts were harvested from the tail and ear of adult mice expressing a
CAG-Luciferase-P2A-GFP cassette (Jackson Laboratories). C2C12 cells were maintained
in DMEM supplemented with 20% FBS and 1% penicillin-streptomycin. HEK293T cells
were cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin.
Mouse fibroblasts were cultured in DMEM supplemented with 10% FBS and 1%

penicillin-streptomycin. All cell lines were cultured at 37C with 5% CO..

6.3.3 Lentiviral production

C2C12s and primary fibroblasts were transduced with lentivirus to stably
express dSaCas9-KRAB and target gRNA molecules. To produce VSV-G pseudotyped
lentivirus, HEK293T cells were plated at a density of 5.1e3 cells/cm?in high glucose

DMEM supplemented with 10% FBS and 1% pencillin-streptomycin. The next day after
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seeding, cells in 10-cm plates were co-transfected with the appropriate dSaCas9-KRAB
lentiviral expression plasmid (20 pg), the second-generation packaging plasmid psPAX2
(Addgene #12260, 15 ug), and the envelope plasmid pMD2.G (Addgene #12259, 6 ug) by
calcium phosphate precipitation'. After 14-20 hours, transfection medium was
exchanged for 10 mL of fresh 293T medium. Conditioned medium containing lentivirus
was collected 24 and 48 hours after the first media exchange. Residual producer cells
were cleared from the lentiviral supernatant by filtration through 0.45 um cellulose
acetate filters and incubated overnight by incubation with Lenti-X. Concentrated virus
was pelleted by centrifugation according to the manufacturer’s protocol and
resuspended at 20-fold concentration in PBS. Concentrated viral supernatant was snap-
frozen in liquid nitrogen and stored at -80 °C for future use. For transduction,
concentrated viral supernatant was diluted 1:20 with media. To facilitate transduction,
the cationic polymer polybrene was added at a concentration of 4 pg/mL to the viral
media. Non-transduced (NT) cells did not receive virus but were treated with polybrene
as a control. The day after transduction, the medium was exchanged to remove the
virus. Puromycin at 2 ug/mL (C2C12s) or 4 ug/mL (fibroblasts) was used to initiate

selection for transduced cells approximately 48 hours after transduction.

6.3.4 AAV production

ITRs were verified by Smal digest before production. AAV-dSaCas9-KRAB and

AAV-U6 Acvr2b gRNA were used to generate AAV9 in two separate batches by the
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Gene Transfer Vector Core at Schepens Eye Research Institute, Massachusetts Eye and
Ear. Titers were provided at 5.3x10"® vp/mL (AAV-dSaCas9-KRAB) and 1.6x10'* vp/mL

(AAV-U6 Acvr2b gRNA).

6.3.5 Animal studies

Animal studies were conducted with adherence to the guidelines for the care and
use of laboratory animals of the National Institutes of Health (NIH). All the experiments
with animals were approved by the Institutional Animal Care and Use Committee
(IACUC) at Duke University. 6-8 week old C57BI/6 mice (Jackson Labs) were
anesthetized and maintained at 37 °C. The right tibialis anterior muscle was prepared
and injected with 30-40 uL of AAV solution (5.6 x10' - 7.46 x10' vp) or sterile PBS using
a 30G needle. Mice were injected with a saline control, a 5e11 vp dose AAV-dSaCas9-
KRAB alone, or a 1:1 mixture of 1e12 total dose of AAV-dSaCas9-KRAB and AAV-U6
Acvr2b gRNA. At 4 and 8 weeks post-injection, mice were euthanized by COz inhalation
and tissue was collected into RNALater® (Life Technologies) for DNA and RNA or

snap-frozen for protein analysis.

6.3.6 QRT-PCR

Cells were harvested for total RNA isolation using the RNeasy Plus RNA isolation kit
(Qiagen). Tissue samples were stored in RNALater (Ambion) and total RNA was
isolated using the RNA Universal Plus Kit (Qiagen). cDNA synthesis was performed

using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). For genomic qPCR
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experiments, genomic DNA from tissue samples was isolated using a Blood and Tissue
Kit (Qiagen). Quantitative real-time PCR (qRT-PCR) using QuantIT Perfecta Supermix
was performed with the CFX96 Real-Time PCR Detection System (Bio-Rad) with the
oligonucleotide primers optimized for 90-110% amplification efficiency. The results are
expressed as fold-increase mRNA expression of the gene of interest normalized to Gapdh

expression by the AAC: method.

6.3.7 Western blot

Cells or minced tissue were lysed in RIPA buffer (Sigma), and the BCA assay
(Pierce) was performed to quantify total protein. Lysates were mixed with LDS sample
buffer (Invitrogen) and boiled for 5 min; equal amounts of total protein were run in
NuPAGE Novex 4-12% Bis-Tris polyacrylamide gels (Life Technologies) and transferred
to nitrocellulose membranes. Nonspecific antibody binding was blocked with 5% nonfat
milk in TBS-T (50 mM Tris, 150 mM NaCl and 0.1% Tween-20) for 30 min. The
membranes were then incubated with primary antibody in 5% milk in TBS-T: rabbit
anti-ACTRIIB diluted 1:1000 overnight at 4°C, anti-HA diluted 1:1000 for 60 min at room
temperature, or rabbit anti-GAPDH diluted 1:5000 for 60 min at room temperature.
Membranes labeled with primary antibodies were incubated with anti-mouse (Santa
Cruz, SC-2005) or anti-rabbit HRP-conjugated antibody (Sigma-Aldrich, A6154) diluted

1:5000 for 60 min and washed with TBS-T for 60 min. Membranes were visualized using
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the Immun-Star WesternC Chemiluminescence Kit (Bio-Rad) and images were captured

using a ChemiDoc XRS+ system and processed using ImageLab software (Bio-Rad).

6.4 Results
6.4.1 Generation of a transcriptional repressor from S. aureus Cas9

We introduced D10A and N580A mutations into the SaCas9 nuclease in order to
abrogate catalytic activity and create a nuclease-null programmable DNA-binding
domain® (Figure 23a). Fusion of a synthetic KRAB motif generated a dSaCas9 repressor.
We also included an N-terminal HA-tag to facilitate protein analysis and an N- and C-
terminal nuclear localization sequence to enable trafficking of dSaCas9-KRAB into the
cell nucleus.

For initial testing in vitro, we stably expressed dSaCas9-KRAB and single gRNAs
using a lentiviral delivery system with puromycin selection (Figure 23b). We first tested
dSaCas9-KRAB in primary mouse fibroblasts expressing a luciferase reporter knocked in
at chromosome 7 of the genome. We designed nine gRNAs to the synthetic CAG
promoter driving transgene expression, searching for base pair target sequences
followed by the SaCas9 PAM, 5 NNGRRT 3’. Multiple gRNAs exhibited robust
repression of luciferase expression via qPCR and Western 7 days after transduction of
fibroblasts (Figure 23c,d). These results confirmed that dSaCas9-KRAB repressors were

effectively at silencing a reporter gene in vitro.
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Figure 23. Adapting SaCas9 for transcriptional repression. (a) Inactivating
mutations D10A and N580A were introduced into the cleavage domains of SaCas9 to
generate a nuclease-null dSaCas9 DNA-binding domain. (b) For in vitro testing of
dSaCas9 repressors, we stably expressed dSaCas9-KRAB and a U6-gRNA cassette on a
single lentiviral vector with puromycin resistance. Multiple gRNAs against the
synthetic CAG promoter effected potent repression of (c¢) mRNA by qPCR and (d)
protein via luciferase bioluminescence in primary mouse fibroblasts expressing a CAG-
luciferase reporter cassette. * indicates p <0.05 by Student'’s t-test compared to non-
treated (NT) controls (n =2 independent experiments).

6.4.2 Silencing endogenous Acvr2b in myoblasts

SaCas9-based repressors were targeted to the myostatin receptor Acvr2b in
C2C12 mouse myoblasts. gRNAs were targeted to the DNase I hypersensitivity site
(DHS) containing the transcription start site (TSS) of Acvr2b according to DNase-seq data
on mouse skeletal muscle from the ENCODE project’ (Figure 24a). We stably expressed

dSaCas9-KRAB and a single gRNA using a lentiviral delivery system, and multiple
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gRNAs effected potent repression of endogenous Acvr2b by qPCR 7 days after

transduction and selection in C2C12s (Figure 24b).
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Figure 24. Silencing endogenous genes with the dSaCas9-KRAB
repressor. (a) Eight gRNAs were designed to target the skeletal muscle
DNase-hypersensitivity peak upstream of the transcription start site in

the endogenous mouse Acvr2b gene locus. (b) Several single gRNAs
effected strong repression of Acvr2b when delivered with dSaCas9-KRAB,
compared to no lentivirus (No LV) and dSaCas9-KRAB only (No gRNA)
controls. * indicates p < 0.05 by Student’s t-test compared to No LV
controls (n =2 independent experiments).

