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Abstract
Acute manipulation of eRNA level for dissecting its roles in transcriptional regulation
Lanxin Bei
Advisory Professor: Wenbo Li, Ph.D.

Enhancers are the central genetic elements controlling cell-type and state specific
transcription programs to dictate cell fates during development. Mechanistic understanding of
enhancer action is important for both biology and disease research. In the human genome,
more than 60k human enhancers were found to produce non-coding transcripts named
enhancer RNAs (eRNAs). These created a new challenge to understand enhancer functions,
which now are not only DNA elements that promote transcription but also RNA-producing
transcription units themselves. Importantly, deregulation of eRNAs was associated with various
diseases such as cancer, immune disorders, and neurodegeneration. However, the direct role
of eRNAs in transcriptional regulation and enhancer-promoter looping remains debatable, and
in cases that eRNAs may bear functions the mechanisms are incompletely understood. One
important problem is that currently used perturbation methods of enhancer/eRNAs are not
acute and cannot distinguish direct from indirect effects.

To reveal the dynamics of eRNA-regulated target gene transcription and epigenetic
features, | attempted to establish acute and controllable systems to manipulate eRNA levels
with high temporal precision. Three perturbation methods were tested on a testbed eRNA,
including dCas9 based CRISPR activation or inhibition system and antisense oligonucleotide
(ASO) based RNA inhibition system. | found that these CRISPR based systems show variable
effects and sub-optimal acute perturbation of target eRNA, while ASOs are more acute for
target perturbation. My study benchmarked several methods and established an acute
perturbation system for controlling eRNAs as well as other types of RNAs, which could
potentially overcome the current confounding issues of potential secondary effects. These
results provided a foundation for further studies of fine-scale dynamics of eRNA-mediated

transcriptional regulation and chromatin organization.
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CHAPTER 1: Introduction
1.1 The role of enhancer in transcriptional regulation and other biology process

Enhancers are DNA regulatory element that attenuate the transcription of their distal
target genes'. In the commonly agreed model, enhancers regulate their target genes by
recruiting transcription factors (TFs)/co-factors and looping to the promoters in an orientation
and distance independent manner'=. Enhancers are marked by several features including high
accessibility, specific DNA sequences for transcription factor binding, enrichment of H3K27ac
and H3K4me1 histone modifications, and binding of transcription co-factors*-. Enhancer-
mediated transcriptional regulation determines development and cell-fate decisions in
metazoan, cellular responses to stimuli, and its dysregulation contributes to various diseases’.
For example, during the evolution of snake, a 17bp DNA deletion occurred in the enhancer
regulating the Shh gene, which determines the development of limbs, and the deletion of this
enhancer led to the evolutionary regression of limbs in snakes®. For another example, in
humans, a variant in the intronic enhancer of RET proto-oncogene leads to significantly higher
risk for Hirschsprung’s disease®. Enhancers are also responsible for organizing synchronized
and acute response to key physiological signaling stimulation including Notch', retinoic acid
(RA)", and estrogen'? signaling.

1.2 Existing knowledge of enhancer derived RNA (eRNA)

The activation of an enhancer involves a coordinated process involving DNA
sequences, transcription factors, co-factors, histone modifications, and enhancer-derived RNAs
(eRNAs)™*"°. Enhancer activation is considered to be initiated by the binding of pioneer
transcription factors (like FOXA, Gal4, and GATA1) during lineage determination or early
development'®"’. Pioneer factors then recruit lineage specific TFs and co-factors like histone
methyltransferases, histone acetyltransferases like CBP/P300"". These co-factors help deposit
active histone markers like H3K4me1/2, H3K27ac, that further recruit epigenetic “readers” or
activation co-factors like BRD4'3. These steps concomitantly or subsequently prepare the

enhancer for further recruitment of RNA pol2 and the bi-directional transcription of eRNAs. This

1



cis-activation complex, likely as an entirety, plays a key role to regulate target genes

transcription by interacting with the gene promoter through looping®'® or by the formation of

transcriptional condensate'®%.

eRNA
sense strand

-

2005\
Wl i

Promoter S~

Enhancer
elongation

@ Determining TFs € Transcriptional cofactors ® )

Elongation factors
@ Collaborative TFs @ GCeneralTs &P Chromosomal looping factors
ChR) Chromatin remodellers @D RN processing factors

Figure 1.1: Features of an active enhancer including transcription of enhancer RNA (eRNA).
lllustration partially is generated by BioRender, and partially cited from 3.

Ever since the first genome-wide identification of eRNAs in 2010'?', debates exist as
to whether eRNA transcripts are functional transcripts, or simply byproducts of the
transcriptional machinery. Over the past decade, evidence supported that at least a subset of
eRNAs can be functional either by the action of RNA polymerase transcription process on
enhancers or by the eRNA transcripts'. However, due to the abundant number of eRNAs
genome-widely, it remains not clear what portion of eRNAs have biological functions, how they
function, and if any functions are directly or indirectly achieved. Globally, the transcription level
of eRNA is correlated with enhancer activity'*??. Mechanistically, eRNAs are reported to

regulate several stages of transcription, including the recruitment of TFs and coregulators?>24,

25-27 13,18,28,29 For

RNA Pol Il pause-release and elongation , and enhancer-promoter looping
example, in TLR4 signaling, the deposition of H3K4me1/2 at signal-induced enhancers was
largely dependent of the transcription process of eRNA¥®. At the enhancers of some immediate

early genes upon signal induction in neurons, the eRNA transcripts could act as decoy for

negative elongation factor (NELF) and facilitate the elongation of gene transcription®2. The



binding of nascent eRNA transcripts to histone acetyltransferase CBP could stimulate its
enzymatic activity and transcription of target genes®'. eRNAs are globally activated by various

cellular signaling'*'8:32:33

, supporting their roles in synchronizing rapid transcriptional changes
upon stimulation. Importantly, deregulation of eRNAs was associated with diseases including
cancer*, immune disorders, and neurodegeneration®+¢. As an example, the multivalent proto-
oncogene MYC is regulated by a long-range interacting eRNA named CCAT1 (colon cancer-
associated transcript 1), whose deregulation leads to various cancer types®—°.
1.3 limitations of current efforts/methods in eRNA studies

Despite progress in the past few years, the direct role of eRNAs still remains debatable.
One maijor problem is that currently used perturbation methods of enhancer/eRNAs are not
acute and cannot distinguish direct or indirect effects upon perturbation. On one hand,
identification of direct target genes is hard to achieve by long-term perturbation. Many eRNA
directly regulate critical transcription factors like MYC®’, Sox2, and KLF4*. In such cases, a
long-term perturbation may result in waves of regulation event and alter the transcription
program of hundreds of genes, confounding the identification of direct targets. On the other
hand, even between eRNA and its direct target gene, the regulation evolves a series of
biological events including eRNA transcription, target gene transcription, the binding of
transfections factors/co-factors, deposition of histone marks, and the alteration of enhancer-
promoter looping*'*?. Long-term perturbation can’t resolve the dynamics and causal
relationship of these biological processes. It is still under debate whether H3K4me1/3, or
enhanced enhancer-promoter looping is required or a result of target gene transcription.
Understanding the immediate and causal step of eRNA mediated regulation is critical for
understanding the fine-scale transcription process and may potentially facilitate therapeutics.

