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ABSTRACT

As research delves ever deeper into the causes and progression of cancers,
complex relationships between noncoding RNAs (ncRNAs) and tumorigenesis have been
revealed. One such RNA is human satellite II (HSATII). While HSATII exists across
multiple human chromosomes and comprises large portions of pericentromeric
heterochromatin, it is transcriptionally silent in healthy cells. However, HSATII
expression is aberrantly upregulated in many tumors, suggesting an etiological or
exacerbatory role for the RNA transcripts. In cancerous cells, many aspects of cellular
function are dysregulated, complicating the assessment of the specific effects of HSATII
RNA. To investigate the role of HSATII RNA expression in cancer progression, a
constitutive expression construct was previously designed for insertion into healthy Tig-1
fibroblast cells, generating cell lines that stably express HSATII over multiple
generations. This project refines stable line generation and expression behavior by
redesigning the expression construct to incorporate three new functionalities: 1)
leveraging CRISPR-Cas9 editing enables targeted, sequence-specific genomic
integration, 2) Golden Gate cloning facilitates the insertion of different/multiple HSATII
sequence variants, and 3) a Tet-on promoter system produces inducible and controlled
temporal expression of HSATIIL. An intermediary plasmid containing RFP as a marker for
successful cloning was designed to expedite and simplify Golden Gate cloning. In the
future, stable lines generated with this novel construct have the potential to more
accurately parallel endogenous HSATII expression in cancers and offer high sequential,
spatial, and temporal resolution for interrogating the role of HSATII ncRNA in
tumorigenesis.

INTRODUCTION
Sometimes considered a disease of “living too long,” cancer—the unfettered

growth of a body’s own cells—presents a major obstacle to health and longevity in the
modern world (Brown, 2015; White et al., 2014). In the United States, cancers are the
second leading cause of death, and incidence and mortality rates are expected to rise over
time due to aging populations, resulting in economic burdens in the hundreds of billions
(Siegel et al., 2020, 2021; J. Xu, 2020; Yabroff ef al., 2011). At the cellular level, cancer
cells manifest phenotypic differences compared with their healthy counterparts (Carew &
Huang, 2002; Wallace, 2012). Further, DNA replication and repair are impaired in colon,

ovary, endometrium, prostate, and breast cancers (Abkevich et al., 2012; Boyer et al.,



1995; Jiricny & Nystrom-Lahti, 2000). Cancer not only impacts DNA replication,
however, as genomic integrity itself may be compromised. Cancer cells frequently
display abnormal genomes characterized by aneuploidy, chromosomal rearrangements,
and rapidly accumulating mutations (Hartwell, 1992; Yoon ef al., 2002). This genomic
instability often precedes and may precipitate tumorigenesis, potentially via a positive
feedback loop involving a defective mitotic spindle checkpoint and other cell-cycle
complications (Bartek ef al., 1999; Hartwell, 1992; Yoon et al., 2002).

An etiological factor of cancer under novel consideration is the role of noncoding
RNAs (ncRNAs). First observed in the mid-1990s, the number of classified ncRNAs has
exploded in past decades, and it is estimated that ncRNAs constitute 60% of total
transcriptional output in human cells (Anastasiadou ef al., 2018). ncRNAs therefore
likely provide key functionalities and have been implicated in regulatory roles in most
cellular functions. Of note, they have been identified as oncogenes and tumor suppressors
in every major cancer type, and expression levels of some ncRNAs have been observed
to correlate with cancer drug sensitivity and response (Anastasiadou ef al., 2018; Corra et
al., 2018; Nicolas, 2017). One tumor-associated ncRNA of interest here is human satellite
I (HSATII).

HSATII is a satellite DNA, sequences which occur in long arrays of near-identical
tandem repeats, form a significant component of constitutive heterochromatin, and are
often enriched in pericentromeric regions of chromosomes (Altemose et al., 2014;
Bersani et al., 2015; Younger & Rinn, 2015). Although satellite repeats comprise 15% of
the human genome, their roles are still relatively unknown. While classically considered

evolutionary relics and transcriptionally inert, they have been shown to undergo regulated



transcription with implications for chromosome organization and segregation,
kinetochore formation, and heterochromatin status (Hall ez al., 2017; Nogalski et al.,
2019). HSATII has been identified to reside on 11 human chromosomes, comprising the
major portion of pericentromeric heterochromatin on chromosomes 2, 10, and 16, as well
as a 13Mb chromosome band at 1q12 (Tagarro et al., 1994). While there are generally
23-26 bp consensus sequences for a single HSATII repeat, HSATII displays considerable
sequence heterogeneity. HSATII can be divided into 3 overall subfamilies based on
sequence similarity, within each of which there is potentially further variance (Altemose
et al., 2014). Thus, while HSATII is a ubiquitous satellite sequence in the human
genome, there is high potential for individual variation at both the sequence and repeat
levels.

Numerous studies have associated HSATII expression and dysregulation with
cancer physiology. Aberrant expression of HSATII RNA has been observed in pancreatic
ductal adenocarcinomas in both mice and humans. This relationship was observed at the
levels of both bona fide tumors and precancerous intraductal papillary mucinous
neoplasm lesions. Further, disease severity correlated with level of HSATII expression
(Kishikawa et al., 2016.; Pantano et al., 2015; Ting et al., 2011). The induction of
HSATII RNA transcription is not limited to pancreatic cancers, as overexpression is also
observed in human lung, kidney, ovarian, and prostate carcinomas (Ting et al., 2011).
Upon expression in cancer cells, HSATII RNA has been observed to aggregate in the
nucleus in cis to its transcription sites into punctate foci. These aberrant focal
accumulations have been observed in fibrosarcoma, breast adenocarcinoma,

osteosarcoma, prostate adenocarcinoma, hepatocellular carcinoma, astrocytoma,



glioblastoma, gastrointestinal adenocarcinomas, and more cancer cell lines and tissues
(Hall et al., 2017). These results indicate that the association between HSATII RNA
upregulation and tumorigenesis is widely relevant across tissue types with a broadly
conserved, focal accumulation profile.

The consistent coincidence of HSATII RNA with cancer posits a causative or
exacerbatory role of HSATII transcripts on cancer progression. While the exact
relationship has yet to be clearly defined, previous studies have revealed some potential
mechanistic linkages.

One model focuses on protein sequestration and relies on the previously described
focal accumulations of HSATII RNA. In many cancers, master regulatory proteins—key
chromatin and epigenetic modifiers—aggregate into two types of cancer-specific nuclear
bodies. PRC1, a major polycomb group complex and histone ubiquitylase, accumulates
into cancer-associated polycomb (CAP) bodies at demethylated 1q12 HSATII DNA (Hall
etal.,2017; Vidal & Starowicz, 2017). Meanwhile, HSATII RNA foci attract methyl
CpG binding protein 2 (MeCP2) —an intrinsically disordered nucleic acid binding
protein with both transcriptional activator and repressor roles—into cancer-associated
satellite transcript (CAST) bodies (Ausi6 et al., 2014; Hall et al., 2017). The abnormal
sequestration of these epigenetic regulators into CAP and CAST bodies thus disrupts
chromatin state and transcriptional activity. By serving as molecular “sponges,” HSATII
sequences may thus contribute to the genomic instability and aberrant physiology of
cancer cells (Hall ez al., 2017).

A second model considers HSATII transcripts as immunomodulators. Some key

HSATII transcripts have been identified as immunostimulatory self-agonists, leading to



immune activation. The innate immune response in tumors may thus rely on the
upregulation of HSATII expression for initiation. However, long-term activation and
inflammation may detrimentally impact cell physiology, and an unsuccessful immune
response with concomitant accumulation of copious HSATII RNA could thus further
cancer progression (Tanne et al., 2015).

While these proposals offer tantalizing possibilities for the role of HSATII in
cancer, further work is necessary to interrogate and validate them. In cancers, a whole
host of other defects and abnormalities are at play in addition to aberrant upregulation of
HSATII. Thus, it remains unclear for which aspects of cancer phenotype HSATII
expression is essential. One approach to address this issue is to express HSATII RNA in a
normal, healthy cell line. As normal cells lack cancer abnormalities, any phenotypic
changes upon HSATII introduction can be inferred to result from the presence of the
RNA. Previous studies have applied this methodology in the study of a-sat, another major
class of human satellite sequences, overexpressing the transcript via methods such as
transfection and microinjection. These assays have revealed that introducing a-sat to
normal cells leads to cell division defects, chromosomal instability, and aneuploidy
(Chan et al., 2017; Ichida et al., 2018; Zhu et al., 2018).

