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SUMMARY:

This protocol outlines the steps needed to generate a model system in which the transcription of
an endogenous gene of interest can be conditionally controlled in live animals or cells using
enhanced lac repressor and/or tet activator systems.

ABSTRACT:

Here we describe a protocol for implementing the REMOTE-control system (Reversible
Manipulation of Transcription at Endogenous loci), which allows for reversible and tunable
expression control of an endogenous gene of interest in living model systems. The REMOTE-
control system employs enhanced /ac repression and tet activation systems to achieve down- or
upregulation of a target gene within a single biological system. Tight repression can be achieved
from repressor binding sites flexibly located far downstream of a transcription start site by
inhibiting transcription elongation. Robust upregulation can be attained by enhancing the
transcription of an endogenous gene by targeting tet transcriptional activators to the cognate
promoter. This reversible and tunable expression control can be applied and withdrawn
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repeatedly in organisms. The potency and versatility of the system, as demonstrated for
endogenous Dnmtl here, will allow more precise in vivo functional analyses by enabling
investigation of gene function at various expression levels and by testing the reversibility of a
phenotype.

INTRODUCTION:

Genetic knockout or transgenic approaches have been an effective means to study gene function
in animal models. However, expression regulation by these approaches is dichotomous (on/off),
non-temporal, and thus is not capable of revealing the complete functional spectrum of a gene.
Conditional Cre/LoxP technologies have allowed spatio-temporal inactivation or activation of
gene function, but their dichotomous nature continues to pose limitations, such as cell lethality
and irreversibility3. In order to fill this void, conditional knockdown approaches have been
developed using tet-regulated shRNA or miRNA®*. However, off-target effects remain a concern
for RNAI® and have been challenging to control in vivo. More recently, CRISPR/Cas-mediated
transcriptional-control technologies have introduced a more versatile approach to achieving both
up- and downregulation of endogenous gene expression and demonstrated their utilities®’.
However, the effectiveness of CRISPR/Cas-mediated transcriptional control is as yet unclear in
vivo, and the reversibility of KRAB-based repression remains to be seen, as strong repression by
KRAB and its interacting protein KAP1 has been shown to induce permanent gene silencing®°.

In order to address these limitations, we have developed a novel transcriptional regulatory
system capable of conditionally controlling endogenous gene expression in a reversible and
tunable manner in mice using engineered prokaryotic binary transcriptional regulatory systems?0.
Prokaryotic binary transcriptional regulatory systems with regulatory ligands, such as lac and tet,
have enabled such reversible and tunable expression control''''4, However, the inadequate
repression potency of the current binary systems has impeded their broad adoption for
controlling endogenous gene expression in mammals. We developed an enhanced lac repression
system sufficiently potent for the repression of endogenous genes and employed a novel strategy
of targeting tet transcriptional activators directly to the cognate promoter of an endogenous
gene to achieve robust upregulation (Figure 1)°. With this technology, we have achieved nearly
two orders of magnitude expression control of the endogenous Dnmtl gene in a tunable,
inducible, and reversible manner!®. Here we provide step-by-step instructions for its in vivo
application to other genes and organisms using mice as a model species.

[Insert Figure 1]

Before beginning this protocol, review Table 1 to identify the relevant steps for the desired
control of gene expression. For example, to engineer a mouse that enables reversible
downregulation of “Gene X”, complete sections 1, 3, and 4 of the below protocol. Table 1 also

summarizes the needed components of the REMOTE-control system.

[Insert Table 1]
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PROTOCOL:

All animal procedures were conducted with the approval of the Institutional Animal Care and Use
Committee (IACUC) of the University of Southern California and the Van Andel Research Institute
and in compliance with the Guide for the Care and Use of Laboratory Animals from the National
Institutes of Health®>.

1. Modify the gene of interest for repression by REMOTE-control

1.1. Using the guidelines below, identify a transcriptionally inert intron toward the 5’ end of the
gene of interest for insertion of the Repron sequence (“Repression intron”; 12 symmetric lac
operators plus a partial rabbit beta-globin intron). Be aware of alternative promoters for the gene
of interest, and choose an intron according to the transcript(s) to be controlled (i.e. an intron
shared by all transcripts or one specific to a desired transcript).

NOTE: For genes without an intron or with ones toward the 3’end, insert the Repron sequence
into the promoter (see Lee, et al.?° for a detailed procedure).

1.1.1. Obtain the genomic sequence for the gene of interest.

1.1.1.1. Navigate to the UCSC Genome Browser!®1’, and select the latest draft of the mouse
genome (Mouse GRCm38/mm10 at time of publication), which is currently under the Genomes
tab.

1.1.1.2. Enter the name or symbol of the gene of interest into the search bar to view the
transcripts for the gene. Click go.

1.1.1.3. Select the desired transcript variant for the gene of interest.

1.1.1.4. Click on the gene symbol next to the transcript variant of interest (the symbol of the
previously selected transcript will be in a black box).

1.1.1.5. Under the Sequence and Links to Tools and Databases banner, click the Genomic
Sequence link.

1.1.1.6. For Sequence Retrieval Region Options, select only Exons (5" UTR, CDS, and 3’ UTR),
Introns, and the default One FASTA record per gene. For Sequence Formatting Options, select
Exons in upper case, everything else in lower case and Mask Repeats to N (to conceal repetitive
sequences). Then click submit.

1.1.1.7. Save this sequence, preserving the upper- and lowercase formatting, in a document or
program that can be annotated.
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1.1.2. Avoid interruption of CpG islands, which may indicate regions with gene regulatory
function.

NOTE: Though a 5’ intron is preferable for insertion of the Repron sequence, the first intron may
contain transcriptional regulatory elements such as CpG islands (examined in this step) or

enhancer elements (examined in step 1.1.4), which are to be avoided for Repron insertion.

1.1.2.1. Under the Expression and Regulation banner of the UCSC Genome Browser, select show
for the CpG Islands track, and click refresh.

1.1.2.2. Zooming in on the 5’ introns, record the range of chromosomal coordinates that
correspond to intronic CpG islands (shown in green if present).

1.1.2.3. Obtain the DNA sequence corresponding to these chromosomal coordinates by typing
the coordinates into the search bar and clicking go.

1.1.2.4. In the View dropdown menu, select DNA, and click Mask repeats to N.

1.1.2.5. Overlay these sequences with the original sequence file, and annotate these as intronic
regions to avoid due to possible gene regulatory functions.

1.1.3. Avoid interruption of non-coding RNAs, in case they have a regulatory function.

1.1.3.1. Under the Genes and Gene Predictions banner of the UCSC Genome Browser, select
show for the GENCODE (Ensembil) track, and click refresh.

1.1.3.2. Zooming in on the 5’ introns, record the range of chromosomal coordinates that
correspond to non-coding RNAs (shown in green if present).

1.1.3.3. Obtain the DNA sequence corresponding to these chromosomal coordinates by typing
the coordinates into the search bar and clicking go.

1.1.3.4. In the View dropdown menu, select DNA, and click Mask repeats to N.

1.1.3.5. Overlay these sequences with the original sequence file, and annotate these as intronic
regions to avoid due to possible gene regulatory functions.

