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SUMMARY: 28 

 29 

This protocol outlines the steps needed to generate a model system in which the transcription of 30 

an endogenous gene of interest can be conditionally controlled in live animals or cells using 31 

enhanced lac repressor and/or tet activator systems. 32 

 33 

ABSTRACT: 34 

 35 

Here we describe a protocol for implementing the REMOTE-control system (Reversible 36 

Manipulation of Transcription at Endogenous loci), which allows for reversible and tunable 37 

expression control of an endogenous gene of interest in living model systems. The REMOTE-38 

control system employs enhanced lac repression and tet activation systems to achieve down- or 39 

upregulation of a target gene within a single biological system. Tight repression can be achieved 40 

from repressor binding sites flexibly located far downstream of a transcription start site by 41 

inhibiting transcription elongation. Robust upregulation can be attained by enhancing the 42 

transcription of an endogenous gene by targeting tet transcriptional activators to the cognate 43 

promoter. This reversible and tunable expression control can be applied and withdrawn 44 
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repeatedly in organisms. The potency and versatility of the system, as demonstrated for 45 

endogenous Dnmt1 here, will allow more precise in vivo functional analyses by enabling 46 

investigation of gene function at various expression levels and by testing the reversibility of a 47 

phenotype. 48 

 49 

INTRODUCTION:  50 

 51 

Genetic knockout or transgenic approaches have been an effective means to study gene function 52 

in animal models. However, expression regulation by these approaches is dichotomous (on/off), 53 

non-temporal, and thus is not capable of revealing the complete functional spectrum of a gene. 54 

Conditional Cre/LoxP technologies have allowed spatio-temporal inactivation or activation of 55 

gene function, but their dichotomous nature continues to pose limitations, such as cell lethality 56 

and irreversibility1-3. In order to fill this void, conditional knockdown approaches have been 57 

developed using tet-regulated shRNA or miRNA4. However, off-target effects remain a concern 58 

for RNAi5 and have been challenging to control in vivo. More recently, CRISPR/Cas-mediated 59 

transcriptional-control technologies have introduced a more versatile approach to achieving both 60 

up- and downregulation of endogenous gene expression and demonstrated their utilities6,7. 61 

However, the effectiveness of CRISPR/Cas-mediated transcriptional control is as yet unclear in 62 

vivo, and the reversibility of KRAB-based repression remains to be seen, as strong repression by 63 

KRAB and its interacting protein KAP1 has been shown to induce permanent gene silencing8,9.  64 

 65 

In order to address these limitations, we have developed a novel transcriptional regulatory 66 

system capable of conditionally controlling endogenous gene expression in a reversible and 67 

tunable manner in mice using engineered prokaryotic binary transcriptional regulatory systems10. 68 

Prokaryotic binary transcriptional regulatory systems with regulatory ligands, such as lac and tet, 69 

have enabled such reversible and tunable expression control11-14. However, the inadequate 70 

repression potency of the current binary systems has impeded their broad adoption for 71 

controlling endogenous gene expression in mammals. We developed an enhanced lac repression 72 

system sufficiently potent for the repression of endogenous genes and employed a novel strategy 73 

of targeting tet transcriptional activators directly to the cognate promoter of an endogenous 74 

gene to achieve robust upregulation (Figure 1)10. With this technology, we have achieved nearly 75 

two orders of magnitude expression control of the endogenous Dnmt1 gene in a tunable, 76 

inducible, and reversible manner10. Here we provide step-by-step instructions for its in vivo 77 

application to other genes and organisms using mice as a model species. 78 

 79 

[Insert Figure 1] 80 

 81 

Before beginning this protocol, review Table 1 to identify the relevant steps for the desired 82 

control of gene expression. For example, to engineer a mouse that enables reversible 83 

downregulation of “Gene X”, complete sections 1, 3, and 4 of the below protocol. Table 1 also 84 

summarizes the needed components of the REMOTE-control system. 85 

 86 

[Insert Table 1] 87 

 88 



   

   

 

PROTOCOL: 89 

 90 

All animal procedures were conducted with the approval of the Institutional Animal Care and Use 91 

Committee (IACUC) of the University of Southern California and the Van Andel Research Institute 92 

and in compliance with the Guide for the Care and Use of Laboratory Animals from the National 93 

Institutes of Health15. 94 

 95 

1. Modify the gene of interest for repression by REMOTE-control 96 

 97 

1.1. Using the guidelines below, identify a transcriptionally inert intron toward the 5’ end of the 98 

gene of interest for insertion of the Repron sequence (“Repression intron”; 12 symmetric lac 99 

operators plus a partial rabbit beta-globin intron). Be aware of alternative promoters for the gene 100 

of interest, and choose an intron according to the transcript(s) to be controlled (i.e. an intron 101 

shared by all transcripts or one specific to a desired transcript).  102 

 103 

NOTE: For genes without an intron or with ones toward the 3’end, insert the Repron sequence 104 

into the promoter (see Lee, et al.10 for a detailed procedure). 105 

 106 

1.1.1. Obtain the genomic sequence for the gene of interest. 107 

 108 

1.1.1.1. Navigate to the UCSC Genome Browser16,17, and select the latest draft of the mouse 109 

genome (Mouse GRCm38/mm10 at time of publication), which is currently under the Genomes 110 

tab.  111 

 112 

1.1.1.2. Enter the name or symbol of the gene of interest into the search bar to view the 113 

transcripts for the gene. Click go. 114 

 115 

1.1.1.3. Select the desired transcript variant for the gene of interest. 116 

 117 

1.1.1.4. Click on the gene symbol next to the transcript variant of interest (the symbol of the 118 

previously selected transcript will be in a black box). 119 

 120 

1.1.1.5. Under the Sequence and Links to Tools and Databases banner, click the Genomic 121 

Sequence link. 122 

 123 

1.1.1.6. For Sequence Retrieval Region Options, select only Exons (5’ UTR, CDS, and 3’ UTR), 124 

Introns, and the default One FASTA record per gene. For Sequence Formatting Options, select 125 

Exons in upper case, everything else in lower case and Mask Repeats to N (to conceal repetitive 126 

sequences). Then click submit. 127 

 128 

1.1.1.7. Save this sequence, preserving the upper- and lowercase formatting, in a document or 129 

program that can be annotated. 130 

 131 



   

   

 

1.1.2. Avoid interruption of CpG islands, which may indicate regions with gene regulatory 132 

function.  133 

 134 

NOTE: Though a 5’ intron is preferable for insertion of the Repron sequence, the first intron may 135 

contain transcriptional regulatory elements such as CpG islands (examined in this step) or 136 

enhancer elements (examined in step 1.1.4), which are to be avoided for Repron insertion. 137 

