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ABSTRACT: Putative G-quadruplex forming sequences (PQS) have been identified in promoter sequences
of prominent genes that are implicated among others in cancer and neurological disorders. We explored
mechanistic aspects of CRISPR-dCas9-mediated gene expression regulation, which is transient and
sequence specific unlike alternative approaches that lack such specificity or create permanent mutations,
using the PQS in tyrosine hydroxylase (TH) and ¢-Myc promoters as model systems. We performed in vitro
ensemble and single molecule investigations to study whether G-quadruplex (GQ) structures or dCas9
impede T7 RNA polymerase (RNAP) elongation process and whether orientation of these factors is
significant. Our results demonstrate that dCas9 is more likely to block RNAP progression when the non-
template strand is targeted. While the GQ in TH promoter was effectively destabilized when the dCas9
target site partially overlapped with the PQS, the c-Myc GQ remained folded and stalled RNAP elongation.
We also determined that a minimum separation between the transcription start site and the dCas9 target site
is required for effective stalling of RNAP by dCas9. Our study provides significant insights about the factors
that impact dCas9-mediated transcription regulation when dCas9 targets the vicinity of sequences that form
secondary structures and provides practical guidelines for designing guide RNA sequences.
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INTRODUCTION

Clustered regularly interspaced short palindromic repeats (CRISPR) and the CRISPR associated (Cas)
proteins are widely found in bacteria and archaea and serve as an RNA-mediated adaptive immune system
that protects against invading microphages (1, 2). The use of an engineered nuclease-deficient Cas9, known
as dCas9, allows the system to be repurposed for targeting genomic DNA without cleaving it (3). This
repurposing was initially discovered by introducing mutations into the HNH and RuvC nuclease domains
of the S. pyogenes Cas9 (3, 4). The resulting nuclease-deficient dCas9 and guide RNA (gRNA) complex
can specifically bind to the target sequence and allows for direct manipulation of the transcription process
without genetically affecting the DNA sequence. In order to activate and enhance the transcription of the
target genes, the dCas9 fusion with a transcriptional activator domain can recruit RNA polymerase (RNAP)
(5-8). The CRISPR-dCas9 mediated transcription activation (CRISPRa) is straightforward, target-specific,
programmable, and frequently applicable when compared to conventional expression techniques that are
based on the modification of genes and promoters (5, 9). It also enables the recruitment of various effector
proteins for gene regulation at the transcriptional level (10, 11). In E. coli, CRISPR interference (CRISPR1)
technology was used to show the effectiveness of dCas9 for sequence-specific gene repression. The dCas9-
gRNA complex can interfere with transcription elongation by blocking RNAP (3, 12, 13). It can also
obstruct transcription initiation by interfering with transcription factor binding (3, 4, 14, 15). Another
benefit of using dCas9 is that it can direct its regulatory effect to a promoter instead of requiring the insertion
of an operator sequence to control a native gene (16—18). It has been reported that targeting with multiple
gRNAs in overlapping or different positions of a single promoter results in mutually exclusive binding that
either recruits or blocks RNAP (13, 19-22). Although there are numerous in cellulo and in vitro examples
of transcription regulation enacted by targeting one or more sites with dCas9-gRNA, to our knowledge
there are no examples of mechanistic details how dCas9 behaves in the context of DNA secondary
structures, such as the G-quadruplex (GQ).

The human genome contains an uneven distribution of putative GQ sequences (PQS) (23-25), and it has
been shown that PQS located at promoter and 5'-UTR can regulate transcription and translation,
respectively, in vivo (26). It is reported that the effect of PQS on transcriptional regulation is determined by
several factors, including the sequence composition of the PQS, its location in relation to transcription start
site, and its orientation (whether it is located in template or non-template strand) (27-29). Previously, we
demonstrated that targeting the vicinity of a PQS in the human tyrosine hydroxylase (TH) promoter by
dCas9 in cellulo causes transcription to be up or down regulated depending on the target sites (30).
However, the mechanistic details of this process are not clear. The goal of this study is to investigate the
interactions of RNAP and dCas9 in the vicinity of this PQS to gain mechanistic understanding of dCas9-
mediated transcription regulation (Fig. 1A). To achieve this, we have designed different DNA and gRNA
constructs, which were primarily used for in vitro transcription in an RNAP extension and single molecule
Forster Resonance Energy Transfer (FRET) assays (31). In general, RNAP transcribes RNA until a full-
length product is elongated (Fig. 1B). However, in the presence of PQS, RNAP interacts with the GQ
structure and can be halted depending on the position and stability of the GQ (29, 32, 33), resulting in
truncated RNA product rather than full-length RNA (Fig. 1C). In the presence of dCas9 targeting the vicinity
of PQS, it may also serve as a blockade with or without destabilizing the GQ structure (Fig. 1D).

