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SUMMARY: 28 

Here, we present a detailed protocol for identifying homologous recombination events that 29 

occurred in mouse embryonic stem cells using Southern blotting and/or PCR. This method is 30 

exemplified by the generation of nonmuscle myosin II genetic replacement mouse models using 31 

traditional embryonic stem cell-based homologous recombination-mediated targeting 32 

technology.  33 

 34 

ABSTRACT: 35 

Relative to the issues of off-target effects and the difficulty of inserting a long DNA fragment in 36 

the application of designer nucleases for genome editing, embryonic stem (ES) cell-based gene-37 

targeting technology does not have these shortcomings and is widely used to modify 38 

animal/mouse genome ranging from large deletions/insertions to single nucleotide substitutions. 39 

Notably, identifying the relatively few homologous recombination (HR) events necessary to 40 

obtain desired ES clones is a key step, which demands accurate and reliable methods. Southern 41 

blotting and/or conventional PCR are often utilized for this purpose. Here, we describe the 42 

detailed procedures of using those two methods to identify HR events that occurred in mouse ES 43 

cells in which the endogenous Myh9 gene is intended to be disrupted and replaced by cDNAs 44 
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encoding other nonmuscle myosin heavy chain IIs (NMHC IIs). The whole procedure of Southern 45 

blotting includes the construction of targeting vector(s), electroporation, drug selection, the 46 

expansion and storage of ES cells/clones, the preparation, digestion, and blotting of genomic DNA 47 

(gDNA), the hybridization and washing of probe(s), and a final step of autoradiography on the X-48 

ray films. PCR can be performed directly with prepared and diluted gDNA. To obtain ideal results, 49 

the probes and restriction enzyme (RE) cutting sites for Southern blotting and the primers for 50 

PCR should be carefully planned. Though the execution of Southern blotting is time-consuming 51 

and labor-intensive and PCR results have false positives, the correct identification by Southern 52 

blotting and the rapid screening by PCR allow the sole or combined application of these methods 53 

described in this paper to be widely used and consulted by most labs in the identification of 54 

genotypes of ES cells and genetically modified animals. 55 

 56 

INTRODUCTION: 57 

The technology of gene targeting by HR in murine ES cells provides a powerful tool for dissecting 58 

the cellular consequences of specific genetic mutations1,2. The importance and significance of 59 

this technology are reflected in its recognition by the 2007 Nobel Prize in Physiology or 60 

Medicine3,4; meanwhile, it represents the advent of the modern era of gene engineering5. Gene 61 

targeting through HR can be utilized to engineer virtually any alteration ranging from point 62 

mutations to large chromosomal rearrangements in the genome of mouse ES cells6,7. It is well 63 

known that, before the emergence of so-called genome editing tools, the generation of a gene 64 

knockout mouse required the application of gene-targeting technology in ES cells8-10. During the 65 

past two decades, more than 5,000 gene-targeted mice were produced by this approach for 66 

modeling human diseases or studying gene functions11. A genome-wide knockout effort has been 67 

established for distributing gene-targeting vectors, targeted ES cell clones, and live mice to the 68 

scientific community2,12-15. Undoubtedly, ES cell-based HR-mediated gene-targeting technology 69 

has greatly advanced our understanding of the functions of genes played in physiological or 70 

pathological context.  71 

 72 

Because HR is a relatively infrequent event in mammalian cells16,17, the important and next step 73 

following gene targeting in murine ES cells is to analyze numerous ES colonies for identifying a 74 

few clones with mutations resulting from HR with the targeting vector18. The gold methods for 75 

identifying HR events include Southern blotting and PCR19,20. The advantages of the approaches 76 

include that Southern blotting can identify correctly targeted ES clones and allows researchers to 77 

analyze the structure of the gene-targeted event, such as a verification of a single copy insertion 78 

of the construct, while a PCR-based strategy permits more rapid screening for HR events21,22. 79 

Though these methods have drawbacks, such as that they are time-consuming and can have false 80 

positives, the combinational usage of them is widely accepted and applied by most labs in 81 

identifying HR events, particular in ES cells, for generating genetically modified animals. 82 

 83 

Three isoforms of nonmuscle myosin II (NM II) in mammals, each consisting of two identical 84 