 138 

1.1.2.1. Under the Expression and Regulation banner of the UCSC Genome Browser, select show 139 

for the CpG Islands track, and click refresh. 140 

 141 

1.1.2.2. Zooming in on the 5’ introns, record the range of chromosomal coordinates that 142 

correspond to intronic CpG islands (shown in green if present). 143 

 144 

1.1.2.3. Obtain the DNA sequence corresponding to these chromosomal coordinates by typing 145 

the coordinates into the search bar and clicking go.  146 

 147 

1.1.2.4. In the View dropdown menu, select DNA, and click Mask repeats to N. 148 

 149 

1.1.2.5. Overlay these sequences with the original sequence file, and annotate these as intronic 150 

regions to avoid due to possible gene regulatory functions. 151 

 152 

1.1.3. Avoid interruption of non-coding RNAs, in case they have a regulatory function. 153 

 154 

1.1.3.1. Under the Genes and Gene Predictions banner of the UCSC Genome Browser, select 155 

show for the GENCODE (Ensembl) track, and click refresh. 156 

 157 

1.1.3.2. Zooming in on the 5’ introns, record the range of chromosomal coordinates that 158 

correspond to non-coding RNAs (shown in green if present). 159 

 160 

1.1.3.3. Obtain the DNA sequence corresponding to these chromosomal coordinates by typing 161 

the coordinates into the search bar and clicking go.  162 

 163 

1.1.3.4. In the View dropdown menu, select DNA, and click Mask repeats to N. 164 

 165 

1.1.3.5. Overlay these sequences with the original sequence file, and annotate these as intronic 166 

regions to avoid due to possible gene regulatory functions. 167 

 168 

1.1.4. Avoid intronic regions with enhancer signatures in the tissue(s) of interest, such as 169 

H3K4me1, H3K27ac, and DNase I hypersensitivity18-21, as well as CTCF binding sites, which 170 

regulate enhancer looping22,23.  171 

 172 

1.1.4.1. Navigate to the ENCODE database24,25, and select the Experiments icon. 173 

 174 



   

   

 

1.1.4.2. For the assay type, select ChIP-seq or DNase-seq, and populate the other categories 175 

(Organism, Biosample type, etc.) according to the cells to be engineered. 176 

 177 

1.1.4.3. After feature selection, hover over the pictograms in blue, and select the one for which 178 

View Results as List appears (left-most pictogram at time of publication). 179 

 180 

1.1.4.4. Select the datasets for the targets of H3K4me1, H3K27ac, DNase I, and CTCF that most 181 

closely match the cells to be engineered.  182 

 183 

1.1.4.5. Within each relevant dataset, scroll to the Files section and click the Visualize button. 184 

 185 

1.1.4.6. Select mm10: UCSC to visualize the data in the UCSC Genome Browser. 186 

 187 

1.1.4.7. Zooming in on the 5’ introns, record the range of chromosomal coordinates that 188 

correspond to H3K4me1, H3K27ac, DNase I, and CTCF peaks. 189 

 190 

1.1.4.8. Obtain the DNA sequence corresponding to these chromosomal coordinates by typing 191 

the coordinates into the search bar and clicking go.  192 

 193 

1.1.4.9. In the View dropdown menu, select DNA, and click Mask repeats to N. 194 

 195 

1.1.4.10. Overlay these sequences with the original sequence file, and annotate these as intronic 196 

regions to avoid due to possible gene regulatory functions.  197 

 198 

1.1.4.11. Avoid disruption of consensus splicing sequences, so as not to interfere with 199 

appropriate splicing of the exons.  200 

 201 

NOTE: Although sequences required for splicing are largely confined to about six bases at the 5' 202 

end of the intron26 and about 60 bases at the 3' end27, it is advisable to select a large intron, 203 

allowing for considerably wider margins from these consensus regions to minimize the likelihood 204 

of impacting splicing. Use of intron analysis tools, such as SVM-BPfinder28, is recommended for a 205 

more thorough analysis of potential splice sequences. 206 

 207 

1.2. After identifying an intronic region that meets the above criteria (as exemplified for Dnmt1 208 

in the supplementary data), screen the sequence using an online sgRNA design tool to identify 209 

an sgRNA in the region with high specificity and predicted efficiency scores. 210 

 211 

1.2.1. Navigate to an online sgRNA design tool of choice, such as CRISPOR29. 212 

 213 

1.2.2. Enter the sequence of the intronic region of interest, specify the relevant reference 214 

genome, and select the desired Protospacer Adjacent Motif (PAM). Click Submit. 215 

 216 

1.2.3. Sort the predicted sgRNAs by specificity score, and select one or more sgRNAs that also 217 

have a high predicted efficiency score29. 218 



   

   

 

 219 

1.2.3.1. Optional: To maximize the likelihood of using an effective sgRNA, first test the cleavage 220 

efficiency of several top-scoring sgRNAs in an in vitro assay30, and proceed with the most efficient 221 

sgRNA in vivo.  222 

 223 

1.3. Design a DNA template containing a PITT (Pronuclear Injection-based Targeted Transgenesis) 224 

landing pad sequence, as exemplified in Supplementary Figure 1A,B, flanked on both sides by 225 

60-base homology arms that correspond to the sgRNA cut site31.  226 

 227 

NOTE: The landing pad contains two heterotypic loxP sites (JT15 and Lox2272) and enables 228 

targeted insertion of large sequences through a two-step approach; be sure that the junctions of 229 

this insertion do not create cryptic splice sites. Alternatively, an embryonic stem cell (ESC)-based 230 

knock-in strategy can be used to insert the Repron sequence directly.  231 

 232 

1.4. Prepare the sgRNA, Cas9 protein, and the single-stranded DNA (ssDNA) template for the 233 

landing pad, and microinject into fertilized eggs (from B6C3F1/J mice or other desired strain) 234 

according to established protocols32,33.  235 

 236 

1.5. Screen for mice with the landing pad knock-in. 237 

 238 

1.5.1. Design PCR primers complementary to the genomic locus but outside of the regions 239 

targeted by the homology arms, as demonstrated for Dnmt1 in Supplementary Figure 1C. Avoid 240 

repetitive genomic sequences when designing the primers. 241 

 242 

1.5.2. Extract DNA from tail clips of the mice according to established protocols34. 243 

 244 

1.5.3. Use PCR and gel electrophoresis to identify mice with a landing pad insertion. 245 

 246 

1.5.4. Confirm that the knock-in was successful by sequencing the PCR products.  247 

 248 

NOTE: Unwanted large deletions and rearrangements can be introduced by CRISPR/Cas935, so 249 

careful screening for off-target editing is advised before proceeding35-37. 250 

 251 

1.6. Using fertilized eggs from the landing pad mice, microinject iCre mRNA38 and a transgenic 252 

plasmid containing the Repron sequence flanked by JTZ17 and Lox2272 recombination sites31,39-253 
41 according to established methods38,42,43. 254 