6.4.3 Transcriptional repression of the Acvr2b gene in vivo with AAV
delivery of S. aureus Cas9 repressors

To accommodate the limited packaging capacity of AAV, we designed a two-
vector system to deliver dSaCas9-KRAB and a single gRNA for targeted gene repression

(Figure 25a). AAV9 vectors expressing dSaCas9-KRAB and an Acvr2b gRNA were
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generated and purified by the Massachusetts General Hospital Ear and Eye Vector Core.
AAV9 is a muscle-tropic serotype capable of producing high levels of transgene
expression??,

Adult C57Bl/6 wild-type mice were injected in the tibialis anterior of the right
limb with a mixture of AAV-dSaCas9-KRAB and AAV-Acvr2b-gRNA, at 5el1 vector
genome copies delivered per AAV per limb. Age-matched controls received a PBS sham
injection or AAV-dSaCas9-KRAB injection without gRNA. At 4 and 8 weeks post-
transduction, dSaCas9-KRAB was steadily expressed via qPCR in the injected TA
muscle (Figure 25b,d). Acvr2b expression was not significantly affected by delivery of
dSaCas9-KRAB alone or dSaCas9-KRAB with Acor2b gRNA at 4 weeks post-treatment
(Figure 25c). At 8 weeks post-AAV delivery, Acvor2b mRNA expression was significantly
reduced compared to sham-injected muscles in both AAV treatment groups (Figure
25d). However, targeting dSaCas9-KRAB with Acor2b gRNA result in stronger

repression than delivery of dSaCas9-KRAB alone.
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Figure 25. Targeting Acur2b with AAV-dSaCas9-KRAB in vivo.
(a) dSaCas9-KRAB and Acvr2b gRNA were delivered in a two-vector
AAV9 expression system intramuscularly to the right tibialis anterior
muscle (TA) of adult wild-type mice. (b,d) dSaCas9 was efficiently
expressed via qPCR in the injected TA at (b) 4 and (d) 8 weeks after
injection. At (c) 4 and (e) 8 weeks post-AAV treatment, Acur2b expression
in the injected TA was assayed by qPCR. (n = 3 mice, * indicates p <0.05
compared to PBS sham controls).

To determine if delivered AAV escaped the injected muscle and distributed
systemically, we quantified vector genome signal in the liver, heart, and tibialis anterior
muscles of treated mice at 8 weeks post-transduction. For AAV-Acvr2b-gRNA, the
highest vector genome signals were found in the liver, heart, the right gastrocnemius
muscle, and the injected tibialis anterior muscle (Figure 26). Various AAV serotypes
demonstrate tropism for the liver, and AAV9 can efficiently transduce cardiac muscle?”

23 dSaCas9-KRAB was expressed in the liver and heart at 4 and 8 weeks post-
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transduction via qPCR (Figure 27). At 8 weeks post-transduction, Acvr2b expression in
the heart was reduced by ~50% with delivery of dSaCas9-KRAB with gRNA. dSaCas9-
KRAB alone did not have a significant effect on Acvr2b expression. Changes in Acvr2b
expression in the liver were not statistically significant at 8 weeks post-transduction.
These results indicate that dSaCas9-KRAB is biologically active in vivo and AAV
delivery is a promising method for achieving targeted repression in animal models.

AAV-Acvr2b-gRNA

mLiver
mHeart
1000 | @Right TA (Inj)
mleft TA

ERight Gastroc
OLeft Gastroc

Relative Signal (Normalized to
GAPDH

0.1

PBS dSaCas9-KRAB dSaCas9-KRAB +
gRNA

Figure 26. Analysis of AAV-gRNA vector genome signal in intramuscularly
injected mice. The liver, heart, tibialis anterior (TA), and gastrocnemius (gastroc) of PBS
sham, AAV-dSaCas9-KRAB only, and AAV-dSaCas9-KRAB and AAV-Acvr2b-gRNA
treated mice were analyzed for presence of the AAV-U6-gRNA vector via qPCR.
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Figure 27. Silencing endogenous genes in vivo with AAV-dSaCas9-
KRAB. Intramuscular delivery of AAV9 expressing dSaCas9-KRAB results in
efficient transgene expression in the (a) liver and (c) heart 8 weeks after
transduction in adult wild-type mice. Delivery of dSaCas9-KRAB with Acvr2b
gRNA reduces target gene expression in the (b) liver and (d) heart at 8 weeks
after treatment. (n = 3 mice, * indicates p < 0.05 by Student’s t-test compared to
PBS sham controls).

6.5 Discussion

The efficiency and specificity of CRISPR/Cas9 gene silencing has shown great
preclinical promise. Here we present a platform to translate RNA-guided gene
repression in vivo in a wild-type mouse model. dSaCas9-KRAB potently silenced
reporter and endogenous genes in vitro, and AAV9 delivery of CRISPR/Cas9
components in an adult wild-type mouse model resulted in efficient silencing of the

Acvr2b gene in the heart.
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Muscle tissue contains large and multinucleated fibers and a progenitor
population capable of proliferation and regeneration. These are all factors that may
have contributed to the lack of repression observed in skeletal muscle. dSaCas9-KRAB
repression in muscle may have limited by replication-mediated AAV dilution, diffusion
of the repressor protein and delivered gRNA molecule along the myofiber, or inability of
dSaCas9-KRAB to silence the majority of nuclei within a fiber. In contrast,
cardiomyocytes of the heart are binucleated and post-mitotic, factors that may have
contributed to the more efficient silencing observed in this tissue.

Interestingly, we observed in some cases that delivering dSaCas9-KRAB alone
significantly downregulated Acvr2b expression. This unexpected biological effect may
be related to potential host immune responses of high doses of AAV or expressing
foreign SaCas9-based proteins in mouse tissue. An influx of immune cells or
inflammatory responses could lead to gene expression changes in AAV-treated tissues
and apparent silencing of the target gene.

The CRISPR/Cas9 platform is highly flexible, and our AAV delivery system can
easily be adapted to target other gene products. An important issue to address before
further clinical development is the extent of immune response to foreign Cas9 proteins
and synthetic gRNA molecules. Specificity of SaCas9-based gene regulation must also
be evaluated. A major determinant of off-site target binding is the presence of a PAM

sequence, and thus the more stringent PAM requirement of SaCas9 compared to SpCas9
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may be indicative of at least comparable levels of specificity for gene regulation. Lastly,
minimal and tissue-specific promoters may enable implementation of a single AAV

vector system for future in vivo gene regulation applications.
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Chapter 7. Future directions

7.1 Enhancing regeneration in terminally differentiated cells

Instead of enhancing the self-renewal capacity of a progenitor cell population to
instigate regeneration, a proposed alternative strategy has been to activate the terminally
differentiated cells already present in the affected tissue to become proliferative and
restore damaged areas. An example of this is taken from urodele amphibians, which
demonstrate remarkably robust muscle healing in response to tail resection. In vivo
imaging showed dedifferentiation and proliferation of tail myotubes in the regenerating
blastema of urodele larvae??>. This also occurs in the zebrafish heart muscle, in which
20% of the ventricle can regenerate following resection with minimal long-term impact
on function?*. Lineage tracing studies have shown that cardiomyocytes are the main
effectors of healing in zebrafish cardiac regeneration. Cells at the resection border
partially dedifferentiate and begin to proliferate to populate new tissue?*. The ability to
recreate this example and activate the cell cycle in differentiated myotubes would relieve
many of the challenges that arise in treatments for muscle degenerative disorders by
providing an autologous, available cell source that can restore muscle mass and
function. Growth control is a common process among cell types, and cell cycle reentry
strategies could potentially be generalized to other non-proliferative tissue types such as
chondrocytes in cartilage. Mouse strains with aberrant cell cycle regulation demonstrate

enhanced cartilage regeneration®”. A first step that would contribute to this goal is
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activating cell cycle reentry in terminally differentiated mammalian cells. Cell cycle
inhibitors play a critical role in maintaining cell cycle exit in differentiated myotubes, in
immortalized cell lines and primary myoblasts'?! 123,

Cell cycle regulation is a complex process and it is likely that regulation of more
than one gene or as of yet unknown targets may be required to achieve cell cycle reentry.
High-throughput library-based approaches for gene regulation using RNAi or
CRISPR/Cas9 activators or repressors could be used to identify combinations of genes or
novel targets for instigating tissue regeneration*'. Additionally, cell cycle reentry
strategies would benefit from dynamic gene regulation systems such as injury-
responsive promoters, doxycycline-inducible shRNA, or CRISPR/Cas9 repression

systems!2% 128227290 jn order to prevent uncontrolled cell proliferation.

7.2 Toward clinical translation of RNA-guided repressors

The ability to control gene expression at will is a powerful tool for studying the
contributions of gene regulation to disease and for designing novel therapeutic
strategies. A number of issues must be addressed, however, before RNA-guided
transcriptional repressors can be applied clinically.