NMHC IIs which are encoded by three different genes (named Myh9, Myh10, and Myh14) and 85 

two pairs of light chains, are referred to as NM II-A, II-B, and II-C23. Previous studies have indicated 86 

that at least the isoforms of NM II-A and II-B are essential for mouse development because the 87 

in vivo ablation of these isoforms results in embryonic lethality24-26. To circumvent this problem 88 



and obtain novel insights into the isoform-specific functions of NM II-A and II-B in the later stages 89 

of mouse development, a genetic replacement strategy using ES cell-based HR-mediated gene-90 

targeting technology was adopted to generate a series of mouse models27. In the course of 91 

identifying the desired ES clones, both Southern blotting and PCR methods were utilized, and 92 

these proved to be efficient and reliable27,28. 93 

 94 

This paper intends to provide a detailed description of Southern blotting and PCR, including the 95 

design of targeting vector(s), probe(s), and primers, and the execution of experiments, as well as 96 

the analysis of results exemplified by identifying HR event occurrence in ES cells for creating 97 

genetic replacement NM II mouse models and representative data. The protocols of these two 98 

methods presented here can also be adopted for identifying the genotypes of genetically 99 

modified cells or animals. 100 

 101 

PROTOCOL: 102 

 103 

1. Design of Targeting Construct(s), Probes for Southern Blot, and Primers for PCR 104 

 105 

1.1. Select the first coding exon (exon 2) of the Myh9 gene for disruption or insertion in the 106 

application of knockout/knock-in reported here.  107 

 108 

1.2. Retrieve the 5-kb upstream and 5-kb downstream DNA sequences surrounding the Myh9 109 

exon 2 from the genome.ucsc.edu website. 110 

 111 

1.3. Analyze restriction digestion patterns of enzymes (REs) with 1 - 2 cuts in this 10-kb region by 112 

using pDRAW software to determine suitable RE(s) to digest the genomic DNA for Southern 113 

blotting. 114 

 115 

Note: Dra I meets this requirement and is selected for the purpose.  116 

 117 

1.4. Select a 4-kb fragment immediate upstream of the Myh9 exon 2 as the left homology arm 118 

(LHA) and a 1.7-kb fragment immediate downstream sequence as the right homology arm (RHA); 119 

choose a 1-kb fragment 5’ upstream of the LHA as the left probe (LP) for Southern blotting and a 120 

1.2-kb fragment 3’ downstream of the RHA as the right probe (RP), based on the above analysis. 121 

  122 

1.5. Use a primer3 program to design the forward and reverse primers for amplifying those four 123 

DNA fragments by PCR. Design a pair of primers with the forward primer resided near the 3’ 124 

terminal of a selection marker neomyocin resistance gene (P1) and the reverse primer located 125 

just outside the RHA (P2).  126 

 127 

Note: This primer pair will be used for identifying targeted ES clones by PCR29. 128 

 129 

1.6. Find a 129Sv BAC clone covering mouse Myh9 gene locus by visiting the bacpac.chori.org 130 

website (note: isogenic DNA is preferred). Isolate BAC DNA using a kit suitable for purifying large 131 

pieces of DNA following the instructions provided by the manufacturer.  132 



 133 

Note: Purified BAC DNA will be used as the template for PCR amplification. 134 

 135 

1.7. Draw a schematic representation of the targeting constructs, probes, and primers to 136 

summarize this information. 137 

 138 

2. Generation of Targeting Construct(s) and Probes for Southern Blot, and the Preparation of 139 

Primers for PCR 140 

 141 

2.1. Order the PCR primers described above and dissolve them into a concentration of 20 μM. 142 

 143 

2.2. Amplify the homology arms and probes by PCR in a reaction solution including 1-μL forward 144 

and 1-μL reverse primers, 1 μL of BAC DNA (50 ng) as the template, 5 μL of buffer for Pfu and 1 145 

μL of Pfu ultra as the DNA polymerase, and H2O up to 50 μL. Perform the PCR in a PCR machine 146 

under the following conditions: 95 °C for 3 min; 95 °C for 30 s; 60 °C for 30 s; 72 °C and 1 kb/min; 147 