Prior work in the Carone lab has utilized this approach in the development of
stable lines—normal cell lines that stably express HSATII RNA. Stable lines were
generated from the Tig-1 primary (non-transformed) human fibroblast cell line using
lipid mediated transfection. In this technique, plasmids containing the HSATII expression
construct are encapsulated in a lipid reagent that delivers the plasmid into the nucleus.

The construct is then randomly integrated into the genome (Landers ef al., 2021). As



HSATII sequences native to human chromosomes 7 and 10 undergo preferential
expression in cancer lines, a sequence from Chr7 was selected for incorporation in the
expression construct (Hall et al., 2017; Landers et al., 2021). In that study, HSATII
construct transcription was under control of a CMV promoter, resulting in constitutive
expression upon genomic integration (Landers et al., 2021). Introduction of this
constitutively expressing HSATII construct into Tig-1 cells was successful, as following
transfection and neomycin selection, RNA fluorescence in situ hybridization (FISH)
revealed focal accumulations of HSATII RNA in Tig-1 nuclei. These results mirror the
behavior of HSATII transcripts in cancer cells. Furthermore, MeCP2 was observed to
accumulate on HSATII RNA foci in a CAST body-like manner, and long-term
expression of HSATII resulted in chromosomal instability and cell division defects such
as lagging chromosomes, blebbing, and formation of micronuclei (Landers ef al., 2021).
Overexpression of HSATII in normal cells thus appears to result in a cancer-like
phenotype with reproducibility of these specific genetic and cellular abnormalities.

However, while the development of stable lines has been powerful and allowed
for the isolation of some of the effects of HSATII RNA, questions that this expression
construct design cannot answer remain. Overall, the construct has three major
weaknesses: 1) random genomic integration, 2) a singularly expressed HSATII sequence
variant, and 3) constitutive, high level expression.

These issues are inherent to the construct design, and thus, while it has enabled
general interrogation into the presence vs. absence of HSATII RNA in an integration-site
independent manner, it cannot approach some more nuanced questions. As HSATII RNA

is observed to accumulate in cis and is endogenously found in pericentromeric regions,



the effects of expression may differ depending on the integration locus and surrounding
chromatin state (Hall et al., 2017; Landers et al., 2021). Despite being a tandem repeat,
HSATII has notable sequence diversity. These differences result in a myriad of expressed
RNAs with variance at both the sequence and repeat structural levels. Changing the
HSATII sequence has been observed to modify its secondary structure and biophysical
properties, thus potentially impacting its cellular effects (Rubien, 2020). Finally, given
the potential of low-level HSATII expression to actually benefit the immune response,
the observed cellular and genetic defects of HSATII RNA expression may be dose-
dependent or occur only at a certain threshold (Tanne ef al., 2015). This project hopes to
shed light on these questions by developing a novel construct containing a Dox-inducible
and Golden Gate interchangeable HSATII sequence with CRISPR-Cas9 mediated
genomic insertion.

The design of this construct incorporates three key elements that each address one
of the identified shortcomings with the previous stable line construct.

Firstly, this construct utilizes CRISPR-Cas9 biotechnology for genomic
integration. There are two components of a CRISPR-Cas system: the nucleic acid
component, CRISPR (clustered regularly interspaced short palindromic repeats), and the
protein component, Cas (CRISPR associated protein). The presence of both components
is requisite for activity, as transcription of the CRISPR sequence results in guide RNAs
(gRNA) that complexes with a Cas endonuclease. The gRNA then targets the complex to
its complementary sequence, resulting in sequence-specific cleavage at that site (Doudna
& Charpentier, 2014; Jinek et al., 2012). Cas9 is the most commonly used Cas variant,

though others exist, and was thus selected for use in this construct (Gasiunas et al., 2012;



Jinek et al., 2012). Utilization of CRISPR-Cas9 activity thus prevents random genomic
integration and instead allows for specific targeting to genomic loci.

Secondly, the HSATII plasmid is constructed using Golden Gate cloning. Golden
Gate cloning differs from regular cloning in its use of type IIS restriction enzymes. These
enzymes cleave external to their recognition sites, resulting in the excision of the
recognition site from the final sequence (Engler et al., 2008; Engler & Marillonnet, 2014;
Weber et al., 2011). By designing an intermediate plasmid containing type IIS restriction
sites, the same overhangs can be added to multiple HSATII sequences. Any one of these
HSATII variants can then be inserted into the plasmid via digestion and ligation, allowing
for the ability to test multiple HSATII sequences that are integrated into the same
genomic site.

Finally, the HSATII sequence in the construct is under a doxycycline (Dox)-
inducible promoter. This promoter contains a Tetracycline (Tet)-responsive element
(TRE) which binds a reverse-Tet-controlled transactivator. In the absence of Tet, the
transactivator is inactivated and cannot bind the TRE, and as a result, the downstream
sequence is not expressed. Addition of Tet results in a conformational change that
activates the transactivator, causing it to bind the TRE and recruit RNA polymerase to the
promoter. Dox is a derivative of Tet that is more frequently used due to its higher
strength of activation (Krueger et al., 2004). Addition of Dox should therefore induce
expression of HSATII in this construct in a dose-dependent manner, allowing for more
controlled transcription and temporal studies.

By combining all of these features, this novel construct will enable the generation

of new stable lines that: 1) exhibit targeted, sequence-specific genomic integration, 2)



express different/multiple HSATII sequence variants, and 3) undergo inducible and

controlled expression of HSATII.

MATERIALS AND METHODS
Cell Culture and Transfection

Tig-1 primary human fibroblast cells were thawed rapidly at 37°C from liquid
nitrogen storage and then maintained in culture. MEM media was made with 15% fetal
bovine serum (FBS) and supplemented with 1% L-Glutamine and 1%
Penicillin/Streptomycin. Growth was maintained in a 5% CO2-controlled 37°C water-
jacketed incubator. Cells were fed with fresh media bidaily and split with trypsin as they
reached maximum confluency.

Transfections for the introduction of CRISPR-Cas9 editing constructs were
performed in T25 flasks on 50-70% confluent cells. Transfections were lipid-mediated,
using FuGENE HD reagent (Promega:E2311) and following the previously established
protocol for stable line generation (Landers ef al., 2021). The CRISPR-Cas9 editing
system is encoded in two plasmids, one containing the CRISPR-Cas9 sequence and
AAVSI1 gRNA (AddGene#85802) and a second containing the donor sequence and HAs
(AddGene#85798). 8 ug total DNA is required for transfection, so this co-transfection
used 4 pg of each plasmid. 4 control conditions were used for the transfection: a G418
control that was untransfected, a FuGENE control that was exposed to FuGENE but no
editing plasmids, a CRISPR control that was transfected with only 4 ng of the CRISPR
plasmid, and a wild-type control that was untransfected and allowed to grow normally.

Cells were exposed to transfection media for 24 hours before initiation of antibiotic



selection. All conditions except the WT control were exposed to MEM media with 15%
FBS and supplemented with 1% L-Glutamine and 1% neomycin-derived geneticin
(G418). Normal cell culture ensued with cells continuously grown on G418 media.
Selection was defined as complete following the death of all cells in the G418 control,
though transfected cells were maintained on G418 media to continue selection pressure
and ensure construct expression.

An analogous transfection was concurrently performed in HeLa cells. Cell culture
conditions differed only in the media composition, as HeLa cells grow optimally in 10%
FBS. The transfection was performed with the same CRISPR-Cas9 plasmid and pT077
(AddGene#137879), a plasmid containing AAVS1 HAs and an independent GFP protein

under Dox-inducible promoter.

Live Cell Imaging and Analysis

Following completion of selection, Dox was added at 1, 2, and 4 pg/mL in G418
media to induce H2B:GFP construct expression. G418 and Dox were not observed to
interact in a cytotoxic manner even at the highest Dox concentration (Fig. S2A). Cells
were exposed to G418/Dox media for 48 hours. At 24 and 48 hours, media was aspirated
and replaced with sterile 1x phosphate buffered saline (PBS). The T25 flasks were then
imaged on a ZEISS Axio Observer Z1 epifluorescent microscope, with a Zeiss Axiocam
702 mono camera using a 40x objective lens. Images were captured in brightfield and
with excitation at 488 nm. Cells were initially scored for GFP expression (presence vs.
absence) and the percent of cells expressing GFP in each condition was calculated. As

signal intensity correlates with amount of expression, GFP intensity in the green channel



within each cell was quantified using FIJI (ImagelJ). Cellular fluorescence signal was
quantified by subtracting the cellular background (area x minimum signal intensity) from
the mean integrated density. This value was then divided by the area to yield the average
cellular signal intensity per micron?.