One concern for clinical translation is the potential immunogenicity of
engineered epigenome editing proteins. ZFPs, which are based on a protein motif
commonly found in human transcription factors, have been well-tolerated in in vivo

studies, but the potential immunogenicity of dCas9 DNA-binding domains, which are
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not of mammalian origin, has yet to be explored. Furthermore, introduction of ectopic
small RNAs for directing CRISPR/dCas9 factors has the potential to incite innate
immune responses, although this may be counteracted with chemical modification of the
delivered gRNAs!08 231,

Delivery methods for CRISPR/Cas9 components in vivo is another potential area
for optimization. Reducing gene delivery components to one viral vector would
simplify manufacturing and administration of a potential AAV-based treatment.
Engineering a minimal Cas9 for DNA-binding or implementing shorter engineered
promoters are two strategies to achieve a single vector delivery system. Alternatively,
non-viral delivery methods may be beneficial for applications that do not require stable
changes in gene expression. Lipid-mediated protein delivery strategies for Cas9-gRNA
complexes have been applied in vitro and for delivery to the inner ear in mouse
models??2. Therefore further studies that improve delivery methods and characterize
immune responses to engineered epigenome editing proteins are needed before these

technologies can be applied clinically.
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Chapter 8. Conclusions

We have applied targeted repression technologies to guide cell fate, modulate
distal enhancer activity, and silence endogenous genes in a mouse model. RNAi was
used to elucidate the role of cell cycle regulation in myogenic differentiation and
enhance the proliferative capacity of iPSC-derived tissue engineered cartilage constructs.
These studies demonstrate how modulation of a single gene can be used to guide cell
differentiation for regenerative medicine strategies. The recently developed
CRISPR/Cas9 system has expanded the gene regulation tool kit from silencing single
protein-coding genes to modulation of genes, promoters, and other distal regulatory
elements. We demonstrated the high degree of specificity for gene targeting, gene
silencing, and chromatin modification possible with RNA-guided dCas9-KRAB
repressors. The specificity and effectiveness of dCas9-KRAB for repressing endogenous
genes are advantageous for loss-of-function studies of complex gene regulatory
relationships. Furthermore, these characteristics make dCas9-KRAB an ideal technology
for developing gene regulation-based therapies. We developed an in vivo AAV-based
gene repression platform for silencing endogenous genes in a mouse model. Together,
these studies demonstrate the utility of gene regulation tools for guiding cell phenotype
and the promise of RNA-guided CRISPR/Cas9 platform for applications such as

epigenomics studies of gene regulatory mechanisms and gene therapy.
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Appendix A. Chapter 3 Supplementary Information

Supplementary Table 1. Top differentially regulated genes for p21 shRNA treated
myoblasts versus non-treated myoblasts after 7 days differentiation.

RefSeq baseMean | logz(Fold | FDR Protein name
Change)
NM_007669 9382.62 -2.80 7.23E-41 Cyclin-dependent kinase inhibitor 1
NM_001111099 | 8942.29 -2.80 1.07E-40 Cyclin-dependent kinase inhibitor 1
NM_007742 147.63 -3.16 3.98E-28 Collagen alpha-1(l) chain
NM_008626 152.69 -2.64 1.70E-22 C-type mannose receptor 2
NM_007743 656.97 -1.94 6.28E-18 Collagen alpha-2(l) chain
NM_009855 186.39 2.37 2.87E-17 T-lymphocyte activation antigen CD80
NM_022032 58.99 341 5.55E-17 p53 apoptosis effector related to PMP-22
NM_007606 4806.64 -1.71 9.10E-16 Carbonic anhydrase 3
NM_177642 211.44 -2.35 1.34E-14 Immunoglobulin-like and fibronectin type Ill domain-containing
protein 1
NM_023209 306.03 1.81 2.97E-13 Lymphokine-activated killer T-cell-originated protein kinase
NM_023663 97.04 2.37 4.01E-13 Receptor-interacting serine/threonine-protein kinase 4
NM_016691 2517.69 -1.57 6.05E-13 H(+)/CI(-) exchange transporter 5; Chloride channel protein
NM_009828 1560.73 1.58 7.04E-13 Cyclin-A2
NM_001243762 | 2955.88 -1.55 1.23E-12 H(+)/CI(-) exchange transporter 5; Chloride channel protein
NM_023842 940.12 1.54 9.33E-12 Desmoplakin
NM_001164612 | 120.41 2.14 9.33E-12 Probable cation-transporting ATPase 13A4; Cation-transporting
ATPase
NM_001040435 | 793.04 1.53 9.49E-12 transforming, acidic coiled-coil containing protein 3 (Tacc3)
NM_001170978 | 148.16 -1.82 6.04E-11 4-aminobutyrate aminotransferase, mitochondrial
NM_172301 1431.75 1.45 6.91E-11 G2/mitotic-specific cyclin-B1
NM_011234 516.96 1.51 1.75E-10 DNA repair protein RAD51 homolog 1
NM_145562 209.82 -1.65 2.16E-10 Prostate androgen-regulated mucin-like protein 1 homolog
NM_012043 55.63 -3.34 2.28E-10 Immunoglobulin superfamily containing leucine-rich repeat protein
NM_019438 776.68 1.46 2.41E-10 non-SMC condensin | complex, subunit G
NM_029967 162.72 -1.73 3.16E-10 ADAMTS-like protein 1
NM_012025 556.38 1.46 3.21E-10 Rac GTPase-activating protein 1
NM_009932 3665.98 -1.63 4.28E-10 Collagen alpha-2(1V) chain
NM_001081153 | 60.68 -2.34 5.32E-10 Protein unc-13 homolog C
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NM_019790 298.16 1.59 6.61E-10 Tomoregulin-2

NM_177331 300.52 1.52 6.65E-10 Flap endonuclease GEN homolog 1

NM_001195298 | 456.19 1.47 6.65E-10 Kinesin-like protein KIFC1

NM_026841 178.20 -1.66 7.96E-10 Proline-rich protein 32

NM_153393 81.65 -2.41 1.05E-09 Collagen alpha-1(XXIIl) chain

NM_011176 72.78 2.17 1.07E-09 Suppressor of tumorigenicity 14 protein homolog

NM_023403 1504.25 -1.34 1.27E-09 LDLR chaperone MESD

NM_001113179 | 470.40 1.62 1.32E-09 Mitotic checkpoint serine/threonine-protein kinase BUB1

NM_145922 29.57 -3.31 1.39E-09 Potassium voltage-gated channel subfamily C member 4

NM_172961 155.89 -1.69 1.46E-09 4-aminobutyrate aminotransferase, mitochondrial

NM_008921 209.85 1.56 1.86E-09 DNA primase; DNA primase small subunit

NM_009255 1842.89 1.32 2.16E-09 Glia-derived nexin

NM_172613 96.55 1.96 2.48E-09 Probable cation-transporting ATPase 13A4; Cation-transporting
ATPase

NM_011769 506.93 -1.42 3.56E-09 Zinc finger imprinted 1

NM_009772 444.28 1.62 6.00E-09 Mitotic checkpoint serine/threonine-protein kinase BUB1

NM_022416 68.99 2.26 7.21E-09 Serine/threonine-protein kinase 32B

NM_026410 123.75 1.66 9.94E-09 Sororin

NM_010284 1108.17 -1.47 1.15E-08 Growth hormone receptor

NM_023245 276.87 -1.91 1.39E-08 Palmdelphin

NM_178618 255.77 1.49 1.90E-08 Protein FAM83G

NM_001195431 | 46.59 -2.73 2.04E-08 Immunoglobulin superfamily containing leucine-rich repeat protein

NM_015734 9539.79 -1.24 2.20E-08 Collagen alpha-1(V) chain

Supplementary Table 2. DAVID functional annotation clustering of differentially
activated genes in p21-shRNA treated myoblasts during differentiation.

Gene Group 1 Cell Cycle M-phase

REFSEQ_MRNA | Gene Name

NM_028390 anillin, actin binding protein

NM_001042652, nucleolar and spindle associated protein 1

NM_133851
NM_026785 ubiquitin-conjugating enzyme E2C; predicted gene 8956
NM_009689, baculoviral IAP repeat-containing 5

NM_001012273

NM_183046 kinesin family member 20B
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NM_025372

timeless interacting protein

NM_133762

non-SMC condensin Il complex, subunit G2

NM_025581

RIKEN cDNA 2810433K01 gene

NM_001141976,
NM_001141975,
NM_028109,

NM_001141977

TPX2, microtubule-associated protein homolog (Xenopus laevis)

NM_144818

non-SMC condensin | complex, subunit H

NM_009772,

NM_001113179

budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae)

NM_025565 SPC25, NDCB80 kinetochore complex component, homolog (S. cerevisiae)

NM_024245 kinesin family member 23

NM_197959 kinesin family member 18B; RIKEN cDNA 3000004C01 gene

NM_027828 family with sequence similarity 110, member C

NM_172301 predicted gene 8416; predicted gene 5593; cyclin B1; similar to cyclin B1; predicted gene 4870
NM_139303 kinesin family member 18A

NM_053173 similar to Kifcl protein; kinesin family member C1; predicted gene 4137

NM_011849 NIMA (never in mitosis gene a)-related expressed kinase 4

NM_182995 RIKEN cDNA 6330503K22 gene

NM_023294 NDCB80 homolog, kinetochore complex component (S. cerevisiae)

NM_028232 shugoshin-like 1 (S. pombe)

NM_023284 similar to Nuf2 protein; NUF2, NDC80 kinetochore complex component, homolog (S. cerevisiae)
NM_028760, centrosomal protein 55

NM_028293,

NM_001164362

NM_009828 cyclin A2

NM_027999 vomeronasal 2, receptor 53

NM_144553 discs, large (Drosophila) homolog-associated protein 5

NM_019499 similar to spindle assembly checkpoint protein; MAD2 mitotic arrest deficient-like 1 (yeast)
NM_175265 RIKEN cDNA 6720463M24 gene

NM_173762 centromere protein E

NM_001111075,

NM_023117

cell division cycle 25 homolog B (S. pombe)