30 cycles; finally, 72 °C for 10 min. 148 

 149 

2.3. Purify PCR products using a PCR cleanup kit according to the protocol provided by the 150 

manufacturer and elute the DNA fragments with 40 μL of H2O. Digest the purified PCR products 151 

with predesigned REs in a reaction solution containing 5 μL of 10x buffer for REs, 2.5 μL of RE1 152 

and 2.5 μL of RE2, and the eluted DNA, at 37 °C for 2 h. Run a 1% DNA gel to separate target DNA 153 

bands, excise the gel containing the target DNA under the UV light, purify the target DNA 154 

fragments from the gel using a DNA gel extraction kit according to the protocol provided by the 155 

manufacturer, and elute the DNA fragments with 40 μL of H2O. 156 

 157 

2.4. Clone the homology arms and replacement expression cassette(s) into the mpNTKV-LoxP 158 

vector according to the order of the amplified and purified RHA, LHA, and replacement 159 

expression cassette(s) released from other vectors to obtain the final targeting construct(s). 160 

Clone DNA fragments of the amplified and purified probes into the T-easy vector. 161 

 162 

2.5. Confirm the nucleotide sequences of all cloned DNA fragments by sequencing27,28. 163 

 164 

3. Preparation of Targeting Construct(s), the Electroporation of ES Cells, and the Amplification 165 

of ES Clones 166 

 167 

3.1. Prepare each targeting construct using a plasmid maxiprep kit according to the protocol 168 

provided by the manufacturer. Linearize each construct plasmid by digesting it with Not I in a 169 

400-μL reaction including 40 μL of 10x buffer for Not I, 10 μL of Not I, 100 μg of DNA, and H2O up 170 

to 400 μL, at 37 °C overnight. 171 

 172 

3.2. Purify the linearized targeting construct(s). 173 

 174 

3.2.1. Extract the digested reaction solution 1x with an equal volume of 175 

Phenol:Chloroform:Isoamyl Alcohol (25:24:1) and centrifuge at a force of 2,000 x g for 10 min. 176 



 177 

3.2.2. Transfer the supernatant to a new 1.5-mL tube, precipitate the DNA using 2.5x ethanol and 178 

0.1x 3M sodium acetate (pH 5.2) (volume ratio), and centrifuge at a force of 2,000 x g for 10 min. 179 

 180 

3.2.3. Remove the supernatant, wash the DNA pellet 1x with 1 mL of 75% ethanol, and centrifuge 181 

at a force of 2,000 x g for 5 min. 182 

 183 

3.2.4. Remove the supernatant and air-dry the DNA pellet for 5 min. 184 

 185 

3.2.5. Dissolve the linearized DNA pellet in sterile Tris-EDTA (TE) buffer at a final concentration 186 

of 1 μg/μL. 187 

 188 

3.3. Mix 50 μg of each linearized targeting construct with 0.5 x 107 ES cells. Perform the 189 

electroporation at 320 V and 250 μF. Plate the electroporated ES cells onto dishes with neo-190 

resistant MEF feeders. 191 

 192 

3.4. After 24 h, switch to ES cell medium with 400 μg/mL G418 and 200 μM ganciclovir and 193 

continue to culture for 4 - 5 d with a daily medium change. Pick up drug-resistant ES clones into 194 

48-well plates. 195 

 196 

Note: Normally, four 48-well plates are used per construct. 197 

 198 

3.5. Duplicate the 48-well plates. 199 

 200 

Note: One set of the plates is cryopreserved, and the other set is used for genomic DNA 201 

preparation. 202 

 203 

4. Preparation of Genomic DNAs and the Digestion with Restriction Enzyme(s) 204 

 205 

4.1. Prepare gDNAs from ES cells using a commercial kit (genomic DNA purification kit) with 206 

minor modifications. 207 

 208 

4.1.1. Remove media from the ES cell culture and add 500 μL of nuclei lysis solution, including 209 

RNaseA, directly to the wells to lyse the cells. 210 

 211 

Note: The cell lysate can be stored at -80 °C or treated immediately. 212 

 213 

4.1.2. Pipet up and down several times to lyse the cells fully and transfer them to a clean 1.5-mL 214 

tube. 215 

 216 

4.1.3. Add one-third of the volume of the protein precipitation solution to the 1.5-mL tube, 217 

vortex vigorously for 20 s, chill the samples on ice for 5 min, and then, centrifuge at a force of 218 

2,000 x g for 5 min. 219 

 220 



Transfer the supernatant to another clean 1.5-mL tube containing an equal volume of 221 

isopropanol; gently mix the solution. (Note that white thread-like strands can be seen at this 222 

moment.) Centrifuge at a force of 2,000 x g for 1 min; then, discard the supernatant. 223 