Fluorescence intensities were statistically analyzed using GraphPad Prism
(v9.1.0). As Brown-Forsythe and Bartlett’s tests revealed standard deviations differed
within each time point, Brown-Forsythe and Welch’s ANOVA tests were run with
Dunnett’s T3 multiple comparisons test (ncondition<50) or Games-Howell’s multiple
comparisons test (necondition™>50) post hoc analyses to determine the effect of Dox
concentration. To compare data with respect to concentrations and time points, two-way
ANOVAs were run with Tukey’s multiple comparisons test post hoc analyses. Unpaired

t-tests were used for isolated comparisons regarding the effects of G418.

RFP gBlock PCR

A 1089 bp RFP gBlock was designed to contain an RFP cassette for bacterial
expression with flanking BsmBI and Clal/Kpnl recognition sites (Fig. 4A, Fig. S5). The
RFP cassette sequence was obtained from pAV113 (AddGene#63180) and ordered for
synthesis from IDT as a dsSDNA gBlock (Agmon ef al., 2015). Primers complementary to
the 5’ and 3’ ends of the gBlock were ordered from IDT for amplification of the RFP
gBlock (Table S1). Serial dilutions of template were tested for optimal and specific
amplification of the gBlock (Fig. 4B). Following amplification via polymerase chain
reaction (PCR), products were purified using DNA Clean & Concentrator®-5

(Zymo:D4014) and eluted into pre-warmed nuclease free H2O for storage.



Verification of RFP Expression

To optimize for bright RFP expression in Escherichia coli, pAV113 was
transformed into chemically competent bacteria. To assess for strain-dependence, both
DH5a and Top10 variants were tested. Potential lineage-dependent effects were tested by
transforming pAV113 from two single colonies: a bright red colony and the original stab
from AddGene, which was more muted in color (Fig. 5). Plasmids were isolated from
these sources using ZymoPURE™ Plasmid Miniprep (Zymo:D4210) and transformed
into freshly thawed cells. Transformed bacteria were then grown on two types of LB agar
supplemented with 50 pg/mL Ampicillin (Amp): one made with preformulated Difco™
LB Broth, Miller (Luria-Bertani) and the other made with peptone and Difco™ yeast

extract. E. coli were grown overnight at 37°C and examined the following day.

RFP Plasmid Construction

The RFP cassette was inserted into the H2B:GFP-containing plasmid using
restriction-ligation cloning. First, the plasmid and gBlock were separately incubated with
Clal (NEB:R0197) and Kpnl (NEB:R3142) restriction enzymes overnight to ensure
complete digestion. Restriction digest products were then purified using the DNA Clean
& Concentrator-5 kit before a 10-minute ligation using T4 DNA ligase (NEB:M0202).
T4 ligase was then heat-inactivated at 65°C for 10 minutes and stored on ice until
transformation.

The ligation product was transformed into DH5a chemically competent E. coli
cells (Thermo Fisher:18265017) and plated on LB agar supplemented with 50 pg/mL

Amp. Red colonies were selected for growth in liquid culture (LB+Amp).



HSATII sequence PCR

The chr7 HSATII sequence used to generate stable lines was previously inserted
into a pTargeT vector (Promega #1410) for constitutive expression (Landers ef al., 2021 |
Fig. S6). To extract this sequence and incorporate BsmBI sites, novel primers were
designed by modifying the primers used for inserting HSATII into the pTargeT plasmid.
6 bp buffer regions (for appropriate restriction enzyme interaction), BsmBI recognition
sites, and corresponding sticky end overhangs were added to the existing Sat2XF and
Chr7conF primers (Fig. 6A, Table S1). PCR was then performed using serial dilutions of
pTargeT template to amplify the HSATII sequence. The full-length HSATII sequence
was then purified using GENECLEAN® Turbo gel extraction to discard truncated

sequences (MPbio:1102200).



RESULTS
To streamline the expression vector construction process, a heavy emphasis was
placed on thoughtful optimization in an extensive design phase. Based on the available
components and the desired functionalities for the system, a four-step workflow was
devised (Fig.1). While all steps are required to construct the final plasmid containing
HSATII, a key intermediate plasmid containing RFP is formed in step two. The outcomes

are reported below, with some steps further broken down into subprocesses.

Figure 1. Overview
schematic for the
m cloning procedure.
|22 + m * + = = Construction and
N verification was
roughly broken into
four steps.
1) Transfect the initial
H2B:GFP plasmid into
Tig-1 cells to test for
CRISPR editing and
expression levels.
+ @ * Q + |-wEZlm—  ;)Replace H2B:GFP
with RFP using
Clal/Kpnl and add
BsmBl sites.
Clal/Kpnl rec. site 3) Replace RFP with
HSATII using Golden
Gate cloning.
4) Transfect the novel
HSATII construct with
CRISPR-Cas9 into cells
to assess HSATII
expression.

= BsmBI rec. site

H2B:GFP
‘
RFP

HSATII



Lipid-mediated transfection of the H2B:GFP CRISPR-Cas9 construct results in inducible
and dose-dependent expression

The novel construct was synthesized by modifying the pre-existing plasmid
pAAVSI1-Neo-CAG-M2rtTA-H2B:GFP (AddGene #85798), as it displayed some desired
features. Namely, the plasmid contained a Dox-inducible promoter, a Neomycin
resistance cassette, and homology arms (HAs) for the AAVSI (adeno-associated virus
site 1) genomic locus (Fig. 2A). This plasmid has been observed to function properly as a
donor vector for the insertion of H2B:GFP, a histone 2B and green fluorescent protein
fusion, into the genomes of glioblastoma cells in a CRISPR-Cas9 mediated manner
(Tejero et al., 2019). To perform this editing, two plasmids were required: the H2B:GFP
donor plasmid and a CRISPR-Cas9 plasmid encoding the Cas9 protein and a single-guide
RNA (sgRNA) targeting the endonuclease to the AAVSI locus.

Although Tejero ef al.’s study demonstrated the efficacy of this CRISPR-Cas9
system, additional validation was necessary to ensure CRISPR-Cas9-mediated insertion
in Tig-1 fibroblasts due to several key differences. One such difference involves the
targeted cell line. While Tejero et al. observed successful editing in cancerous
glioblastoma cells, this project hopes to stably insert into Tig-1 cells, a primary cell line
that is considerably harder to edit (Han ef al., 2015; Li et al., 2017; Sendergaard et al.,
2020). Another difference lies in the transfection method. Tejero et al. co-transfected the
two plasmids using the Neon electroporation system, whereas this project intends to use
lipid-mediated transfection due to its previously observed success in the Carone lab for
stable line generation (Landers et al., 2021; Tejero et al., 2019). To confirm CRISPR-
Cas9 editing, a lipid-mediated co-transfection of the H2B:GFP donor and CRISPR-Cas9

targeting plasmids was thus performed for Tig-1 fibroblasts (Fig. 2).
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Figure 2. Co-transfection methodology for CRISPR-Cas9 editing.

A) The structure of the H2B:GFP plasmid with HAs, neomycin resistance cassette, Dox-inducible promoter,
and H2B:GFP coding sequence highlighted. B) The structure of the CRISPR-Casg plasmid with ampicillin re-
sistance, AAVS1 gRNA, and Casg coding sequence highlighted. C) The mechanism of lipid mediated trans-
fection. Construct plasmids are engulfed by the lipid reagent (FUGENE) and uptaken into the cell by endo-
cytosis. Upon release, Casg and gRNAs are synthesized and create DSBs. DSBs are then repaired via HDR
using the H2B:GFP donor.