 255 

1.7. Screen for mice with the Repron insertion. 256 

 257 

1.7.1. Design PCR primers complementary to the genomic locus, outside of the Repron insert. 258 

Avoid repetitive genomic sequences when designing the primers. 259 

 260 

1.7.2. Extract DNA from tail clips of the mice according to established protocols34. 261 

 262 



   

   

 

1.7.3. Use PCR and gel electrophoresis to identify mice with a Repron insertion. 263 

 264 

1.7.4. Confirm the knock-in was successful by sequencing the PCR products. 265 

 266 

2. Modify the gene of interest for upregulation by REMOTE-control 267 

 268 

2.1. Using the guidelines below, identify a region in the promoter of the gene of interest that is 269 

unlikely to perturb promoter function upon insertion of tet operator sequences. Be aware of 270 

alternative promoters for the gene of interest, and choose a promoter according to the 271 

transcript(s) to be controlled (i.e. a promoter shared by all transcripts or one specific to a desired 272 

transcript). 273 

 274 

2.1.1. Obtain the genomic sequence for the promoter of interest. 275 

 276 

2.1.1.1. Navigate to the UCSC Genome Browser16,17, and select the latest draft of the mouse 277 

genome (Mouse GRCm38/mm10 at time of publication), which is currently under the Genomes 278 

tab.  279 

 280 

2.1.1.2. Enter the name or symbol of the gene of interest into the search bar to view the 281 

transcripts for the gene. Click go. 282 

 283 

2.1.1.3. Select the desired transcript variant for the gene of interest. 284 

 285 

2.1.1.4. Click on the gene symbol next to the transcript variant of interest (the gene symbol of 286 

the previously selected transcript will be in a black box). 287 

 288 

2.1.1.5. Under the Sequence and Links to Tools and Databases banner, click the Genomic 289 

Sequence link. 290 

 291 

2.1.1.6. For Sequence Retrieval Region Options, select only Promoter/Upstream by 1000 bases. 292 

For Sequence Formatting Options, select Mask Repeats to N (to conceal repetitive sequences). 293 

Then click submit. 294 

 295 

2.1.1.7. Save this promoter sequence in a document or program that can be annotated. 296 

 297 

2.1.2. Select regions that are free of putative transcription factor binding sites, as interrupting 298 

these sequences may alter endogenous gene expression. 299 

 300 

2.1.2.1. Navigate to the UCSC Genome Browser, and open the latest version of the mouse 301 

genome. 302 

 303 

2.1.2.2. Above the Mapping and Sequencing banner, select track hubs. 304 

 305 

2.1.2.3. Click Connect next to the hub name of JASPAR 2018 TFBS (or the latest JASPAR version). 306 



   

   

 

 307 

2.1.2.4. On the next page that appears, quickly click mm10 (or it will automatically proceed to 308 

the human genome after a few seconds). If the time expires before clicking mm10, navigate to 309 

the mouse genome on the next page using the Genomes tab. 310 

 311 

2.1.2.5. Enter the name or symbol of the gene of interest into the search bar to view the 312 

transcripts for the gene. Click go. 313 

 314 

2.1.2.6. Select the desired transcript variant for the gene of interest. 315 

 316 

2.1.2.7. Scroll down to the JASPAR 2018 TFBS banner, and if hide is selected, click the dropdown 317 

arrow to select another viewing option such as squish. Click refresh. 318 

 319 

2.1.2.8. Zoom into the promoter region of the gene of interest, and identify regions that are free 320 

(or relatively free) of transcription factor binding sites according to the JASPAR track. Record the 321 

chromosomal coordinates of these regions. 322 

 323 

2.1.2.9. Obtain the genomic sequence of these chromosomal coordinates. 324 

 325 

2.1.2.10. Overlay these sequences with the original sequence file, and annotate these as ideal 326 

promoter regions to target due to lack of transcription factor binding. 327 

 328 

2.1.3. Within these sequences, select a perturbable promoter region that is upstream but near 329 

the transcription start site of the gene of interest.  330 

 331 

NOTE: An insertion that is too close to the transcription start site may increase the chance of 332 

impairing promoter activity, but an insertion that is too far may decrease the level of 333 

upregulation. Inserting tet operator sequences about 200 basepairs upstream of the 334 

transcription start site has resulted in robust upregulation of the two promoters tested (see 335 

discussion)10. 336 

 337 

2.2. Screen the selected promoter region using an online sgRNA design tool to identify an sgRNA 338 

in the region with high specificity and predicted efficiency scores. 339 

 340 

2.2.1. Navigate to an online sgRNA design tool of choice, such as CRISPOR29. 341 

 342 

2.2.2. Enter the sequence of the region of interest, specify the relevant reference genome, and 343 

select the desired Protospacer Adjacent Motif (PAM). Click Submit. 344 

 345 

2.2.3. Sort the predicted sgRNAs by specificity score, and select one or more sgRNAs that also 346 

have a high predicted efficiency score29. 347 

 348 



   

   

 

2.2.3.1. Optional: To maximize the likelihood of using an effective sgRNA, first test the cleavage 349 

efficiency of several sgRNAs in an in vitro assay30, and proceed with the most efficient sgRNA in 350 

vivo.  351 

 352 

2.3. Design a DNA template containing tet operators flanked on both sides by 60-base homology 353 

arms that correspond to the sgRNA cut site31,33.  354 

 355 

NOTE: The number of tet operators is customizable; insertion of two to four tet operator 356 

sequences in tandem has previously been shown to be effective, but in principle more operators 357 

are desirable for driving higher expression. Alternatively, an ESC-based knock-in strategy can be 358 

used to insert the tet operators.  359 

 360 

2.3.1. Optional: For experimental evidence that the proposed modifications will likely not disrupt 361 

the endogenous transcriptional activity of the gene of interest, clone the engineered promoter 362 

sequence into a firefly luciferase vector (such as pGL3-Basic), and compare its efficacy to the 363 

original promoter using a luciferase assay.  364 

 365 

2.4. Prepare the sgRNA, Cas9 protein, and the ssDNA template containing the tet operator 366 

sequences, and microinject into fertilized eggs (from B6C3F1/J mice or other desired strain) 367 

according to established protocols32,33.  368 

 369 

NOTE: Due to the complexity of synthesizing a repetitive sequence, an in vitro 370 

transcription/reverse transcription-based approach is recommended to synthesize a ssDNA 371 

template from a double-stranded DNA (dsDNA) plasmid44. Alternatively, a dsDNA template may 372 

be used for microinjection, but the knock-in efficiency may be reduced45. 373 

 374 

2.5. Screen for mice with knock-in of the tet operators. 375 

 376 

2.5.1. Design PCR primers complementary to the genomic locus, outside of the regions targeted 377 

by the homology arms. Avoid repetitive genomic sequences when designing the primers. 378 