 224 

4.1.4. Wash the gDNA pellet with 1 mL of 70% ethanol at room temperature, centrifuge at a force 225 

of 2,000 x g for 1 min, aspirate the supernatant carefully, and then, air-dry the gDNA pellet for 3 226 

min. 227 

 228 

4.1.5. Dissolve the gDNAs with 100 μL of DNA rehydration solution and, then, incubate at 65 °C 229 

for 1 h or at 4 °C overnight.  230 

 231 

4.1.6. Store the gDNAs at 2 - 8 °C. 232 

 233 

4.2. Digest the gDNAs with predesigned RE Dra I. Set up a 30-μL digestion reaction by mixing 3 μL 234 

of 10x buffer for Dra I, 3 μL of Dra I, 10 μg of gDNAs/sample, and H2O up to 30 μL, and incubate 235 

at 37 °C overnight. 236 

 237 

4.3. Check the completeness of the digestion by DNA gel, analyzing 5 μL of the digested reaction, 238 

and then, add the 3 μL of 10x DNA-loading buffer for the subsequent step. 239 

 240 

5. Southern Blotting and PCR Identification 241 

 242 

5.1. Southern blotting screening 243 

 244 

5.1.1. Separate the digested gDNAs by electrophoresis and transfer to a membrane. 245 

 246 

5.1.1.1. Prepare a 1% agarose electrophoresis gel with ethidium bromide (EB), load the samples 247 

from step 4.3 and a 1-kb ladder, and run the gel with a low voltage (30 - 40 V) overnight. 248 

 249 

5.1.1.2. Take out the gel and take a picture with a DNA gel-imaging system after electrophoresis. 250 

Check whether the digested and separated gDNAs display a smear-like image.  251 

 252 

5.1.1.3. Soak the gel in a tray with 0.2 N HCl solution and shake it gently for 20 min at room 253 

temperature. 254 

 255 

5.1.1.4. Transfer the gel to DNA-denaturing solution and shake it gently for 20 min at room 256 

temperature. 257 

 258 

5.1.1.5. Switch the gel into DNA-neutralizing solution and shake it gently for 20 min at room 259 

temperature.  260 

 261 

Note: The gel is prone to breakage after this step, so it must be handled carefully.  262 

 263 
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5.1.1.6. Use the rapid downward transfer system to transfer the DNAs from the gel to the 264 

membrane. Assemble the TurboBlotter and blotting stack according to the instructions provided 265 

by the manufacturer.  266 

 267 

Note: 10x or 20x saline-sodium citrate (SSC) solution is used as a transfer buffer. In general, 3 h 268 

of transfer is enough to transfer 95% of gDNAs from gel to membrane; however, a longer time of 269 

transfer is innocuous.  270 

 271 

5.1.1.7. Take out the membrane and wash it with 2x SSC for 1 min, absorb the liquid with tissues, 272 

and then cross-link the DNA with the membrane using a UV crosslinker.  273 

 274 

Note: The membrane can be stored at 4 °C for one week. 275 

 276 

5.1.2. Label the DNA probes with radioactivity. 277 

 278 

5.1.2.1. Purify the probe plasmids using a miniprep kit according to the protocol provided by the 279 

manufacturer. 280 

 281 

5.1.2.2. Release the DNA fragments of the probes from the plasmid vector by EcoR I digestion in 282 

a reaction solution including 5 μL of buffer for EcoR I, 2 μL of EcoR I enzyme, 20 μg of plasmid 283 

DNA, and H2O up to 50 μL, for 2 h. 284 

 285 

5.1.2.3. Run a 1% DNA gel for separating the probe DNA fragments from the vector and purify 286 

the DNA fragments of the probes with a DNA gel extraction kit according to the protocol provided 287 

by the manufacturer. 288 

 289 

5.1.2.4. Using 1 μL of DNA solution, measure the DNA concentration of the probe DNA fragments 290 

with a spectrophotometer at a wavelength of 260/280 nm. 291 

 292 

5.1.2.5. Prepare 40-ng of probe DNAs in a 1.5-mL tube with 45 μL of TE buffer, boil for 3 min, spin 293 

briefly, and then, place the tube(s) on ice for 2 min. 294 

 295 

5.1.2.6. Add the heat-denatured probe DNAs to the tube containing ready-to-go DNA-labeling 296 

beads (-dCTP), pipet up and down to mix, add 5 μL of [α32P]dCTP, and then, incubate at 37 °C for 297 