NM_001042653

Opa interacting protein 5

NM_145150

protein regulator of cytokinesis 1

NM_001042421

kinetochore associated 1
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NM_026507 Zwilch, kinetochore associated, homolog (Drosophila)
NM_010615 kinesin family member 11

NM_027411 coiled-coil domain containing 99

NM_008017 structural maintenance of chromosomes 2
NM_028959 centrosomal protein 72

NM_026410 cell division cycle associated 5

NM_013882 G two S phase expressed protein 1

NM_172578 expressed sequence C79407

NM_026560 cell division cycle associated 8

NM_199007 shugoshin-like 2 (S. pombe)

NM_001131054

pituitary tumor-transforming gene 1

NM_007659

cell division cycle 2 homolog A (S. pombe)

NM_198605

RIKEN cDNA F630043A04 gene

NM_001110162,

cell division cycle associated 2

NM_175384
Gene Group 2 Cell Cycle
REFSEQ_MRNA | Gene Name

NM_001131054

pituitary tumor-transforming gene 1

NM_199007 shugoshin-like 2 (S. pombe)
NM_016925 Fanconi anemia, complementation group A
NM_176979 topoisomerase (DNA) Il binding protein 1

NM_001033244

Fanconi anemia, complementation group D2

NM_028232

shugoshin-like 1 (S. pombe)

NM_145946

Fanconi anemia, complementation group |

Gene Group 3

DNA Repair

REFSEQ_MRNA

Gene Name

NM_013733 chromatin assembly factor 1, subunit A (p150)
NM_009013 RADS51 associated protein 1

NM_028083 chromatin assembly factor 1, subunit B (p60)
NM_145946 Fanconi anemia, complementation group |
Gene Group 4 ATP-binding

REFSEQ_MRNA | Gene Name

NM_001042652,

NM_133851

nucleolar and spindle associated protein 1
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NM_009004 kinesin family member 20A

NM_146115 RIKEN cDNA A830007P12 gene

NM_183046 kinesin family member 20B

NM_010353 germ cell-specific gene 2

NM_007832 deoxycytidine kinase

NM_025581 RIKEN cDNA 2810433K01 gene

NM_008563 minichromosome maintenance deficient 3 (S. cerevisiae)
NM_025676 minichromosome maintenance deficient 8 (S. cerevisiae)
NM_023209 PDZ binding kinase

NM_009772, budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae)

NM_001113179

NM_008567 minichromosome maintenance deficient 6 (MIS5 homolog, S. pombe) (S. cerevisiae)
NM_024245 kinesin family member 23
NM_197959 kinesin family member 18B; RIKEN cDNA 3000004C01 gene

NM_001081258 kinesin family member 14

NM_139303 kinesin family member 18A

NM_053173 similar to Kifcl protein; kinesin family member C1; predicted gene 4137
NM_011849 NIMA (never in mitosis gene a)-related expressed kinase 4

NM_145409 CTF18, chromosome transmission fidelity factor 18 homolog (S. cerevisiae)

NM_001083188, ligase |, DNA, ATP-dependent

NM_010715

NM_027999 vomeronasal 2, receptor 53

NM_007936 Eph receptor A4

NM_009862, cell division cycle 45 homolog (S. cerevisiae)-like

NM_001161623

NM_028744 phosphatidylinositol 4-kinase type 2 beta
NM_145588 kinesin family member 22

NM_011234 RAD51 homolog (S. cerevisiae)

NM_027182 thyroid hormone receptor interactor 13
NM_009445 Ttk protein kinase

NM_183089 defective in sister chromatid cohesion 1 homolog (S. cerevisiae)
NM_023663 receptor-interacting serine-threonine kinase 4
NM_010615 kinesin family member 11

NM_022416 serine/threonine kinase 32B; predicted gene 3080
NM_027411 coiled-coil domain containing 99

NM_025949 ribosomal protein S6 kinase polypeptide 6
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NM_025979 microtubule associated serine/threonine kinase-like

NM_181545 similar to schlafen 8; schlafen 8

NM_008017 structural maintenance of chromosomes 2

NM_028128 replication factor C (activator 1) 5; similar to replication factor C 5
NM_008446 kinesin family member 4

NM_011495 polo-like kinase 4 (Drosophila)

NM_021891, fidgetin-like 1

NM_001163360,

NM_001163359

NM_153805 protein kinase N3

NM_007659 cell division cycle 2 homolog A (S. pombe)
NM_197982 DEAD (Asp-Glu-Ala-Asp) box polypeptide 39
NM_029977 polymerase (DNA directed), theta

Gene Group 5

GTPase activation

REFSEQ_MRNA

Gene Name

NM_001172092,

NM_029523

DEP domain containing 1a

NM_027667,

NM_001163495

Rho GTPase activating protein 19

NM_178683

DEP domain containing 1B

NM_181416

Rho GTPase activating protein 11A

Gene Group 6

Zinc ion binding

REFSEQ_MRNA

Gene Name

NM_153416 achalasia, adrenocortical insufficiency, alacrimia
NM_027354 WD repeat domain 51A

NM_028083 chromatin assembly factor 1, subunit B (p60)
NM_172470 WD repeat domain 35

NM_001163766

WD repeat domain 90

Gene Group 7

Glycoproteins

REFSEQ_MRNA

Gene Name

NM_011634 TRAF-interacting protein

NM_029947 PR domain containing 8

NM_177712 zinc finger protein 874

NM_029281 hypothetical protein LOC100044276; zinc finger protein 820
NM_024495 carbonic anhydrase 13
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NM_178679 zinc finger protein 365

NM_028039 establishment of cohesion 1 homolog 2 (S. cerevisiae)

NM_001039239 predicted gene 3325; predicted gene 7036

NM_011760 hypothetical protein LOC100044271; zinc finger protein 54

NM_001003916 zinc finger, C4H2 domain containing

NM_001081656 predicted gene, EG240055

NM_153408 neuralized homolog 3 homolog (Drosophila)

Gene Group 8 Transmembrane

REFSEQ_MRNA | Gene Name

NM_007974 coagulation factor Il (thrombin) receptor-like 1

NM_021793 transmembrane protein 8 (five membrane-spanning domains)

NM_001164602, adhesion molecule with Ig like domain 2

NM_001164563

NM_001005426 paired immunoglobin-like type 2 receptor beta 2; zinc finger, CW type with PWWP domain 1

NM_007731 collagen, type XIlI, alpha 1

NM_170599 immunoglobulin superfamily, member 11

NM_019790 transmembrane protein with EGF-like and two follistatin-like domains 2
NM_007722 chemokine (C-X-C motif) receptor 7

NM_053110 glycoprotein (transmembrane) nmb

NM_207666 delta-like 2 homolog (Drosophila)

Supplementary Table 3. DAVID functional annotation clustering of differentially
repressed genes in p21-shRNA treated myoblasts during differentiation.

Gene Group 1 Extracellular matrix
REFSEQ_MRNA | Gene Name
NM_007737 collagen, type V, alpha 2
NM_007743 collagen, type 1, alpha 2
NM_007742 collagen, type 1, alpha 1
NM_009930 collagen, type lll, alpha 1
NM_024474 EMI domain containing 2
NM_009933 collagen, type VI, alpha 1
NM_029568 microfibrillar-associated protein 4
NM_015734 collagen, type V, alpha 1
NM_009932 collagen, type 1V, alpha 2
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NM_026439 coiled-coil domain containing 80

NM_009931 collagen, type 1V, alpha 1
NM_007729 collagen, type XI, alpha 1
Gene Group 2 Transmembrane

REFSEQ_MRNA | Gene Name

NM_026142 RIKEN cDNA 3632451006 gene

NM_144801 transmembrane protein 143

NM_177378 ring finger protein 150; similar to ring finger protein 150

NM_011891 sarcoglycan, delta (dystrophin-associated glycoprotein)

NM_153393 similar to procollagen, type XXIII, alpha 1; collagen, type XXIII, alpha 1
NM_008984 protein tyrosine phosphatase, receptor type, M

NM_019413 roundabout homolog 1 (Drosophila)

NM_001001985 N-acetyltransferase 8-like

NM_001033409 leucine-rich repeat-containing G protein-coupled receptor 6

NM_019503, FXYD domain-containing ion transport regulator 1
NM_194321

NM_133911 G protein-coupled receptor 125

NM_145521 phosphatidic acid phosphatase type 2 domain containing 3
NM_018814 pecanex homolog (Drosophila)

NM_153790 scavenger receptor class F, member 2

NM_020043 immunoglobulin superfamily, DCC subclass, member 4

NM_001033259 coiled-coil domain containing 109A

NM_146173 tetraspanin 33

NM_011214, protein tyrosine phosphatase, receptor type, U

NM_001083119

NM_001038602 MARVEL (membrane-associating) domain containing 2

NM_010075 dipeptidylpeptidase 6

NM_001122993 UDP-Gal:betaGIcNAc beta 1,3-galactosyltransferase, polypeptide 5

NM_027402 fibronectin type Il domain containing 5
NM_177879 sidekick homolog 1 (chicken)

NM_019439 gamma-aminobutyric acid (GABA) B receptor, 1
NM_139269 phospholipase A2, group XVI

NM_175549 roundabout homolog 2 (Drosophila)

NM_001085509 myomesin family, member 3

NM_212452 relaxin/insulin-like family peptide receptor 1
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NM_022004 FXYD domain-containing ion transport regulator 6