 379 

2.5.2. Extract DNA from tail clips of the mice according to established protocols34. 380 

 381 

2.5.3. Use PCR and gel electrophoresis to identify mice with the insertion of the tet operators. 382 

 383 

2.5.4. Confirm that the knock-in was successful by sequencing the PCR products.  384 

 385 

NOTE: Unwanted large deletions and rearrangements can be introduced by CRISPR/Cas935, so 386 

careful screening for off-target editing is advised before proceeding35-37. 387 

 388 

3. Develop activator- and/or repressor-expressing mice 389 

 390 

3.1. Identify a robustly expressing promoter for the tissue(s) or cell type(s) of interest.  391 

 392 



   

   

 

NOTE: A literature search and the Tissue-Specific Promoter Database46 may be useful for 393 

identifying such a promoter. 394 

 395 

3.2. Place the provided enhanced lac repressor or tet activator sequences downstream of the 396 

desired promoter to generate a transgenic construct. 397 

 398 

3.3. Produce the transgenic mouse line(s) using standard transgenic procedures42,43,47. 399 

Alternatively, a site-specific transgenesis approach can be used to avoid position effects and to 400 

allow single-copy transgene insertion31,48.  401 

 402 

3.4. Propagate the founders and determine the expression pattern and level of the transgene in 403 

the offspring of each founder. Select lines with robust expression in the intended tissue type(s) 404 

for further breeding. 405 

 406 

3.4.1. Breed the founders to wildtype mice. 407 

 408 

3.4.2. Design PCR primers that will detect the insertion of the activator and/or repressor. 409 

 410 

3.4.3. Extract DNA from tail clips of the offspring according to established protocols34. 411 

 412 

3.4.4. Use PCR and gel electrophoresis to identify mice with the insertion. 413 

 414 

3.4.5. Confirm the transgene insertion by sequencing of the PCR products. 415 

 416 

3.4.6. Propogate the transgenic lines. 417 

 418 

3.4.7. Sacrifice a few pups from each line, and collect the tissues of interest for qRT-PCR, 419 

immunohistochemistry, and/or western blotting to analyze the expression of the gene/protein 420 

of interest in the target tissue type(s).  421 

 422 

3.4.8. Select the lines with the strongest expression in the tissues of interest for use in section 4. 423 

 424 

4. Manipulate gene expression in vivo 425 

 426 

4.1. Breed the mice with the modified gene of interest (section 1 and/or 2) with the transgenic 427 

mice from section 3 according to established breeding practices49. For maximal expression 428 

control, breed the mice to homozygosity for the modified allele. 429 

 430 

4.2. For reversion or adjustment of repression of the target gene, administer IPTG in the drinking 431 

water.  432 

 433 

4.2.1. To experimentally determine the dose of IPTG to use, treat mice of the appropriate 434 

genotype and controls with one of a range of doses (recommended starting range: 0 – 400 mM 435 

IPTG) for at least one week50,51. Include at least three mice per treatment group, and select the 436 



   

   

 

age and sex of mice that are most relevant to the planned future experiments. NOTE: Breeding 437 

pairs of mice can be treated with IPTG water to provide developmental exposure of IPTG to the 438 

offspring if desired13, or mice can begin treatment any time after birth.  439 

 440 

4.2.1.1. Dissolve the desired mass of IPTG in sterile distilled water on the day of administration, 441 

and stir with a stir bar for 5 minutes or until fully dissolved. 442 

 443 

4.2.1.2. Wrap the bottle with foil, and administer the IPTG water in a light-protected bottle. 444 

Replace twice a week. Provide the the same source of water to mice receiving 0 mM IPTG. 445 

 446 

4.2.1.3. After at least one week, sacrifice the mice and analyze the expression of the gene of 447 

interest in the target tissue(s) using qRT-PCR, immunohistochemistry, and/or western blotting. 448 

 449 

4.2.1.4. Identify the dose that restores the expression of the gene of interest to that of wildtype 450 

controls, and use this dose to achieve normal expression of the gene in future experiments. 451 

 452 

4.3. For induction of gene upregulation, administer Doxycycline (Dox) in the diet. 453 

 454 

4.3.1. To experimentally determine the concentration of Dox to administer, treat mice of the 455 

appropriate genotype and controls with one of a range of Dox concentrations (recommended 456 

starting range: 0 – 5000 mg/kg Doxycycline Hyclate) for at least one week52,53, including at least 457 

three mice per treatment group. Purchase Dox-containing mouse food from a commercial 458 

vendor.  459 

 460 

NOTE: Breeding pairs of mice can be treated with Dox food to provide developmental exposure 461 

of Dox to the offspring if desired54,55, or mice can begin treatment any time after birth. 462 

 463 

4.3.2. Replace the diet once per week. Provide the same base diet to mice receiving Dox-free 464 

food. 465 

 466 

4.3.3. After at least one week, sacrifice the mice and analyze the expression of the gene of 467 

interest in the target tissue(s) using qRT-PCR, immunohistochemistry, and/or western blotting. 468 

 469 

4.3.4. Identify the dose that elevates the expression of the gene of interest to the desired level, 470 

and use this dose to achieve overexpression of the gene in future experiments. 471 

 472 

REPRESENTATIVE RESULTS:  473 

 474 

The repression capability of the REMOTE-control system has been demonstrated in two different 475 

approaches thus far. In the first approach, lac repressor binding sites were inserted at the 476 

endogenous promoter of the Dnmt1 gene. In the second approach, which is recommended by 477 

this protocol, the repressor binding sites were inserted into a downstream intron to avoid the 478 

potential risk of affecting promoter function by the insertion and thereby to simplify application 479 

of the REMOTE-control system. Both approaches resulted in successful repression (Figure 2A,B 480 



   

   

 

and Figure 3B,C)10. Dnmt1 expression was repressed to 15% of the unregulated levels using the 481 

promoter-based approach (Figure 2A). This tight repression was reversed in a dose-dependent 482 

manner by treating mice with varying amounts of IPTG (Figure 2A). The observed Dnmt1 483 

repression was validated at the protein level by immunostaining (Figure 2B). We did not observe 484 

any noticeable difference in Dnmt1 expression between Dnmt1+/+ and Dnmt1LO/LO mice, 485 

confirming that our lacO modification had not disrupted normal promoter function10. The intron-486 

based approach achieved more than 90% repression from operators located several kilobases 487 

downstream of the transcription start site by attenuating transcription elongation (Figure 3A, 488 

B)10. This intron-based approach was further validated on seven additional robust promoters 489 