1.1.4. Avoid intronic regions with enhancer signatures in the tissue(s) of interest, such as
H3K4mel, H3K27ac, and DNase | hypersensitivity'®2!, as well as CTCF binding sites, which

regulate enhancer looping?%23.

1.1.4.1. Navigate to the ENCODE database?*?>, and select the Experiments icon.
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1.1.4.2. For the assay type, select ChIP-seq or DNase-seq, and populate the other categories
(Organism, Biosample type, etc.) according to the cells to be engineered.

1.1.4.3. After feature selection, hover over the pictograms in blue, and select the one for which
View Results as List appears (left-most pictogram at time of publication).

1.1.4.4. Select the datasets for the targets of H3K4me1l, H3K27ac, DNase |, and CTCF that most
closely match the cells to be engineered.

1.1.4.5. Within each relevant dataset, scroll to the Files section and click the Visualize button.
1.1.4.6. Select mm10: UCSC to visualize the data in the UCSC Genome Browser.

1.1.4.7. Zooming in on the 5’ introns, record the range of chromosomal coordinates that
correspond to H3K4me1, H3K27ac, DNase |, and CTCF peaks.

1.1.4.8. Obtain the DNA sequence corresponding to these chromosomal coordinates by typing
the coordinates into the search bar and clicking go.

1.1.4.9. In the View dropdown menu, select DNA, and click Mask repeats to N.

1.1.4.10. Overlay these sequences with the original sequence file, and annotate these as intronic
regions to avoid due to possible gene regulatory functions.

1.1.4.11. Avoid disruption of consensus splicing sequences, so as not to interfere with
appropriate splicing of the exons.

NOTE: Although sequences required for splicing are largely confined to about six bases at the 5'
end of the intron?® and about 60 bases at the 3' end?’, it is advisable to select a large intron,
allowing for considerably wider margins from these consensus regions to minimize the likelihood
of impacting splicing. Use of intron analysis tools, such as SVM-BPfinder??, is recommended for a
more thorough analysis of potential splice sequences.

1.2. After identifying an intronic region that meets the above criteria (as exemplified for Dnmt1
in the supplementary data), screen the sequence using an online sgRNA design tool to identify
an sgRNA in the region with high specificity and predicted efficiency scores.

1.2.1. Navigate to an online sgRNA design tool of choice, such as CRISPOR?°.

1.2.2. Enter the sequence of the intronic region of interest, specify the relevant reference
genome, and select the desired Protospacer Adjacent Motif (PAM). Click Submit.

1.2.3. Sort the predicted sgRNAs by specificity score, and select one or more sgRNAs that also
have a high predicted efficiency score??.
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1.2.3.1. Optional: To maximize the likelihood of using an effective sgRNA, first test the cleavage
efficiency of several top-scoring sgRNAs in an in vitro assay>°, and proceed with the most efficient
sgRNA in vivo.

1.3. Design a DNA template containing a PITT (Pronuclear Injection-based Targeted Transgenesis)
landing pad sequence, as exemplified in Supplementary Figure 1A,B, flanked on both sides by
60-base homology arms that correspond to the sgRNA cut site3!.

NOTE: The landing pad contains two heterotypic loxP sites (JT15 and Lox2272) and enables
targeted insertion of large sequences through a two-step approach; be sure that the junctions of
this insertion do not create cryptic splice sites. Alternatively, an embryonic stem cell (ESC)-based
knock-in strategy can be used to insert the Repron sequence directly.

1.4. Prepare the sgRNA, Cas9 protein, and the single-stranded DNA (ssDNA) template for the
landing pad, and microinject into fertilized eggs (from B6C3F1/J mice or other desired strain)
according to established protocols3%33,

1.5. Screen for mice with the landing pad knock-in.

1.5.1. Design PCR primers complementary to the genomic locus but outside of the regions
targeted by the homology arms, as demonstrated for Dnmt1 in Supplementary Figure 1C. Avoid
repetitive genomic sequences when designing the primers.

1.5.2. Extract DNA from tail clips of the mice according to established protocols34.

1.5.3. Use PCR and gel electrophoresis to identify mice with a landing pad insertion.

1.5.4. Confirm that the knock-in was successful by sequencing the PCR products.

NOTE: Unwanted large deletions and rearrangements can be introduced by CRISPR/Cas9%°, so
careful screening for off-target editing is advised before proceeding3>3.

1.6. Using fertilized eggs from the landing pad mice, microinject iCre mRNA32 and a transgenic
plasmid containing the Repron sequence flanked by JTZ17 and Lox2272 recombination sites3%,3%
41 according to established methods384243,

1.7. Screen for mice with the Repron insertion.

1.7.1. Design PCR primers complementary to the genomic locus, outside of the Repron insert.
Avoid repetitive genomic sequences when designing the primers.

1.7.2. Extract DNA from tail clips of the mice according to established protocols3*.
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1.7.3. Use PCR and gel electrophoresis to identify mice with a Repron insertion.

1.7.4. Confirm the knock-in was successful by sequencing the PCR products.

2. Modify the gene of interest for upregulation by REMOTE-control

2.1. Using the guidelines below, identify a region in the promoter of the gene of interest that is
unlikely to perturb promoter function upon insertion of tet operator sequences. Be aware of
alternative promoters for the gene of interest, and choose a promoter according to the
transcript(s) to be controlled (i.e. a promoter shared by all transcripts or one specific to a desired
transcript).

2.1.1. Obtain the genomic sequence for the promoter of interest.

2.1.1.1. Navigate to the UCSC Genome Browser'®’, and select the latest draft of the mouse
genome (Mouse GRCm38/mm10 at time of publication), which is currently under the Genomes

tab.

2.1.1.2. Enter the name or symbol of the gene of interest into the search bar to view the
transcripts for the gene. Click go.

2.1.1.3. Select the desired transcript variant for the gene of interest.

2.1.1.4. Click on the gene symbol next to the transcript variant of interest (the gene symbol of
the previously selected transcript will be in a black box).

2.1.1.5. Under the Sequence and Links to Tools and Databases banner, click the Genomic
Sequence link.

2.1.1.6. For Sequence Retrieval Region Options, select only Promoter/Upstream by 1000 bases.
For Sequence Formatting Options, select Mask Repeats to N (to conceal repetitive sequences).
Then click submit.

2.1.1.7. Save this promoter sequence in a document or program that can be annotated.

2.1.2. Select regions that are free of putative transcription factor binding sites, as interrupting
these sequences may alter endogenous gene expression.

2.1.2.1. Navigate to the UCSC Genome Browser, and open the latest version of the mouse
genome.

2.1.2.2. Above the Mapping and Sequencing banner, select track hubs.

2.1.2.3. Click Connect next to the hub name of JASPAR 2018 TFBS (or the latest JASPAR version).
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2.1.2.4. On the next page that appears, quickly click mm10 (or it will automatically proceed to
the human genome after a few seconds). If the time expires before clicking mm10, navigate to
the mouse genome on the next page using the Genomes tab.

2.1.2.5. Enter the name or symbol of the gene of interest into the search bar to view the
transcripts for the gene. Click go.