15 min. 298 

 299 

5.1.2.7. Purify the labeled probes by using G-50 microcolumns according to the instructions 300 

provided by the manufacturer and, then, measure the radioactivity by a scintillation counter 301 

(optional). 302 

 303 

5.1.3. Hybridize the membrane(s) with the labeled probes. 304 

 305 

5.1.3.1. Prehybridize the membrane. 306 

 307 



5.1.3.1.1. Prewarm the hybridization solution at 42 °C for 30 min. Mix 20 mL of prewarmed 308 

hybridization solution with 200 μg of boiled salmon sperm DNA in a 50-mL tube. 309 

 310 

5.1.3.1.2. Place the membrane into the hybridization tube. Add the mixed prehybridization 311 

solution to the hybridization tube. Place it into the hybridization oven (set rolling and the 312 

temperature at 42 °C) and let the prehybridization proceed for 30 min. 313 

 314 

5.1.3.2. Hybridize the membrane with the labeled probe(s). 315 

 316 

5.1.3.2.1. Take out the hybridization tube and pour the prehybridization solution into a 50-mL 317 

tube; add the denatured probe (heated at 100 °C for 3 min) from step 5.1.2.7 to this tube and 318 

mix gently.  319 

 320 

Note: Reduce any inducing bubbles. 321 

 322 

5.1.3.2.2. Return the mixed solution to the hybridization tube and perform the hybridization at 323 

42 °C overnight. 324 

 325 

5.1.4. Wash the membrane(s) to remove nonhybridized probes.  326 

 327 

5.1.4.1. Place the membrane(s) into a tray with 1x SSC + 0.1% SDS and shake gently at 55 - 60 °C 328 

for 10 min. 329 

 330 

5.1.4.2. Transfer the membrane(s) to a tray with 0.5x SSC + 0.1% SDS and shake gently at 55 - 331 

60 °C for 10 min. 332 

 333 

5.1.4.3. Check the radioactivity on the membrane(s) by using a portable Geiger counter to decide 334 

whether a third washing is required. 335 

 336 

5.1.5. Expose the radioactivity on the membrane to X-ray films. 337 

 338 

5.1.5.1. Remove the liquid from the washed membrane(s). 339 

 340 

5.1.5.2. Enfold the membrane(s) with plastic wrap and fix it/them in the exposure cassette. 341 

 342 

5.1.5.3. Expose the membrane to two sheets of X-ray film in a dark room. 343 

 344 

5.1.5.4. Place the exposure cassette at -80 °C overnight or longer. 345 

 346 

5.1.6. Develop the films to visualize the results. Evaluate whether a corresponding ES clone is the 347 

desired one with the targeted recombination or not, according to the sizes of the DNA bands 348 

detected by the probes. 349 

 350 



5.1.7. Rehybridize the same membrane by another probe after stripping off the used probe 351 

according to the following procedure: take out the used membrane, wash it 1x with clean H2O, 352 

and then, incubate it in striping solution (55% formamide, 2% SSPE, 1% SDS, H2O) at 65 °C with 353 

gentle shaking for 1 - 2 h. 354 

 355 

5.2. PCR identification 356 

 357 

5.2.1. Perform PCR identification of the desired ES clones in a 50-μL reaction solution including 5 358 

μL of 10x PCR buffer, 2 μL of 50 mM MgSO4, 1 μL of 10 mM dNTP, 1 μL of 20 μM forward primer, 359 

1 μL of 20 μM reverse primer, 1 μL of high-fidelity platinum Taq, gDNAs (~100 ng), and H2O up to 360 

50 μL. 361 

 362 

5.2.2. Use the following PCR reaction conditions: an initial denaturation at 94 °C for 3 min, 30 363 

cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s and an extension at 68 °C for 364 

132 s, and a final step of 68 °C for 10 min.  365 

 366 

5.2.3. Analyze the PCR products by electrophoresis in 1.0% agarose.  367 

 368 

5.2.4. Clone the PCR fragments with their expected size into the T-easy vector and sequence to 369 

confirm the presence of a partial sequence of the target vector. 370 

 371 

REPRESENTATIVE RESULTS: 372 

In this paper, a detailed protocol of Southern blotting and PCR is described, which is utilized to 373 

identify HR events that occurred in mouse ES cells for the generation of NM II genetic 374 

replacement mouse models, using ES cells-based HR-mediated targeting technology. Though 375 