(Figure 3C). Invariably tight repression was achieved from all of the promoters tested. No 490 

correlation between the residual expression levels and the strengths of the promoters was 491 

observed, suggesting that the repression capacity of our intron-based repression system exceeds 492 

the transcriptional potency of all of the robust promoters we tested (Figure 3C). 493 

 494 

The in vivo upregulation capability of the REMOTE-control system was also demonstrated on the 495 

Dnmt1 gene. We introduced two copies of the tet operator into the Dnmt1 promoter, together 496 

with lac operator sequences, to allow for either upregulation or downregulation depending on 497 

which effector protein is present. Robust upregulation and downregulation of Dnmt1 expression, 498 

close to two orders of magnitude (10% to 650%), were achieved in ESCs containing the modified 499 

endogenous Dnmt1 allele (Dnmt1LGT) (Figure 4A)10. Both regulations were fully reversible and 500 

inducible by IPTG and Dox treatments, respectively (Figure 4A). We next introduced the 501 

Dnmt1LGT modification into the mouse germline to test the in vivo upregulation capability of the 502 

REMOTE-control system. Strong upregulation of Dnmt1 was observed from the liver, spleen, and 503 

kidney, whereas no detectable upregulation in the heart was observed (Figure 4B)7. The cell 504 

cycle-dependent expression pattern of Dnmt1 and the scarcity of proliferative cells in the heart 505 

may underlie this observation10,56. It remains to be seen whether this limitation can be overcome 506 

by increasing the expression level of the activator or the number of its binding sites.  507 

 508 

FIGURE AND TABLE LEGENDS: 509 

 510 

Figure 1: Overview of the REMOTE-control system. The transcription of an endogenous target 511 

gene can be regulated using engineered lac repressor and tet activator systems. The target gene 512 

promoter or intron is engineered to contain operators for the tight-binding LacIGY repressor 513 

and/or the rtTA-M2 activator. R indicates Repron (Repression intron), which contains 12 514 

symmetric lac operators (S) plus a partial rabbit beta-globin intron. T indicates tet operator. The 515 

repressor and/or activator is/are expressed from a tissue-specific promoter. The expression of 516 

the target gene can then be reversibly tuned to the desired expression level by administration of 517 

IPTG (isopropyl β-D-1-thiogalactopyranoside, an antagonist of the LacIGY repressor) or 518 

Doxycycline (Dox). This figure has been modified from Lee et al.10 519 

 520 

Figure 2: In vivo repression of Dnmt1 by the LacIGY repressor. (A) Mice with lac operators (LO) 521 

inserted into the Dnmt1 promoter, with or without expression of LacIGY, were treated with 522 

various doses of IPTG. qRT-PCR analysis of Dnmt1 expression shows the dose-dependent reversal 523 

of Dnmt1 repression in vivo by IPTG treatment. Each bar represents data from a different mouse. 524 



   

   

 

Data represent mean ± SEM (n = 3). (B) Immunostaining of Dnmt1 protein in colonic crypts of 525 

mice provided drinking water with or without 160 mM IPTG for 3 weeks. This figure has been 526 

modified from Lee et al.10 527 

 528 

Figure 3: In vivo and in vitro repression of various promoters by the REMOTE-control system. 529 

(A) An early version of the Repron sequence (R*) was inserted into an intron downstream of the 530 

Villin promoter in a Villin-mKate2 transgenic mouse (VilmKate2). qRT-PCR analysis of mKate2 531 

expression in the small intestine of mice with or without the LacIGY repressor is shown (one-way 532 

ANOVA). Each bar represents data from a different mouse. (B) Confocal mKate2 images of the 533 

small intestine with and without LacIGY expression. (C) Six symmetric lac operators (S) were 534 

inserted between various promoters and a luciferase reporter. Reporters (50 ng/well in 96-well 535 

plate) and repressor plasmids were transiently introduced into NIH/3T3 cells in a 1:1 molar ratio. 536 

Luciferase values were assessed 24 h after transfection. These in vitro data represent the percent 537 

of luciferase expression in LacIGY-expressing cells relative to those expressing non-functional LacI 538 

(NFlacI). T-tests were used to determine statistical significance. Data represent mean ± SEM (n = 539 

3). *P ≤ 0.05, **P ≤ 0.01. This figure has been modified from Lee et al.10 540 

 541 

Figure 4: Down- and/or upregulation of Dnmt1 expression in vitro and in vivo. (A) The complete 542 

REMOTE-control system was engineered in cultured ESCs by gene targeting and electroporation 543 

approaches. Maximal repression of Dnmt1 expression was achieved with no treatment while 544 

maximal activation was achieved by both IPTG and Dox treatment. Data represent mean ± SEM 545 

(n = 3). *P ≤ 0.05, **P ≤ 0.01 (Welch’s t-tests). (B) In vivo activation of Dnmt1 by the REMOTE-546 

control system, as demonstrated by immunostaining of Dnmt1 protein in various tissues from 547 

REMOTE-control mice. The LGT allele represents promoter modification of Dnmt1 to contain lac 548 

operator and tet activator binding sites. Mice were treated with a normal or Dox-containing diet 549 

(5000 mg/kg Doxycycline Hyclate) for one month. This figure has been modified from Lee et al.10 550 

 551 

Table 1: Overview of REMOTE-control components. 552 

 553 

Supplementary Figure 1: Example of landing pad insertion into murine Dnmt1 intron 1. (A) 554 

Schematic of DNA template for landing pad insertion, adapted from Quadros et al. (2015)31. 555 

Heterotypic loxP sites, JT15 and Lox2272, are separated by a short spacer sequence (sp) and 556 

flanked on each side by 60-bp of DNA that is homologous to the target genomic region. (B) 557 

Sample DNA template for landing pad insertion into the Dnmt1 intron using the following sgRNA: 558 

CTAGTACCACTCCTGTACCG (which targets the reverse strand). The selected intronic region was 559 

bioinformatically informed by step 1.1, and the sgRNA was identified using CRISPOR29. (C) 560 

Example of PCR primer design for assessing insertion of the landing pad. PCR primers were 561 

designed outside of the homology arms of the template to confirm integration into endogenous 562 

Dnmt1. The wildtype PCR amplicon is 213 bp; upon insertion, it becomes 291 bp.  563 

 564 

DISCUSSION: 565 

 566 

A critical step and potential limitation of the REMOTE-control system is the challenge associated 567 

with the insertion of the repressor and/or activator binding sites without affecting target gene 568 



   

   