Following transfection, selection was performed with G418. G418 is cytotoxic to
normal human cells, so continuous exposure kills Tig-1 cells that have not been
successfully edited with the donor sequence containing a neomycin resistance cassette
(Fig 2A). Cells were then treated with 1 pg/mL, 2 pg/mL, or 4 pg/mL of Dox to test for
promoter activity. Imaging was performed with live-cell fluorescence microscopy 24h
and 48h post-treatment initiation to assess GFP production. Cells were then scored for

presence vs. absence of GFP to determine the proportion of GFP-expressing cells. There



was very little difference in the proportion of GFP+ cells within each Dox concentration
between 24h and 48h. In both time points, the proportion of GFP+ cells increased from
1.0 to 2.0 pg/mL of Dox but not between 2.0 and 4.0 pg/mL (Fig. 3B). Fluorescence
signal, a proxy for expression, was statistically analyzed. While the mean signal intensity
did increase from 24h to 48h in all concentrations, the difference was not found to be
significant (Fig. 3C). However, within each time point, Brown-Forsythe and Welch’s
one-way ANOV As revealed a significant effect of Dox concentration (24h: F*(3,
25.8)=13.66, p<0.0001; W(3, 13.85)=36.61, p<0.0001; 48h: F*(3, 8.46)=32.26,
p<0.0001; W(3, 4.77)=270.2, p<0.0001). Dunnett’s T3 post hoc analyses revealed that at
24h, the increases in fluorescence intensity from 1.0 to 2.0 ug/mL and from 1.0 to 4.0
pug/mL of Dox were significant (p=0.0285; p=0.0008), though the increase from 2.0 to 4.0
pg/mL was not significant (p=0.1955). The signal intensities at both 2.0 and 4.0 ug/mL
Dox were significantly higher than the no Dox treatment (p<0.0001, p<0.0001). The
difference in intensities between 1.0 and the none condition approached significance
(p=0.07). At 48h, the signal at 4.0 pg/mL was significantly higher than at 1.0 pg/mL
(p=0.0036), and the increases from 1.0 to 2.0 and from 2.0 to 4.0 pg/mL Dox both
approached significance (p=0.069, p=0.059). All treatment conditions displayed
significantly higher signal than the no Dox treatment (p=0.0033, p=0.012, p=0.0006).
Transfection, selection, induction, imaging, and analysis were similarly performed
with HeLa cells. Unlike Tig-1 fibroblasts, HeLa cells were transfected with pT077, which
contains an unconjugated GFP—rather than H2B:GFP—under a Dox-inducible promoter.
Additionally, induction of expression was performed with only 1.0 and 2.0 pg/mL Dox.

The proportion of GFP+ cells increased with an increase in Dox concentration at both



24h and 48h. Furthermore, at both 1.0 and 2.0 pg/mL Dox, the proportion of GFP+ cells
doubled between 24h and 48h (Fig. S1A, B). Signal quantification and analysis yielded
similar results. A two-way ANOVA considering Dox concentration and time as the
independent factors determined that there was a significant effect of time (F(1,
1826)=2278, p<0.0001).Tukey’s post hoc test revealed that the increase in signal from
24h to 48h at both 1.0 and 2.0 ug/mL Dox were significant (p<0.0001; p<0.0001 | Fig.
S1C). Further, Brown-Forsythe and Welch’s ANOV As demonstrated that at both 24h and
48h, there is a significant effect of Dox concentration (24h: F*(2, 366.4)=570.8,
p<0.0001; W(2, 248.4)=706.4, p<0.0001; 48h: F*(2, 896.8)=669.6, p<0.0001; W(2,
514.3)=12370, p<0.0001). Games-Howell’s post hoc tests revealed that at 24h, increasing
Dox from none to 1.0, from 1.0 to 2.0, and from none to 2.0 all resulted in a significant
increase in GFP expression (p<0.0001; p<0.0001; p<0.0001 | Fig. S1D). Similarly, at
48h, all increases in Dox concentration resulted in significant increases in signal

(p<0.0001; p<0.0001; p<0.0001 | Fig. SID).
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Figure 3. Verification of H2B:GFP expression in Tig-1 fibroblasts.

Following transfection and G418 selection, expression was induced with exposure to varying Dox concen-
trations for up to 48 h. A) Representative images of cells exposed to 1.0, 2.0, and 4.0 pg/mL of Dox at 24
and 48 h. B) The percentage of cells expressing H2B:GFP for all concentrations and timepoints. The pro-
portion was not observed to increase over time. Increasing Dox concentration from 1.0 to 2.0 pg/mL, but
not from 2.0 to 4.0 ug/mL, increased the proportion of expressing cells. C) Average signal intensities per
micron? in expressing cells. Induction of expression did not change over time, as intensities within each
concentration were not significantly different. D) A significant effect of Dox concentration on expression
was observed within each timepoint.

(*) p<o.05, (**) p<o.o01, (***) p<0.001, (****) p<0.0001



Construction of RFP gBlock

Prior to exchanging H2B:GFP for RFP, the RFP gene block (gBlock) was
amplified (Fig. 1). The gBlock contains an RFP construct under /ac promoter for
expression in E. coli and was initially ordered from AddGene (Fig. S5). The RFP
sequence used has been observed to be expressed in E. coli, turning the colonies red to
the naked eye (Agmon et al., 2015). Primers were designed to align with the ends of the
gBlock to produce full-length copies by PCR. Primer sequences spanned 8 bp buffer
regions that enabled enzymatic activity, restriction enzyme recognition sites, and the
outer edges of the RFP (Fig. 4A). Multiple gBlock template concentrations were tested to
determine an appropriate amount for gBlock amplification. At high template
concentrations, a great deal of nonspecific product formed as evidenced by multiple
bands in the gel. In this reaction, the ideal dilution was found to be 1:10,000,000 as at this
dilution, only a single band was observed at 1.1 kb, the expected length of the RFP

gBlock (Fig. 4B).
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Bacterial RFP expression is strain and media-dependent

To optimize expression of the RFP cassette, pAV113, the original RFP plasmid,
was isolated from single colonies and transformed into DH5a and Top10 chemically
competent cells. While the origin colonies displayed differing red intensities, the plasmid
source (an original stab colony vs. a bright red colony) did not change RFP expression in
re-transformed bacteria (Fig. 5). Choice of chemically competent bacterial strain did,
however, change RFP expression. Regardless of media, colonies were brighter in DH5a.

cells than in Top10 cells (Fig. 5). LB agar composition also impacted RFP expression.



Growth on preformulated Difco™ LB agar resulted in lower RFP production than growth
on LB agar made with peptone and Difco™ yeast extract (Fig. 5). Overall, optimal RFP
expression was observed in DH5a cells grown on LB agar containing peptone and
Difco™ yeast extract. While DH5a colonies were still slightly red, Top10 cells grown on

Difco™ LB agar did not express RFP and were completely colorless (Fig. 5).

og stab Bright colony

Difco LB Broth, Peptone + Difco Difco LB Broth, Peptone + Difco
miller yeast extract miller yeast extract

DH5a

Figure 5. Assay for variation of RFP expression in E. coli.

The dependence of RFP expression on media, bacterial strain, and plasmid origin were tested. RFP was
most highly expressed by DH5a cells grown on peptone LB agar. Top1o cells expressed lower amounts
of RFP across the board. RFP expression was not impacted by plasmid source.



Insertion of RFP into the H2B:GFP plasmid

Following preparation of sufficient RFP gBlock, the sequence was added to the
plasmid via restriction enzyme cloning. The gBlock was designed to have two flanking
regular restriction enzyme sites, one for Clal and one for Kpnl (Fig. 4A, Fig. S5).
Following restriction digest with Clal and Kpnl and ligation with T4 DNA ligase, the
resultant plasmids were transformed into DH5a chemically competent E. coli cells. Cells
were plated on LB Agar made with peptone and Difco™ yeast extract to induce RFP

expression.

Synthesis of HSATII gBlock

The expressed RFP sequence in the plasmid was then exchanged for an HSATII
sequence. The selected HSATII sequence for this first-round test of CRISPR-mediated
insertion was the same Chr7 HSATII sequence expressed in stable lines (Landers ef al.,
2021). The Chr7 HSATII sequence was selected as it has been observed to be
successfully expressed and to impact cell phenotype, giving a point of comparison for
this new targeted and inducible construct (Landers ef al., 2021). The HSATII sequence
was located on a pTargeT vector that was used for stable line generation, and as such,
was amplified off of the plasmid (Fig. 6A). Primers based on the original primers that
generated this sequence were designed to amplify the HSATII repeat and to add BsmBI
(a IIS restriction enzyme) recognition sites (Fig. 6A). PCR amplification resulted in
successful generation of the full-length product. However, due to the repetitive nature of

tandem repeat sequences, multiple shorter products were also formed, leading to a



“satellite ladder” in gel electrophoresis (Fig. 6B). Gel extraction was performed to isolate

the correct, full-length 382 bp product for downstream incorporation (Fig. S6).
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Figure 6. Chr7 HSATII sequence
amplification and addition of
BsmBI recognition sites.