Current CRISPR/dCas9-based perturbation can achieve highly efficient activation and
inhibition by targeting the endonuclease deactivated Cas9 (dCas9) fused with activation*® or

inhibition**=*¢ domain to transcription start sites. But the stable cell line with constitutively

expressed dCas9 and gRNA could only confer long-term perturbation. For overexpression,



vector-based transgene expression could achieve high induction level, but the ectopically-
expressed transgene might not fully recapitulate the authentic function of eRNAs, which mostly
functions within the territory of their original transcribed sites. For inhibition, siRNA-based RNA
knockdown is efficient for most genes and could be done by transient transfection, but the
activity of RISC complex in the nucleus was unclear. The knockdown efficiency of eRNA in a
short time was seldom reach 90% in previous publications*"“2,

An acute and controllable system to manipulate eRNAs is critical for clarifying the direct
roles of eRNAs in transcriptional regulation. In this study, | aim to establish acute perturbation
systems for upregulating and inhibiting eRNA levels. With this system, | will further investigate
how acute eRNA manipulation impacts target gene transcription and epigenetic features, as
well as the dynamics and causal-consequence relationships of these features. Establishing a
previously unavailable acute perturbation system for controlling eRNAs will provide a useful
tool to study eRNA functions by overcoming the current confounding issues of potential
secondary effects. This system could also be applied to a broad range of other RNA transcripts
to facilitate their functional studies.

CHAPTER 2: Exploring CRISPR perturbation for rapid eRNA manipulation
2.1 Background
2.1.1 Overview of the CRISPR system

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) has become the
most used genetic editing tool since its first application in mammalian cells. It is originally the
component of a bacterial immune system defending against virus DNA invasion. When the
invading virus sequence enters the bacteria genome, CRISPR RNA (crRNA) that is transcribed
from the “spacer” sequence obtained from previous invaders matches with the inserting
sequence. The crRNA assembles with Cas9 enzyme produced by the CRISPR system and can
therefore bind and recognize DNA sequence of the invading virus*®. The Cas9 enzyme further
induce double strand break by its HNH and RuvC enzymic domain. Since early 2012°°-%? the

CRISPR system has become a powerful tool for genetic engineering and has been



continuously improved to edit DNA sequence as well as chemically modify DNA and histone
(i.e., the epigenome)®**¢. The CRISPR tool for genetic editing composes of a single-guide RNA
(sgRNA) that could binds to the targeting DNA region by base-pairing, and with the help of
gRNA, the Cas9 protein can cut specific DNA adjacent to a PAM trinucleotide. This will include
double strand DNA break (DSB) to the targeted DNA, which can then be repaired by NHEJ
(non-homologous end joining) or by homologous recombination (if a repair donor can be
provided). This feature has been taken advantage to edit genomic DNA to cause point
mutations, frame shift mutations or to create specific genetic changes needed for specific
scientific purposes.

2.1.2 CRISPR/dCas9-based epigenome editing

Modified from the CRISPR/Cas9 system, the CRISPR/dCas9 system has been newly
developed for epigenome editing**~¢*". dCas9 stands for enzyme defective Cas9 that bears
two point-mutations at the HNH and RuvC domains, which abolish its endonuclease activity.
This dCas9 can bind specific DNA regions of interests with high precision and specificity with
the help of gRNA without causing DNA DSB. For epigenome editing, dCas9 is normally fused
with effector domains like transcriptional activators or inhibitors, including VP64**5", P300°,
and KRAB*. Which can be “piggybacked” by the dCas9/gRNA to the genetic elements of
interests to modify the epigenetic state.

Based on different effector domain and co-factor applied, various versions of
CRISPR/dCas9 system have been developed. For CRISPRa, the SAM system overall exhibits
best performance***°. The SAM system consists of three components: a dCas9 fused with
VP64 activation domain modified from virus VP16 activator; a gRNA scaffold contains 2 virus
stem-loop sequences that specifically binds to the MS2 coat protein; and the co-activators
HSF1 and P65 fused with MS2 protein that could assembly with the gRNA scaffold. The SAM
complex can be directed to the transcription start site (TSS) of a target locus, and VP64 and
MS2-HSF1-P65 can then activate target gene transcription by recruiting transcription factors

and co-factors including TFIIA, TFIIB, TFIID, P300, Mediator, SWI/SNF®. For CRISPRI, the



dCas9-KRAB based inhibition has been widely applied in single locus studies®' and large-scale
screening®. The KRAB domain is a family of transcriptional inhibition domains in many zinc
finger-based transcription factors and most of the current CRISPRI system uses the KRAB

domain of Kox1%3

. The KRAB domain itself does not have enzyme activity but functions through
recruiting other suppressors, prominently TRIM28%. TRIM28 inhibits transcription through
recruiting inhibitory proteins, including the chromosome remodeler component CHD3 and H3K9

methyltransferase SETDB1, which induce H3K9me2/3 that induces heterochromatinization®”.

Activation: SAM Inhibition: dCas9-KRAB

€

-

Figure 2.1: Model of CRISPR-SAM system for transcription activation and CRISPR/dCas9-
KRAB system for transcriptional inhibition. lllustration is generated by BioRender.
2.1.3 Tet-on system for inducible dCas9 expression

For long-term perturbation over 10 days, the current CRISPR-based systems exhibit
competent activation and inhibition effects for functional study®®. However, acute perturbation
by CRISPR/dCas9 system has not yet been widely reported. To achieve acute perturbation,
one possible method is to control the expression of the dCas9 protein. For controlling the on-
and-off of protein expression, the most applied system is Tet-on system modified from
bacteria®. In the rtTA-based Tet-on system®’, the protein of interest is driven by a minimal CMV
promoter whose upstream enhancer was removed to achieve low basal expression. Tet-
responsible element (TRE) is placed upstream of the promoter. Another essential component is
rtTA protein consisting of a rTetR domain that binds to the TRE only in the presence of

tetracycline or doxycycline, and three tandem repeats of viral protein VP16 that activate the



transcription of the target when the rtTA bind to TRE. Therefore, doxycycline us a transcription
inducer. This Tet-on system has been applied for controllable expression of various genes®®
and could be potentially used for expressing dCas9 in CRISPRa/i to study the direct function of

enhancer RNA.

Dox- C Dox+
rtTA -
Dox M )
HTA . ) ' Translation dCas9
TRE (]

dCas9- dCas9-
[T TRE M ypea M “Vrea e ¥

Figure 2.2: Model of Dox-inducible dCas9 expression through the rtTA-based Tet-on system.
lllustration is generated by BioRender.

2.2 Materials and methods

2.2.1 cell culture

The MCF-7 cells were grown in DMEM High Glucose medium (Corning, 10-013-CM)
supplemented with 10% FBS (GenDepot cat. F0900-050) in a cell culture incubator set at 37
degrees Celsius with 5% CO2.

Similarly, the HEK293T cells used for virus packaging were cultured in DMEM High
Glucose medium supplemented with 10% FBS (GenDepot, cat. FO900-050) under the same
conditions.

The cell line containing doxycycline-inducible dCas9-VP64/KRAB elements was
cultured in DMEM supplemented with 10% Tet-free FBS (GenDepot, cat. F0500-050). To
induce expression, doxycycline (MilliporeSigma, D9891-5G) was added at a concentration of 2
ng/uL.