2.1.2.6. Select the desired transcript variant for the gene of interest.

2.1.2.7. Scroll down to the JASPAR 2018 TFBS banner, and if hide is selected, click the dropdown
arrow to select another viewing option such as squish. Click refresh.

2.1.2.8. Zoom into the promoter region of the gene of interest, and identify regions that are free
(or relatively free) of transcription factor binding sites according to the JASPAR track. Record the
chromosomal coordinates of these regions.

2.1.2.9. Obtain the genomic sequence of these chromosomal coordinates.

2.1.2.10. Overlay these sequences with the original sequence file, and annotate these as ideal
promoter regions to target due to lack of transcription factor binding.

2.1.3. Within these sequences, select a perturbable promoter region that is upstream but near
the transcription start site of the gene of interest.

NOTE: An insertion that is too close to the transcription start site may increase the chance of
impairing promoter activity, but an insertion that is too far may decrease the level of
upregulation. Inserting tet operator sequences about 200 basepairs upstream of the
transcription start site has resulted in robust upregulation of the two promoters tested (see
discussion)?0.

2.2. Screen the selected promoter region using an online sgRNA design tool to identify an sgRNA
in the region with high specificity and predicted efficiency scores.

2.2.1. Navigate to an online sgRNA design tool of choice, such as CRISPOR?°.

2.2.2. Enter the sequence of the region of interest, specify the relevant reference genome, and
select the desired Protospacer Adjacent Motif (PAM). Click Submit.

2.2.3. Sort the predicted sgRNAs by specificity score, and select one or more sgRNAs that also
have a high predicted efficiency score??.
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2.2.3.1. Optional: To maximize the likelihood of using an effective sgRNA, first test the cleavage
efficiency of several sgRNAs in an in vitro assay®°, and proceed with the most efficient sgRNA in
vivo.

2.3. Design a DNA template containing tet operators flanked on both sides by 60-base homology
arms that correspond to the sgRNA cut site3%33,

NOTE: The number of tet operators is customizable; insertion of two to four tet operator
sequences in tandem has previously been shown to be effective, but in principle more operators
are desirable for driving higher expression. Alternatively, an ESC-based knock-in strategy can be
used to insert the tet operators.

2.3.1. Optional: For experimental evidence that the proposed modifications will likely not disrupt
the endogenous transcriptional activity of the gene of interest, clone the engineered promoter
sequence into a firefly luciferase vector (such as pGL3-Basic), and compare its efficacy to the
original promoter using a luciferase assay.

2.4. Prepare the sgRNA, Cas9 protein, and the ssDNA template containing the tet operator
sequences, and microinject into fertilized eggs (from B6C3F1/) mice or other desired strain)
according to established protocols3%33,

NOTE: Due to the complexity of synthesizing a repetitive sequence, an in vitro
transcription/reverse transcription-based approach is recommended to synthesize a ssDNA
template from a double-stranded DNA (dsDNA) plasmid**. Alternatively, a dsDNA template may
be used for microinjection, but the knock-in efficiency may be reduced®.

2.5. Screen for mice with knock-in of the tet operators.

2.5.1. Design PCR primers complementary to the genomic locus, outside of the regions targeted
by the homology arms. Avoid repetitive genomic sequences when designing the primers.

2.5.2. Extract DNA from tail clips of the mice according to established protocols34.
2.5.3. Use PCR and gel electrophoresis to identify mice with the insertion of the tet operators.
2.5.4. Confirm that the knock-in was successful by sequencing the PCR products.

NOTE: Unwanted large deletions and rearrangements can be introduced by CRISPR/Cas93°, so
careful screening for off-target editing is advised before proceeding3>37.

3. Develop activator- and/or repressor-expressing mice

3.1. Identify a robustly expressing promoter for the tissue(s) or cell type(s) of interest.
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NOTE: A literature search and the Tissue-Specific Promoter Database®® may be useful for
identifying such a promoter.

3.2. Place the provided enhanced lac repressor or tet activator sequences downstream of the
desired promoter to generate a transgenic construct.

3.3. Produce the transgenic mouse line(s) using standard transgenic procedures®?4347,

Alternatively, a site-specific transgenesis approach can be used to avoid position effects and to
allow single-copy transgene insertion342,

3.4. Propagate the founders and determine the expression pattern and level of the transgene in
the offspring of each founder. Select lines with robust expression in the intended tissue type(s)
for further breeding.

3.4.1. Breed the founders to wildtype mice.

3.4.2. Design PCR primers that will detect the insertion of the activator and/or repressor.

3.4.3. Extract DNA from tail clips of the offspring according to established protocols34.

3.4.4. Use PCR and gel electrophoresis to identify mice with the insertion.

3.4.5. Confirm the transgene insertion by sequencing of the PCR products.

3.4.6. Propogate the transgenic lines.

3.4.7. Sacrifice a few pups from each line, and collect the tissues of interest for qRT-PCR,
immunohistochemistry, and/or western blotting to analyze the expression of the gene/protein
of interest in the target tissue type(s).

3.4.8. Select the lines with the strongest expression in the tissues of interest for use in section 4.
4. Manipulate gene expression in vivo

4.1. Breed the mice with the modified gene of interest (section 1 and/or 2) with the transgenic
mice from section 3 according to established breeding practices*®. For maximal expression

control, breed the mice to homozygosity for the modified allele.

4.2. For reversion or adjustment of repression of the target gene, administer IPTG in the drinking
water.

4.2.1. To experimentally determine the dose of IPTG to use, treat mice of the appropriate
genotype and controls with one of a range of doses (recommended starting range: 0 — 400 mM
IPTG) for at least one week>®>!. Include at least three mice per treatment group, and select the
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age and sex of mice that are most relevant to the planned future experiments. NOTE: Breeding
pairs of mice can be treated with IPTG water to provide developmental exposure of IPTG to the
offspring if desired'3, or mice can begin treatment any time after birth.

4.2.1.1. Dissolve the desired mass of IPTG in sterile distilled water on the day of administration,
and stir with a stir bar for 5 minutes or until fully dissolved.

4.2.1.2. Wrap the bottle with foil, and administer the IPTG water in a light-protected bottle.
Replace twice a week. Provide the the same source of water to mice receiving 0 mM IPTG.

4.2.1.3. After at least one week, sacrifice the mice and analyze the expression of the gene of
interest in the target tissue(s) using gRT-PCR, immunohistochemistry, and/or western blotting.

4.2.1.4. |dentify the dose that restores the expression of the gene of interest to that of wildtype
controls, and use this dose to achieve normal expression of the gene in future experiments.

4.3. For induction of gene upregulation, administer Doxycycline (Dox) in the diet.

4.3.1. To experimentally determine the concentration of Dox to administer, treat mice of the
appropriate genotype and controls with one of a range of Dox concentrations (recommended
starting range: 0 — 5000 mg/kg Doxycycline Hyclate) for at least one week>%°3, including at least
three mice per treatment group. Purchase Dox-containing mouse food from a commercial
vendor.

NOTE: Breeding pairs of mice can be treated with Dox food to provide developmental exposure
of Dox to the offspring if desired®*>°, or mice can begin treatment any time after birth.