A) Primers were designed with
inner portions complementary to
the chry HSATII sequence and
outer portions containing BsmBl
recognition sites. The chr7 HSATII
sequence was extrapolated from
the pTargeT vector into a linear-
ized sequence with flanking
BsmBl sites. B) PCR resulted in a
“satellite ladder” containing mul-
tiple truncated sequences. The
full-length sequence (correspond-
ing band boxed in red) was isolat-
ed using gel extraction.

With the production of the RFP plasmid and the HSATII gBlock, the final

plasmid containing HSATII can be synthesized via Golden Gate cloning (Fig. 1). Both

the plasmid and gBlock were designed to include BsmBI recognition sites with

corresponding sticky end overhangs. Incubation with BsmBI thus leads to cleavage

external to the recognition sites, leaving distinct sticky ends at each side of the

gBlock/plasmid (Fig. 7A, 7B). As overhangs are distinct, directional integration of the

HSATII sequence occurs to specifically orient the HSATII sequence to the Dox-inducible

promoter (Fig 7C). Following ligation, the final plasmid will be transformed into DH5a

cells to screen for successful editing. As editing removes the RFP construct, non-edited

colonies should appear red while successfully edited colonies should appear white.
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Figure 7. Construction of the final HSATII plasmid using Golden Gate cloning.

A) A single-pot reaction containing BsmBI and T4 ligase is used to synthesize the HSATII plasmid. B) Type
IS restriction enzymes cleave external to their recognition sites. BsmBI cleavage results in a sticky end
overhang. With appropriate recognition site direction, cleavage and ligation will result in the excision of
the recognition site, preventing the reverse reaction. C) The structure of the final HSATII plasmid with key
HAs, neomycin resistance cassette, Dox-inducible promoter, and HSATII sequence highlighted.



DISCUSSION
Building on previous successes with the introduction of HSATII expression in
Tig-1 fibroblasts, this project develops a new method for stable line generation. This new
construct extends the malleability of HSATII expression in stable line cells in three key
ways: enabling targeted genomic integration, exhibiting modulable and inducible HSATII

expression, and facilitating the expression of different HSATII sequence variants.

CRISPR-Cas9: accurate and site-specific cleavage

To achieve targeted genomic insertion, this construct relies on CRISPR-Cas9
targeted integration. As molecular biological questions have become increasingly precise,
the advent of CRISPR-Cas biotechnology has revolutionized genomic manipulations
(Fellmann et al., 2017). First discovered in 1987 in E. coli, the CRISPR-Cas system is
prevalent in microbial genomes, functioning as a microbial mirror of adaptive immunity
to combat viral infections (Horvath & Barrangou, 2010; Ishino ef al., 1987; Jinek et al.,
2012; Mojica et al., 2005). The CRISPR-Cas immunological response is composed of
three distinct stages: an adaptive phase, an expression phase, and an interference phase.
Viral challenge in the adaptive phase results in acquisition of foreign genetic material that
is conjugated with Cas proteins in the expression phase. Upon reexposure to the virus, the
Cas complex specifically degrades the foreign material in the interference phase (Horvath
& Barrangou, 2010; Jinek et al., 2012; Marraffini & Sontheimer, 2010; Mojica et al.,
2005).

While CRISPR-Cas systems have been known of for decades, their use as a

biotechnology tool is relatively recent. Nobel prize winners Doudna and Charpentier



pioneered a path forward by simplifying the CRISPR-Cas system for genome editing.
Endogenously, CRISPR-Cas systems have many RNA components that must coordinate
for appropriate endonuclease activity (Jinek et al., 2012). However, these RNAs can be
linked in a single, chimeric sequence: a single guide RNA (sgRNA) (Cong et al., 2013;
Doudna & Charpentier, 2014; Jinek ef al., 2012; Mali et al., 2013). As sgRNAs are easily
customizable to target genomic regions, so long as the proper protospacer adjacent motif
(PAM) is present, a CRISPR-Cas construct can be easily modified to introduce double-
strand breaks (DSBs) at specific target loci (Jinek et al., 2012).

For this initial HSATII CRISPR-Cas construct, sgRNAs specific to the human
AAVSI locus were used due to the permissible characteristics of the site (Tejero et al.,
2019). While no bona fide safe harbor locus, a genomic site that supports predictable
transgene expression while minimizing disruption of the host genome, has been identified
in humans, the AAVSI locus is one of the three top contenders (Dubois et al., 2018;
Papapetrou & Schambach, 2016; Pellenz et al., 2019). As the sgRNAs and HAs were not
modified from Tejero ef al., targeting of the construct to the AAVS1 locus should not be
impacted. In their work. Tejero et al. confirmed proper integration of the H2B:GFP
transgene into the AAVSI locus using genomic PCR (Tejero et al., 2019). While other
insertion sites throughout the genome will be of interest in downstream questions, the
benefits of stable, non-interrupted HSATII expression for a first-pass construct underlies

our decision.



Genomic editing using HDR

In this construct, Cas9 was selected as the Cas endonuclease due to its ubiquity in
the published literature. Further, Cas9 has been successfully used to edit primary human
and porcine fibroblasts using homology directed repair (HDR) to insert novel genetic
material (Li ef al., 2017, 2018; Lin et al., 2014; Xie et al., 2017).

HDR is similarly essential for our insertion of HSATII. Once a DSB arises in the
genome, cells can resolve it in one of two ways: HDR or non-homologous end joining
(NHEJ) (He et al., 2016; Lieber, 2010). While NHEJ occurs more frequently and can
repair DSBs, it generally results in the formation of insertion-deletion (indel) mutations
rather than the insertion of a novel genetic sequence (He ef al., 2016; Lieber, 2010; Liu et
al.,2019; Mali et al., 2013; Zhang et al., 2017). Thus, despite its low rate of occurrence,
HDR remains the optimal method for genomic insertions. As its name suggests, HDR
depends on homology, specifically, homologous sequences. Endogenously in cells, HDR
primarily occurs during the S or G2 phases of the cell cycle, as these are the times when a
homologous template is present to guide DSB repair (Lieber, 2010; Liu et al., 2019). In
biotechnology, this repair mechanism is leveraged with the addition of homology arms
(HASs) to either end of the desired insert sequence. HAs are homologous to the genomic
regions upstream and downstream of the induced DSB and the internal edge of each arm
should be within 10 bp of the DSB site (Liu ef al., 2019). By adding these regions of
homology, HDR can repair the DSB using the supplied sequence as a template, resulting
in the incorporation of the insert into the repaired genomic sequence. HA length can vary
depending on the length of the insert, but generally is between 50-100% insert size,

though the proportion may be smaller for very large insertions (Liu ef al., 2019; Zhang et



al., 2017). In this construct, the HAs are ~800 bp while the insert is 6.2 kb, aligning with

the expectations of proportionally shorter HAs for large insertions.

Lipid-mediated transfection enables accurate and high-efficiency CRISPR-Cas9 editing

Following co-transfection of the pAAVS1-H2B:GFP donor and the CRISPR-Cas9
+ gRNA plasmids, the H2B:GFP sequence was likely integrated into Tig-1 genomes (Fig.
2B). Dox-induced H2B:GFP expression was observable from P25 to senescence at P31,
indicating that the sequence was genomically incorporated. Tejero et al. confirmed on-
target genomic integration into the AAVS1 locus using genomic PCR to amplify the
region of insertion (Tejero et al., 2019). Given that their work was also performed in
human cells, the genomic PCR was not initially performed in this study. However, future
work will verify proper insertion using the same primer sets as Tejero et al. with
subsequent PCR product sequencing to verify the appropriate junction of the AAVSI
locus and the H2B:GFP construct.

H2B:GFP expression in Tig-1 fibroblasts mimicked expression in the
glioblastoma model used by Tejero et al. In their study, Tejero et al devised the
H2B:GFP fusion protein as a marker for cell division. H2B:GFP is a fusion of the histone
2B peptide and a functional GFP. As histone proteins are only incorporated into a cell’s
genetic material when it is actively dividing and new nucleosomes are being added to
replicated DNA, GFP fused to histone 2B accumulates only in actively dividing cells
(Tejero et al., 2019). In Tig-1 cells, H2B:GFP expression was similarly observed in either
actively dividing or recently divided cells. Many cells with GFP signal were observed to

contain dividing nuclei, indicating that the cells had just finished telophase but not



cytokinesis (Fig. S3). GFP-expressing cells tended to accumulate in clusters, perhaps
indicating regions of active division. As the rate of cell division likely does not change, a
roughly consistent number of cells should be dividing at any point. Further, the amount of
chromatin and nucleosomes synthesized should be the same for all cells. The
observations that both the proportions of H2B:GFP expressing cells and the signal
strengths did not vary over time align with these expectations (Fig. 3B, 3C). Since
accumulation of GFP signal was limited to dividing cells, the values for proportion of
GFP+ cells are likely an underestimate for the true proportion of successfully edited cells
that could have expressed the transgene construct (Fig. 3B). This underestimate is
especially likely given that most cells did not divide. The low rate of division may have
been due to the low confluency of cells, as primary fibroblasts rely on interactions with
neighboring cells for optimal growth, compounded with G418 stress.