NM_199241 sema domain, transmembrane domain (TM), and cytoplasmic domain, (semaphorin) 6D
NM_020510 frizzled homolog 2 (Drosophila)

NM_009197 similar to X-linked PEST-containing transporter

NM_021887 interleukin 21 receptor

NM_011892 sarcoglycan, gamma (dystrophin-associated glycoprotein)

NM_001081279

malignant fibrous histiocytoma amplified sequence 1

NM_013660 sema domain, immunoglobulin domain (lg)

NM_021487 potassium voltage-gated channel, Isk-related family, member 1-like
NM_172508 dermatan sulfate epimerase

NM_012043 immunoglobulin superfamily containing leucine-rich repeat
NM_177388 solute carrier family 41, member 2

NM_008055 frizzled homolog 4 (Drosophila)

NM_145562 RIKEN cDNA 9130213B05 gene

NM_201411 fibronectin leucine rich transmembrane protein 1

NM_001040072

cDNA sequence BC030046

NM_008409 integral membrane protein 2A
NM_146099 DNA segment, Chr 19, Wayne State University 162, expressed
NM_178740 SLIT and NTRK-like family, member 4

NM_001083917,

sodium channel, voltage-gated, type Ill, beta

NM_153522

NM_023061 melanoma cell adhesion molecule
NM_010560 interleukin 6 signal transducer
NM_183256 RIKEN cDNA 2310016M24 gene

NM_001034874

predicted gene 879

NM_010246

frizzled homolog 9 (Drosophila)

NM_054071,

NM_001164259

fibroblast growth factor receptor-like 1; similar to fibroblast growth factor receptor 5 beta

NM_001162983

leucine rich repeat containing 38

Gene Group 3

Signal

REFSEQ_MRNA

Gene Name

NM_008150 glypican 4; similar to Glypican 4

NM_027126 hemochromatosis type 2 (juvenile) (human homolog)
NM_019707 cadherin 13

NM_001111060, CD59a antigen
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NM_007652

Gene Group 4

Metallopeptidase

REFSEQ_MRNA | Gene Name

NM_029967 ADAMTS-like 1

NM_007400 a disintegrin and metallopeptidase domain 12 (meltrin alpha)

NM_175501 a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 12
NM_009616 a disintegrin and metallopeptidase domain 19 (meltrin beta); similar to metalloprotease-disintegrin meltrin

beta

NM_001024139

a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 15

NM_001164785

a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 20

NM_175643

a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 2

NM_009621

a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 1

NM_001040426

thrombospondin, type |, domain containing 4

NM_176073

plasma glutamate carboxypeptidase

Gene Group 5

lon transport

REFSEQ_MRNA

Gene Name

NM_024412,

NM_001146307

chloride channel Ka

NM_080466 potassium intermediate/small conductance calcium-activated channel, subfamily N, member 3
NM_022004 FXYD domain-containing ion transport regulator 6

NM_177388 solute carrier family 41, member 2

NM_008420 potassium voltage gated channel, Shab-related subfamily, member 1

NM_016691 chloride channel 5

NM_013491 chloride channel 1

NM_001163691

calcium channel, voltage-dependent, T type, alpha 1H subunit

NM_001081023,

calcium channel, voltage-dependent, L type, alpha 1S subunit

NM_014193

NM_008425 potassium inwardly-rectifying channel, subfamily J, member 2
NM_010602 potassium inwardly rectifying channel, subfamily J, member 11
NM_019510 transient receptor potential cation channel, subfamily C, member 3
NM_008422 potassium voltage gated channel, Shaw-related subfamily, member 3

NM_001159850,

NM_010607

potassium channel, subfamily K, member 2

NM_145922

potassium voltage gated channel, Shaw-related subfamily, member 4

154




NM_001083917,

NM_153522

sodium channel, voltage-gated, type Ill, beta

NM_019503,

NM_194321

FXYD domain-containing ion transport regulator 1

Gene Group 6

Myosin filament

REFSEQ_MRNA

Gene Name

NM_001099635

myosin, heavy polypeptide 3, skeletal muscle, embryonic

NM_001085378

myosin, heavy chain 7B, cardiac muscle, beta

NM_080728

myosin, heavy polypeptide 7, cardiac muscle, beta

NM_010856,

NM_001164171

myosin, heavy polypeptide 6, cardiac muscle, alpha

Gene Group 7

ATP binding

REFSEQ_MRNA

Gene Name

NM_175650

ATPase type 13A5

NM_015731

ATPase, class Il, type 9A

NM_001044720

ATP-binding cassette, sub-family C (CFTR/MRP), member 9

NM_008740 N-ethylmaleimide sensitive fusion protein
NM_009622 adenylate cyclase 1
NM_009623 adenylate cyclase 8

Gene Group 8

Kinase

REFSEQ_MRNA

Gene Name

NM_001004363

NUAK family, SNF1-like kinase, 1

NM_144817 calcium/calmodulin-dependent protein kinase | gamma
NM_016700 mitogen-activated protein kinase 8

NM_008859 protein kinase C, theta

NM_007584, discoidin domain receptor family, member 1
NM_172962

NM_011160, protein kinase, cGMP-dependent, type |

NM_001013833

NM_026880 PTEN induced putative kinase 1

NM_134117 protein kinase domain containing, cytoplasmic
NM_133673 torsin family 1, member B

NM_178143 protein kinase, AMP-activated, alpha 2 catalytic subunit

NM_001037294

alpha-kinase 2
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NM_010154

v-erb-a erythroblastic leukemia viral oncogene homolog 4 (avian)

NM_001040187,

DEAD (Asp-Glu-Ala-Asp) box polypeptide 17

NM_199079
NM_172911 DNA segment, Chr 8, ERATO Doi 82, expressed
NM_008854 protein kinase, CAMP dependent, catalytic, alpha

Gene Group 9

Homeobox DNA binding

REFSEQ_MRNA

Gene Name

NM_010132 empty spiracles homolog 2 (Drosophila)
NM_008852 paired-like homeodomain transcription factor 3
NM_010127 POU domain, class 6, transcription factor 1
NM_007804 cut-like homeobox 2

Gene Group 10

Transcription

REFSEQ_MRNA | Gene Name
NM_021877 hairless
NM_011769 zinc finger, imprinted 1

NM_001083318,

ets variant gene 3

NM_012051

NM_177855 mediator of RNA polymerase |l transcription, subunit 12 homolog (yeast)-like
NM_013914 snail homolog 3 (Drosophila)

NM_031494, zinc finger protein 275

NM_001160229

NM_001159344

castor homolog 1, zinc finger (Drosophila); similar to castor homolog 1, zinc finger
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Supplementary Figure 1. Screening single gRNAs targeted to the HS2

enhancer. (a) K562 cells that were not transduced, transduced with dCas9 lentivirus,
and transduced with dCas9-KRAB were transfected with a panel of 21 HS2 sgRNAs and

assayed by

qRT-PCR at 3 days post-transfection. (b-d) Gene expression of single gRNAs

targeted to the HS2 enhancer for silencing of (d) HBE1, (c) HBG1 and HBG2 (HBG1/2),
and (d) HBB by (mean + s.e.m, n = 3 — 4 independent experiments).
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Supplementary Figure 2. HBG1/2 expression after transient delivery of
gRNAs. (a,b) Gene expression of HBG1 and HBG2 (HBG1/2) from (a) 3 to (b) 6 days after
transient electroporation of sgRINA plasmids in K562 cells expressing dCas9-KRAB
(mean # s.e.m, 1 = 2 independent experiments).
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Supplementary Figure 3. Protein silencing of HBG1 by dCas9-KRAB
transcription factors targeted to the distal HS2 enhancer. Western blot for y-globin
and GAPDH demonstrate globin silencing in K562 cells treated with dCas9-KRAB (dCK)
and sgRNAs compared to non-transduced controls (No LV), no sgRNA controls, IL1RN-
targeted sgRNA controls, and dCas9 (dC) with sgRNA (cropped from representative
images from n = 3 biological replicates). Western blot for the FLAG epitope show dCas9
and dCas9-KRAB expression in transduced K562 cells.
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a dCas9-KRAB + Cr4 vs dCas9 + Cr4 b dCas9-KRAB + Cr10 vs dCas9 + Cr10
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Supplementary Figure 4. Specificity of gene regulation by dCas9-KRAB
repressors targeted to the HS2 enhancer. (a-e) Differential analysis was performed to
evaluate the genome-wide effects of lentiviral transduction of dCas9-KRAB guided by
(a) Cr4 and (b) Cr10 compared to dCas9 with the same gRNA, dCas9 guided by (c) Cr4

and (d) Cr10 compared to non-treated K562s (No LV CTL), and (e) dCas9-KRAB without
gRNA compared to No LV CTL K562s.. Red data points indicate FDR < 0.01 by
differential expression analysis compared to dCas9-KRAB only controls. Points labeled
in blue indicate other globin genes.
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a dCas9-KRAB + Cr4 vs dCas9 + Cr4 b dCas9-KRAB + Cr10 vs dCas9 + Cr10
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Supplementary Figure 5. Genome-wide binding activity of dCas9-KRAB
targeted to the HS2 enhancer. (a,b) Differential analyses of global binding activity
include comparisons of dCas9-KRAB versus dCas9 targeted by (a) Cr4 and (b) Cr10.
Points labeled in red indicate FDR < 0.05 by differential DESeq analysis (n = 3 biological