 

expression. Our original repression approach, as applied to the Dnmt1 gene, involved insertion 569 

of lac repressor binding sites within transcriptionally critical regions of a promoter. In order to 570 

reduce the risk of affecting promoter function and thus to improve the general applicability of 571 

the REMOTE-control system, we developed an intron-based repression approach. The potency 572 

of our enhanced lac system allowed us to tightly repress the transcription of all the strong 573 

promoters we tested at operators located hundreds to several kilobases downstream of the 574 

transcription start sites (Figure 3A–C)10. Importantly, the levels of repression were independent 575 

of the transcriptional strengths of the promoters (Figure 3A–C)10. This suggests that the 576 

repression capacity of our intron-based repression system exceeds the transcriptional strength 577 

of the tested promoters. In this intron-based approach, it is likely that the repression is mediated 578 

through physical interference between two components, the transcription elongation machinery 579 

and the lac repressors57. This simple repression mechanism and the demonstrated robustness of 580 

the intron-based method may render this approach generally applicable to different genes, 581 

tissues, and organisms.  582 

 583 

The upregulation by the REMOTE-control system requires the transactivator binding sequences 584 

to be in proximity to the target gene promoter, which entails a risk of affecting promoter 585 

function. However, we found that the position of binding sequences can be outside of the 586 

transcriptionally critical region. Both Dnmt1 and EF1α promoters were robustly upregulated from 587 

tet operators located a couple of hundred bases upstream of the transcription start sites10. This 588 

relaxed constraint greatly reduces the chance of affecting promoter function of a target gene in 589 

the absence of the transactivator. Increased number of binding sequences and/or use of stronger 590 

transactivators could help further reduce the risk by enabling upregulation from sites farther 591 

away from the transcription start site. 592 

 593 

Our REMOTE-control system provides elegant control of the level, timing, and location of 594 

endogenous gene expression, allowing for testing the reversibility of a phenotype and the 595 

consequences of different expression levels, which are not readily achievable by current in vivo 596 

gene expression control technologies. It is important to note that in most gene expression 597 

analyses, including ours, expression values represent the average of a population of cells among 598 

which considerable variation can be found. This heterogeneity may influence cellular decision-599 

making processes, such as differentiation or apoptosis58. Though the precision of gene expression 600 

control could likely be further improved by additional genetic circuit engineering59, the observed 601 

potency of our current system will allow useful investigation of gene function in many biological 602 

contexts. In addition, a high degree of target specificity is expected because of the complexity of 603 

the operator sequences as well as the large evolutionary distance between mammals and the 604 

originating species of the regulatory components60. Furthermore, transgenic mouse lines of 605 

repressors and activators can be developed and employed for any endogenous gene. For 606 

example, existing tet transactivator mouse models can be adapted to accomplish upregulation of 607 

a target gene in the desired mouse tissues. We recently developed a transgenic line that can drive 608 

robust tissue-specific expression of our enhanced lac repressor in multiple tissue types when 609 

combined with existing Cre lines by introducing the lacIGY gene into the Hipp11 locus48 under 610 

the control of a Lox-STOP-Lox element (unpublished). This line would substantially facilitate the 611 

tissue-specific application of the REMOTE-control system.  612 



   

   

 

  613 

Gene upregulation by the REMOTE-control system provides several advantages in comparison to 614 

current inducible transgenic approaches. It does not require generation of multiple transgenic 615 

lines to test for position effects of the insertion, as it utilizes the endogenous locus. Additionally, 616 

this approach is well-suited for upregulation of genes with strong baseline expression because it 617 

enhances expression from an already robust promoter, whereas conventional transgenic models 618 

rely on minimal viral promoters. Lastly, the tissue specificity, cell-cycle control, and splicing 619 

variants of a target gene may be retained upon upregulation by our approach, as it preserves 620 

elements of natural regulation such as innate cis-regulatory elements. The advent of 621 

CRISPR/Cas-mediated gene-targeting technology will greatly facilitate the application of this 622 

technology in diverse model systems. 623 
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Repron (“Rep ression intron ”; 

12 symmetric lac operators plus 

a partial rabbit beta-globin 

intron)

REMOTE-control Sequence 

Location
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Activator/Repressor Needed 

for Desired Control
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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 LacIGY Repressor and rt TA-

M2 Activator

Doxycycline IPTG and/or Doxycycline



Name of Material/Equipment Source Catalog Number Comments/Description

B6C3F1/J The Jackson Laboratory
100010

https://www.jax.org/strain/100010

Cas9 Protein PNA Bio CP04 http://www.pnabio.com/products/CRISPR_Cas9.htm?gclid=EAIaIQobChMIsoG8pLL33QIVBr7ACh0naQ4dEAAYAiAAEgKyHvD_BwE

CRISPOR Haeussler et al. 2016 http://crispor.tefor.net/

Doxycycline-Containing Mouse 

Diet

Envigo Varies by concentration https://www.envigo.com/products-services/teklad/laboratory-animal-diets/custom-research/doxycycline-diets/

ENCODE Database Stanford University https://www.encodeproject.org/

iCre mRNA synthesis plasmid 

(pBBI)

Addgene
65795 https://www.addgene.org/65795/

IPTG GoldBio I2481C https://www.goldbio.com/search?isSearch=Y&q=iptg

pGL3-Basic Promega E1751 https://www.promega.com/products/reporter-assays-and-transfection/reporter-vectors-and-cell-lines/pgl3-luciferase-reporter-vectors/?catNum=E1751

SVM-BPfinder Regulatory Genomics, 

Pompeu Fabra 

University

http://regulatorygenomics.upf.edu/Software/SVM_BP/

TiProD: Tissue specific promoter 

Database

Department of 

Bioinformatics, 

UMG, University of 

Göttingen 

http://tiprod.bioinf.med.uni-goettingen.de

UCSC Genome Browser University of California 

Santa Cruz

https://genome.ucsc.edu/
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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	1.4/2.41,2	
and	1.63-5.	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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Murine Dnmt1 Sequence (5’ UTR to Exon 2) 
UCSC Genome Browser, mm10 
Annotations from ENCODE datasets (if applicable): ENCSR000CED (CTCF), 
ENCSR000CCR (H3K4me1), ENCSR000CCQ (H3K27ac), ENCSR000CNH (DNAse I 
sensitivity). Datasets represent adult murine intestinal tissue. 
 