Southern blotting and PCR, as well as traditional gene-targeting technology, have been widely 376 

used for several decades, the successful application of them needs to be planned carefully. At 377 

least these aspects are required to be considered: the length of the long and short arms, the 378 

positions and length of the probes, the suitable REs for cutting the genomic DNAs, and the 379 

primers for PCR, as summarized in Figure 1, which is helpful for subsequent analysis. As an 380 

important step of Southern blotting, the prepared and digested genomic DNAs are required to 381 

be separated on DNA gel for the detection by the probe. Because genomic DNAs are cut into a 382 

lot of fragments with different lengths, they display a smear-like status on the DNA gel, 383 

suggesting a complete digestion of the genomic DNAs, as indicated in Figure 2. As a final step of 384 

Southern blotting, the signals of a radioactivity-labeled probe hybridizing with a target DNA 385 

fragment are shown on the film, which reflect the occurrence of HR events in the ES clones, 386 

thereby indicating whether an ES clone is the desired one. According to the predesign in this 387 

study, ES clones with mutated allele have two distinct size bands, while wild-type ES clones only 388 

have one band, suggesting the desired ES clones are heterozygous (Figure 3). Relative to the 389 

procedure and results of Southern blotting, the operation and results of PCR are simple and direct. 390 

Following the PCR reaction, the PCR products can be analyzed on the DNA gel. If the PCR bands 391 

are specific and sequencing the cloned PCR products confirms the presence of a partial sequence 392 

of target vector such as a neo-resistance gene, as well as genomic regions that are just outside 393 

of the homology arm, the occurrence of HR events can be expected and verified (Figure 4). 394 



 395 

FIGURE LEGENDS: 396 

 397 

Figure 1: Targeting constructs. This is a schematic demonstrating the generation of multiple 398 

targeting constructs. The wild-type (WT) Myh9 gene allele, gene-targeting vector, replacement 399 

exogenous expression cassette(s), and the resultant mutated allele(s), as well as the probes (LP, 400 

RP) for Southern blot and the primers (P1, P2) for PCR, are shown and described previously27. An 401 

arrow on exon 2 indicates the translational initiation site. Following the successful occurrence of 402 

HR, the replacement expression cassette and the neomycin resistance gene (Neor) are inserted 403 

just 5’ of the initiating ATG codon. Therefore, the endogenous Myh9 allele is disrupted and the 404 

knocked-in gene(s) is/are expressed in the mutant cells and mice.  405 

 406 

Figure 2: Digested genomic DNAs with Dra I. Genomic DNAs from ES clones targeted with the 407 

construct replacing NMHC II-A with II-B are digested with Dra I and, then, separated on an 408 

agarose gel by electrophoresis. A smear-like digested gDNA is observed. C1 - C8 depict individual 409 

ES clones. A complete digestion of gDNA produces a lot of DNA fragments with a different length, 410 

thereby displaying a smear-like image. This result also reflects the good quality of prepared 411 

gDNAs and the completeness of the digestion.  412 

 413 

Figure 3: Representative results of Southern blotting. These panels show a Southern blotting 414 

screening of the genomic DNAs from ES clones targeted with the construct of replacing NMHC II-415 

A with II-AB, using the left and right probes. The mutated allele shows a 12.1-kb or 6-kb band 416 

when the left probe or right probe is used, respectively, while the WT shows a 9.7-kb band. M = 417 

marker; PC1 - PC5 = positive clones; NC = negative clone. The sizes of the Southern blotting bands 418 

are also indicated. All procedures of Southern blotting are strictly carried out and the specificity 419 

of the probes is good enough; there should be no nonspecific bands expect for the expected 420 

bands. 421 

 422 

Figure 4: Representative results of PCR. This panel shows the PCR identification of the genomic 423 

DNAs from ES clones targeted with the construct of replacing NMHC II-A with II-BA using the 424 

primer pair P1 + P2. The mutated allele yields a 2.1-kb band, while the WT allele yields no band. 425 