As model systems, we used the DNA constructs that contain the PQS from the TH (30, 34, 35), and the c-
Myc (36) promoters. TH is the rate limiting enzyme in dopamine biosynthesis and is linked to various
neurological disorders, including bipolar disorder (37) and schizophrenia (38, 39). C-Myc is an important
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oncoprotein and a transcription factor and plays an essential role in cell proliferation and induction of
apoptosis (40—42). Overexpression of c-Myc is associated with a significant number of human
malignancies, including breast, colon, cervix, and small-cell lung cancers, osteosarcomas, glioblastomas,
and myeloid leukemias (43, 44). The c-Myc transcription is under the complex control of multiple
promoters. The nuclease hypersensitivity element II11 (NHE III1) in the proximal region of the c-Myc
promoter (—142 to —115 base pairs) can form two highly stable and competitive GQs controls 80—90% of
the total transcriptional activity of this gene (45, 46). Similarly, the TH PQS contains five consecutive G-
rich repeats, enabling formation of multiple GQs. In both systems, the PQS are placed downstream of the
transcription start site (T'SS) in order to quantify their potential inhibition of T7 RNAP based on truncated
RNA products. For the TH system, we previously detected two prominent truncation sites for DNA
polymerase that coincide with the GQ formation (35).

In the absence of a PQS, dCas9 blocks RNAP from E. coli and bacteriophages SP6, T3, and T7 to different
extents (12). Even though both dCas9 and GQs can independently block RNAP progression, dCas9 alone
may also stabilize or destabilize the GQs (depending on the target site) (47); thus, affecting transcription.
Therefore, when PQS and dCas9 are present together, dCas9 may either promote RNAP progression by
destabilizing a GQ structure or repress RNAP progression by further stabilizing the GQ structure or acting
as a blockade by itself. Since the dCas9 targeting is reversible, these competing effects might enable dCas9
to up or down regulate transcription.

METHODS

Oligonucleotide preparation: All RNA and DNA oligonucleotides sequence information are reported in
Tables S1, S2, and S3. The tyrosine hydroxylase PQS is: 5'-GGGGTGGGGGATGTAAGGA
GGGGAAGGTGGGGGACCCAGAGGGGG, which contains five G-tracts identified with bold
underlined letters. The GQ formed by the four consecutive G-tracts on the 5’ side (G-Tracts 1-4) is the most
stable GQ followed by that formed by four consecutive G-tracts on the 3’ side (G-Tracts 2-5); although it
is possible to form GQs with lower stability using other combinations of G-tracts (35). The sequence of the
27 nt long PQS of the c-Myc promoter is follows: TGGGGAGGGTGGGGAGGGTGGGGAAGG, with the
underlined five G-tracts shown to form two different GQ structures (32).

We used separate strands for CRISPR-RNA (crRNA) and transactivating CRISPR RNA (tracrRNA) in the
CRISPR-dCas9 complex. Annealing these two strands resulted in the guide RNA (gRNA). In case of TH,
system, 5’ end amine modified or unmodified crRNA sequences crRNA oligos (crR-1, crR-2, crR-3, and
crR-4) were purchased in 2'-protected form from Dharmacon, Inc. The 2’ protected RNAs were deprotected
by using 2'-ACE deprotection buffer according to the manufacturer’s protocol. The tracrRNA and all
crRNA components used for the c-Myc system were in vitro transcribed in the lab. All DNA
oligonucleotides (including those used as template for in vitro transcription) were purchased from either
Integrated DNA Technologies (IDT) or Eurofins Genomics. The DNA and RNA products were purified via
denaturing polyacrylamide gel electrophoresis (PAGE) with different percentages. Full-length products
were visualized by UV shadowing and were excised from the gel. The DNA and RNA were harvested via
the crush and soak method by tumbling the gel slice overnight at 4 °C in a solution of 300 mM NaCl, 10
mM Tris-HCIL, and 0.1 mM EDTA (pH 7.4). Salt was removed by ethanol precipitation of the
oligonucleotides twice, with two cold 70% (v/v) ethanol washes in between each precipitation. The
oligonucleotides were dissolved in nuclease free water and stored at -20 °C. The c-Myc constructs were
prepared using the same protocols.
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In vitro transcription: TracrRNA, all of crRNA of c-Myc system, and some of crRNA oligonucleotides of
TH system (crR-3T & crR-3C) were in vitro transcribed from T7 promoter containing template DNA by
using T7 RNAP. 3 uM DNA template was transcribed in a 100 pL reaction in the presence of 1x
transcription buffer (40 mM Tris-HCI, 2 mM spermidine, 10 mM DTT, and 6 mM MgCl,), 20 mM MgCl,,
2-6 mM NTPs (depending on the percentage of the individual nucleotides in the full-length transcribed
RNA), and 10 pg/mL T7 RNAP. The transcribed RNAs were purified by loading them into different
percentages of denaturing PAGE. UV shadowing was used to identify the full-length product band. The
RNAs were extracted from the gel slice by soaking it overnight in elution buffer and then collecting the
RNAs via ethanol precipitation, as previously described.