TAGCCAGGAGGTGTGGGTGCCTCCGTTGCGCGCATGCGCACTCCCTTCGG 
GCATAGCATGGTCTTCCCCCACTCTCTTGCCCTGTGTGGTACATGCTGCT 
TCCGCTTGCGCCGCCCCCTCCCAATTGGTTTCCGCGCGCGCGAAAAAGCC 
GGGGTCTCGTTCAGAGCTGTTCTGTCGTCTGCAACCTGCAAGATGCCAGC 
GCGAACAGCTCCAGCCCGAGTGCCTGCGCTTGCCTCCCCGGCAGGCTCGC 
TCCCGGACCATGTCCGCAGGCGgtaggtgccacgcagggtgggggtgagg 
ggcgggaccgatgccgaggcatatattgggggtatctccgggtggccctg 
cggccgctgacagccagggcgcgcatgcgcggggcagcgtttggcgcggg 
ctgtgcttcctgtcgcgcgtgcccttagctgttggcgccaaaatgggtgg 
gggccggggtgctggcaagcccattgactgggagcttgagggagcaaggg 
gatcagccctctgaaatagaacaagcttggggacaccctcaggggttccc 
ctctttggtcagccaggctcctgggtgtgcaggaagtgcccctctcccgg 
cctgtggacaccctgaagcccccactccgctccagcctccacttccggtg 
ccctgcagatcccgccgcgcccacccgagggtccctccgccggttcccct 
ggccctggttcagaagggccctccttcccagccccgctgtcaagtcctag 
gaccttttctctctcatcctgccgggccgggcctgggcagcttgaagccc 
tcgtgggattttgttttgttttcatcctaacgtaaaggagctcctgcgat 
cctggagctatcaaagagactctgcctggaaagagctggtgctgcagaat 
gggccctccactttggcagtgacataactctgtcccgagatcccagagca 
atcgaggaaacctttaactccattcaaagtgtttatcagggggaaggaaa 
gatgaatggtagtgagatgtctcggcccccgccctattattttagcccct 
gtaaaccagttctttcggtcctggcgccatcgaggaagctttttacattg 
tccagtgtttatttcgaggagtgagggatggcaggtaaagtcccccattt 
cagtgcatatgaatcccccctctcccccccccctccccaagcaatcaagg 
aagacctgggtaatgggccctccactagtaccttccacgcctccatgagg 
acggctgtgtgcaaggattggcgggaacactggatcccgcttcctgttcc 
agaagggcatcgtcaatccgttcattcctgaaagcttgtcccgcgcgtca 
ttgagcattagtcataggtgccctgctagtgctggacacatcccaacccg 
attctgagtctgcttttgctatcccgggggttagtttactggggtgatgc 
caggccgattcccatttgagctttgggggataaagtgggagaagcggctg 
aattccccttgtcaaacacccctgcccccagctcgcccccagggttggac 
ctgaagctctgtactgagctacaccttcagcccttnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnngggttcgttttttgaatg 
cttgttttttgattgtataggcataaaaatctgaagcctttgtgagacac 
ctcaacagatttctttttactaccaaaaaatacatacataattaaagtat 
ttggttttttaaagttagacagtctgtaacctgcctttctgtcttttgtc 
tttcctgttctcgggttggttggtttacctgtgtatgcnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnagcttttcttgatttagaaaaacttact 
agcaaaatatctacagtatgagatttgagaggtacctgcatttgggagga 
tagtccaggagctgagtaggcctcgaggtagcttccgtccatgctgctat 
tctgtatttaaatggcagtttgtttaaatagaagtgtgcatagttcctct 
ggatatataaaatatagtatcttcaacatttggattgtaagtctttaann 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnagactgacagtttctctg 
aaatatagtaaaccttgtgtcattcaaaaatcaaatcatgctttttagtg 
agatgttgtggccatggcctgtaacatcaggaggcaggagcaggagggtc 
acaagttagaattcaactaaggtctcatttcagacattcacaccttgcaa 

Commented [A1]: Start of exon 1 (exons denoted by 
uppercase letters) 

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

Commented [A3]: Avoid consensus splicing region 

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

Commented [A5]: Dnase-seq peak (in 1 of 2 replicates): 
avoid if possible due to potential gene regulatory 
functions 

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 

Commented [A9]: Example of a repetitive region to 
avoid, as denoted by “n”. Avoid all instances of 
repetitive “n” stretches. 
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ggtgagggatttcttttcctgagcagggggtgtcctttccatagctgaga 
ttccttggttggcatgggtttttcatttctttcagtttttttaaattaaa 
acttgttttccaggcacggtttctgtgtagttcatctggtcttgatcttg 
ccacgctcgtgcctctggagtgatgcgtgttacatgcttggcttgctttt 
aacttattttttgttaaacctnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnntaggggacagc 
tttttaattttcnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnngggtaactacgtttatctgtttgtctgtnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnntgaccgtaaacnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnntaaaaagcttnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnntttagaattacatttgaactttttggaattggtttcttgccttcta 
ccttatgctgagaggggggggggtggtggaggaggcaggttgattacttg 
tgtaggtgctttgctgtgagtctctgtgcaccacgtgtgtgcctggtgct 
ggagccctacaaatggattttcactttcaaccttacttgctttttggann 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnagggg 
actgataacctttgctttgggaccatttgcttataaccttgcagcacttg 
attcagttagtctgcctggccagcaggctcaggggacctttctcaggtcc 
atgcctgtctttttgagttttgagatccaaactcctgtccttgtgcttgt 
gtgacagtcacttcactgacctccgaagcccttttctgatggagnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnntacaggcgctggcgtccgt 
ggcttctgtggagcctcagctgcgctaagcaagcgctccaggtgctgatt 
ttctccctctctgtatttaggatcacgctgcagaaggctgatacagcatg 
gcttaactcattaggaggcgggccgagttctaggacttaaactttatttt 
tgctgtgctgaagttgatctcaggcctgtatatctgttagctctctggtg 
gagggggtggggagtgggggtacctctctctgcagcagatcctatgctgt 
cccttacagtggtgtagttgtcattttttgnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnngcagttgtcatcttaatcttgg 
tgccctgtccatgtccannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncaa 
tgcggccacgaagcagtctctctagggctccccatccattctgggcgggg 
gtggggggttactggggttagaactcagggcagctattttaccactcagt 
gagctatctgaaaaatggggctggggctgactgctcctcagggttctgta 
ggcctgctgaactcgtggtagtaggttaggtctccaccctgggccatcgc 
agcagtgagcagggagtgtctacaatatattcaggtacgctgtgcagtag 
actgttggattttattccaagctcgcttgtagaatgatctaggcttgttc 
tttctgcagtttgcctaggcggtttgtgtgccagatctcaagtcacccnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnntagcatgtagctcttttctcagaggttgaggtgactttctgt 
ctatcttctcagtgtggcagtggagctggggctctcagacatgccaggca 
ggtgctgtgcctctgagccacaccttgggacagacacttgctgttctctt 
gctctcgttctgtaggtcaggaattgaggggtaggatgggtagagaagaa 
acctagatgtcctgggctggattccttctggaaacgggcagggagtctgt 
cctcctggggagctgacttctagtttcttgctgtttgtgggaaatgtnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 



nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncctaatttcttnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnatct 
gcatacgtatgcctgtgtatgagggcagctgtgctcctcagcatgcatat 
agacatctgagggctatcctaacataatttttattaactaaattgtagtt 
actacactgggggggttgttactgtactnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnngagtaca 
tttattggtatatttannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnngcaggttttaacgtgggtccaggaatcctcacttgggcccttgctga 
gtcatcccgtccctcttcattgnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnaagtccaaactgagtagtctcca 
gcttctgaaactgtctgacagggtgactcctatccctcagtctttcctgc 
cannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncaagatattatctgattc 
atcagccggcctcaccccatttgccttgtcagaggcagnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnggcagggctctagaacaggccctgttgtgtta 
ccaagttgggtttcagacgagcatttctggtttaggatgttgaaataaca 
acctttgcaatctctccagttcatgtttctgtcagacaaattttccctaa 
aagtatggctccgatgtggtctttcctctcatgtggttcttttgatggcc 
ttgcaacaagatgactactgagtgtctcccacagttgctggcccctctct 
ggacttaccttttctgtccgacactgttagggctgttttcgggttgtctt 
agaagcagcttccaccctggggccacctaggtcaccccttcatgctgtag 
ggcttgttccttctccagggaagagtgttttatgttttgttgnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnccactaaagagctcaagatt 
taactgttcatcttccttagatgtgctaagattgggtctggtgtgtgtgt 
gtacacggcatgcatgtggagggtcagggctgcagtaggaggtccttccc 
acccccttggttgcactctggtcaggcttggtgggaggtgcctatacctc 
aacactggctgctctccgggaaccctacannnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnatgtttgc 
ctgccttttcaaggtttatgtatagtttatcttcttagatgactagcttg 
ttgaaagtagttatgaatgaatcatagcctgtaaggtccgcatggggcta 
aggtggactttgtcattcagtgtgtttgcttttnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
tggtcacagtagctgtgtcccaccacgattttaagtgcacatcactgggt 
ttgggagtgtgactcagtagtgggcctcttgcccaacacataggagtttc 
tgatttcatccgagctcaggtggggcataaaagggacaagacagtcacat 
gggctgttgtagcagctgtgtttatgcctctggccacaaaggtccacttg 
tgcagctgcctttctttgagtcttgcctttggctaagaactgtaggttac 
ttactgtgggatgactgttgccgggctggcctgagctccttcctggaaga 



gttttcttttcatctgggtgctgggatagaactcggggtgttgtgtgtgt 
taggcagtgtgctctgccacactctagcctgagctaaaacaatcacctta 
ttttagttatttacgtgaagnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnncaaggccccagctgcc 
aggagctaagtccctgctctactgtagctagccacggtccagctgcaggg 
tatagagcatctttcctaagcaaagacctgggggctgactgtcaggctgg 
taggcaggtccctatctgctaatatgagtctagttacccagcttgttgcc 
tacttcctctctcaggggtctagcatgaatgcagtgggcaccccggtaca 
ggagtggtactagaaggagggggcaggacctgccagtaacagtaattaga 
gtaaccatggtgaccctggtcctgcagctgccgggaaggctggatctgcc 
ttctagttactgaaacctgagaagccagacttggaagctgctgagatggg 
acagagatgcacaggccaggcccttgtggtgcttctctgacagacaccca 
cctagctggttagacctgttcaccctctactgcccccaggctcccaggct 
gagtaacaggtggcctcttctgggtcttttccttttccttctagtctttc 
tcccctgaccagagaggcaagagagtcttcagcagttgggaccagttctt 
tgcagacaagcccagtagaatgctgtgcggctgtgcttagatacacattc 
tggaggctgagttccgggatcctggcctacagtattgtgtctccctgtgc 
agtgcggtgcgtggaatcccaggcctccacatgcctgccgggccaccgca 
ctcttactcctgagctgcgttctcagctcgccagttcacctccagctcct 
cagtgtgtggctgtgggcaagcccgatggcctgggcctcctttcccattt 
attcagttctgcaggagagggctgccagccatacatggccttgaggagcc 
atcagctggctgggtcctacaatgcagccatgactcatgctgacatcatg 
catgctgtggcaggccttttaggagctgacccagttagggaagacagctg 
taggtcatccaggttagagatggaccctgactgacagctcctcatgtctt 
ttcttgtatattttccctctgcnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnntgttgtttgagggatggtc 
tcactatgtaatccaggccatgatctgtgtgccagtctggcagtgtgagc 
agctatctaatatagctcctgggctgaccttacccctttctggtagaatg 
ctgtgtgcgcttgctcaggttactaaggacatcgtaggaaggcgcagcag 
aacgtactagnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnngttgatgctagaca 
ccaggtgcaggggcagaagagggggccgtgttgccgcaacactcaaacat 
gttcattcctctttcccctttttctttccctnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 
nnnnnnnnnnnaggaggctaatgccataccacaccccacgccccccagtt 
ttttgttttagattgattttcagaggtaaatgaagttacttatttatttc 
ctttacccagGCTCAAAGACTTGGAAAGAGATGGCTTAACAGAAAAG 
 

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

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

Commented [A12]: 5’ 60-bp homology arm for DNA 
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 [A16]: Avoid consensus splicing region 
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Lac Operator 
GTGGAATTGTGAGCGGATAACAATTTCAC 
 
Symmetric Lac Operator 
TGTGGAATTGTGAGCGCTCACAATTCCACA 
 
Tet Operator 
TCCCTATCAGTGATAGAGA 
 
LacIGY 
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

Supplemental File (Figures, Permissions, etc.) Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Sequences.docx

https://www.editorialmanager.com/jove/download.aspx?id=958754&guid=1d887b38-79a6-438f-b86c-6b289e419ecb&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=958754&guid=1d887b38-79a6-438f-b86c-6b289e419ecb&scheme=1


ATTGTGAGCGCTCACAATTCCACAACTAGGTGTGGAATTGTGAGCGCTCACAATTCCACAACTTC
AGCACAGTTTTAGAGAACAATTGTTATAATTAAATGATAAGGTAGAATATTTCTGCATATAAATT
CTGGCTGGCGTGGAAATATTCTTATTGGTATGTGGAATTGTGAGCGCTCACAATTCCACAACTA
GGTGTGGAATTGTGAGCGCTCACAATTCCACAGAAACAACTACATCCTGGTCATCATCCTGCCTT
TCTCTTTATGGTTACAATGATATACACTGTTTGAGATGAGGATAAAATACTCTGAGTCCAAACCG
GGTGTGGAATTGTGAGCGCTCACAATTCCACAACTAGGTGTGGAATTGTGAGCGCTCACAATTC
CACACCCCTCTGCTAACCATGTTCATGCCTTCTTGAGTCCGAATGAT 
 