2.2.2 Lentivirus packaging and infection

To produce lentivirus, HEK293T cells were transfected with three plasmids. Plates were
coated with 1 mL of 10 ng/mL Poly-D-lysine (Gibco, A3890401) and incubated for 30 minutes,
followed by a wash with PBS. Cells were detached using Trypsin (Sigma, T4049) and seeded

at 30% confluency with 800 pL of medium per well. Solution 1 (1 ug psPAX2, 0.33 ug pMD2.G,



1.33 pg target plasmid) was mixed with 100 uL of Opti-MEM (Gibco, 31985070). Solution 2 (5
UL lipofectamine 2000 reagent, 100 puL Opti-MEM) was prepared. Both solutions were
incubated for 5 minutes at room temperature, then combined and incubated for 20 minutes.
Next, 200 uL of the mixture was added to the cells, followed by incubation at 37°C, 5% CO2 for
12-16 hours. After 15 hours, the medium was replaced with 10% FBS DMEM and cells were
incubated for 24 hours. Lentiviral particles were harvested from the medium, filtered through a
0.45 pm filter, and immediately used or stored at -80°C.

To perform lentivirus infection, MCF-7 cells were detached using Trypsin and seeded in
6-well plates at 30% confluency with 500 puL of medium per well. Then, 1000 pL of virus
containing medium was added to the suspended cells, and polybrene (Sigma, #H9268) was
included at a final concentration of 8 ug/mL. After incubating for 24 hours, the media was
replaced with a DMEM with 10% FBS containing antibiotics for selection.

2.2.3 Establishment of cell lines

Addgene #61425, #61426°" plasmids were used for parental cell line of constitutive
SAM system; Addgene #50916°, #61426 plasmids were used for parental cell line of dox-
inducible SAM system; Addgene #50917°, were used for parental cell line of dox-inducible
CRISPR/dCas9-KRAB system; Addgene #61427° were used for gRNA expression in all cell
lines.

To isolate individual clones of the SAM parental cell lines, cells were seeded in 15 cm
round dishes at a total cell number of 5000. The cells were cultured for 10 days, and single
clones were carefully selected using 200 L tips under a microscope. These single clones were
then cultured in 12-well plates to assess the growth and expression level of dCas9-VP64
through Western Blot analysis.

Next, different gRNA-encoding viruses (using plasmid Addgene #61427) were
introduced into the parental cell lines. For the inducible and constitutive SAM systems, single
clones of the parental cell lines were used, whereas the bulk parental cell line was employed

for the inducible dCas9-KRAB system. RNA samples were collected 14 days after Zeocin



selection, and RT-qPCR was performed to evaluate the constitutive or doxycycline-induced
perturbation effect of each gRNA.

Regarding antibiotic selection, puromycin (Gibco, A1113802) was used for selection
over a period of 1 week at a concentration of 1 yg/mL. Zeocin (InvivoGen, ant-zn-1p),
Blasticidin (InvivoGen, ant-bl-10p), Hygromycin (Gold Biotechnology, H-270-1), and Geneticin
(Gold Biotechnology, G-418-1) selections were performed for a minimum of 2 weeks, with
concentrations of 200 ug/mL, 10 ug/mL, 400 pug/mL, and 1000 pg/mL, respectively.

2.2.4 Western Blot

Cells were washed with cold PBS and lysed using 1x Laemmli Buffer (Bio-rad,
Cat#1610737). The lysate was heated at 95°C for 10 minutes to denature the proteins. Next,
the protein samples were loaded onto an SDS-PAGE gel and electrophoresed in SDS tris-
glycine running buffer (Bio-rad, 1610772EDU). The proteins were transferred to a 0.45um
PVDF membrane (Bio-rad, Cat#11620177) using wet transfer. The membrane was blocked
with 5% milk for 1 hour. Then, it was incubated overnight at 4°C with primary antibodies: Cas9
(Cas9 ThermoFisher, 1:1000, cat. 8C1-F10, mouse) and GAPDH (Proteintech, 1:2000, cat.
60001-1-lg, mouse). After washing with TBST three times for 10 minutes each, the membrane
was incubated with a secondary antibody (Jackson ImmunoRearch, 115-035-166) for 30
minutes at room temperature. Following three additional TBST washes, the membrane was
exposed to an ECL Substrate (Bio-Rad, 170-5060) for chemiluminescent detection. The signal
was captured and analyzed using an Imaging System (Bio-Rad).

2.2.5 gRNA design for CRISPRa and CRISPRI

gRNA were designed using the CRISPOR webportal (http://crispor.tefor.net/). For

CRISPR activation, target sequence was -500bp-0bp to the transcription start site (TSS) of
target eRNA. For CRISPR inhibition, target sequence was 0bp-400bp to the TSS*. The
genome of Homo sapiens were selected for filtering the specificity of gRNA. NGG were
selected as the Protospacer Adjacent Motif (PAM). lentiGuide-Puro (Zhang lab) were selected

as Addgene plasmid for cloning.


http://crispor.tefor.net/

gRNAs used in this study:

gRNA name

gRNA sequence

TFF1e gRNA_1_Fw
TFF1e gRNA_1_Rv
TFF1e gRNA_2_Fw
TFF1e gRNA_2_Rv
TFF1e gRNA_3_Fw
TFF1e gRNA_3_Rv
TFF1e gRNA 4_Fw
TFF1e gRNA 4_Rv
TFF1e gRNA 5_Fw
TFF1e gRNA 5_Rv
TFF1e gRNA 6_Fw
TFF1e gRNA 6_Rv
TFF1e_gRNA7_Fw

TFF1e_gRNA7_Rv

CACCGCCAGTGATCTGGCTCTGCGT
AAACACGCAGAGCCAGATCACTGGC
CACCGCCAGATCACTGGGTAAACAC
AAACGTGTTTACCCAGTGATCTGGC
CACCGCTGGCAACGACCTGTCCCAA
AAACTTGGGACAGGTCGTTGCCAGC
CACCGCTGGCAACGACCTGTCCCAA
AAACTTGGGACAGGTCGTTGCCAGC
CACCGCTCTGCGCGGGCTACCTGAC
AAACGTCAGGTAGCCCGCGCAGAGC
CACCGAACCACAGGGACGTGTACGG
AAACCCGTACACGTCCCTGTGGTTC
CACCGAAATCAAAGGGACGGCCGCG

AAACCGCGGCCGTCCCTTTGATTTC

Table 1: Primer sequences for gRNA targeting TFF1e for activation and inhibition.
2.2.6 cloning of gRNAs

5 ug of the Addgene 61427 plasmid, expressing MS2-gRNA, was linearized using
BsmBI (NEB, R0134S) following the manufacturer's instructions. Enzyme cutting product were
run on 1% agarose gel for purification. Bright positive band on the gel were cut and purified by
gel extraction kit (Qiagen, 28706X4). The gRNA primers from Sigma were annealed and
phosphorylated by incubating with PNK (NEB, M0201S) using the following program: 37°C for
30 minutes, 95°C for 5 minutes, and then gradually cooled to 25°C at a rate of 5°C per minute
(0.1°C/s). For ligation, 50 ng of the linearized plasmid and the annealed oligo, with a 10x
amount of plasmid, were mixed with 1 pL of 10x T4 buffer (NEB, B0202S), 0.5 pyL of T4 DNA
ligase (NEB, M0202S), and topped up to 10 uL with ddH20O. The ligation reaction was carried
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out by incubating for 20 minutes at 16°C. Next, 10 pL of the ligation product was transformed
into DH5-alpha competent E. coli. (NEB, C2987P). Bacterial clones were picked, and Sanger
sequencing was performed using a specific primer (5'-tacaaaatacgtgacgtag-3') targeting the U6
promoter to verify the inserted sequence.