replicates).
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Supplementary Figure 6. Impact of dCas9-KRAB localization on binding of
endogenous transcription factors GATA2 and FOSL1 at HS2. (a) The HS2 regulatory
element contains a GATA2 binding site and two adjacent FOSL1 binding sites proximal
to Cr4 and Cr10 target sites. (b,c) ChIP-qPCR demonstrates reduced (b) GATA2 and (c)
FOSL1 binding when dCas9-KRAB was targeted to the HS2 enhancer (mean + s.e.m). *

indicates p<0.05 by Student’s t-test compared to dCas9-KRAB only control (n=3
independent experiments).
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a dCas9-KRAB + Cr4 vs dCas9-KRAB only b dCas9-KRAB + Cr10 vs dCas9-KRAB only
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Supplementary Figure 7. Genome-wide H3K9me3 signal in K562s treated with
dCas9-KRAB targeted to the HS2 enhancer. Global analysis of H3K9me3 patterns was
assessed by ChIP-seq. (a,b) Volcano plots demonstrate significance (p-value) versus
fold-change for dCas9-KRAB with (a) Cr4 or (b) Cr10 compared to dCas9-KRAB without
sgRNA. (c-f) H3K9me3 ChIP-seq differential analysis was also performed for dCas9-
KRAB versus dCas9 guided by (c,e) Cr4 or (d,f) Cr10. Points labeled red indicate FDR <
0.05 by differential expression analysis compared to dCas9-KRAB without sgRNA or
dCas9 + Cr4/10.
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Supplementary Figure 8. ChIP-qPCR of H3K9 trimethylation at the HS2
enhancer. (a) ChIP-seq tracks show increased H3K9me3 signal at the HS2 enhancer
(shaded area, magnified inset). An ENCODE K562 DNase I hypersensitivity DNase-seq
track is included to highlight the globin LCR*. Two primer sets were designed for the
HS2 enhancer for ChIP-qPCR of H3K9me3. (b) ChIP-qPCR demonstrates increased
H3K9me3 when dCas9-KRAB was targeted to the HS2 enhancer (mean +s.e.m., n=3
independent experiments).
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Supplementary Figure 9. Changes in chromatin accessibility at the globin

gene locus with dCas9-KRAB localized to the HS2 distal enhancer. (a-h) Normalized
DNase-seq cut counts within an 800 bp window surrounding the (a) HS1 enhancer, (b)
HS3 enhancer, (c) H54 enhancer, (d) HS5 enhancer, (e) HBE1 promoter, (f) HBG1
promoter, (g) HBD promoter, and (h) HBB promoter are shown (mean +s.e.m, n=3
independent experiments). * indicates p <0.05 compared to the dCas9-KRAB only
sample (Student’s t-test).
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a dCas9-KRAB + Cr4 vs dCas9 +Cr4 b dCas9-KRAB + Cr10 vs dCas9 + Cr10
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Supplementary Figure 10. Changes in global chromatin accessibility with
dCas9-KRAB localized to the HS2 distal enhancer. (a,b) Differential genome-wide
analysis of changes in chromatin accessibility induced by dCas9-KRAB versus dCas9

guided by (a) Cr4 and (b) Cr10. (c,d) Volcano plots of significance (p-value) versus fold

change for differential expression analysis of dCas9-KRAB compared to dCas9 guided

by (c) Cr4 or (d) Cr10. Points labeled red indicate FDR < 0.05 by DESeq analysis. Points
labeled in blue indicate other regions in the globin promoters or globin LCR.

Supplementary Table 1. Panel of HS2 sgRNA protospacer target sequences.

Cr#  Protospacer PAM Strand
1 gagacacacagaaatgtaac ~AGG +
2 ggactatgggaggtcactaa  TGG +
3 ggtgggecactgaccccgac AGG -
4 gaaggttacacagaaccaga AGG +
5 ctagagtgatgactcctatc TGG =
6 gactaaaactccacctcaaa CGG -
7 gcectgtaageatectgetg GGG i
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8 gctcatgcttggactatgge AGG

9 gttetggecaggececctgtc GGG
10 aatatgtcacattctgtctc AGG
11 agtgccccacccecgcectte TGG

12 gtggggcactgaccccgaca GGG

13 aaccttctaagcaaaccttc TGG

14 gttacacagaaccagaaggc GGG

15 agtcatgatgagtcatgctg AGG

16 gatgagtcatgctgaggctt AGG

17 actctaggctgagaacatct GGG

18 gtccccageaggatgcttac AGG

19 cagggcagatggcaaaaaaa AGG

20 gaggtggagttttagtcagg ~ TGG

21 aaacggcatcataaagaaaa TGG

+ o+ o+

Supplementary Table 2. Significant genomic windows for RNA-seq of dCas9-KRAB +

Cr4 compared to un-transduced (No LV) control cells.

(RFTN1)

id Gene foldChange log2FoldChange pval padj

NM_005330 HBE1 0.09 -3.51 4.32E-41 | 1.76E-36

NM_000184 HBG2 0.25 -2.03 1.20E-16 | 2.43E-12

NM_000559 HBG1 0.29 -1.81 9.57E-14 | 1.30E-09

NM_013271 proprotein convertase 22.17 4.47 3.81E-12 | 3.88E-08
subtilisin/kexin type 1
inhibitor (PCSKIN)

NM_006169 NNMT (methyltransferase) | 0.23 -2.15 1.01E-11 | 8.19E-08

NM_002166 inhibitor of DNA binding 2 | 0.30 -1.75 4.28E-09 | 2.90E-05
(ID2)

NM_002167 inhibitor of DNA binding 3 | 0.26 -1.96 5.29E-09 | 3.08E-05
(ID3)

NM_001099456 neuropeptide W (NPW) 4.57 2.19 1.59E-08 | 8.11E-05

NM_138618 Rh blood group, CcEe 0.38 -1.39 1.81E-06 | 0.00817
antigens (RHCE)

NM_020485 Rh blood group, CcEe 0.40 -1.32 2.14E-06 | 0.00872
antigens (RHCE)

NM_015150 raftlin, lipid raft linker 1 7.79 2.96 2.63E-06 | 0.00974

Supplementary Table 3. Significant genomic windows for RNA-seq of dCas9-KRAB +

Cr10 compared to un-transduced (No LV) control cells.

| id

| Gene

| foldChange

| log2FoldChange | pval

[ padj
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NM_005330

HBE1

0.13

-2.97

2.70E-31

1.10E-26

NM_013271

proprotein
convertase
subtilisin/kexin type
1 inhibitor
(PCSKIN)

24.00

4.58

1.11E-12

2.26E-08

NM_006169

NNMT
(methyltransferase)

0.26

-1.96

2.61E-10

3.54E-06

NM_002167

inhibitor of DNA
binding 3, dominant
negative helix-loop-
helix protein (ID3)

0.26

-1.95

5.83E-09

4.75E-05

NM_000184

HBG2

0.38

-1.40

5.84E-09

4.75E-05

NM_001099456

neuropeptide W
(NPW)

4.69

2.23

1.04E-08

7.08E-05

NM_000559

HBG1

0.42

-1.26

1.56E-07

0.00091

NR_027349

miR-17-92 cluster
host gene
(MIR17HG)

3.82

1.94

2.35E-07

0.0012

NM_001124758

spinster homolog 2
(Drosophila)
(SPNS2)

2.61

1.39

4.25E-07

0.00192

NR_027350

miR-17-92 cluster
host gene
(MIR17HG)

243

1.28

6.07E-07

0.00247

NM_005354

jun D proto-
oncogene (JUND)

2.25

1.17

1.70E-06

0.0063

NM_078467

cyclin-dependent
kinase inhibitor 1A
(p21, CipD)
(CDKN1A)

0.37

-1.43

2.12E-06

0.00721

NM_000927

ATP-binding
cassette, sub-family
B (MDR/TAP)

0.23

-2.11

2.78E-06

0.0087

Supplementary Table 4. Significant genomic windows for RNA-seq of dCas9 + Cr4
compared to un-transduced (No LV) control cells.

id Gene foldChange | log2FoldChange | pval | padj
NM_006169 NNMT (methyltransferase) 0.249052867 | -2.00548 9.26E- | 3.77E-06
11
NM_005354 jun D proto-oncogene (JUND) 2.615147754 | 1.386892 1.37E- | 0.000279
08
NM_002167 inhibitor of DNA binding 3, 0.288029008 | -1.79571 6.94E- | 0.000799
dominant negative helix-loop- 08
helix protein (ID3)
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NM_001099456 | neuropeptide W (NPW) 4.209558093 | 2.073669 7.85E- | 0.000799
08

NM_001124758 | spinster homolog 2 (Drosophila) 2.687743739 | 1.426396 1.85E- | 0.001504
(SPNS2) 07

NM_003378 VGF nerve growth factor 3.470490126 | 1.795139 3.21E- | 0.002177
inducible (VGF) 07

NM_000479 anti-Mullerian hormone (AMH) 3.748840994 | 1.906445 1.23E- | 0.006271
06

NM_206833 cortexin 1 (CTXN1) 2.313638379 | 1.210163 1.16E- | 0.006271
06

Supplementary Table 5. Significant genomic windows for RNA-seq of dCas9 + Cr10
compared to un-transduced (No LV) control cells.