Although these results indicated that H2B:GFP was genomically integrated and
functioning properly, they did not lend themselves well to estimate transfection
efficiency. The simultaneous transfections performed with pT077 provided a more
accurate representation. As with the H2B:GFP plasmid, the pT077 plasmid contains a
Dox-inducible promoter and HAs for the AAVSI locus. The only difference is that the
expressed protein is an independent GFP (not fused to H2B). Thus, unlike H2B:GFP,
GFP could accumulate throughout the cell and throughout the cell cycle. In line with
these expectations, GFP was not nuclear-localized, and signal significantly increased four
to five-fold from 24h to 48h (Fig. SI1A, C). As any expressed GFP could accumulate, the
proportion of GFP+ cells following Dox induction closely related to the transfection and

editing efficiency. The proportion of GFP+ cells increased with time and with increasing



Dox concentration. The highest proportion of over 60% expressing was observed at 48h
with 2.0 pg/mL Dox (Fig. S1B). Therefore, the efficiency of functional construct
insertion with lipid-mediated transfection of CRISPR-Cas9 is at least 60%, a high rate of

success comparable to other transfection methods (Xu et al., 2018).

The Dox-inducible promoter displays dose-dependent, rheostat-like behavior

Expression of the H2B:GFP sequence was induced with Dox treatment, as the
sequence is under a Dox-inducible promoter (Fig. 2A). Dox is a Tet derivative with a
substituent hydroxyl group shifted from one 6C ring to a benzene ring, and it is
commonly used in place of Tet due to its more potent effector ability (Krueger et al.,
2004). While microbial genetic regulation commonly features inducible sequences (as in
operon control), these mechanisms do not normally function in eukaryotic cells. A Tet-
controlled transactivator (tTA) was developed by fusing an E. coli Tet repressor with a
Herpes simplex virion protein 16 activating domain to enable inducible expression in
human cells. This initial system is known as a “Tet-off” design, as expression of the
sequence from a minimal promoter sequence containing a Tet-response element (TRE) is
normally active, with Dox treatment leading to unbinding of the tTa and expression
termination (M. Gossen & Bujard, 1992). Subsequent mutagenesis assays led to
development of a reverse Tet repressor, which when incorporated into the fusion protein
resulted in a reverse Tet-controlled transactivator (rtTA). This new system is known as a
“Tet-on” design. rtTA reverses the phenotype of the tTA, as the rtTA is not normally
bound to the TRE. Dox treatment leads to rtTA binding and sequence expression (Gossen

et al., 1995). As we are interested in the specific expression of HSATII, a Tet-on model



was selected for this construct to reduce the duration of Dox exposure due to concerns
about toxicity and other side effects (Gossen et al., 1995; Krueger et al., 2004).

In addition to simple binary-switch induction of HSATII expression, the ability to
modulate expression level to vary the amount of transcript present can answer more
detailed questions. As Dox-inducible promoters have been observed to display dose-
dependent expression and rheostat-like behavior, Dox-dependent behavior of the
H2B:GFP construct was assessed in vitro (Loew et al., 2010; Rossi et al., 2000; Urlinger
et al., 2000). Increasing Dox concentration was observed to positively correlate with the
proportion of H2B:GFP expressing cells up to a maximum (Fig. 3B). At both 24h and
48h, increasing the concentration of Dox increased the signal intensity (Fig. 3D). While
this observed increase in H2B:GFP may seem counterintuitive given that a constant
amount of H2B should be incorporated into new nucleosomes, it can be explained by
ratios. In edited cells, there were two versions of H2B: the endogenous variant and the
introduced H2B:GFP. While the endogenous H2B would be expressed at the same levels
during DNA replication, the novel H2B:GFP was under a Dox-inducible promoter. If
there were a dose-dependent effect, then an increase in Dox would have led to an increase
in H2B:GFP production. As the ratio of H2B:GFP to normal H2B increased, it was more
likely that H2B:GFP was incorporated into nucleosomes, resulting in stronger signal. The
positive relationship between Dox concentration and signal intensity thus indicated that
expression of H2B:GFP was dose-dependent.

The dose-dependent nature of the Dox-inducible promoter was further supported
by pT077 transfections. At both 24h and 48h, a significant effect of concentration on

signal intensity was observed such that an increase in concentration significantly



increased the amount of GFP expression (Fig. S1D). Dose-dependent expression was thus
observed for both H2B:GFP and unconjugated GFP.

These results suggest that when H2B:GFP is eventually exchanged for HSATII, a
dose-dependent effect of Dox on HSATII expression should be observed, providing

preliminary reassurement for modulable expression of HSATII.

G418 and leaky expression

A perennial issue with Tet-controlled promoter systems is the possibility for
“leaky” expression, or expression that occurs either when the inducer is absent (Tet-on)
or the repressor is present (Tet-off). This issue is especially prevalent in Tet-on systems
(Meyer-Ficca et al., 2004, p.; Pham et al., 2008; Sun et al., 2007). Optimally, this
background expression should be reduced as much as possible to prevent false positives
and to reduce noise. To test for any unintended interactions or effects of G418, some
H2B:GFP transfected Tig-1 cells were exposed to 4.0 ug/mL Dox + G418 and none +
G418. At even the highest levels of Dox, G418 was not observed to negatively interact
with Dox and reduce the induction of expression (Fig. S2A). Cells also grew similarly in
4.0 ng/mL Dox + G418 and 4.0 pg/mL Dox conditions and appeared normal. However,
G418 was observed to influence leaky expression. Exposure to G418 significantly
reduced background H2B:GFP expression (Fig. S2B). This reduction in basal expression
level may have resulted from G418 selection stress or potential chemical interactions
with the rtTA or other transcriptional regulators that impaired RNA polymerase binding.
Given the lack of negative interactions and the positive reduction of background, cells

should remain exposed to G418 even during Dox induction.



Golden Gate cloning provides an easy and efficient method for HSATII sequence
exchange

Golden Gate cloning methods were leveraged to enable the potential expression
of multiple HSATII sequence variants. First designed in 1996, Golden Gate cloning
differs from normal restriction-ligation cloning in its reliance on the class IIS restriction
enzyme subset (Engler et al., 2008; Lee et al., 1996; Padgett & Sorge, 1996). Unlike
other restriction enzymes, IIS endonucleases interact with two discrete sites on double-
stranded DNA: a 4-7 bp recognition site and a cleavage site 1-20 bp away (Szybalski et
al., 1991 | Fig. 7). With proper orientation of the recognition sequence, the use of IIS
restriction enzymes in cloning enables the excision of the recognition sites from the final
product (Fig. 7B). Therefore, the Golden Gate cloning workflow involves only a single
reaction containing the IIS enzyme and a T4 ligase as the product cannot be reverted
(Engler et al., 2008; Engler & Marillonnet, 2014, p. 201; Weber et al., 2011). The ease of
Golden Gate cloning lends itself well to the goal of testing multiple HSATII sequence
variants: so long as the HSATII sequence has complementary sticky ends with the
plasmid, it can be slotted into place with little technique. Further, excision of recognition
sites results in seamless integration, reducing the flanking non-HSATII sequences that

could impact transcript function.

An RFP intermediate serves as a marker for successful cloning

To make the H2B:GFP plasmid Golden Gate compatible, it first has to be
modified to include appropriate IIS recognition sites. An intermediate plasmid was thus
designed that contains an RFP cassette flanked with BsmBI recognition sites (Fig. 1, Fig.