4.3.2. Replace the diet once per week. Provide the same base diet to mice receiving Dox-free
food.

4.3.3. After at least one week, sacrifice the mice and analyze the expression of the gene of
interest in the target tissue(s) using gRT-PCR, immunohistochemistry, and/or western blotting.

4.3.4. Identify the dose that elevates the expression of the gene of interest to the desired level,
and use this dose to achieve overexpression of the gene in future experiments.

REPRESENTATIVE RESULTS:

The repression capability of the REMOTE-control system has been demonstrated in two different
approaches thus far. In the first approach, lac repressor binding sites were inserted at the
endogenous promoter of the Dnmt1 gene. In the second approach, which is recommended by
this protocol, the repressor binding sites were inserted into a downstream intron to avoid the
potential risk of affecting promoter function by the insertion and thereby to simplify application
of the REMOTE-control system. Both approaches resulted in successful repression (Figure 2A,B
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and Figure 3B,C)%. Dnmt1 expression was repressed to 15% of the unregulated levels using the
promoter-based approach (Figure 2A). This tight repression was reversed in a dose-dependent
manner by treating mice with varying amounts of IPTG (Figure 2A). The observed Dnmtl
repression was validated at the protein level by immunostaining (Figure 2B). We did not observe
any noticeable difference in Dnmtl expression between Dnmti*/* and Dnmt1!/t0 mice,
confirming that our lacO modification had not disrupted normal promoter function'®. The intron-
based approach achieved more than 90% repression from operators located several kilobases
downstream of the transcription start site by attenuating transcription elongation (Figure 3A,
B)%0. This intron-based approach was further validated on seven additional robust promoters
(Figure 3C). Invariably tight repression was achieved from all of the promoters tested. No
correlation between the residual expression levels and the strengths of the promoters was
observed, suggesting that the repression capacity of our intron-based repression system exceeds
the transcriptional potency of all of the robust promoters we tested (Figure 3C).

The in vivo upregulation capability of the REMOTE-control system was also demonstrated on the
Dnmtl1 gene. We introduced two copies of the tet operator into the Dnmt1 promoter, together
with lac operator sequences, to allow for either upregulation or downregulation depending on
which effector protein is present. Robust upregulation and downregulation of Dnmt1 expression,
close to two orders of magnitude (10% to 650%), were achieved in ESCs containing the modified
endogenous Dnmt1 allele (Dnmt1LGT) (Figure 4A)%¥°. Both regulations were fully reversible and
inducible by IPTG and Dox treatments, respectively (Figure 4A). We next introduced the
Dnmt1LGT modification into the mouse germline to test the in vivo upregulation capability of the
REMOTE-control system. Strong upregulation of Dnmt1 was observed from the liver, spleen, and
kidney, whereas no detectable upregulation in the heart was observed (Figure 4B)’. The cell
cycle-dependent expression pattern of Dnmt1 and the scarcity of proliferative cells in the heart
may underlie this observation!%®, It remains to be seen whether this limitation can be overcome
by increasing the expression level of the activator or the number of its binding sites.

FIGURE AND TABLE LEGENDS:

Figure 1: Overview of the REMOTE-control system. The transcription of an endogenous target
gene can be regulated using engineered lac repressor and tet activator systems. The target gene
promoter or intron is engineered to contain operators for the tight-binding LaclGY repressor
and/or the rtTA-M2 activator. R indicates Repron (Repression intron), which contains 12
symmetric lac operators (S) plus a partial rabbit beta-globin intron. T indicates tet operator. The
repressor and/or activator is/are expressed from a tissue-specific promoter. The expression of
the target gene can then be reversibly tuned to the desired expression level by administration of
IPTG (isopropyl B-D-1-thiogalactopyranoside, an antagonist of the LaclGY repressor) or
Doxycycline (Dox). This figure has been modified from Lee et al.°

Figure 2: In vivo repression of Dnmt1 by the LaclGY repressor. (A) Mice with /ac operators (LO)
inserted into the Dnmt1 promoter, with or without expression of Lac/GY, were treated with
various doses of IPTG. qRT-PCR analysis of Dnmt1 expression shows the dose-dependent reversal
of Dnmt1 repression in vivo by IPTG treatment. Each bar represents data from a different mouse.
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Data represent mean + SEM (n = 3). (B) Immunostaining of Dnmt1 protein in colonic crypts of
mice provided drinking water with or without 160 mM IPTG for 3 weeks. This figure has been
modified from Lee et al.*®

Figure 3: In vivo and in vitro repression of various promoters by the REMOTE-control system.
(A) An early version of the Repron sequence (R*) was inserted into an intron downstream of the
Villin promoter in a Villin-mKate2 transgenic mouse (VilmKate2). gRT-PCR analysis of mKate2
expression in the small intestine of mice with or without the LacIGY repressor is shown (one-way
ANOVA). Each bar represents data from a different mouse. (B) Confocal mKate2 images of the
small intestine with and without Lac/GY expression. (C) Six symmetric lac operators (S) were
inserted between various promoters and a luciferase reporter. Reporters (50 ng/well in 96-well
plate) and repressor plasmids were transiently introduced into NIH/3T3 cells in a 1:1 molar ratio.
Luciferase values were assessed 24 h after transfection. These in vitro data represent the percent
of luciferase expression in Lac/GY-expressing cells relative to those expressing non-functional Lac/
(NFlacl). T-tests were used to determine statistical significance. Data represent mean * SEM (n =
3). *P <0.05, **P < 0.01. This figure has been modified from Lee et al.°

Figure 4: Down- and/or upregulation of Dnmt1 expression in vitro and in vivo. (A) The complete
REMOTE-control system was engineered in cultured ESCs by gene targeting and electroporation
approaches. Maximal repression of Dnmt1 expression was achieved with no treatment while
maximal activation was achieved by both IPTG and Dox treatment. Data represent mean + SEM
(n=3). *P <0.05, **P < 0.01 (Welch’s t-tests). (B) In vivo activation of Dnmt1 by the REMOTE-
control system, as demonstrated by immunostaining of Dnmt1 protein in various tissues from
REMOTE-control mice. The LGT allele represents promoter modification of Dnmt1 to contain lac
operator and tet activator binding sites. Mice were treated with a normal or Dox-containing diet
(5000 mg/kg Doxycycline Hyclate) for one month. This figure has been modified from Lee et al.°

Table 1: Overview of REMOTE-control components.

Supplementary Figure 1: Example of landing pad insertion into murine Dnmt1 intron 1. (A)
Schematic of DNA template for landing pad insertion, adapted from Quadros et al. (2015)3.
Heterotypic loxP sites, JT15 and Lox2272, are separated by a short spacer sequence (sp) and
flanked on each side by 60-bp of DNA that is homologous to the target genomic region. (B)
Sample DNA template for landing pad insertion into the Dnmt1 intron using the following sgRNA:
CTAGTACCACTCCTGTACCG (which targets the reverse strand). The selected intronic region was
bioinformatically informed by step 1.1, and the sgRNA was identified using CRISPOR?°. (C)
Example of PCR primer design for assessing insertion of the landing pad. PCR primers were
designed outside of the homology arms of the template to confirm integration into endogenous
Dnmt1. The wildtype PCR amplicon is 213 bp; upon insertion, it becomes 291 bp.