id

Gene

foldChange

log2FoldChange

pval

padj

NM_002167

inhibitor of DNA
binding 3,
dominant negative
helix-loop-helix
protein (ID3)

0.2144

-2.221

3.97E-11

1.62E-06

NM_006169

NNMT
(methyltransferase)

0.3079

-1.700

2.82E-08

0.0005745

NR_027349

miR-17-92 cluster
host gene
(MIR17HG)

4.0907

2.032

4.76E-08

0.0006454

NM_017521

FEV (ETS oncogene
family) (FEV)

3.4844

1.801

5.32E-07

0.005417

NM_005354

jun D proto-
oncogene (JUND)

22737

1.185

8.84E-07

0.007197

NM_001099456

neuropeptide W
(NPW)

3.6778

1.879

1.44E-06

0.009782

Supplementary Table 6. Significant genomic windows for RNA-seq of dCas9-KRAB
compared to un-transduced (No LV) control cells.

id Gene foldChange | log2FoldChange | pval | padj

NM_006169 NNMT 0.223744062 -2.1600787 5.85E- | 2.38E-07
(methyltransferase) 12

NM_002167 inhibitor of DNA 0.229528919 -2.123252163 2.86E- | 5.82E-06
binding 3, dominant 10
negative helix-loop-
helix protein (ID3)

NM_001099456 | neuropeptide W (NPW) | 5214784095 2.382607523 7.70E- | 1.04E-05

10

NM_000032 5’-aminolevulinate 0.353630952 -1.499683543 8.85E- | 9.01E-05
synthase 2 (ALAS2) 09

NM_024807 triggering receptor 0.317645973 -1.654508363 1.60E- | 0.000108
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expressed on myeloid 08
cells-like 2 (TREML2)

NM_001037968 | 5’-aminolevulinate 0.356363009 -1.488580505 1.45E- | 0.000108
synthase 2 (ALAS2) 08

NM_020485 Rh blood group, CcEe 0.335709582 -1.574714381 1.99E- | 0.000115
antigens (RHCE) 08

NR_027349 miR-17-92 cluster host 4.20562831 2.072321352 2.87E- | 0.000146
gene (MIR17HG) 08

NM_001037967 | 5’-aminolevulinate 0.364621296 -1.455529269 3.36E- | 0.000152
synthase 2 (ALAS2) 08

NM_001114138 | dematin actin binding 0.341936239 -1.548200763 4.82E- | 0.000196
protein (DMTN) 08

NM_005354 jun D proto-oncogene 2.458625102 1.297851766 1.04E- | 0.000383
(JUND) 07

NM_001018007 | tropomyosin 1 (alpha) 0.371349353 -1.429151031 5.05E- | 0.001714
(TPM1) 07

NM_004163 RAB27B, member RAS 0.350906617 -1.510840942 6.08E- | 0.001904
oncogene family 07
(RAB27B)

NM_001114137 | dematin actin binding 0.36437456 -1.456505859 7.69E- | 0.002237
protein (DMTN) 07

NM_001124758 | spinster homolog 2 2.545444408 1.347917558 8.80E- | 0.002389
(Drosophila) (SPNS2) 07

NM_013271 proprotein convertase 9.346196033 3.224379298 1.11E- | 0.002816
subtilisin/kexin type 1 06
inhibitor (PCSKIN)

NM_001978 dematin actin binding 0.407601694 -1.294768049 1.86E- | 0.004452
protein (DMTN), 06

NM_001256008 | patatin-like 0.401853137 -1.315259749 1.99E- | 0.004507
phospholipase domain 06
containing 8 (PNPLAS)

NM_002166 NA binding 2, dominant | 0.385590691 -1.374857871 2.56E- | 0.004998
negative helix-loop- 06
helix protein (ID2)

NM_001114135 | dematin actin binding 0.410773745 -1.28358412 2.58E- | 0.004998
protein (DMTN) 06

NM_001114136 | dematin actin binding 0.412356004 -1.278037682 2.52E- | 0.004998
protein (DMTN) 06

NM_003378 VGF nerve growth 3.145288414 1.653192314 3.11E- | 0.005497
factor inducible (VGF) 06

NM_006848 coiled-coil domain 2.347641144 1.231211898 3.02E- | 0.005497
containing 85B 06
(CCDC85B)

NM_213652 hemochromatosis type 2 | 0.302825541 -1.723441206 3.38E- | 0.005741
(juvenile) (HFE2) 06

NM_016124 Rh blood group, D 0.429779759 -1.218330557 3.66E- | 0.005966
antigen (RHD) 06

NM_001114139 | dematin actin binding 0.412855951 -1.276289595 4.20E- | 0.006483
protein (DMTN) 06

NM_138618 Rh blood group, CcEe 0.398450828 -1.327526399 4.30E- | 0.006483
antigens (RHCE) 06

NM_002587 protocadherin 1 0.39896065 -1.325681635 5.81E- | 0.008445
(PCDH1) 06

NM_001184797 | trimethyllysine 0.414557265 -1.270356692 6.58E- | 0.009233
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hydroxylase, epsilon 06
(TMLHE)

Supplementary Table 7. Significant genomic windows for anti-FLAG ChIP-seq of
dCas9-KRAB + Cr4 compared to with dCas9-KRAB with no sgRNA. Cr4 protospacer
sequence is located at chr11:5302033-5302052. * indicates that genomic window contains
the full Cr4 target sequence.

Location log2(Fold p-value | FDR Contains Seed Located Gene
Change) Sequence: 5' within
CCAGANGG3' | gene?
chr11: 5301749-5302337* 2.81 2.94E-24 | 9.22E-20 Yes No -
chr19: 50163899-50164161 1.54 5.01E-06 | .0785 Yes Yes IRF3

Supplementary Table 8. Significant genomic windows for anti-FLAG ChIP-seq of
dCas9-KRAB + Cr10 compared to dCas9-KRAB with no sgRNA. Cr10 protospacer
sequence is located at chr11: 5301800-5301819. * indicates that genomic window
contains the full Cr10 target sequence.

Location log:(Fold p-value FDR Contains Seed Located | Gene
Change) Sequence: within
5' GTCTCNGG | gene?
3
chr11: 5301749-5302337* 1.79 1.23E-10 | 3.86E-06 | Yes No -

Supplementary Table 9. Significant genomic windows for anti-FLAG ChIP-seq of
dCas9-KRAB + Cr4 compared to dCas9 + Cr4. Cr4 protospacer sequence is located at
chr11:5302033-5302052.

Location logz(Fold | p-value | FDR Contains seed Located Gene
Change) sequence: within
5' CCAGANGG 3' gene?
chr2: 3005381-3005638 -1.89 1.32E-08 | 4.14E-04 | Yes No -

Supplementary Table 10. Significant genomic windows for H3K9 tri-methylation ChIP-
seq of dCas9-KRAB + Cr4 compared to dCas9-KRAB without sgRNA. Cr4 protospacer
sequence is located at chr11:5302033-5302052. * indicates that genomic window contains
the full Cr4 target sequence.

Location logz(Fold p-value | FDR Contains Seed | Located | Gene
Change) Sequence: 5' within
CCAGANGG | gene?
3
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chr11: 5299712-5300301
chr11: 5301862-5302715*
chr10: 104593626-104593861
chrl: 212292343-212293213
chr19: 50162440-50164657
chr11: 5305857-5306185
chr11: 5304696-5305089
chr15: 63335520-63336583
chrX: 71498037-71498803
chr6: 3090860-3094479
chr8: 15483400-15485560
chrl6: 71971752-71973376
chr14: 73674302-73676117
chr11: 76688558-76690234
chr8: 10872937-10874459

2.34 2.57E-27
2.55 2.01E-26
1.89 9.70E-15
1.69 1.60E-12
1.17 2.92E-12
1.62 2.56E-11
1.46 1.64E-09
1.22 3.28E-09
1.35 1.75E-08
-0.74 1.22E-07
-0.83 1.78E-07
-0.80 1.96E-07
-0.87 2.68E-07
-0.84 9.25E-07
0.92 1.08E-06

1.62E-21
6.30E-21
2.03E-09
2.51E-07
3.67E-07
2.68E-06
0.000148
0.000258
0.001219
0.007662
0.010144
0.010284
0.012955
0.04151

0.04525

No -

No -

Yes CYP17A1
No -

Yes IRF3
No -

No -

Yes TPM1
No -

Yes RIPK1
Yes TUSC3
Yes PKD1L3
Yes PSEN1
Yes ACER3
Yes XKR6

Supplementary Table 11. Top significant genomic windows for H3K9 tri-methylation
ChlIP-seq of dCas9-KRAB + Cr10 compared to dCas9-KRAB without sgRNA. Cr10
protospacer sequence is located at chr11:5301800-5301819.

Location log2(Fold | p-value | FDR Contains Seed | Located Gene
Change) Sequence: 5' within
GTCTCNGG gene?
3
chr11:5299712-5300301 2.52 2.00E-32 | 1.26E-26 | No No -
chr11:5301862-5302715 2.40 1.15E-23 | 3.60E-18 | No No -
chr10:104593626-104593861 1.5299391 | 3.53E-10 | 0.000074 | No Yes CYP17A1

Supplementary Table 12. Top significant genomic windows for H3K9 tri-methylation
ChlIP-seq of dCas9-KRAB +Cr4 compared to dCas9 + Cr4. Cr4 protospacer sequence is
located at chr11:5302033-5302052. * indicates that genomic window contains the full Cr4

target sequence.