Construct design when PQS is in the template strand of TH system: To investigate the competing effects
of dCas9 and GQ structure during the in vitro transcription process, we designed two constructs (125 bp
and 200 bp) for the TH system in which the PQS was kept in the template strand, which was chosen from
TH promoter. The T7 promoter was then inserted into the 3’ side of the template strand and the 5 side of
the non-template strand. We used four crRNA sequences to target the vicinity of PQS with dCas9, which
has a PAM sequence of 5’ NGG in the non-target strand. To form the 125 bp construct, we used 125 bp TS
(template strand) and 125 bp NTS (non-template strand) sequences (see Fig. 2 for gRNA targeting sites).

To test whether the separation between RNAP promoter and dCas9 target site has any effect on RNAP
progression, we inserted a sequence that moved the RNAP promoter 95 bps away from the first guide RNA
binding site. We used 200 bp TS (template strand) and 200 bp NTS (non-template strand) to make this
200-bp construct.

In all these DNA constructs where PQS in the template strand, guide RNAs gR-1 and gR-3 were used as
template strand targeting, while gR-2 and gR-4 were used as non-template strand targeting for CRISPR-
dCas9 binding.

Construct design when PQS is in the non-template strand of TH system: To evaluate the effect of GQ
when it is located in the non-template strand, we designed a construct (135 bp) where the same PQS from
TH promoter (same as that in the 125-bp and 200-bp constructs) is inserted in the non-template strand. To
investigate in vitro transcription, the T7 RNAP promoter was inserted into the 3' side of the template strand
and the 5’ side of the non-template strand. To use the same four guide RNAs (gR-1, gR-2, gR-3, and gR-4)
to measure the impact of dCas9 on RNAP progression in this construct, the binding sites of these gRNA
sequences were inserted accordingly. We used 135 bp TS (template strand) and 135 bp NTS (non-template
strand) strands to build the 135-bp construct. In this construct, the guide RNAs gR-1 and gR-3 served as
the non-template strand targeting, while gR-2 and gR-4 served as the template strand targeting for CRISPR-
dCas9 binding.

In vitro RNA polymerase assay: We used an in vitro T7 RNA polymerase assay to investigate the effect
of GQ and dCas9 on transcription. The DNA construct was prepared by annealing the template strand and
non-template strand in a 1:1 molar ratio (400 nM) at 95 °C for 5-10 minutes, followed by either slow or
fast cooling to room temperature. The DNA strands were annealed under corresponding ionic conditions
(K" or Li"). The gRNA components crRNAs and tracrRNA were annealed separately (each at 1.2 uM) at
95 °C for 5 minutes followed by slow cooling to room temperature. The resulting guide RNA constructs
are called gR-n accordingly. Ribonucleoprotein (RNP) complexes (dCas9-gRNA) were formed by mixing
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the annealed gRNA constructs with dCas9 protein (Sigma-Aldrich) in 2:1 molar ratio (600 nM) in the
presence of 1xCas9 buffer (20 mM Tris-HCI, 100 mM KCI, 5 mM MgCl,, 1 mM DTT, and 5% glycerol).

The annealed DNA construct and the RNP complex were mixed and incubated at 37 °C for 20 minutes.
Following incubation, in vitro transcription was performed by adding all of the transcription components.
During in vitro transcription, 2-3 aliquots were removed at different reaction times and the transcription
was terminated with stop buffer [7 M urea, 10 mM Tris-HCI, and 0.1 mM EDTA (pH 7.5)]. The reaction
products were separated using 8% denaturing PAGE. The gel was stained with ethidium bromide solution
for 25 minutes followed by visualization on a Typhoon FLA 9500 fluorescence imager (GE Life Sciences)
by selecting Cy3 scanning mode. Image] software was used to further process the gel image.

Single molecule experiments: Single molecule FRET measurements were performed using protocols
described in detail in earlier work (48). PAGE or HPLC purified DNA oligos were purchased from
Integrated DNA Technology (IDT). The DNA constructs consist of three stands including an 18 nt stem
strand with biotin, another strand which includes the complementary sequence to the stem strand and an
overhang, and a third strand that is complementary to this overhang. The DNA samples were annealed at
95 °C for 5 minutes followed by slow cooling to room temperature.

A home-built prism type total internal reflection fluorescence microscope was used for single molecule
experiments. The slides and coverslips were treated with 1M KOH followed by piranha etching. The slide
surfaces were functionalized with amino silane solution followed by surface passivation with polyethylene
glycol (PEG) over night. Additionally, the surfaces were treated with a second round of 333 kDa PEG to
increase the density of the PEG brush and enhance the surface quality. Finally, the microfluidic chamber
was created between a slide and cover slip with double-sided tape separating them. The chamber was
washed with T50 buffer (10 mM Tris, 2 mM MgCl, and 50 mM KCI or LiCl) before adding streptavidin
followed by addition of the biotinylated DNA samples.