2.2.7 RNA Isolation, cDNA synthesis, and quantitative PCR (qPCR)

RNA isolation was performed using the Quick-RNA Miniprep kits (Zymo Research,
Cat#R1055). For cDNA synthesis, the SuperScript IV First-Strand Synthesis kit (Invitrogen,
Cat#18091050) was used, utilizing 500ng total RNA as the template. The generated cDNA was
quantified by qPCR using the SYBR Green SSo Advanced reagent (Bio-rad, Cat# 1725274).

gPCR primers:

primer name primer sequence
GAPDH_F CCTGTTCGACAGTCAGCCGCATC
GAPDH_R GGTGACCAGGCGCCCAATACG
TFF1e_F ATCTGCTGCTGCTTCCACTT
TFF1e_R ACATGACCCTGCAGACCTTC
TFF1_intron_F TATCTGGATGGGCCTTGGGA
TFF1_intron_R AGACCTTCGAGAAGTGCGAC
TFF1_mRNA_F CACCATGGAGAACAAGGTGA
TFF1_mRNA_R TGACACCAGGAAAACCACAA

Table 2: Primer sequences for RT-qPCR.
2.2.8 Statistical analysis
All bar graphs were presented as mean £ SD using R version 4.1.2.
2.3 Results
2.3.1 Model cell line and testbed eRNA
MCEF-7 cell line was the model cell line in this study because of the accessibility of

abundant transcription and epigenetic data.

11



As proof of concept, an enhancer RNA on chromosome 21 upstream of the TFF1
protein coding gene was used as testbed RNA in this study and was named TFF1e. TFF1e is
specifically expressed in a subset of breast cancer cell lines and is marked by typical enhancer
features including H3K27ac, H3K4me1 histone modifications, the binding of transcription co-
factors like BRD4 and P300'"°, and the binding of cell-type specific transcription factor ER-
alpha'®. 4C data® has support a high contact frequency between the promoter region of TFF1

gene and the TFF1e, indicating TFF1e directly regulates TFF1 gene.

TFF1 enhancer 10kb

TT-Seq (+) E2 13 ke e s AL ) et .
TT-Seq (-) E2 95
BRD4-ChIP-Seq 61 A
ERa-ChIP-Seq 147 A
H3K27Ac-ChlP-Seq 54 u y
p300-ChIP-Seq 91 ) |

; H— o H 4 ———4m
Gene Annotation TFF1 gene TMPRSS3 gene <

-
TFF1 eRNA >

J

) f‘ S e

Figure 2.3: Genomic context of TFF1e and TFF1 gene locus. Upper: IGV snapshot of TT-seq
for profiling transient transcription®® and ChlIP-seq for profiling the binding of TFs and co-TFs,
from’®; lower: 4C data showing contact frequency of TFF1 promoter and TFF1e, from*®.
Numbers on the track represent RPKM.
2.3.2 Establishment of parental cell lines for CRISPR perturbation

For all CRISPRali system in this study, stable parental cell lines were established first.
Parental cell lines represent CRISPRi/a cell lines with all other components including the
dCas9 protein and co-activators except the gRNA sequence. Once the parental cell line is
established, perturbation of multiple transcripts could be done by only infecting the cell with
different gRNA-encoding viruses instead of performing the infection of all CRISPR components

every time.
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SAM parental line with constitutively expressed dCas9-VP64 and MS2-P65-HSF1 was
made for quick screening of effective gRNA. Parental cell line for dox-inducible dCas9-
VP64/KRAB expression was also successfully established and the dox induction effect was
validated. Dox treatment for 48hrs was sufficient for dCas9-VP64 protein to reach to a
comparable level as constitutively expressed dCas9-VP64 (figure 2.4). Either longer treatment
or higher dox concentration did not further increase the protein level (figure 2.4). Dox wash-off
for 3 days was sufficient to tune down the protein level (figure 2.4), showing the capability of
the tet-on system to turn on and shut down protein expression. Protein level of dCas9-KRAB
upon dox treatment was not as high as dCas9-VP64, potentially due to a difference in protein
stability or lower binding affinity of Cas9 antibody to dCas9-VP64. mRNA level of dCas9-KRAB
upon dox induction was around half of that of dCas9-VP64 (figure 2.5) while the variance in
their protein level by western-blot was more than 10-fold, indicating the transcriptional variance

may not be the major cause of variance in protein level.

Inducible dCas9-KRAB Inducible dCas9-VP64 Constitutive dCas9-VP64
Dox treatment time od 2d 4d 6d 2d od 2d 4d 6d 2d Dox /
Dox concentration (ug/mL) 2 2 2 2 5 2 2 2 2 5 Wash-off /
3d
dCas9-KRAB ‘
dCas9-VP64 —— D W ees o

0.5s exposure

dCas9-KRAB _____
dCas9-VP64 —— -.

GAPDH ——

10s exposure

b S — — — — — — —

0.1s exposure

Figure 2.4: Western-blot showing the induced expression of dCas9-KRAB and dCas9-VP64,

and constitutive expression of dCas9-VP64 in parental cell lines.
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Figure 2.5: RT-qPCR analyzing the mRNA level of dCas9-VP64 and dCas9-KRAB upon 4
days of dox treatment. Each dot represents one technical replicate.

Parental cell lines post drug selection had the component for CRISPR perturbation
integrated in their genome, but they are still bulk groups of heterogeneous cells with variations
of dCas9 copy number, genome integration sites, so as dCas9 protein expression level. To get
a more homogeneous system and potentially more repeatable results, | picked single clones for
constitutive and inducible SAM parental cell lines. Clone 1 of constitutive SAM parental cell line
exhibit higher basal dCas9-VP64 level, and clone 2 of inducible SAM parental line exhibit
higher dCas9-VP64 level upon dox treatment. These two clones were used for the following

experiments.

Constitutive dCas9-VP64 Single Clone

Clone C1 Cc2 c ca C5 Cc6 c7 C8

dCas9-VP64 —— “- — q—— ”~ E— ”

0.5s exposure

GAPDH ——

0.1s exposure
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Figure 2.6: Western Blot showing the protein level of dCas9-VP64 in 8 clones of constitutive
SAM parental line.

Inducible dCas9-VP64 Single Clone

Clone Cc1 C1 c2 c2 c3 c3 ca ca C5 C5 cé6 C6
Dox treatment - + - + - + - + - + - +

dCas9-vP64 —— - . - . .

GAPDH —— ------------

Figure 2.7: Western-blot showing the protein level of dCas9-VP64 in 6 clones of inducible SAM
parental line.
2.3.3 design and cloning of gRNAs

7 gRNAs were designed targeting either upstream or downstream the TSS of TFF1e,
which are proposed to be preferred gRNA position for activation and inhibition, respectively
(figure 2.8). The 7 gRNAs were individually cloned into Addgene 61427 plasmid and confirmed

by Sanger sequencing (figure 2.9).

\/

TT-Seq (+ : AL.J...L.. .._LL-Mmm.A..‘..nL .
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Figure 2.8: Position of 7 gRNAs near the TSS of TFF1e.

[, 61427_TFF1e_g2-61427_seq_Rv.ab1 (1019 bases)

3 .. 367 = 25 bases

GATCCTCATGTTGGCCTAGCTCTAAAACACGCAGAGCCAGATCACTGGCGGTGTTTCGTCCTTTCCACAAGATATATAA

g mhnun.hnlu_mh MV .m.ln A
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Figure 2.9: Representative snapshot of Sanger sequencing result showing successful insertion
of TFF1e gRNA2 into the 61427 plasmids.
2.3.4 Activation and inhibition of TFF1e by CRISPR perturbation

Viruses encoding gRNA-1, -2, -3, and -7 were infected into constitutive SAM parental
line for testing their activation effect. gRNA 2 and 3 that are located upstream of TSS
exhibited >8-fold TFF1e induction, showing the high potential of SAM system in activating
eRNA. gRNA2 that confers the best activation were used for dox-inducible SAM system for
acute activation of TFF7e. To our disappointment, 48h of dox treatment only brought the TFF1e
to 2.5-fold of its basal expression level, an induction rate insufficient for functional study.