DISCUSSION:

A critical step and potential limitation of the REMOTE-control system is the challenge associated
with the insertion of the repressor and/or activator binding sites without affecting target gene
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expression. Our original repression approach, as applied to the Dnmt1 gene, involved insertion
of lac repressor binding sites within transcriptionally critical regions of a promoter. In order to
reduce the risk of affecting promoter function and thus to improve the general applicability of
the REMOTE-control system, we developed an intron-based repression approach. The potency
of our enhanced /ac system allowed us to tightly repress the transcription of all the strong
promoters we tested at operators located hundreds to several kilobases downstream of the
transcription start sites (Figure 3A—C)%°. Importantly, the levels of repression were independent
of the transcriptional strengths of the promoters (Figure 3A—C)!°. This suggests that the
repression capacity of our intron-based repression system exceeds the transcriptional strength
of the tested promoters. In this intron-based approach, it is likely that the repression is mediated
through physical interference between two components, the transcription elongation machinery
and the lac repressors®’. This simple repression mechanism and the demonstrated robustness of
the intron-based method may render this approach generally applicable to different genes,
tissues, and organisms.

The upregulation by the REMOTE-control system requires the transactivator binding sequences
to be in proximity to the target gene promoter, which entails a risk of affecting promoter
function. However, we found that the position of binding sequences can be outside of the
transcriptionally critical region. Both Dnmt1 and EF1a promoters were robustly upregulated from
tet operators located a couple of hundred bases upstream of the transcription start sites. This
relaxed constraint greatly reduces the chance of affecting promoter function of a target gene in
the absence of the transactivator. Increased number of binding sequences and/or use of stronger
transactivators could help further reduce the risk by enabling upregulation from sites farther
away from the transcription start site.

Our REMOTE-control system provides elegant control of the level, timing, and location of
endogenous gene expression, allowing for testing the reversibility of a phenotype and the
consequences of different expression levels, which are not readily achievable by current in vivo
gene expression control technologies. It is important to note that in most gene expression
analyses, including ours, expression values represent the average of a population of cells among
which considerable variation can be found. This heterogeneity may influence cellular decision-
making processes, such as differentiation or apoptosis®8. Though the precision of gene expression
control could likely be further improved by additional genetic circuit engineering>®, the observed
potency of our current system will allow useful investigation of gene function in many biological
contexts. In addition, a high degree of target specificity is expected because of the complexity of
the operator sequences as well as the large evolutionary distance between mammals and the
originating species of the regulatory components®. Furthermore, transgenic mouse lines of
repressors and activators can be developed and employed for any endogenous gene. For
example, existing tet transactivator mouse models can be adapted to accomplish upregulation of
atarget gene in the desired mouse tissues. We recently developed a transgenic line that can drive
robust tissue-specific expression of our enhanced lac repressor in multiple tissue types when
combined with existing Cre lines by introducing the lac/GY gene into the Hipp11 locus*® under
the control of a Lox-STOP-Lox element (unpublished). This line would substantially facilitate the
tissue-specific application of the REMOTE-control system.
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Gene upregulation by the REMOTE-control system provides several advantages in comparison to
current inducible transgenic approaches. It does not require generation of multiple transgenic
lines to test for position effects of the insertion, as it utilizes the endogenous locus. Additionally,
this approach is well-suited for upregulation of genes with strong baseline expression because it
enhances expression from an already robust promoter, whereas conventional transgenic models
rely on minimal viral promoters. Lastly, the tissue specificity, cell-cycle control, and splicing
variants of a target gene may be retained upon upregulation by our approach, as it preserves
elements of natural regulation such as innate cis-regulatory elements.  The advent of
CRISPR/Cas-mediated gene-targeting technology will greatly facilitate the application of this
technology in diverse model systems.
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Regulatory Ligands IPTG
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Activation only

Both Repression and
Activation

2-4

1-4

Tet operator(s)

Repron and Tet operator(s)

Promoter

Intron & Promoter

rt TA-M2 Activator

LaclGY Repressor and rt TA-
M2 Activator

Doxycycline

IPTG and/or Doxycycline
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The Jackson Laboratory
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PNA Bio CP0O4
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http://www.pnabio.com/products/CRISPR_Cas¢
http://crispor.tefor.net/
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ARTICLE AND VIDEO LICENSE AGREEMENT

VISUALIZED ;JP:,F MENTS W\VW.jO‘JE.CDm

Title of Article: | Tw Vive p(PPh‘ca.h’on of the REMOTE- coniro| System for Reversiblp
and Adiustable Manipulation of Endoeqenous Gene Expression

Author(s):

Nicole A. Vander Schaa€ Shirley Oghami&n, Jin-A Park,’
Liang Kang, Peter W. Laird Kwang—Ho Lee

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

DStandard Access

Item 2: Plgase select one of the following items:

Egpen Access

The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JOVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rightsin Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5: Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JOVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

ils Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JOVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JOVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JOVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JOVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Kwang-He Lee
Department: CCYH'CV -Ppr‘ Epv‘geneﬁcs
Institution: Van P(Y\d?/( ReSech'Ck IHSHW{'&
Ttles Senior Research Scientist
Signature: M”@M' Date: o / i /' 8

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal Letter.pdf 2

Editorial comments:

1. Please keep manuscript formatted per JoVE guidelines (see attached manuscript)—letter (8.5”
x 11”) paper size, 1-inch margins, 12 pt Calibri font throughout, all text aligned to the left
margin, single spacing within paragraphs, and spaces between all paragraphs and protocol
steps/substeps.

Response: To the best of our knowledge, this draft now follows the JoVE formatting
guidelines.

2. Protocol: This may be a general procedure, but we need specific examples for ease of
scripting/filming and for readers to follow along with the protocol. Please include specific DNA
sequences, mice strains, etc., that you used for, e.g., Dnmt1.

Response: We have now included a supplementary data file that contains an annotated
murine Dnmt1 sequence as an example of steps 1.1-1.3 and 1.5.1. It highlights regions
of intron 1 that should be avoided for insertion of the landing pad based on
bioinformatic analysis of the region. Further, it shows a possible sgRNA to use for
landing pad insertion, as well as PCR primers for assessing insertion. Additionally, we
have added Supplementary Figure 1 to aid visualization of steps 1.3 and 1.5.1, as
described further in our response to item 3 below. Regarding the mouse strain, we have
added our recommendation of using embryos from B6C3F1/J mice within the protocol
(steps 1.4 and 2.4), as well as listed this strain in the Table of Materials.

3. 1.3/1.5.1: Note that these steps cannot be filmed without more details.
Response: We have added Supplementary Figures 1A-B to demonstrate step 1.3.
Supplementary Figure 1B shows a specific example of a DNA template designed for the
Dnmt1 gene. We have removed step 1.5.1 from the film, as detailed PCR primer design
is beyond the scope of this protocol. However, we have added Supplementary Figure 1C
to demonstrate primer design for the Dnmt1 example.