4A). The RFP cassette adds an additional functionality to aid with cloning. Initially, as



H2B:GFP is exchanged for the RFP gBlock, successfully edited plasmids contain RFP.
Unlike GFP which must be fluorescently excited, RFP is visible to the naked eye (Agmon
et al., 2015). Following transformation, colonies that appear red would thus contain the
intermediate plasmid. This RFP marker is useful in two respects. While the H2B:GFP
plasmid is successfully cut, the restriction digest is not highly efficient. Therefore most
colonies simply contain unedited plasmid (Fig. S4). Further, the RFP gBlock is inserted
via restriction digestion with Clal/Kpnl, but the RFP coding sequence has internal Kpnl
sites (Fig. S5). Since only the full-length sequence produces functional RFP, the color
marker allows for selection of full-length inserts. In future Golden Gate-mediated editing
using BsmBI, the RFP cassette will be exchanged for different HSATII sequence
variants. In this case, white colonies will have successful edits whereas red colonies will
still contain the unedited intermediate. RFP thus provides a screening system for
successful Golden Gate editing, further facilitating the testing of HSATII sequence

variants.

A note on RFP expression

As RFP expression from the cassette is not under a constitutive promoter but
rather the /ac operon promoter, environmental changes can impact RFP expression (Fig.
S5). pAV 113, the source of the RFP sequence, was thus used to determine optimal
conditions for RFP expression. Preliminary single colony streaks differed in RFP
production and suggested that expression may be impacted by lineage (the expression
level of the original colony) and by bacterial strain. To determine if parent colony

brightness reflects a change in the plasmid itself, plasmids were isolated and miniprepped



from colonies and then transformed into freshly thawed chemically competent cells. Two
strains of chemically competent E. coli, DH5a and Top10, were used to assess for strain-
dependent effects. Two formulations of LB agar were used for growth to find conditions
for optimal RFP expression. Overall, no effect of lineage was observed, as bacteria of the
same strain growing on the same LB expressed comparable levels of RFP (Fig. 5).
However, differences were observed with respect to strain and LB formulation.
Replacement of tryptone in preformulated Difco™ LB with peptone resulted in much
higher RFP expression, with colonies appearing magenta in color (Fig. 5). DH5a cells
expressed RFP more readily than Top10 cells. Downstream cloning should thus use
DH5a chemically competent cells and peptone LB for high levels of RFP marker

expression.

Wrapping up construction

Unfortunately, due to the constraints of COVID-19, there was insufficient time to
complete the workflow and exchange RFP for HSATII (Fig. 1). Thus, the immediate next
step is to test insertion of the initial HSATII construct—already prepped and purified—
via Golden Gate cloning (Fig. 6). Following the production of the final plasmid, a co-
transfection of the HSATII donor plasmid and the CRISPR-Cas9 plasmid will be
performed for Tig-1 fibroblasts. Similarly to initial tests with H2B:GFP, cells will be
exposed to varying levels of Dox to test for dose-dependence. HSATII will be detected
using RNA FISH, and signal will be quantified using Fiji. Once initial HSATII
expression from the construct is verified, any number of sequence variants can be

expressed via the RFP intermediary.



Further, while the AAVS1 locus was targeted initially due to its safe harbor-like
properties, downstream investigation will likely consider the effects of integration into
different genomic loci. To that end, edits must be made for both the sgRNA sequence in
the CRISPR-Cas9 plasmid and the HA sequences in the RFP intermediate plasmid.
Building off of our success with Golden Gate cloning and its ease of use, these further
insertions could also be performed via Golden Gate edits. Class-IIS endonuclease
recognition sites must first be incorporated flanking the HAs and the sgRNA sequence,
likely via normal restriction-ligation cloning. While any IIS enzyme can be used for the
sgRNA, BsmBI cannot be used for the HAs given that they are on the RFP plasmid.
Choosing a different enzyme prevents inappropriate excision of the RFP cassette. With
these modifications, single pot cloning can thus be performed to change the targeted

genomic locus for HSATII insertion.

A perspective on HSATII, cancer, and the relevance of this construct

Altogether, the features of this construct present an easy-to-use system for dose-
dependent expression of specific HSATII sequences from determinate genomic loci in
human cells. This construct thus grants a higher level of control than our previous stable
line expression vector and can be used to answer detailed questions regarding the site,
time, amount, and sequence of expression. With our growing understanding of the
complexity of HSATII behavior, interrogating these detailed issues is essential.

In stable lines, the accumulation of HSATII has been observed to correlate with
chromosomal instability and cell cycle defects—key hallmarks of cancer (Bartek ef al.,

1999; Hartwell, 1992; Yoon et al., 2002). The defects took the form of errors in mitosis



such as nuclear blebbing, lagging chromosomes, chromatin bridges, and the formation of
micronuclei (Landers ef al., 2021). These results raise the possibility that the effects of
HSATII RNAs may differ depending on cell cycle stage, with effects possibly maximized
during S or M phase and minimized during the G phases. HSATII RNA expression in
U20S osteosarcoma cells has been observed to display cell cycle dependence, with high
levels of expression during S phase (Akkipeddi, 2020). As expression of HSATII is
inducible, this new construct enables the assessment of cell cycle dependent HSATII
RNA effects. Briefly, a population of cells would first be cell cycle synchronized using
chemical inhibitors such as Nocodazole, thymidine, and Brefeldin A (Liu ef al., 2019;
Zhang et al., 2017). Following release, cells will cycle together, and Dox can be added at
the appropriate time points to induce HSATII expression at specific cell-cycle stages.

Since previous stable lines relied on random genomic integration of the
expression construct, the observed cancer-like traits were integration site-independent
(Landers et al., 2021). However, that independence may be due to the consistent, high-
level of HSATII exposure from the constitutive CMV promoter. In normal cancer
progression, HSATII expression may gradually increase over time, with low levels being
immunostimulatory until an inflection point is reached following which the high levels of
HSATII detrimentally impact processes cell-wide (Tanne ef al., 2015). Essentially, the
previous stable line model skips over the entire process by which a normal cell becomes
cancerous to the endpoint with high levels of HSATII (Landers ef al., 2021). Stable lines
generated with this novel construct can model the natural increase of HSATII in cancer,
as HSATII expression can be dialed up or down over time depending on the

concentration of Dox. This model may thus be more biologically representative of actual



tumorigenesis. Coupled with other assays such as RNAseq, immunostaining, or RNA
pulldown, the system could reveal gradual effects of increasing levels of HSATII on gene
regulation, protein activity, and cell cycle defects.

Further, given the high level of endogenous HSATII repeat heterogeneity in cells,
different sequences of HSATII may play different roles or interact to promote
tumorigenesis (Altemose et al., 2014; Bersani ef al., 2015; Rubien, 2020). As the
expressed HSATII sequence is easily mutable using Golden Gate cloning, different or
even multiple sequences could be expressed in the gradual accumulation model to
determine if certain RNA sequences are essential for cancer-like phenotype development.

In stable lines, the transcriptional regulator protein, MeCP2, was observed to
colocalize with HSATII RNA foci, phenocopying the behavior of MeCP2 in cancerous
cell lines (Hall et al., 2017; Landers et al., 2021). These observations support the
molecular sponge model for HSATII contribution to tumorigenesis. While not yet
validated in cancer, inappropriate protein sequestration by a repeat RNA has been
implicated in other diseases, such as myotonic dystrophy, a form of muscular dystrophy
(Swinnen et al., 2020). In this heritable disorder, a toxic repeat expansion of (CTG)n
occurs in the 3’ untranslated region of DM 1 protein kinase. Upon transcription, the CUG
repeats sequester muscleblind-like RNA-binding proteins into nuclear foci (Miller et al.,
2000). Sequestration of these proteins results in missplicing of certain mRNAs in a
tissue-dependent manner, results that have been confirmed in patients to correlate with
clinical disease presentation (Freyermuth et al., 2016; Fugier ef al., 2011; Savkur et al.,
2001). Stable lines generated with this novel construct can further verify the role of

HSATII RNA protein sequestration in tumorigenesis. Given that HSATII RNA



sequesters MeCP2 which has an RNA-binding domain, the transcript sequence likely
impacts the interaction. Certain HSATII sequences may thus more robustly recruit
MeCP2, a sequence-dependent effect that is easily testable with this construct.
Additionally, sequestration of MeCP2 by HSATII RNA may require the aggregation of
HSATII into nuclear foci, a phase separation facilitated by RNA secondary structure
(Rubien, 2020). As certain bulk effects are necessary for RNA interactions and for this
separation to occur, foci may not be observed at low levels of HSATII expression. By
using varying concentrations of Dox, a minimum concentration for focal HSATII RNA
accumulation and subsequent RNA-protein interactions could be determined, relating
back to the gradual increase model for HSATII expression and accumulation in cancer
cells.