The DNA samples were diluted to 10-50 pM before adding to chamber to get the desired density of spots
on the surface. Proteins and NTPs were also diluted to desired concentrations before they were introduced
into the chamber. The imaging was done with a custom-built C++ program using an Andor Ixon EMCCD
camera. We recorded short (15 frames) and long movies (1500 frames) in presence or absence of proteins
and NTPs. The acquisition rate was at 100ms per frame. The data was analyzed in MATLAB, plotted and
fitted in Origin.

RESULTS

In the case of the TH system, which will be presented first, we designed several DNA constructs where the
dCas9 target site and location of the PQS were varied. The PQS was placed in either the template or non-
template strand for T7 RNAP and four guide RNA constructs (gR-1, gR-2, gR-3, and gR-4) were designed
to target specific sites (Fig. 2). In the case of PQS in template strand, two DNA constructs, 125 bp (short)
and 200 bp (long) in length, were utilized to test whether the separation between the RNAP and dCas9
binding sites influences the in vitro transcription process. For the short DNA construct, we also tested
competitive binding to template and non-template strands. In the case of PQS in non-template strand, a 135-
bp DNA construct was utilized. These measurements are followed with those on the c-Myc system in which
the PQS was kept in the template strand as is the case in the physiological setting.
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I. The TH PQS System: In order to study the structures that are formed by the PQS before and after RNAP
binding, and during RNAP progression, we conducted single molecule Forster resonance energy transfer
(smFRET) experiments. CRISPR-dCas9 complex was not included in these studies to establish the baseline
characteristics. The locations of the donor and acceptor fluorophores were optimized to be sensitive to
structural changes around the PQS (Fig. 3A and Table S1). To establish a reference FRET level for the state
where GQ is not folded (PQS hybridizes with the C-rich strand to form an intact dSDNA), we performed
smFRET measurements at 150 mM LiCl, which does not stabilize the GQ structure. These data showed a
single peak at FRET efficiency Errer=0.50 (Fig. 3B). We then repeated these measurements in 50 mM KCl
and observed two FRET peaks at Errer=0.72 and Errer=0.90 (Fig. 3B), which were both significantly
higher than the reference peak in LiCl. We attributed these peaks to folding of (at least) two prominent GQs
that were previously identified (35) and will be referred to as 5'-GQ or 3'-GQ depending on whether they
contain the 1%-4"™ G-tracts or the 2"-5™ G-tracts of the PQS (counting from 5’ side), respectively (see Table
S1 for sequence). As there is minimal overlap between the peaks in LiCl and KCI conditions, we conclude
that almost all DNA molecules contain folded GQ structures in KCI, before RNAP is added. Interestingly,
RNAP binding increases the population of one of the GQs (the one represented with Errer=0.90) while it
decreases that of the other (Fig. 3C). Considering the proximity of the 5™ G-tract to the binding site of
RNAP, the 3'-GQ is likely the destabilized structure. This suggests the disturbance created by RNAP
binding is restricted to the 5™ G-tract and destabilization of the competing 3'-GQ facilitates folding of 5'-
GQ. We then introduced NTPs to initiate the transcription elongation process (Fig. 3C). This resulted in
emergence of a low FRET population (30% of total) that is consistent with the state observed in LiCl, i.e.
the dsDNA where GQ is unfolded. The FRET peak identified as 5'-GQ largely remains intact and forms
70% of the total population. This suggests that about 30% of GQs are unfolded by T7 RNAP progression
under these assay conditions while the others remain intact and could pose as blockade for T7 RNAP.

L.A. TH PQS in the template strand: We performed in vitro transcription and RNAP stop assays on a 125-
bp long DNA construct which contained the PQS in the template strand (Fig. 2 & Table S2). As shown in
Fig. 4, in the absence of CRISPR-dCas9 (w/out dCas9 band) we were able to detect multiple truncated RNA
products along with the full-length RNA bands in the PAGE assay in the presence of KCI. The truncated
RNA bands correspond to the positions of the G-tracts, thus suggesting that the PQS folded into multiple
GQ structures which halted RNAP progression at different sites (the length of these truncated products is
given in Fig. 4 caption). The T7 RNAP arrest by GQ structure in the presence of K ions is also supported
by previous findings (49). To confirm the truncated bands were due to the presence of GQ structures, we
repeated these measurements in 100 mM LiCl or in the absence of additional salt which resulted in
elimination or significant reduction of such truncated products (Fig. S1). As KCl is a more efficient
stabilizer of the GQ(50), the stall bands are expected to be more prominent in KCI compared to LiCL

To investigate the impact of dCas9 on RNAP elongation process, we performed in vitro transcription assays
in the presence of CRISPR-dCas9 complexes. Guide RNA molecules gR-1 and gR-3 target the template
strand, while gR-2 and gR-4 target the non-template strand (Fig. 2). The gR-1 was designed to block the
first G-tract on the 5’ side of the PQS from participation into the GQ structure, while gR-3 was designed to
block the 3’ side G-tract. Blocking a G-tract from taking part in GQ formation might facilitate GQ formation
by the remaining G-tracts as it inhibits a competing structure or prevent formation of any GQ depending on
the extent of the overlap. In the case of non-template targeting with gR-2 and gR-4, the R-loop formation
between gRNA and the C-rich strand could unwind the dsDNA and facilitate folding of the GQs; although,
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how the presence of the CRISPR-dCas9 in close proximity of the GQ would impact unfolding of the GQ
by RNAP is not known.