TFF1e TFF1e

gRNA
0.006 0.006 empty_vector
TFF1e_g1
TFF1e_g2
TFF1e_g3
0.004 - 0.004 E TFF1e_g7

0.002 1

expression normalized by GAPDH

expression normalized by GAPDH

o
o
S
S

©

o

S

S
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™ M
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@,)?O ’?(\

'0/} .%2

gRNA Dox_treatment

Figure 2.10: RT-qgPCR analyzing activation effect of four gRNAs by the constitutive SAM
system and activation effect of gRNA2 by the inducible SAM system. Parental cell line infected
with virus encoding Addgene #61427 plasmid backbone served as negative control. Each dot

represents one technical replicate.
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Figure 2.11: RT-qPCR analyzing inhibition effect of three gRNAs by the inducible dCas9-KRAB
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gRNA

system. Parental cell line infected with Addgene 61427 plasmid backbone served as negative
control. Each dot represents one technical replicate.

gRNA-4, -5, and -6 were infected into dox-inducible dCas9-KRAB parental line for
testing their inhibition effect. All three gRNAs inhibit the transcription of TFF1e upon 72h of dox
treatment, but even the most effective gRNA-5 only reduced the transcription to ~50%.
Although dCas9-KRAB induction for longer time may achieve heterochromatinization and
transcriptional inhibition to a greater extend, transcriptional inhibition for over 72 hours can
certainly lead to waves of secondary effect. Therefore, CRISPR-inhibition was not regarded as
an optimal choice for acute inhibition.
2.4. Discussion

CRISPR/dCas9-based perturbations are proved as powerful tools for controlling
transcription activities by their applications in various single locus studies and high-content
screenings®’!. Most of the studies achieved efficient target gene activation or inhibition by
long-term perturbation of more than 10 days®®’", a time frame that is too long to meet the
demand in our study. My data have shown that 48h of activation and even 96h of inhibition did
not achieve substantial perturbation at least for TFF17e, indicating CRISPR/dCas9-based

perturbation might not be the ideal tool for studying the direct effect of eRNAs.
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Nevertheless, the dox-inducible SAM activation system has achieved robust activation
of another eRNA target within 24 hours by me, demonstrating its potential for single-locus
study. The activation effect of inducible SAM has been shown to be largely dependent on
genomic region, with some eRNA easier to activate than others. This limits the universal
application of inducible CRISPRa to eRNAs. Delayed activation effect in the inducible SAM
system might be caused by 1) prolonged dCas9-VP64 translation and translocation to the
nucleus; 2) time-consuming steps for the establishment of active transcription state including
recruitment of transcription factors and co-factors by VP64, and the deposition of activate
histone marks.

One caveat of CRISPR perturbation that hinders their application in our study is
potential off-target perturbation of spatially proximal genes. In a fine scale, the DNA is spatially
organized into enhancer-promoter loops and other structural loops. The SAM complex or
dCas9-KRAB being targeted to the eRNA TSS might be directly brought to the promoter region
of the target gene by enhancer-promoter looping. The potential of dCas9 to directly perturb the
target gene poses a challenge in distinguishing whether the altered level of enhancer RNA
(eRNA) or the dCas9 complex itself exerts a direct influence on the transcription of the target
gene. The dCas9 complex might also be spatially brought close to other genomic regions that

loop to the enhancer and cause unwanted transcriptional changes to these regions.
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Figure 2.12: Model showing potential direct off-target transcriptional activation of spatially
proximal genes. Modified from: Scitable by Nature Education, topic page: gene expression
(https://www.nature.com/scitable/topicpage/gene-expression-14121669/).

Some alternative methods leveraging the CRISPR/dCas9 could be further tested. For
reducing the response time of activation and inhibition, an inducible gRNA may be quicker
because it wouldn’t require time associated with dCas9 translation and nuclear import. For
minimizing the effects on proximal genes caused by spatial interaction, fusing alternative
effector protein to dCas9, like P300°® and HDAC'? that directly rewrite histone acetylation, may
exert more specific perturbation than VP64 and KRAB that recruits a large group of
transcription regulators. For CRISPR inhibition, specifically, targeting only the dCas9

|*®. However, it

downstream of the TSS could also sterically block the elongation of RNA pol |
has been demonstrated that this inhibitory effect is not as pronounced as that achieved with
dCas9-KRAB*. Recently, CRISPR-based methods directly targeting the RNA transcripts has
been published, utilizing CRISPR/Cas137*"® and CRISPR-Csm’®. Directly targeting RNA
exhibit higher potential of reaching acute eRNA depletion, but the potential collateral effect
needs to be carefully addressed’"’.
CHAPTER 3: Acute eRNA depletion by ASO mediated knockdown
3.1 Background
3.1.1 Mechanism of ASO action

Anti-sense oligonucleotide (ASOs) applied in biomedical research are synthetic single
strand DNAs typically 14-24 nucleotides long’®. ASOs can regulate RNA and protein level
though several mechanisms. For transcriptional regulation, the most well studied mechanism
leverages the property of RNaseH that recognizes DNA-RNA hybrid. Once an ASO binds with
its target RNA by complementary base pairing, the DNA-RNA hybrid becomes a substrate for
RNaseH that specifically cleaves the RNA strand. The cleavage products are then degraded by

the RNA surveillance machinery in the nucleus and cytoplasm’. ASOs can also modulate RNA

splicing by binding to splice sites to block certain splicing events’. In the protein translation
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stage, ASO could be designed to target the AUG translation start site for blocking the binding of

ribosome and suppressing protein translation’®.

RNaseH1
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Figure 3.1: Three ways of how ASOs regulate RNA and protein levels. lllustration is generated

by BioRender.

The native DNA ASO showed limited application potential due to rapid degradation of
phosphoribose backbone in vivo and pervasive off-targeting effect’®. Chemical modifications
developed in the last few decades has greatly improved ASO properties. The application of
phosphorothioate (PS) backbone with a sulfur atom replacing the non-bridging oxygen increase
its nuclease resistance. The chimeric design of adding modified RNA, including 2'-O-methyl (2'-
OMe), 2'-O-methoxyethyl (2-MOE)’®, and locked nucleic acid, at both ends of DNA oligos has
further enhanced stability and target affinity of the ASO. Locked nucleic acids (LNAs) are
widely utilized modified RNA monomers that are commonly integrated into ASOs. “Locked” in
the name comes from the methylene bridge between the 2’ oxygen and the 4’ carbon of the
RNA ribose ring, which locks the ribose ring in a conformation that favors Watson-Crick
binding, resulting in a high thermal stability when hybridized to target RNA. The incorporation of
each LNA monomer increases the melting temperature (Tm) of the ASO-RNA duplex by 2-

8C®, making it possible to design shorter ASOs with a relative high Tm. As a result, LNA-

20



incorporated ASOs possess high target affinity and unprecedented mismatch discrimination
ability, making it a currently optimal choice for targeted RNA degradation.
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Figure 3.2: Chemical modifications to ASO and the detailed structure of LNA modified ASO.
Cited and modified from Qiagen Antisense LNA GapmeRs Handbook and”®.
3.1.2 Some potential caveats of ASO mediated knockdown