M = marker; PC1 - PC3 = positive clones; NC = negative clone. The size of the PCR band is also 426 

indicated. Since the primers are designed to only detect the mutated allele, the appearance of a 427 

single and expected band reflects the specificity of the primers and the high quality of the 428 

prepared gDNAs.  429 

 430 

DISCUSSION: 431 

Currently, designer nucleases for genome editing still cannot replace ES cell-based gene-targeting 432 

technology due to its issues of off-target effects, and difficulty in inserting a long DNA 433 

fragment30,31. As the golden methods for identifying HR events that occurred in mouse ES cells, 434 

this report provides a detailed protocol of Southern blotting and PCR for the field. We validated 435 

the reliability of these methods by analyzing individual clones from mouse ES cells targeted with 436 

a series of constructs. The desired ES clones identified by these methods had been successfully 437 

used to generate corresponding mouse models27. 438 



 439 

Though other techniques for the screening of targeted ES clones have been described19,32, the 440 

methods of Southern blotting and PCR cannot be completely replaced by those established 441 

thereafter32, because these initial techniques have a longer applied history and are widely 442 

accepted and confirmed by the scientific society, performed by most biological labs, and are the 443 

origin of other technologies. Importantly, the good performance of Southern blotting and PCR in 444 

the identification of HR events is well exemplified in previous work29. The results from Southern 445 

blotting indicate several unique features: among the randomly screened ES clones, over 90% of 446 

them are desired ones, no nonspecific bands are detected, and the HR occurred preferentially on 447 

one allele of the Myh9 gene. Meanwhile, the data from PCR, together with sequencing, confirm 448 

that the occurrence of HR events is site-specific and match well with those from Southern blotting. 449 

 450 

According to our practice, several factors should be considered when Southern blotting and PCR 451 

are used to identify HR events in ES cells, thereby obtaining good and expected results. The first 452 

one is the length of the homology arms; in general, increasing the homology arm length will 453 

enhance the efficiency of HR33. However, this is not always the case. On the one hand, longer 454 

arms increase the difficulty of manipulation; on the other hand, the length of the homology arms 455 

(4 kb for the left arm and 1.7 kb for the right arm) reported here resulted in the highest HR 456 

frequency obtained so far among similar experiments. Additionally, a reasonable length of 457 

homology arms facilitates the identification by PCR. The second is the utilization of isogenic DNA 458 

for preparing the homology arms and Southern blotting probes34. This can be satisfied by 459 

ordering a BAC clone containing the region of the gene-of-interest or by using genomic DNA from 460 

the cells intended to be targeted. The third is the selection of suitable REs for digesting genomic 461 

DNAs. In general, one RE or the combination of two REs that cut the wild-type or mutant allele 462 

only once or twice around the targeting region are preferred; furthermore, the resulting larger 463 

DNA fragment should not exceed 15 kb and the size difference between the distinct DNA 464 

fragments is over 2 kb. These requirements can facilitate the separation and identification of 465 

expected bands by Southern blotting. The fourth is the length of the probes and the least 466 

similarity with other sequences in the genome. Generally, the length of the probes is 500 – 1,000 467 

bp. The similarity with other sequences in the genome can be analyzed with the NCBI BLAST 468 

program. Furthermore, a software used to design the probes for Southern blotting has been 469 

described35. The fifth factor to be considered is to use the conventional methods to prepare 470 

genomic DNA for an enhancing yield. Genomic DNAs prepared from a confluent well of a 48-well 471 

plate are generally enough for at least two rounds of Southern blotting analyses. As to designing 472 

the primers for PCR, the best strategy is to use one primer present on the selection marker in 473 

conjunction with a primer outside of the targeting arms. Additionally, sequencing the PCR 474 

products is important for proving HR events20,36. Notably, PCR-based screening cannot 475 

completely replace the information obtained through Southern blotting, while it can effectively 476 

reduce the numbers of clones to be evaluated. 477 

  478 

In conclusion, Southern blotting and PCR are well-demonstrated methods for screening ES clones 479 

to identify HR-mediated gene-targeting events in ES cells. Though the detailed protocol described 480 

here mainly focused on the screening of desired NM II genetic replacement ES clones, it can be 481 

used for genotyping mice that are subsequently generated using the positive ES clones. It can be 482 



easily adapted to the identification of HR events in other cell types, such as iPS cells or somatic 483 

cells. 484 
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