Overall, this construct can thus approach and model the HSATII biology of
cancer cells down to very specific nuances with a high degree of resolution. By digging
into these minutiae, this approach may shed light on the nature of HSATII and its

complex relationship with cell health and tumorigenesis.
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Supplemental Table 1: Key Reagents

Reagent Type Designation Source/Reference Identifiers Additional Information
Primer RFP_gBlock_F Integrated DNA 5-TAGAATTCATCGATGAGACGGC-3’
Technologies
Primer RFP_gBlock_R Integrated DNA 5-GTACCGAGACGGCCACCTTAAGC-3
Technologies
Primer Sat2X_F Integrated DNA 5'-GGAACCGAATGAATCCTCATTGAATG-3'
Technologies
Primer Chr7_conF Integrated DNA 5'-ATTCGATTCCATTCGATGATGATTCC-3'
Technologies
Primer HSATII_BsmBI_F Integrated DNA 5-GGCTACCGTCTCGGTACGGAACCGAAT-
Technologies GAATCC-3’
Primer HSATII_BsmBI_R Integrated DNA 5'- GGCTACCGTCTCATCGAATTCGATTCCAT-
Technologies TCG-3'
Primer RFP_P_Int_F (Checks for Integrated DNA 5'- GCATTCATTTTATGTTTCAGG -3’
plasmid integration) Technologies
Primer RFP_P_Int_R (Checks for Integrated DNA 5-GTCGAGTTTACTCCCTATCAG-3"

plasmid integration)

Technologies

Transfected Plasmid PX330-sgAAVS1 AddGene Plasmid 85802 Gift from Roland Friedel

Transfected Plasmid PAAVS1-Neo-CAG-M2rtTA- AddGene Plasmid 85798 Gift from Roland Friedel
H2BGFP (donor AB)

Transfected Plasmid pTO77 Addgene Plasmid 137879 Gift from Lindy Barrett

RFP Source Plasmid pAV113 AddGene Plasmid 63180 Gift from Jef Boeke

HSATII Source Plasmid

pTargeT_HSATII

Landersetal., 2021

Cell line (H. sapiens)

Hela

Cell line (H. sapiens)

Tig-1

Coriell

Coriel:AG06173

Chemical compound, drug

Geneticin™ Selective Antibi-

otic (G418 Sulfate)

Gibco (Thermo Fisher
Scientific)

Thermo Fisher:10131027

Commercial assay or kit

FuGENE® HD Transfection
Reagent

Promega

Promega:E2311

Commercial assay or kit DNA Clean & Concentra- Zymo Research Zymo:D4014
tor®-5
Commercial assay or kit ZymoPURE™ Plasmid Zymo Research Zymo:04210

Miniprep

Commercial assay or kit GENECLEAN® Turbo MP Biomedicals MPbio:1102200

Enzyme Kpnl-HF® New England BioLabs | NEB:R3142

Enzyme Clal New England BioLabs | NEB:R0197

Enzyme BsmBl-v2 New England BioLabs | NEB:R0739

Enzyme T4 DNA Ligase New England BioLabs | NEB:M0202

Bacteria Subcloning Efficiency™ Invitrogen (Thermo Thermo Fisher:18265017

DH5a Competent Cells Fisher Scientific)
Bacteria One Shot™ TOP10 Chemi- Invitrogen (Thermo Thermo Fisher:C404010

cally Competent E. coli

Fisher Scientific)
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Supplemental Figure 1. Dox-inducible GFP expression in Hela cells is dose-dependent and accumulative.
Following transfection and G418 selection, expression was induced with exposure to varying Dox concen-
trations for up to 48 h. A) Representative images of cells exposed to 1.0 and 2.0 pg/mL of Dox at 24 and
48 h. B) The percentage of cells expressing GFP for all concentrations and timepaoints. The proportion of
expressing cells increased over time and with increasing Dox concentration. C) Average signal intensities
per micron? in expressing cells. A significant effect of time was noted, as signal intensity significantly in-
creased from 24h to 48h for both tested Dox concentrations. D) A significant effect of Dox concentration
on expression was observed within each timepoint.

(****) p<0.0001
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Supplemental Figure 2. Assessing G418 for potential side effects and interactions.

As G418 is a cytotoxic chemical, potential interactions with Dox and side effects on construct expression
were investigated. A) G418 was not observed to interact with Dox to either increase or decrease con-
struct expression even at the highest Dox concentration. B) G418 alone did not induce inappropriate ex-
pression, but rather repressed basal levels of construct expression, thus reducing signal noise.

(*) p<0.05
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Supplemental Figure 3. H2B:GFP accumulates in actively dividing cells

Representative images of H2B:GFP expressing Tig-1 cells undergoing different stages of mitosis and cyto-
kinesis. H2B:GFP+ cells frequently were observed to contain two daughter nuclei and were observed to
congregate in actively dividing clusters.
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Supplemental Figure 4. Kpnl and Clal digests are highly inefficient

To assess for restriction digest efficacy, digestion products were run on an agarose gel. Overall, most
bands overlapped between undigested and digested plasmids. Single restriction enzyme digests ap-
peared similar and distinct from the undigested plasmid, with both products displaying a new band at ~11
kb, indicating that linearization occurred (marked in blue). In double digest conditions, a second, unique
band was observed (marked in red). Double digestion should result in excision of a 1 kb sequence. As this
second band consists of shorter DNA than the single digest band, it is likely that this band represents the
double digested product. The band is very thin and faint compared to other bands, indicating that the
digest had low efficiency.



5-TAGAATTCATCGATGAGACGGCGGCCGCTTTTCACACAGGAAACAGCTATGACC
ATGATTACGCCAAGCGCGCAATTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTC
CACCGCGGTGGCGGCCGCTCTAGAACTAGTGGATCCCCAAAATGAGACCCAATAC
GCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAG
GTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCA
CTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAA
TTGTGAGCGGATAACAATTTCACACATACTAGAGAAAGAGGAGAAATACTAGATGG
CTTCCTCCGAAGACGTTATCAAAGAGTTCATGCGTTTCAAAGTTCGTATGGAAGGTT
CCGTTAACGGTCACGAGTTCGAAATCGAAGGTGAAGGTGAAGGTCGTCCGTACGA
AGGTACCCAGACCGCTAAACTGAAAGTTACCAAAGGTGGTCCGCTGCCGTTCGCTT
GGGACATCCTGTCCCCGCAGTTCCAGTACGGTTCCAAAGCTTACGTTAAACACCCG
GCTGACATCCCGGACTACCTGAAACTGTCCTTCCCGGAAGGTTTCAAATGGGAACG
TGTTATGAACTTCGAAGACGGTGGTGTTGTTACCGTTACCCAGGACTCCTCCCTGC
AAGACGGTGAGTTCATCTACAAAGTTAAACTGCGTGGTACCAACTTCCCGTCCGAC
GGTCCGGTTATGCAGAAAAAAACCATGGGTTGGGAAGCTTCCACCGAACGTATGTA
CCCGGAAGACGGTGCTCTGAAAGGTGAAATCAAAATGCGTCTGAAACTGAAAGACG
GTGGTCACTACGACGCTGAAGTTAAAACCACCTACATGGCTAAAAAACCGGTTCAG
CTGCCGGGTGCTTACAAAACCGACATCAAACTGGACATCACCTCCCACAACGAAGA
CTACACCATCGTTGAACAGTACGAACGTGCTGAAGGTCGTCACTCCACCGGTGCTT
AAGGTGGCCGTCTCGGTACCGGCGCATA-3’

Supplemental Figure 5. RFP gBlock Sequence
Full sequence of the RFP gBlock ordered from AddGene.



5’-ggctaccgtctcggtacGGAACCGAATGAATCCTCATTGAATGGAATCGAATGGAATCAT
CATTGAATGGAATCGAATGGAATCATCATCGAATGGAATCGAATGGAATCATCATCG
AATGGAATCATTATCAAATAAAATGGAATGGAATCATTGAATGGAATCGAATGGAAT
CATCATCGAATGGAATCGAACGGTATCATCAAATGGAATCGAATGGAATCATCATTG
AATAGAATCGAATGGAATCATCGAATGGAACTGAATGGAATCATCATTGAATGGAAT
CGAATGGAATCACCGAATGGAATCGAATGGAATCATCAAATGGAATCGAATGGAAT
CATCATCGAATGGAATCGAATtcgatgagacggtagcc-3’

Supplemental Figure 6. HSATII sequence

The full length sequence of the HSATII product extracted from the pTargeT vector. Chr7 HSATII sequence
is in uppercase, while added sequences for BsmBI-mediated Golden Gate cloning are in lowercase.
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