For mechanistic study and especially acute perturbation of enhancer RNA, some
potential caveat of ASO should be carefully considered. Firstly, cytotoxicity should be closely
monitored because the PS modified backbones show extensive non-specific protein binding
that might cause toxicity, especially at high concentrations®'. Secondly, potential off targeting
might still knockdown unspecific transcript. A 16nt ASO with 3 mismatched nucleotides still has
the potential of causing a 50% inhibition of RNA (lab unpublished data by me). Therefore, ASO
specificity should be checked genome-widely by BLAST. Thirdly, ASO close to the 5’ end of a
transcript was reported to potentially trigger pre-mature transcription termination®?, which might
confound the result if one wants to distinguish the inhibition of RNA transcript or the process of
transcription. In such cases, pre-mature termination needs to be monitored.
3.2 Materials and methods

3.2.1 ASO design and synthesis
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The sequence of the first 2803nt of TFF71e transcript were input into web server of
Stellaris FISH probe designer (https://www.biosearchtech.com/stellaris-designer) for ASO
design. Parameters were set as follow: organism: Human; masking level: 5; max. number of
probes: 96, oligo length (18-22nt): 18; min. spacing length (nt): 0-50. Minimal spacing length
were set with different value to generate more available probes. 16nt is the preferred length for
LNA-modified ASO but the minimum oligo length option on the web server was 18. Therefore,
three 16-nt sequences were derived from the 18-nt sequence by picking the left, middle, and
right 16-nt. BLAST was performed for all the 16nt probes with the hg38 reference transcriptome
as reference. Sequences with reverse-complementary match to untargeted transcripts equal to
or over 13 nt were regarded with high off-targeting potential and were discarded. ASOs were
synthesized by IDT (Integrated DNA Technologies) with full phosphorothioate modification in

the backbone and LNA modification at three nucleotides on both the 3’ end and 5’ end.

LNA name LNA sequence
SCR_LNA AACACGTCTATACGC
TFF1e_LNA1 GCAAAAGGTCCGACGA
TFF1e_LNA2 CACCAATCTACGCTCC
TFF1e_LNA3 GCTAACCCGGATGCTT
TFF1e_LNA4 AACGCTGGGAGATCTT

Table 3: Sequence of LNA-modified ASOs targeting TFF1e.
3.2.2 ASO transfection

To prepare mixture 1, 2 uL or 4 uL of 20 uM ASO was combined with 100 uL of Opti-
MEM and incubated at room temperature for 5 minutes. For mixture 2, 3 pL of RNAiMax
reagent (Thermo Fisher Scientific, Cat#13778075) was added to 100 uL of Opti-MEM and
incubated at room temperature for 5 minutes as well. After the incubation, the two mixtures
were combined and further incubated at room temperature for 20 minutes. Meanwhile, 0.3
million MCF7 cells were seeded onto 6-well plates. Following the 20-minute incubation period,
the combined mixture was added to the cells, bringing the total volume to 1mL. The cells were
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then incubated in a CO2 incubator for either 12 or 24 hours before fixation (for imaging) or RNA
collection (for gPCR).
3.3.3 Cell fixation for confocal imaging

Cells were seeded on Poly-D lysine coated slides in a 6-well plate during the
fluorescent-ASO transfection. After 24 hours, the cells were rinsed twice with ice-cold PBS and
fixed with 4% PFA (Fisher Scientific, AAJ19943K2) for 10 minutes. Following the fixation, the
cells were washed twice with PBS and blocked with 200 pL of an immunofluorescence (IF)
blocking solution (Cell Signaling, 12411) for 30 minutes at room temperature. Two PBS washes
were performed, and then the cells were stained with 300nM DAPI (Invitrogen, D1306) for 2
minutes. The slides were rinsed with methanol and mounted with a mounting medium
(Invitrogen, P36930). Finally, the slides were imaged using a confocal microscope following
standard instructions.
3.3.4 RNA Isolation, cDNA synthesis, and quantitative PCR (qPCR)

RNA isolation, cDNA synthesis, and quantitative PCR was performed as described in
2217.
3.3.5 Statistical analysis

All bar graphs were presented as mean £ SD using R version 4.1.2. Statistical analysis
involved a two-tailed Student's t-test for comparation of means between groups as specified.
Results were considered significant at p < 0.05, and the significance level is indicated by
asterisks in each figure panel: *, p < 0.05; **, p < 0.01; ***, p < 0.001.
3.3 Results
3.3.1 Localization of LNA-modified ASO after transfection

To visualize the transfection efficiency and LNA localization, we transfected MCF-7 with
fluorescently labeled LNA that has no specific target genome-widely. 24 hours post
transfection, >80% of the cells were positively transfected. The fluorescent ASO was detectable

both in the cytoplasm and nucleus.
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Figure 3.3: Confocal image showing positive transfection rate and localization of florescent-
labeled LNA 24 hours post-transfection. LNA concentration in the medium was 80nM.
3.3.2 Acute and effective TFF1e knockdown by LNA modified ASOs

The inhibition efficiency of four LASOs targeting the first 2kb of TFF7e has been tested
by transfecting MCF-7 cells at a concentration of 40nM for 24 hours. TFF1e LNA1 and TFF1e
LNA4 both significantly depleted TFF1e RNA (figure 3.4 B). TFF1e LNA1 showed an depletion
efficiency of >90% and was used for all following experiments. Time course knockdown was
performed using TFF71e LNA1 at a concentration of 80nM to test whether TFF7e can be
knocked down in shorter time scale. The result showed that even 6 hours is sufficient for
reaching an effective knockdown of over 80% (figure 3.4 C), demonstrating the high potential of
LNA in studying the direct role of eRNAs. After 48h of transfection, there was no significant cell
death observed both in the control group and TFF71e KD group, demonstrating 40nM and 80nM
is within the safety range (figure 3.4 D). The viability and morphology of cells was comparable
between the control group and TFF1e KD group, demonstrating TFF7e might not directly

regulate essential genes for cell survival.
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Figure 3.4: Acute and robust TFF1e knockdown by LNA. (A) Position of four LNAs targeting
the first 2kb of TFF1e transcript; (B) RT-gPCR analyzing the knockdown effect of four LNAs to
TFF1e after 24 hours of transfection at a concentration of 40nM, each dot represents one
biological replicate; (C) RT-qPCR analyzing the knockdown effect of TFF1e LNA1 to TFF1e
after 6, 12, 24, 48 hours of transfection at a concentration of 80nM, each dot represents one
technical replicate; (D) Microscope image showing cell viability after transfection of SCR LNA
and TFF1e LNA1 for 48 hours at a concentration of 40nM.
3.3. Discussion

We have demonstrated ASO mediated knockdown can achieve acute and effective
inhibition for eRNA within 6 hours of transfection. Therefore, ASO knockdown has been
selected as the acute inhibition system for investigating the direct role of eRNA in this study.
Compared with CRISPRi (KRAB), which inhibits the process of transcription and in turn reduce
the level of RNA transcripts, ASO mediated knockdown directly target the RNA without directly
perturbing the transcription process. This property could facilitate study on the function of the
RNA transcript itself free from the transcription process.

The knockdown effect of 4 LNAs targeting the first 2kb of TFF1e did not show a

correlation between LNA position and inhibition efficiency. The knockdown effect might be
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more relevant to LNA binding affinity and RNA secondary structure. Nevertheless, LNAs
proximal to the TSS are still preferred for knocking down non-coding RNA without well-defined
transcription termination site, whose transcription might terminate upstream the annotated site.
LNAs that target downstream of the termination site are incapable of knocking down those
“short transcripts”, which might still be functional through their 5° motifs.