As illustrated in Fig. 4B, the transcription efficiency of the full-length RNA slightly decreased when the
template strand was targeted with CRISPR-dCas9 (gR-1 and gR-3 cases in Fig. 4), which is consistent with
reports on other systems (12, 13, 51); however, we did not detect any truncation products due to GQ or
dCas?9 stalls. In case of the non-template strand targeting by CRISPR-dCas9 (gR-2 and gR-4 cases in Fig.
4), we detected a significant reduction in the full-length RNA band and observed additional truncated bands
due to dCas9 stalls (blue boxes) at the expected lengths, as quantified in Fig. 4B (band lengths given in Fig.
4 caption). To rule out the possibility of the direct effect of the guide RNA on the RNAP progression, we
performed several transcription experiments in which gR-2 or gR-4 were included in the absence of dCas9.
We did not detect the truncated bands in these studies (Fig. S2). These studies suggest dCas9 is more likely
to block transcription when targeting the non-template strand (12, 13).

We did not observe a truncation band while targeting the template strand of the 125-bp DNA construct with
dCas9; however, we observed a reduction in the full length product, in agreement with earlier research
indicating weak repression (12). In this 125 bp DNA construct, the RNAP promoter is only 28 bps away
from the dCas9 binding site, which raised concerns about whether this was sufficient separation for dCas9
to impact the transcription. Therefore, we designed a longer 200-bp DNA construct with the promoter 95
bps away from the first guide RNA binding site and repeated the in vitro transcription assays (Fig. 5). In
the absence of CRISPR-dCas9, we detected multiple truncated RNA products, attributed to GQ stalls, along
with the full-length RNA bands in the PAGE assay, which is consistent with the measurements on the 125-
bp construct. We also observed a few truncated bands in the 200-bp construct that did not correspond to the
positions of the G-tracts, implying the presence of misfolded structures, possibly induced by GQ formation,
that could halt RNAP progression.

We then targeted the vicinity of the GQ structure with CRISPR-dCas9 by using the same four guide RNAs
(gR-1, gR-2, gR-3, and gR-4) and repeated the in vitro transcription assays (Fig. 5 and Fig. S3). In this case,
the intensity of the full-length RNA product band significantly decreased when the template strand was
targeted by gR-1 or gR-3 complexes (quantified in Fig. 5B), but we did not detect any additional stalls or
truncation products. We also observed a significant reduction in full-length RNA band (barely visible) when
the non-template strand was targeted with gR-2 or gR-4 complexes, and we detected truncated bands due
to dCas9 blocks at the expected length (truncated product lengths given in Fig. 5 caption).

In the case of gR-4 targeting the 200-bp construct, the dCas9 stalls had significantly higher truncated band
intensity (about two-fold higher when normalized with respect to corresponding template DNA band
intensity) than that in the 125 bp construct (Fig. 5B vs. Fig. 4B). These studies suggest the requirement of
a minimum separation between the RNAP promoter and dCas9 binding site for dCas9 to play a more
prominent role in the elongation repression during in vitro transcription. Despite these interesting findings,
more systematic studies are required to better understand the nature of this effect.

L.LB. TH PQS in the non-template strand: We designed a 135-bp DNA construct in which the PQS is
located in the non-template strand and performed similar in vitro transcription assays using gR-3 and gR-4
constructs (Fig. 6). In the absence of CRISPR-dCas9, we observed predominantly full-length RNA bands
on the polyacrylamide gel. We did not detect any truncated product bands corresponding to the PQS regions,
indicating that there were no GQ stalls when the PQS was in the non-template strand. It has been suggested
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that GQ structures located in the non-template strand promote transcription rather than hinder RNAP
elongation(29), and our studies indicate that at least they do not hinder the elongation process. Then, we
used gR-3 to target the non-template strand and gR-4 to target the template strand with dCas9 (Fig. 6, notice
the switch in the orientation of gR-3 and gR-4 compared to the earlier case). In case of targeting the template
strand, we did not detect any additional stalls or truncation products, but just the full-length RNA bands'*'.
However, in case of targeting the non-template strand with gR-3, we found a significant reduction in the
full-length RNA band and observed truncated bands (blue box) at the length expected for dCas9 stall. When
dCas9 was eliminated from this reaction (gR-3 without dCas9), we did not detect any additional truncated
bands, indicating that dCas9 blocks transcription when targeting the non-template strand (Fig. S4)(12, 13).