4.1.4/1.6/2.4: Please provide a reference for materials prep and microinjection.
Response: Thank you for pointing this out. We have added references to steps 1.4/2.4%*
and 1.6%>. These references include detailed instructions on how to prepare materials
for and conduct microinjections.

5. Please remove ‘Figure 1’/’Figure 2’/etc. from the Figures themselves.

Response: The figure titles have been removed from the figures themselves.
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Supplemental File (Figures, Permissions, etc.) Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Supplementary Figure 1.tif

A
60-bp homology arm ﬁi JT15 |sp K Lox2272| 60-bp homology arm

Target genome
"sgRNA cut site

cccagcttgttgcctacttc:ctctctca s[efs]s tﬂta
agtgggcaccccggaattattcgtatagcatacattat:
ctcctaggcaataacttugtataggatacﬁtatacgaagttattacagg
aqgtggtactagaaggagggggcaggacctgccagtaacagta
attagagtaacc

cat aatgc

¢ FW primer
taggcaggtccdtatctgchaﬁigggtcta}ttacccag cttgttg

60-bp homology region (5')
ccta cttcctctctcaggggtctag catgaatgcagtgggcaccc

60-bp homology region (3')

caqg acaggagtggtactagaaggagggggnaggacctgcca
SgRNA

gtaacagtaattagagtaaccatggtgaccctggtcctgcagctgcc

<5’-Igt:ttctcaggtttcagtaac |
gggaaggctggatctgcctictagttactgaaacctgagaagccag

RV primer

L]
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Supplemental File (Figures, Permissions, etc.) Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Annotated Dnmt1 Intron 1.pdf
Murine Dnmtl Sequence (5’ UTR to Exon 2)
UCSC Genome Browser, mml0
Annotations from ENCODE datasets (if applicable): ENCSROOOCED (CTCF),
ENCSROOOCCR (H3K4mel), ENCSRO00CCQ (H3K27ac), ENCSROOOCNH (DNAse I
sensitivity). Datasets represent adult murine intestinal tissue.
WAGCCAGGAGGTGTGGGTGCCTCCGTTGCGCGCATGCGCACTCCCTTCGG
GCATAGCATGGTCTTCCCCCACTCTCTTGCCCTGTGTGGTACATGCTGCT
TCCGCTTGCGKCGCCCCCTCCCAATTGGTTTCCGCGCGCGCGAAAAAGCC
GGGGTCTCGTTCAGAGCTGTTCTGTCGTCTGCAACCTGCAAGATGICCAGC C ted [A1]: Start of exon 1 (exons denoted by
GCGAACAGCTCCAGCCCGAGTGCCTGCGCTTGCCTCCCCGGCAGGCTCGC uppercase letters)

TCCCGGACCATGTCCGCAGGCGgtaggtigccacgcagggtgggggtgagy

ggcgggaccgatgccgaggcatatattgggggtatctccgggtggecectg
cggccgctgacagccagggcgcgcatgecgecggggcagegtttggegeggg
ctgtgcttcctgtcgcgcgkgcccttagc:gt:ggcgccaaaatbgg:gg

Commented [A2]: Start of first intron (introns denoted
by lowercase letters)

(Commented [A3]: Avoid consensus splicing region )

gggccggggtgctggcaagcccattgactgggagcttgagggagcaaggg
gatcagccctctgaaatagaacaagcttggggacaccctcaggggttccce
ctctttggtcagccaggctcctgggtgtgcaggaagtgeccecctecteececgg
cctgtggacaccctgaagcccccactcecgctccagecteccacttececggtg
ccctgcagatcccgececgegeccacccgagggtcececctecgecggtteceet
ggccctggttcagaagggccctecttcecccagecececgectgtcaagtectag
gaccttttctctctcatcctgecgggeccgggectgggcagettgaagecce
tcgtgggattttgttttgttttcatcctaacgtaaaggagctectgegat
cctggagctatcaaagagactctgcctggaaagagctggtgctgcagaat
gggccctccactttggcagtgacataactctgtecccgagatcccagagceca
atcgaggaaacctttaactccattcaaagtgtttatcagggggaaggaaa
gatgaatggtagtgagatgtctcggcccccgecctattattttagecect
gtaaaccaghtctttcggtcctggcgccatcgaggaagctttttacattg

tccagtgtttatttcgaggagtgagggatggcaggtaaagtcccccattt
cagtgcatatgaatccccecctctcececcecccececctecccaagcaatcaagg
aagacctgggtaatbggccctccactagtaccttccacgcctccatgagg
acggctgtgtgcaaggattggcgggaacactggatccecgettcecctgttece
agaagggcatcgtcaatccgttcattcctgaaagcttgtcccgegegtcea
ttgagcattagtcataggtgccctgctagtgctggacacatcccaacccg
attckgagtctgcttttgctatcccgggggttagtttactggggtgatgc

caggccgattcccatttgagctttgggggataaagtgggagbagcggctg
aattcceccttgtcaaacaccecctgecccccagetcgeececccagggttggac
ctgaagctctgtactgagctacaccttcagccctthnnnnnnnnnnnnnn
nnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNANN
nnnnnnnnnnnnnnn\nnnnnnnnnnnnnnnnn\gggttcgttttttgaatg

cttgttttttgattgtataggcataaaaatctgaagcctttgtgagacac
ctcaacagatttctttttactaccaaaaaatacatacataattaaagtat
ttggttttttaaagttagacagtctgtaacctgcctttctgtcttttgte
tttcctgttctecgggttggttggtttacctgtgtatgennnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNANNNNANNNANNNNANNNNNNANNNNNNNANNN
nnnnnnnnnnnnnnnnnnnnnnagcttttcttgatttagaaaaacttact
agcaaaatatctacagtatgagatttgagaggtacctgcatttgggagga
tagtccaggagctgagtaggcctcgaggtagcttcecgtccatgectgetat
tctgtatttaaatggcagtttgtttaaatagaagtgtgcatagttcctet
ggatatataaaatatagtatcttcaacatttggattgtaagtctttaann
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNANNNNNNNANNNNNNNANNNNANNNNNNANNNNNNNANNN
nnnnnnnnnnNNNNNNNNNNNNNNnnnnnnnnnagactgacagtttctctg
aaatatagtaaaccttgtgtcattcaaaaatcaaatcatgctttttagtg
agatgttgtggccatggcctgtaacatcaggaggcaggagcaggagggtce
acaagttagaattcaactaaggtctcatttcagacattcacaccttgcaa

Commented [A4]: CpG Island: avoid the region
overlapping with intron 1 due to possible gene
regulatory functions

avoid if possible due to potential gene regulatory
functions

( Commented [AS5]: Dnase-seq peak (in 1 of 2 replicates): ‘

Commented [A6]: H3K27ac peak: avoid this region due
to possible gene regulatory functions