Off-targeting effects remains a concern for LNA mediated knockdown, as with all
methods involving reverse-complementary base pairing. Although we discarded all the
sequence with >=13nt match in the human transcriptome, the possibility of off targeting still
exists. 13nt is an arbitrary threshold that we used because no sequence was left if we lower the
threshold to 12. There is no absolute data supporting the exact minimum match to trigger a
RNaseH cleavage, but the existing studies has shown mismatches significantly dampen the
knockdown efficiency®®. Moreover, performing BLAST with the hg38 reference transcriptome
may fail to detect potential mismatches to some un-annotated transcripts. Off-targeting effects
can be mitigated by individually performing knockdown using two different ASOs for one target
and only looking for consistently altered genes. Nevertheless, even if the TFF1e ASO is off-
targeting to some protein-coding gene, the corresponding cellular protein level might not be
substantially affected after 6 or 12 hours because most of proteins have their half-lives over 12
hours®. The ability to achieve efficient knockdown within a span of 6 hours has reduced the
sensitivity of antisense oligonucleotides (ASOs) to off-target effects. This is particularly
advantageous when studying the direct function of eRNA.

CHAPTER 4: Dissecting eRNA'’s role in regulating target gene transcription and
epigenetic features

4.1 Background

4.1.1 epigenetic features at enhancers and promoters

Histone modifications has been reported closely associated with active or inactive
transcription stages®. However, whether the association comes from a direct causal role of

histone modification on transcription is still under years of debate. Whether the transcription
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could also affect the deposition of histone marks has also been discussed®¢. With recent
studies of enhancer RNA, transcription of eRNA and deposition of histone modifications seems
to mutually affect each other®®3'. Understanding the interplay between eRNA transcription and
histone modification could facilitate our understanding to transcription process.

Histone acetylation has been reported as both the cause and consequence of
transcription, as described below. The acetyl group was first recognized to mediate
transcriptional activation by neutralizing positive charge of Lysine residual in the histone tail
and reduce its affinity to DNA, making the locus more accessible and transcriptionally
active®®®_ Histone acetylation is now recognized to mediate transcriptional activation by
recruiting specific reader proteins. Bromo-domain containing protein like BRD4 bind to
H3K27ac and recruits the positive transcription elongation factor b (P-TEFb) to promote
transcription elongation®®°. A recent study on enhaner RNA has found the IDR (intrinsic
disorder domain) of BRD4 can interact with the IDR or RNA m6A reader YTHDC1 and form
transcriptional condensates’. YEATS domain of YEATS family proteins®°' binds to H3K9ac,
H3K27ac, and H3K18ac and mediate various molecular process including transcriptional
regulation, transcriptional elongation, and chromatin remodeling®*°'. Recent study on eRNAs
has revealed nascent eRNA transcripts stimulate the HAT activity of CBP, increase H3K27ac
and H3K18ac at the enhancer and target promoter, thereby promote gene expression®'. This
observation supports at least in the enhancer region histone acetylation could be a
consequence of eRNA transcription. The fact that histone acetylation acts as both cause and
consequence of transcription shows the complexity of transcriptional regulation with feed-back
and enhancing effect. For a specific locus, an acute perturbation system could be powerful at
identifying whether a histone modification is more of a cause or consequence of eRNA
expression.

Histone methylation is associated with both transcriptional inhibition and activation,
depending on the position of the methylated lysine. H3K4me, H3K36me, and H3K79me are

associated with gene activation, while H3K9me, H3K27me, and H3K20me are associated with
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gene inhibition®. Transcriptional activation or inhibition associated with different histone
methylation are largely dependent on reader proteins. For example, the chromodomain of HP1
proteins recognize methylated H3K9 and mediate heterochromatin spreading and
transcriptional silencing®**. H3K4me1 preferentially marks active enhancers, while H3K4me3
preferentially marks active promoters, but normally both are observed at promoters and
enhancers'®. Methylated H3K4 is recognized by PHD domain (plant homeodomain) of BPTF
(Bromodomain PHD finger transcription factor) that opens condensed chromatin to increase
DNA accessibility and induce transcriptional activation®. A recent study has argued a distinct
role of H3K4me3 in facilitating promoter proximal Pol Il pause-release by recruiting integrator
complex subunit 11 (INTS11) rather than initiation®. H3K4 methylation has also been identified
as consequence of transcription as it was reported that deposition of H3K4me1/2 follows eRNA
induction upon TLR signaling and was significantly reduced by inhibiting Pol Il elongation®.
4.1.2 ChlIP assay for profiling transcription related features

ChIP (Chromatin Immuno-Precipitation)®” is the commonly used method for profiling
genomic binding sites of specific proteins, including transcription factors, histones, RNA
polymerase, and other proteins interacting with DNA. The basic workflow of ChlIP is first
perform chemical crosslinking to preserve the protein-DNA interaction, sonicate the sample to
break DNA into small segments of 200-300bp, add an antibody targeting a specific protein to
bind with the protein-DNA complex, then pulldown the complex with magnetic beads that have
high affinity to immunoglobin. DNA can be purified for profiling by either gPCR (ChIP-gPCR) or
DNA-sequencing (ChIP-seq). The distribution of histone modifications on certain gene
promoter or enhancer can be profiled by using antibodies targeting the modified histone, like
H3K4me1/2/3, H3K27ac, etc. Transcription activity at certain regions can be profiled by using
antibody targeting unphosphorylated Rpb1 subunit of RNA pol2, or Rpb1 with phosphorylated
Ser5/2 specifically for transcription initiation and elongation.
4.2 Materials and methods

4.2.1 RNA lIsolation, cDNA synthesis, and quantitative PCR (QPCR)
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RNA isolation, cDNA synthesis, and quantitative PCR was performed as described in
2.2.7. Sequences for primers targeting the TFF1 intron and TFF1 mRNA could be found in
2217.
4.2.2 ChiP

ChlIP was performed as previously described’® with minor modifications. MCF-7 cells
were cross-linked with 1% formaldehyde (Millipore Sigma, 252549) for 10 minutes in a 10cm
dish. Each immunoprecipitation (IP) group used 1-2 million cells. Sonication were performed
with a 20% amplitude for 9 minutes. 2mg of H3K27ac antibody (Abcam 4729, batch:
GR3251520-1) and 6 uL of Rpb1 antibody (Cell Signaling 14958s, batch: 5) were incubated
overnight with each IP group.
4.4.3 Sequencing Library Preparation and Sequencing

ChlP-Seq libraries were prepared using the NEB Ultra Il DNA Library Kit (NEB, E7645).
Sequencing was performed on the NextSeq 550 Sequencing system according to the
manufacturer's instructions using a paired-end 40bp mode.
4.2.4 Next generation sequencing data processing

To process the reads, Trim Galore (https://github.com/FelixKrueger/TrimGalore) was
utilized to remove adapters. The resulting clean reads were then aligned to the human genome
hg38 using BWA-MEM 0.7 (Li and Durbin, 2009). Duplicate reads caused by PCR were
removed using Picard (http://broadinstitute.github.io/picard/). Only uniquely mapped reads were
kept and converted into bigwig files using deepTools' bamCoverage function. The conversion
process involved normalization using RPKM (Ramirez et al., 2014). Finally, the resulting bigwig
files were visualized using IGV 2.16.0 (Robinson et al., 2011).
4.2.5 Statistical analysis

Bar graphs for gPCR were presented as mean + SD using R version 4.1.2. Bar graphs

for ChlP-seq quantification were presented by RPM using R version 4.1.2.