I.C. Competitive binding of gRNAs between template and non-template strands: We also investigated
the case of targeting both strands simultaneously using CRISPR-dCas9 (Fig. 7 and Fig. S5). To do so, we
utilized gR-3 and gR-4 guide RNA constructs since their PAM sequences are only 5 bps apart. These
measurements were performed on the TH PQS in template strand construct (the 125 bp long construct of
Fig. 4). We first incubated the reaction mixture with [gR-3+dCas9] complex for 15 minutes before adding
gR-4 RNA only (without dCas9) ([gR-3+dCas9] + gR-4), followed by aliquoting the reaction mixtures at
three different time points. The goal of these measurements were to investigate whether dCas9 would
dissociate from gR-3 (which targets the template strand) and bind to gR-4 (which targets the non-template
strand). We observed a reduction in the full-length RNA bands and the appearance of the dCas9 stalls at the
same location as that observed for gR-4 case (Fig. 4), which were not present in the case of gR-3. This
observation indicates that the dCas9 switched from template strand targeting site (gR-3) to non-template
targeting site (gR-4). We then reversed the order by incubating the reaction mixture with [gR-4+dCas9]
complex for 15 minutes before adding gR-3 RNA ([gR-4/dCas9] + gR-3) and aliquoted the reaction
mixtures similarly. In this case, adding gR-3 RNA later did not appear to impact the results and the dCas9
blocks were consistent with those observed for gR-4 case. Therefore, the non-template strand targeting
guide RNA (gR-4) appears to be more dominant over template strand targeting (gR-3) during in vitro
transcription.

I1. The c-Myc PQS System: We created a 194-bp long DNA construct that includes the T7 RNAP promoter,
the 27-nt long c-Myc PQS (which contains five G-tracts) in the template strand, and the flanking sequences
around the PQS. GQ formation in this construct was confirmed with circular dichroism measurements (Fig.
S6). Taking the physiological sequence as the reference, we identified seven sites that can be targeted by
CRISPR-dCas9 in the template and non-template strands in this construct (Fig. 8A). Some of these sites
overlapped with the PQS or the complementary C-rich strand while others were upstream and downstream
of it (without overlap). Specifically, in construct 1, we targeted the template strand such that the gR-1 was
complementary to 1% and 2™ G-repeats of the PQS. In the 2" and 3" constructs, we targeted the non-
template strand and gR-2 and gR-3 overlapped with sequences that were complementary to the G-repeats
in the 5" and 3’ sides, respectively. The other four constructs were designed to target the C-rich or the G-
rich strands at the 5’ and 3’ sides that are away from the PQS.

The results of RNAP stop assay on the c-Myc system are shown in Fig. 8, where the GQ and dCas9 stall
sites are indicated on the gel (Fig. 8B), quantified in Fig. 8C, and the expected lengths of the truncated RNA
products are given in the caption. We observed stalls corresponding to the formation of two GQs (appear
as two bands in the gel) in all the cases except for gR-5. In case of gR-5, the polymerase encounters and is
stalled by the dCas9, which is bound to the non-template strand, before it reaches the GQ. In agreement
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with the TH case, we observed dCas9 stalls in all four cases (gR-2, gR-3, gR-4, and gR-5) when dCas9
targeted the non-template strand. On the other hand, we observed dCas9 stall in only one of the three cases
(gR-1) when dCas9 targeted the template strand. Differently from the TH case, the GQ stalls were not
eliminated when the vicinity of PQS was targeted by dCas9.

DISCUSSION

In this study, we report a mechanistic approach to investigate how dCas9 impacts in vitro transcription in
the presence of a GQ structure. To systematically study this question, we used model PQS systems from
TH and c-Myc and targeted their vicinity with CRISPR-dCas9. In the case of TH, the PQS was placed in
the template or non-template strands while the c-Myc PQS was kept in the template strand, as it is the case
physiologically.

In the TH system and in the absence of dCas9, the GQ structure did not inhibit RNAP progression when
the PQS was in the non-template strand (29); however, we observed several RNA truncation bands when
PQS was in the template strand, suggesting PQS folded into multiple GQs which stalled RNAP progression
(we have previously reported that the TH PQS can fold into multiple GQs and our current data are fully
consistent with that finding (35)). When this template was targeted by CRISPR-dCas9, transcription
efficiency of the full-length RNA product was significantly reduced, and we did not detect any truncated
product bands beyond very faint bands in the gel. We attributed the weakening of the GQ stall bands to
destabilization of the GQ by dCas9. We also observed that the impact of dCas9 was more significant when
the separation between RNAP promoter and dCas9 binding site increased from 28 bp to 95 bp (DNA
construct length increased from 125 bp to 200 bp). When the non-template strand is targeted with CRISPR-
dCas9, we found a termination of RNAP elongation at sites corresponding to dCas9 binding, as well as
significant reduction in full-length RNA product bands.