Commented [A7]: Dnase-seq peak: avoid due to
possible gene regulatory functions

Commented [A8]: Slight H3K4me1 peak: avoid if
possible due to potential gene regulatory functions

avoid, as denoted by “n”. Avoid all instances of

Commented [A9]: Example of a repetitive region to ‘
repetitive “n” stretches.
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ggtgagggatttcttttcctgagcagggggtgtcctttccatagectgaga
ttccttggttggcatgggtttttcatttctttcagtttttttaaattaaa
acttgttttccaggcacggtttctgtgtagttcatctggtcttgatcttg
ccacgctcgtgcctctggagtgatgecgtgttacatgettggettgetttt
aacttattttttgttaaacctnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnntaggggacaqc
tttttaattttecnnnnnnnnnnnnnnnnnNNNNNNNNNNNNNNNNNNNNNN
nnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNANNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnngggtaactacgtttatctgtttgtctgtnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNANNANN
nnnnnnntgaccqtaaacnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNANNNNNN
nnnnnnnnnnnnntaaaaagcttnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnntttagaattacatttgaactttttggaattggtttcttgccttcta
ccttatgctgagaggggggggggtggtggaggaggcaggttgattacttyg
tgtaggtgctttgctgtgagtctctgtgcaccacgtgtgtgecctggtget
ggagccctacaaatggattttcactttcaaccttacttgetttttggann
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNAJIJY
actgataacctttgctttgggaccatttgcttataaccttgcagcacttg
attcagttagtctgcctggccagcaggctcaggggacctttectcaggtece
atgcctgtctttttgagttttgagatccaaactcctgteccttgtgettgt
gtgacagtcacttcactgacctccgaagececcttttectgatggagnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnntacaggcgctggcgtccgt
ggcttctgtggagcctcagectgecgctaagcaagecgectccaggtgetgatt
ttctcecectcectcectgtatttaggatcacgctgcagaaggectgatacagecatg
gcttaactcattaggaggcgggccgagttctaggacttaaactttatttt
tgctgtgctgaagttgatctcaggcctgtatatctgttagetctcectggtyg
gagggggtggggagtgggggtacctctctctgcagcagatcctatgetgt
cccttacagtggtgtagttgtcattttttgnnnnnnnnnnnnnnnnnnnn
nnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNANNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnngcagttgtcatcttaatcttgg
tgccctgteccatgtccannnnnnnnnnnnnnnnnnnnNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNANN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncaa
tgcggccacgaagcagtctctctagggctceccecccatccattectgggegggg
gtggggggttactggggttagaactcagggcagctattttaccactcagt
gagctatctgaaaaatggggctggggctgactgctcctcagggttctgta
ggcctgctgaactcgtggtagtaggttaggtctccaccctgggeccatcecge
agcagtgagcagggagtgtctacaatatattcaggtacgctgtgcagtag
actgttggattttattccaagctcgcttgtagaatgatctaggecttgttce
tttctgcagtttgecctaggecggtttgtgtgeccagatctcaagtcaccenn
NnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNANNANN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNANN
nnnnnnnntagcatgtagctcttttctcagaggttgaggtgactttctgt
ctatcttctcagtgtggcagtggagctggggctctcagacatgccaggca
ggtgctgtgcctctgagccacaccttgggacagacacttgetgttctett
gctctcgttctgtaggtcaggaattgaggggtaggatgggtagagaagaa
acctagatgtcctgggctggattccttctggaaacgggcagggagtctgt
cctcctggggagctgacttctagtttecttgectgtttgtgggaaatgtnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNANNNNANN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn



nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncctaatttcttnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnatct
gcatacgtatgcctgtgtatgagggcagctgtgctcctcagcatgcatat
agacatctgagggctatcctaacataatttttattaactaaattgtagtt
actacactgggggggttgttactgtactnnnnnnnnnnnnnnnnnnnnnn
nnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANN
nnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNANNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnngagtaca
tttattggtatatttannnnnnnnnnnnnnnNnNNNNNNNNNNNNNNNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNANNANN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNANNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnngcaggttttaacgtgggtccaggaatcctcacttgggecccttgetga
gtcatcccgtceectettcattgnnnnnnnnnnnnnnnnnnnnNNNNNNnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnaagtccaaactgagtagtctcca
gcttctgaaactgtctgacagggtgactcctatcecctcagtectttectge
cannnNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNANNNANNANNANNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNANNNNNNNNNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnNNnnnnNNNNnNnnnnnnnnncaagatattatctgattc
atcagccggcectcaccccatttgecttgtcagaggcagnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNN
nnnnnnnnnnnnnnnnnnggcagggctctagaacaggccctgttgtgtta
ccaagttgggtttcagacgagcatttctggtttaggatgttgaaataaca
acctttgcaatctctccagttcatgtttctgtcagacaaattttcectaa
aagtatggctccgatgtggtctttcecctctcatgtggttecttttgatggece
ttgcaacaagatgactactgagtgtctcccacagttgctggccectetet
ggacttaccttttctgtccgacactgttagggctgttttcgggttgtett
agaagcagcttccaccctggggccacctaggtcaccecttcatgectgtag
ggcttgttccttctccagggaagagtgttttatgttttgttgnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNANN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnccactaaagagctcaagatt
taactgttcatcttccttagatgtgctaagattgggtctggtgtgtgtgt
gtacacggcatgcatgtggagggtcagggctgcagtaggaggtccttcce
acccccttggttgcactcectggtcaggettggtgggaggtgectataccte
aacactggctgctctccgggaaccctacannnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnNNNNNNNNNNNNNNNNNNNNNNNNnNNNnnnnnnnnnnnnnatgtttgce
ctgccttttcaaggtttatgtatagtttatcttcttagatgactagettyg
ttgaaagtagttatgaatgaatcatagcctgtaaggtccgcatggggeta
aggtggactttgtcattcagtgtgtttgcttttnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNNNNNNNNNNANNANN
tggtcacagtagctgtgtcccaccacgattttaagtgcacatcactgggt
ttgggagtgtgactcagtagtgggcctcttgcccaacacataggagttte
tgatttcatccgagctcaggtggggcataaaagggacaagacagtcacat
gggctgttgtagcagctgtgtttatgcctctggeccacaaaggtceccacttyg
tgcagctgcctttctttgagtcttgectttggctaagaactgtaggttac
ttactgtgggatgactgttgccgggctggectgagectecttectggaaga



gttttcttttcatctgggtgctgggatagaactcggggtgttgtgtgtgt
taggcagtgtgctctgccacactctagecctgagctaaaacaatcacctta
ttttagttatttacgtgaagnnnnnnnnnnnnnnnnnNnNNNNNNNNNNNNn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNANNANN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncaaggccccagctgcc
aggagctaagtccctgctctactgtagectageccacggtccagetgcaggg
tatagagcatctttcctaagcaaagacctgggggctgactgtcaggectgg
taggcaggtccctatctgetaatatgagtctagttacccagettgtigee