4.3 Results
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4.3.1 Acute TFF1e depletion directly inhibit the transcription of target gene

We performed knock down of TFF1e with TFF1e LNA1 at a concentration of 40nM for
24hrs. qPCR primer targeting the intron of TFF1 gene was applied for detecting the
transcription activity of the gene. Primers that cross an exon-exon junction are more suitable for
detecting the mature mRNA level and may not show significant changes even if the
transcription activity was inhibited for short term because mRNA usually has longer half-life and
the existing mMRNA has much higher level than newly synthesized pre-mRNA. Therefore,
primers targeting an intron is more suitable for detecting the transcription activity. Upon the
TFF1e knockdown, gPCR primers targeting an intron saw reduction of ~50%, while primers
targeting the TFF1 mRNA didn’t see reduction. The result shows acute TFF71e inhibition directly
affect the target gene transcription before mMRNA level is substantially affected. This
observation also emphasis the necessity of using gPCR primers targeting an intron to detect

transient transcriptional changes.
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Figure 4.1: RT-gPCR analyzing the changes of intronic RNA and mRNA of TFF1 gene upon 24
hours of TFF1e knockdown. LNA concentration in the medium was 40nM. Each dot represents

one technical replicate.
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4.3.2 Acute TFF1e depletion directly inhibit the RNA Pol Il activity at target gene

For identifying the alteration of RNA Pol Il activity and histone modification, ChlP was
performed after acute depletion of TFF1e for 12hrs using TFF1e LNA4 and TFF1e LNA1
independently at a concentration of 80nM. Antibodies targeting Rpb1 (CTD) or H3K27ac were
used for pulling down the associated genomic DNA. Rpb1 is the largest subunit of RNA
polymerase Il and the binding of which directly reveals the RNA pol Il occupancy at that region,
partially implying the transcription activity. H3K27ac marks active enhancers. Upon 12hrs of
TFF1e depletion by both LNA1 and LNA4, Rpb1 signal at the TFF1 gene and TFF1e was
reduced, further validating the conclusion by intron gPCR that TFF17e inhibition directly affect
the target gene transcription. Unexpectedly, the level of H3K27ac was only slightly reduced
after TFF1e knockdown, indicating transcription changes at TFF1 gene might precede the
alteration of H3K27ac. Therefore, reduced H3K27ac might not be the immediate effect of eRNA

depletion and might not be the cause of inhibited TFF1 transcription.
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Figure 4.2: Top: IGV snapshot of ChIP-seq profiling Rpb1 binding and H3K27ac level at TFF1e
and TFF1 gene region upon TFF1e knockdown for 12 hours by LNA4. Numbers on the track
represent RPKM. LNA concentration in the medium was 80nM. Bottom: Quantification of ChlP-

seq signal using RPM of the peak region.
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Figure 4.3: Top: IGV snapshot of ChiP-seq profiling Rpb1 binding and H3K27ac level at TFF1e
and TFF1 gene region upon TFF1e knockdown for 12 hours by LNA1. Numbers on the track
represent RPKM. LNA concentration in the medium was 80nM. Bottom: Quantification of ChlP-
seq signal using RPM of the peak region.
4.4 Discussion

Revealed by my intron RT-qPCR and ChIP-seq data, LNA-mediated knockdown of
enhancer RNA was able to induce transcription changes of the target gene upon short-term
perturbation and could be a powerful tool for mechanistic study of eRNA. Additionally, | found

robustness of a perturbation method is essential for the result interpretation. Even using TFF1e

32



LNA1, there were times when the knockdown efficiency didn’t reach >80% (as shown in one
replicate in figure 3.4 B). In such cases the reduction in TFF1 intron might be minor or
undetectable, and only when a certain level of perturbation was achieved can alterations in the
target genes or the epigenome be detected. Thinking of CRISPR inhibition or activation
screening followed by single-cell sequencing, the effect of some perturbed transcripts might be
underestimated due to insufficient perturbation level. Although LNA mediated knockdown
shows potent robustness in this single locus study, their application in large scale screening
was not achieved in the current stage because large-scale LNA synthesis is still under
development.

Our data of unchanged H3K23ac upon 12 hours of eRNA knockdown was inconsistent
with previously published work by Bose et al. proposing eRNA’s role in activating the enzymic
activity of CPB?*' and facilitating the deposition of H3K27ac. ASO mediated knockdown of
eRNAs was also performed in their study and reductions in H3K27ac was observed. The
inconsistency might be due to 1) locus specific effect; 2) knockdown in their study was
performed for over 36 hours, while the knockdown in my study was performed for 12 hours.
Nevertheless, a slight reduction of H3K27ac at both the promoter and enhancer was still
observed upon 12 hours of TFF1e knockdown. | cannot exclude that slight reduction of
H3K27ac is capable of reducing BRD4 binding and p-TEFb recruitment, and in turn tune down
the transcription. For dissecting whether H3K27ac plays a causal role, time course experiment
should be performed to identify the time point from which H3K27ac starts to change.

Time course knockdown should also be performed to study the dynamic changes of
additional epigenomic features in eRNA transcription including H3K4me1/3 deposition, BRD4
binding, MED1 binding, CTCF binding, cohesin binding, and enhancer-promoter looping as
they are all closely involved in transcription process. It has not been fully elucidated that which
step is the immediate response to eRNA depletion due to the lack of acute perturbation
methods. For example, evidence has shown eRNA inhibition is associated with both target

gene downregulation and compromised enhancer-promoter looping®, but it's still under debate
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whether eRNA depletion directly inhibits looping and in turn reduces the target gene
transcription, or the alteration in looping follows the reduction in target gene transcription. Acute
eRNA depletion could potentially resolve this debate at least in several single loci.

ChIP-seq has come up with one unprecedented result that the signal of Rpb1 binding at
TFF1e was also reduced upon the knockdown. The result could be interpreted as TFF1e
knockdown directly inhibits not only the eRNA transcript but also the transcription process. Two
potential explanations are either the local eRNA level/density directly affects eRNA
transcription through a feed-back loop, or the LNA1 caused pre-mature transcription
termination. The proposed model for LNA-mediated premature termination involves RNA
cleavage at the targeted LNA position, resulting in the generation of phosphorylated end
without 5’ cap. This end could be recognized by the exoribonuclease XRN2, which degrades
the newly synthesized RNA until it reaches the transcribing Pol I, similar to the torpedo model
observed in canonical transcriptional termination®®. If pre-mature termination occurs at TFF1e
region, the Pol Il binding near the transcription start site should remain unchanged and the
binding downstream the LNA targeting sites should be reduced. However, reduction of Pol Il
binding was observed near the TSS and throughout the whole TFF1e region, rejecting the
hypothesis of pre-mature termination triggered by TFF1e LNA1. Therefore, it’s likely that TFF1e
transcripts also promote the transcription of itself, and the depletion of which directly inhibited
eRNA transcription through a feed-back loop.

Biologically, | have confirmed TFF1 gene as a direct target of TFF1 enhancer RNA by
acute eRNA depletion, and the H3K27ac might not be the causal event driving TFF1
downregulation. The TFF1e locus is just a testbed eRNA in the current stage and | am looking
forward to investigating multiple eRNAs with similar method for summarizing a global pattern.
Methodologically, | first explored CRISPR-based methods for eRNA perturbation and have
proposed several potential caveats. As a major achievement, | proved LNA-mediated
knockdown as a potent method for acute perturbation of eRNA and established an efficient

workflow from LNA design to effect testing. This method could be further applied to other
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eRNAs or all other types of RNAs, to perform time course perturbation, and to confirm more

potential functions of eRNA including recruitment of multiple co-factors and regulating targets

on other chromosome (trans-regulation)?.
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