In the case of c-Myc, in which the PQS was in the template strand, we observed GQ stall bands in almost
all cases we investigated, even when dCas9 targeted the proximity of these sites, which was different from
that of the TH system. This difference could be due to the TH GQ being destabilized to a greater extent by
the dCas9 and the R-loop between the gRNA and the G-rich DNA template. Consistently with the TH
system, we observed dCas9 stalls in all cases when the dCas9 targeted the non-template strand. We observed
such a stall in only one of three cases (and at a much lower intensity as quantified in Fig. 8C) when dCas9
targeted the template strand. Therefore, weak stalling of RNAP when dCas9 targets the template strand
should be considered as a possibility.

An important question in this context is how dCas9 plays differential roles while targeting template or non-
template strands (52, 53). As illustrated in the schematic in Fig. 2, there are significant differences between
the two cases in the way dCas9 and RNAP interact with each other. When RNAP approaches the CRISPR-
dCas9 complex that is bound to the template strand, the contact between RNAP and dCas9 happens on the
PAM-distal side (PAM is located on the opposite side of the first interaction site as shown in Fig. 2). In this
case, dCas9 complex appears to be dislodged from the template strand and T7 RNAP completes the
transcription process (13). As a result, we observe the full-length product but with a reduced yield, possibly
because of the delay in dislodging the dCas9 complex. On the other hand, when dCas9 binds to the non-
template strand (Fig. 2), contact between RNAP and dCas9 takes place on PAM proximal site (PAM acting
as the first interaction site). In this case, progression of T7 RNAP is more likely to be halted and RNAP is
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dislodged from the DNA, which results in truncated products (12, 13, 51). These ideas are summarized in
the schematic in Fig. 9.

Our study provides important mechanistic insights about utilizing the CRISPR-dCas9 system for
controlling gene expression by targeting the putative quadruplex sequences in two systems of medical
significance. This technology can be used to specifically target and modulate gene expression, particularly
in cases where GQs are known to form in the template strand and potentially interfere with transcriptional
activity. When PQS is in the template strand, our data show that targeting the non-template strand with
CRISPR-dCas9 results in dCas9 to be the more dominant block (compared to GQ) for RNAP progression.
When GQ is in the template strand and this strand is targeted by CRISPR-dCas9, different levels of GQ
destabilization are observed in TH and c-Myc systems. While the GQ blockade was almost completely
eliminated by dCas9 in TH, it caused a significant stall in case of ¢-Myc. The ability to control gene
expression in a site-specific manner has implications for a variety of research areas, including synthetic
biology, gene therapy, and drug discovery. Our study highlights the need for further studies to
comprehensively explore the exciting possibility of transiently controlling gene expression through
targeting putative quadruplex sequences by CRISPR-dCas9 in a sequence specific manner.
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Figure 1. (A) Schematic of the DNA construct in which the impact of dCas9 and GQ on the transcription
process was investigated. (B) In the absence of GQ and dCas9, the transcription is expected to proceed until
a full-length RNA molecule is produced. (C) Formation of GQ in template strand is expected to present a
blockade for RNAP, resulting in truncated RNA products of a specific length. (D) A schematic that
demonstrates a case where dCas9 targets the non-template strand and presents a blockade for RNAP.
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Figure 2. Schematics of the DNA constructs for the TH system when the putative quadruplex site is in the
template (top) or non-template strand (bottom). Guide RNAs gR-1, gR-2, gR-3, and gR-4 are used in the
former case while gR-3 and gR-4 are used for the latter. The bottom box provides the 45 nt long PQS located
in TH promoter, which contains at least five G-tracts (of length 3 or more G’s) that can form multiple GQs.


https://doi.org/10.1101/2024.03.17.585391
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.17.585391; this version posted March 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

[ IDNAOnlyKCl
[_]DNA Only LiCl

-
[\
1
— T

Population (%)

0 I_‘ N I N I 3 w
00 02 04 06 08 10
EFRET

14 13pNAOnly (Licl T

=+ 50 M 17 (KC) |

124
| +50nmT7
B, 5mM NTP (KCI)

-
o
1

Population (%)

L] JT TR LT TS L7 G4

Laser in TIR mode 00 02 04 06 08 10
EFRET

Figure 3. Single molecule FRET measurements demonstrating folding of GQ in TH system and activity of
RNAP. (A) Schematic of the DNA construct showing the relative positions of important components of the
assay. (B) smFRET histograms showing FRET peaks for the unfolded GQ case (in LiCl) and folded GQ