tacttcctctctcaggggtctagcatgaa tgcagtgggca\ccc\cgg\taca

ggagtggtactagaaggagggggcaggacctgccagtaacagtaattaga

gtaacc\atgqtgaccctggtcctgcagctgccgqgaaggctgqatctgcc

ttctabttactgaaacctgagaagc\caqacttgqaaqctgctqagatgqg

acagagatgcacaggccaggcccttgtggtgecttctctgacagacaccca
cctagctggttagacctgttcaccctctactgccecccaggctecccagget
gagtaacaggtggcctcttctgggtcttttecttttecttectagtecttte
tccecctgaccagagaggcaagagagtcttcagcagttgggaccagttett
tgcagacaagcccagtagaatgctgtgcggctgtgcttagatacacatte
tggaggctgagttccgggatcctggectacagtattgtgtctececctgtge
agtgcggtgcgtggaatcccaggecctccacatgecctgecgggeccaccgea
ctcttactcctgagctgegttctcagectecgeccagttcaccteccagetect
cagtgtgtggctgtgggcaagcccgatggecctgggectecttteccattt
attcagttctgcaggagagggctgccagccatacatggccttgaggagece
atcagctggctgggtcctacaatgcagccatgactcatgectgacatcatg
catgctgtggcaggccttttaggagctgacccagttagggaagacagctyg
taggtcatccaggttagagatggaccctgactgacagctcectcatgtett
ttcttgtatattttcecctctgennnnnnnnnnnnnnnnnnNNNNNNNNNn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnntgttgtttgagggatggtc
tcactatgtaatccaggccatgatctgtgtgccagtctggcagtgtgage
agctatctaatatagctcctgggctgaccttaccectttctggtagaatyg
ctgtgtgcgcttgctcaggttactaaggacatcgtaggaaggcgcagecag
aacgtactagnnnnnnnnnnnNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnngttgatgctagaca
ccaggtgcaggggcagaagagggggccgtgttgceccgcaacactcaaacat
gttcattcctectttecectttttettteccctnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
nnnnnnnnnnnaggaggctaatgccataccacaccccacgccccccagtt
htttgttttagattgattttcagaggtaaatgaagttacttatttatttc
ctttacccagGCTCAAAGACTTGGAAAGAGATGGCTTAACAGAAAAG

Commented [A10]: Forward primer to evaluate landing
pad insertion

Commented [A11]: PAM sequence (NGG on reverse
strand)

template

Commented [A13]: sgRNA:
CTAGTACCACTCCTGTACCG (reverse strand)

[Commented [A14]: 3’ 60-bp homology arm for DNA

template

Commented [A15]: Reverse primer to evaluate landing
pad insertion (primer sequence is the reverse
complement of the highlighted sequence)

‘[Commented [A12]: 5’ 60-bp homology arm for DNA j

[Commented [A16]: Avoid consensus splicing region }
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Lac Operator
GTGGAATTGTGAGCGGATAACAATTTCAC

Symmetric Lac Operator
TGTGGAATTGTGAGCGCTCACAATTCCACA

Tet Operator
TCCCTATCAGTGATAGAGA

LaclGY
ATGGGCAAATATGTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTTATCAGACTGTTTC
CAGAGTGGTGAACCAGGCCAGCCATGTTTCTGCCAAAACCAGGGAAAAAGTGGAAGCAGCCAT
GGCAGAGCTGAATTACATTCCCAACAGAGTGGCACAACAACTGGCAGGCAAACAGAGCTTGCT
GATTGGAGTTGCCACCTCCAGTCTGGCCCTGCATGCACCATCTCAAATTGTGGCAGCCATTAAAT
CTAGAGCTGATCAACTGGGAGCCTCTGTGGTGGTGTCAATGGTAGAAAGAAGTGGAGTTGAAG
CCTGTAAAGCTGCAGTGCACAATCTTCTGGCACAAAGAGTCAGTGGGCTGATCATTAACTATCC
ACTGGATGACCAGGATGCCATTGCTGTGGAAGCTGCCTGCACTAATGTTCCAGCACTCTTTCTTG
ATGTCTCTGACCAGACACCCATCAACAGTATTATTTTCTCCCATGAAGATGGTACAAGACTGGGT
GTGGAGCATCTGGTTGCATTGGGACACCAGCAAATTGCACTGCTTGCGGGCCCACTCAGTTCTG
TCTCAGCAAGGCTGAGACTGGCCGGCTGGCATAAATATCTCACTAGGAATCAAATTCAGCCAAT
AGCTGAAAGAGAAGGGGACTGGAGTGCCATGTCTGGGTTTCAACAAACCATGCAAATGCTGAA
TGAGGGCATTGTTCCCACTGCAATGCTGGTTGCCAATGATCAGATGGCACTGGGTGCAATGAG
AGCCATTACTGAGTCTGGGCTGAGAGTTGGTGCCGATATCTCGGTAGTGGGATACGACGATAC
CGAAGACAGCTCATGTTATATCCCGCCGTCAACCACCATCAAACAGGATTTTCGCCTGCTGGGG
CAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTG
TTGCCAGTCTCACTGGTGAAGAGAAAAACCACCCTGGCACCCAATACACAAACTGCCTCTCCCC
GGGCATTGGCTGATTCACTCATGCAGCTAGCAAGACAGGTTTCCAGACTGGAAAGTGGGCAGA
GCAGCCTGAGGCCTCCTAAGAAGAAGAGGAAGGTGTGA

Repron
Red: two copies of Symmetric Lac Operator
Black: Rabbit Beta-globin intron (51~600)

GGACCCTTGATTGTTCTTTCTGTGGAATTGTGAGCGCTCACAATTCCACAACTAGGTGTGGAATT
GTGAGCGCTCACAATTCCACATTTTTCGCTATTGTAAAATTCATGTTATATGGAGGGGGCAAAGT
TTTCAGGGTGTTGTTTAGAATGGGAAGATGTCCCTTGTATCACCATGGACCCTCATTGTGGAATT
GTGAGCGCTCACAATTCCACAACTAGGTGTGGAATTGTGAGCGCTCACAATTCCACAGATAATT
TTGTTTCTTTCACTTTCTACTCTGTTGACAACCATTGTCTCCTCTTATTTTCTTTTCATTTTCTGTAA
CTTTTTCGTTAAACTTTAGCTTGCATGTGGAATTGTGAGCGCTCACAATTCCACAACTAGGTGTG
GAATTGTGAGCGCTCACAATTCCACATTTGTAACGAATTTTTAAATTCACTTTTGTTTATTTGTCA
GATTGTAAGTACTTTCTCTAATCACTTTTTTTTCAAGGCAATCAGGGTATATTATATTGTTGTGGA
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ATTGTGAGCGCTCACAATTCCACAACTAGGTGTGGAATTGTGAGCGCTCACAATTCCACAACTTC
AGCACAGTTTTAGAGAACAATTGTTATAATTAAATGATAAGGTAGAATATTTCTGCATATAAATT
CTGGCTGGCGTGGAAATATTCTTATTGGTATGTGGAATTGTGAGCGCTCACAATTCCACAACTA
GGTGTGGAATTGTGAGCGCTCACAATTCCACAGAAACAACTACATCCTGGTCATCATCCTGCCTT
TCTCTTTATGGTTACAATGATATACACTGTTTGAGATGAGGATAAAATACTCTGAGTCCAAACCG
GGTGTGGAATTGTGAGCGCTCACAATTCCACAACTAGGTGTGGAATTGTGAGCGCTCACAATTC
CACACCCCTCTGCTAACCATGTTCATGCCTTCTTGAGTCCGAATGAT