Location log:(Fold | p-value | FDR Contains Seed Located | Gene

Change) Sequence within
5'CCAGANGG3' | gene?

chr11: 5301862-5302715 2.459 9.25E-25 | 5.81E-19 | Yes No -

chr11: 5299712-5300301 2.041 3.46E-22 | 1.09E-16 | No No -

chr10: 104593626-104593861 | 1.681 5.46E-12 | 1.14E-06 | No Yes CYP17A1

chr8: 15483400-15485560 -1.005 2.31E-10 | 3.62E-05 | Yes Yes TUSC3

chr11: 5304696-5305089 1.517 3.73E-10 | 4.03E-05 | Yes No -

chr11: 5305857-5306185 1.518 3.85E-10 | 4.03E-05 | No No -

chr19: 50162440-50164657 1.022 8.92E-10 | 8.01E-05 | Yes Yes IRF3
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chrl: 212292343-212293213
chr15: 63335520-63336583
chr17: 25827626-25828098
chr6: 3090860-3094479
chrb: 34727454-34728284
chr2: 170612855-170613645
chr11: 76688558-76690234
chr14: 73674302-73676117
chr3: 195999724-196001313
chrl: 155660498-155661143
chr5: 171350838-171352308
chré: 126273775-126275090
chr19:10409016-10410198
chr15: 78595790-78597261
chr9: 140440257-140441548
chrl: 16295182-16296434
chr4: 83301473-83302766
chr10:72381898-72383107

1.389
1.195
-1.160
-0.7661
-0.9300
-1.148
-0.9194
-0.9017
-0.9045
-0.9290
-0.9185
-0.9191
-0.9645
-0.9210
-0.8757
-0.8780
-0.8206
-0.9214

5.07E-09
7.24E-09
1.59E-08
3.77E-08
5.96E-08
6.42E-08
7.90E-08
9.45E-08
1.25E-07
1.41E-07
1.54E-07
1.81E-07
2.16E-07
2.21E-07
2.44E-07
2.67E-07
3.24E-07
4.30E-07

3.98E-04
5.05E-04
9.97E-04
2.15E-03
3.10E-03
3.10E-03
3.54E-03
3.96E-03
4.92E-03
5.21E-03
5.36E-03
5.97E-03
6.60E-03
6.60E-03
6.98E-03
7.30E-03
8.47E-03
1.08E-02

Yes DTL

Yes TPM1
No -

No -

Yes RAI14
No -

Yes ACER3
Yes PSEN1
Yes PCYT1A
Yes DAP3
Yes FBXW11
No -

No -

No -

Yes PNPLA7
Yes ZBTB17
No -

No -

Supplementary Table 13. Top significant genomic windows for H3K9 tri-methylation
ChIP-seq of dCas9-KRAB + Cr10 compared to dCas9 + Cr10. Cr10 protospacer sequence

is located at chr11:5301800-5301819.

Location log2(Fold p-value | FDR Contains seed Located Gene
Change) sequence: 5' within
GTCTCNGG 3' gene?
chr11: 5299712-5300301 2.55 1.34E-32 | 8.45E-27 | No No -
chr11: 5301862-5302715 2.42 5.42E-24 | 1.70E-18 | No No -

Supplementary Table 14. Top 20 significant genomic windows by p-value for DNase-
seq of dCas9-KRAB + Cr4 compared to dCas9-KRAB without sgRNA. Cr4 protospacer
sequence is located at chr11:5302033-5302052. * indicates that genomic window contains

the full Cr4 target sequence.

Location log:(Fold | p-value | FDR Contains seed Located | Gene
Change) sequence: 5' within
CCAGANGG 3' | gene?
chr11: 5305806-5306106 -0.79 2.37E-07 | 1.48E-02 | Yes No -
chr11: 5305943-5306243 -0.76 5.69E-07 | 1.78E-02 | Yes No -
chr11: 5301772-5302072* -0.71 4.33E-06 | 9.04E-02 | Yes No -
chr11: 5275809-5276109 -0.68 8.52E-06 | 1.33E-01 | No No -
chr11: 5276005-5276305 -0.60 6.19E-05 | 7.75E-01 | No No -
chr11: 5301930-5302230* -0.60 1.57E-04 | 1.00E+00 | Yes No -
chr11: 5271045-5271345 -0.54 3.08E-04 | 1.00E+00 | Yes No -
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chr11: 5270905-5271205
chr15: 68132343-68132643
chr12: 125399026-125399326
chr5: 64558528-64558828
chr9: 77735162-77735463
chrl: 145437591-145437891
chr5: 64558418-64558718
chr18: 27967477-27967777
chr7: 3038570-3038871

chrl: 218477714-218478014
chr12: 132933359-132933659
chrX: 119115698-119115998
chr5: 148186052-148186352

-0.55
0.49
0.48
-0.53
0.51
0.51
-0.48
-0.46
0.39
-0.46
0.46
-0.46
-0.44

3.15E-04
8.00E-04
8.79E-04
9.47E-04
1.03E-03
1.58E-03
2.73E-03
3.03E-03
3.80E-03
4.28E-03
4.54E-03
4.62E-03
4.79E-03

1.00E+00
1.00E+00
1.00E+00
NA
NA
NA
NA
NA
NA
NA
NA
NA
1.00E+00

No -

No -

Yes UBC

Yes ADAMTS6
Yes OSTF1

Yes NBPF10
Yes ADAMTS6
No -

Yes CARD11
Yes RRP15

No -

No -

No -

Supplementary Table 15. Top 20 significant genomic windows by p-value for DNase-
seq of dCas9-KRAB + Cr10 compared to dCas9-KRAB without sgRNA. Cr10
protospacer sequence is located at chr11:5301800-5301819. * indicates that genomic
window contains the full Cr10 target sequence.

Location log2(Fold | p-value | FDR Contains seed | Located | Gene
Change) sequence 5' within
GTCTCNGG | gene?
3
chr11: 5301930-5302230 -0.96 3.37E-10 | 5.06E-05 No No -
chr11: 5301764-5302064* -0.85 3.52E-08 | 2.64E-03 Yes No -
chr12: 125399122-125399422 0.48 5.23E-04 | 1.00E+00 No Yes UBC
chr11: 5305806-5306106 -0.52 6.42E-04 | 1.00E+00 No No -
chr12: 133727528-133727829 0.50 7.07E-04 | 1.00E+00 No Yes ZNF268
chr11: 5305943-5306243 -0.50 1.08E-03 | 1.00E+00 No No -
chr15: 68132314-68132614 0.50 1.34E-03 | 1.00E+00 No No -
chr12: 125398922-125399222 0.43 1.98E-03 | 1.00E+00 No Yes UBC
chr21: 40959332-40959633 0.44 2.37E-03 | 1.00E+00 No No -
chr19: 9846791-9847091 0.46 2.61E-03 | 1.00E+00 No No -
chr1: 15666787-15667087 0.45 3.24E-03 | 1.00E+00 No Yes FHAD1
chr11: 5275809-5276109 -0.44 3.63E-03 | 1.00E+00 No Yes HBG2
chr19: 9846695-9846995 0.44 4.50E-03 | 1.00E+00 No No -
chr6: 151162841-151163141 -0.40 4.77E-03 | 1.00E+00 No Yes PLEKHGI1
chr11: 5279828-5280129 -0.44 5.03E-03 | 1.00E+00 | No Yes HBG2
chr19: 58873265-58873565 0.43 5.58E-03 | 1.00E+00 No Yes ZNF497
chr18: 60125997-60126297 0.33 6.78E-03 | 1.00E+00 No Yes ZCCHC2
chrl: 1830655-1830955 0.41 7.27E-03 | 1.00E+00 No Yes GNB1
chr8: 102075041-102075341 -0.38 7.48E-03 | 1.00E+00 No Yes YWHAZ
chr2: 197188902-197189202 -0.37 7.67E-03 | 1.00E+00 No Yes HECW2
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Supplementary Table 16. Primer sequences used for gPCR

Target Primer

qPCR GAPDH Fwd CAATGACCCCTTCATTGACC
qPCR GAPDH Rev TTGATTTTGGAGGGATCTCG
qPCR HBE1 Fwd TCACTAGCAAGCTCTCAGGC
qPCR HBE1 Rev AACAACGAGGAGTCTGCCC
qPCR HBG1/2 Fwd GCTGAGTGAACTGCACTGTGA
qPCR HBG1/2 Rev GAATTCTTTGCCGAAATGGA
qPCR HBB Fwd GCACGTGGATCCTGAGAACT
qPCR HBB Rev ATTGGACAGCAAGAAAGCGAG
ChIP-qPCR GAPDH Fwd ACAGTCCAGTCCTGGGAACC
ChIP-qPCR GAPDH Rev CAGCCGCCTGGTTCAACTG
ChIP-qPCR HS2 GATA-2Fwd CTGGCTCAAGCACAGCAATG
ChIP-qPCR HS2 GATA-2Rev  GTCAGGTGGTCAGCTTCTCC

ChIP-qPCR HS2 FOSL-1 Fwd

CCCATAGTCCAAGCATGAGCAGTTC

ChIP-qPCR HS2 FOSL-1 Rev

CTCTAGGCTGAGAACATCTGGGCAC
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