case (in KCl). (C) smFRET histograms showing the shift in histograms upon introducing RNAP and
nucleotides into the sample chamber.
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Figure 4. (A) Denaturing gel electrophoresis assay investigating the impact of dCas9 and PQS on RNAP
progression when GQ is in the template strand for the TH case. A 125 bp construct was utilized in these
experiments along with guide RNAs gR-1 & gR-3 (target template strand) and gR-2 & gR-4 (target the
non-template strand). The truncated RNA products due to dCas9 stalls observed for gR-4 and gR-2 are
expected to be around 26 nt and 80 nt long, respectively. The truncated RNA products due to GQ stalls in
the absence of dCas9 are expected to be 39, 52, 60, and 73 nt long (depending on the position of the G-
tracts and which GQ they form), three of which are detected and marked with red rectangles in Group II
lane. The original (uncut) version of the gel is presented in Fig. S2. (B) Quantitation of full length and stall
band intensities with respect to the template DNA band. In the case of GQ stalls in the absence of dCas9,
all stall bands were combined for quantitation purposes. For gR-3 and gR1, in which there are no visible
stall bands, the stall band intensity was determined by integrating the intensity at the expected stall location
using a fixed-size rectangle.
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Figure 5. (A) Denaturing gel electrophoresis assay investigating the impact of dCas9 and PQS on RNAP
progression when GQ is in the template strand for a 200 bp template DNA construct (longer length to
investigate the effect of the separation between TSS and dCas9 target site on transcription). Guide RNAs
gR-1 & gR-3 target the template strand and gR-2 & gR-4 the non-template strand. The truncated RNA
products due to dCas9 stalls observed for gR-4 and gR-2 are expected to be around 95 nt and 149 nt long,
respectively, which are consistent with the marked stalls in blue rectangles. The original (uncut) version of
the gel is presented in Fig. S3. (B) Quantitation of full length and stall band intensities with respect to the
template DNA band intensity. In the case of GQ stalls in the absence of dCas9, all stall bands were combined
for quantitation purposes. For gR-3 and gR1, in which there are no visible stall bands, the stall band intensity
was determined by integrating the intensity at the expected stall location using a fixed size rectangle. The
error bars are based on standard deviation of at least three measurements.
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Figure 6. Denaturing gel electrophoresis assay investigating the impact of dCas9 and PQS on RNAP
progression when TH PGQ is in the non-template strand. A 135 bp construct was utilized in these
experiments along with the guide RNAs gR-3 and gR-4, which target the non-template and template strands,
respectively (notice the switch in orientation compared to earlier constructs). The original (uncut) version
of the gel is presented in Fig. S4. (B) Quantitation of full length and stall band intensities with respect to
the template DNA band intensity. In cases where there were no visible stall bands, the stall band intensity
was determined by integrating the intensity at the expected stall location using a fixed size rectangle. The
error bars are based on standard deviation of at least three measurements.
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Figure 7. Competitive binding of guide RNAs to the template vs. non-template strands. The TH PQS in
template strand construct (that of Fig. 4) was used in these measurements. Complete complexes
(gRNA+dCas9) or just the guide RNAs (gR-3 & gR-4) are targeted to the opposite strands during RNAP
progression to investigate whether the dCas9 dissociates from its guide RNA (complete complex) and binds
to the other gRNA which is not bound to a dCas9. When both guide RNA’s are incorporated into the assay,
regardless of in which order they are introduced, the resulting pattern is consistent with that of gR-4+dCas9
case, which targets the non-template strand. The original (uncut) version of the gel is presented in Fig. S5.
(B) Quantitation of full length and stall band intensities with respect to the template DNA band intensity.
In cases where there were no visible stall bands, the stall band intensity was determined by integrating the
intensity at the expected stall location using a fixed size rectangle. The error bars are based on standard
deviation of at least three measurements.
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Figure 8. (A) Schematic of the DNA construct and seven different sites targeted by CRISPR-dCas9 in the
c-Myc system. The PQS of the c-Myc system is given at the bottom box. (B) Denaturing gel electrophoresis
assay investigating the impact of GQ structure and CRISPR-dCas9 complexes on transcription in the c-
Myc system. For brevity gRNA and dCas9 complexes are marked with the corresponding numbers 1-7,
which are described in (A). The RNAP stalls mediated by GQ and dCas9 are shown in red and blue boxes,
respectively. The expected size of the truncated transcription products are as follows: GQ Stalls:106 nt and
11 nt (in all cases except Case 5); dCas9 stall in Case 1: 123 nt; dCas9 stall in Case 2: 102 nt; dCas9 stall
in Case 3: 128 nt; dCas9 stall in Case 4: 149 nt; dCas9 stall in Case 5: 66 nt; dCas9 stall in Case 6: 68 nt;
and dCas9 stall in Case 7: 144 nt. (C) Quantitation of the full length and stall band intensities with respect
to the template DNA band intensity. The two GQ stall bands were combined for quantitation purposes. The
error bars are based on standard deviation of at least three measurements.
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Figure 9. The mechanisms of interactions between dCas9 and RNAP in the vicinity of a PQS: A) When
dCas9 targets the template strand, the collision between RNAP and dCas9 takes place in PAM-distal
manner, which is more likely to result in dislodging of dCas9. (B) When dCas9 targets the non-template
strand, the collision between RNAP and dCas9 takes place in PAM-proximal manner, which is more likely
to result in dislodging of RNAP and truncated RNA products.
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