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 Gene targeting is extensively used to generate designer 
mouse mutants and to study gene function in vivo. Knock-
out mice that harbor a null allele in their germline provide 
appropriate genetic models of inherited diseases and often 
exhibit embryonic or early postnatal lethality. To study 
gene function in adult mice and in selected cell types, a 
refined strategy for conditional gene inactivation has been 
developed that relies on the DNA recombinase Cre and 
its recognition (loxP) sites. This process has traditionally 
relied on the complex process involving genome editing in 
embryonic stem (ES) cells despite its limitations, includ-
ing incorrect targeting or cassette structure, and difficul-
ties with germline transmission of the allele from chimeric 
mice. CRISPR-Cas9 gene editing technology has consider-
ably facilitated the generation of mouse knockout alleles, 
relieving many of the cumbersome and time-consuming 
steps of traditional mouse ES cell technology. However, 
the generation of conditional knockout alleles remains an 
important challenge. An earlier study reported up to 16 
% efficiency in generating conditional knockout alleles in 
mice using 2 single guide RNAs (sgRNA) and 2 single-
stranded oligonucleotides (ssODN), which has been ques-
tioned by another report combining data from multiple 
transgenic cores. With the advent of CRISPR/Cas9 as a 
mouse genome modification tool, we assessed the efficiency 
of using this method in creating conditional targeted al-
leles in three genes, phosphatase and actin regulator 1 
(Phactr1), apolipoprotein A-I (ApoA1), and actin-related 
protein T2 (Actrt2). Even though overall success rate was 
low – about 2.5 % – we show that it’s possible to reliably 

generate conditional knockout alleles using CRISPR/Cas9 
on a consistent basis.
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ÑÈÑÒÅÌÀÒÈ×ÅÑÊÎÅ ÏÎËÓ×ÅÍÈÅ 
ÓÑËÎÂÍÛÕ ÍÎÊÀÓÒÍÛÕ ÀËËÅËÅÉ 
ÌÛØÅÉ Ñ ÏÎÌÎÙÜÞ CRISPR/CAS9 ÏÓÒÅÌ 
ÈÑÏÎËÜÇÎÂÀÍÈß 2-Õ ÖÅËÜÍÛÕ ÐÍÊ-
ÃÈÄÎÂ (SGRNA) È 2-Õ ÎÄÍÎÖÅÏÎ×Å×ÍÛÕ 
ÎËÈÃÎÍÓÊËÅÎÒÈÄÎÂ (SSODN)

Öåëåíàïðàâëåííîå èçìåíåíèå ãåíîìíîé ÄÍÊ øè-
ðîêî èñïîëüçóåòñÿ äëÿ ñîçäàíèÿ ìûøåé-ìóòàíòîâ è 
äëÿ èçó÷åíèÿ ôóíêöèé ãåíîâ in vivo. Ìûøè-íîêàóòû, 
ñïîñîáíûå ïåðåäàâàòü èíàêòèâèðîâàííûé àëëåëü 
ñâîåìó ïîòîìñòâó, ÿâëÿþòñÿ öåííûìè ãåíåòè÷åñêè-
ìè ìîäåëÿìè íàñëåäñòâåííûõ çàáîëåâàíèé è ÷àñòî 
äåìîíñòðèðóþò ýìáðèîíàëüíóþ èëè ðàííþþ ïîñò-
íàòàëüíóþ ëåòàëüíîñòü. Äëÿ èçó÷åíèÿ ôóíêöèè ãå-
íîâ ó âçðîñëûõ ìûøåé è ó îòäåëüíûõ òèïîâ êëåòîê 
áûëà ðàçðàáîòàíà óñîâåðøåíñòâîâàííàÿ ñòðàòåãèÿ
óñëîâíîé èíàêòèâàöèè ãåíîâ, îñíîâàííàÿ íà ÄÍÊ-
ðåêîìáèíàçå Cre è åå ñàéòàõ óçíàâàíèÿ (loxP). Ýòîò
ïîäõîä òðàäèöèîííî îñíîâûâàëñÿ íà ìíîãîñòóïåí-
÷àòîì è òðóäîåìêîì ïðîöåññå, âêëþ÷àþùåì ðåäàê-
òèðîâàíèå ãåíîìà â ýìáðèîíàëüíûõ ñòâîëîâûõ (ES)
êëåòêàõ è èñïîëüçîâàíèè èõ äëÿ ïîëó÷åíèÿ õèìåð.
Êðîìå òîãî, ýòîò ïðîöåññ èìååò íåêîòðûå îãðà-
íè÷åíèÿ, òàêèå êàê íåîáõîäèìûå îñîáåííîñòè ñòðóê-
òóðû âñòðàèâàåìîé êàññåòû âåêòîðà ÄÍÊ, ÷àñòî íå-
ïðàâèëüíîå ðåäàêòèðîâàíèå è òðóäíîñòè íàñëåäî-
âàíèÿ ëèíèè ìîäèôèöèðîâàííîãî àëëåëÿ îò õè-
ìåðíûõ ìûøåé. Òåõíîëîãèÿ ðåäàêòèðîâàíèÿ ãåíîâ 
CRISPR-Cas9 çíà÷èòåëüíî óïðîñòèëà ïîëó÷åíèå 
íîêàóòíûõ àëëåëåé ìûøåé, èçáàâèâ îò ìíîãèõ 
ãðîìîçäêèõ è òðóäîåìêèõ ýòàïîâ òðàäèöèîííîãî 
ïîäõîäà ñ èñïîëüçîâàíèåì ìûøèíûõ ES êëåòîê. 
Òåì íå ìåíåå, ãåíåðàöèÿ óñëîâíûõ íîêàóòíûõ 
àëëåëåé (conditional knockouts) îñòàåòñÿ âàæíîé 
çàäà÷åé. Â áîëåå ðàííåì èññëåäîâàíèè ñîîáùàëîñü 
î ïî÷òè 16 % ýôôåêòèâíîñòè ãåíåðàöèè àëëåëåé 
óñëîâíîãî íîêàóòà ó ìûøåé ñ èñïîëüçîâàíèåì òàê 
íàçûâàåìîãî ìåòîäà 2-g 2-o (2-õ öåëüíûõ ÐÍÊ-ãèäîâ 
(sgRNA) è 2-õ îäíîöåïî÷å÷íûõ îëèãîíóêëåîòèäîâ 
(ssODN)), ÷òî áûëî ïîñòàâëåíî ïîä ñîìíåíèå äðó-
ãîé ãðóïïîé àâòîðîâ, ïðîàíàëèçèðîâàâøåé ðåçóëü-
òàòû ïîëó÷åííûå íåñêîëüêèìè òðàíñãåííûìè ëàáî-
ðàòîðèÿìè. Èñïîëüçóÿ CRISPR/Cas9 â êà÷åñòâå èí-
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ñòðóìåíòà ìîäèôèêàöèè ãåíîìà ìûøè, ìû îöåíèëè 
ýôôåêòèâíîñòü èñïîëüçîâàíèÿ ýòîãî ìåòîäà â ñîç-
äàíèè óñëîâíûõ íîêàóòíûõ àëëåëåé â òðåõ ãåíàõ:
ôîñôàòàçà è ðåãóëÿòîð àêòèíà 1 (Phactr1), àïîëè-
ïîïðîòåèí A1 (ApoA1) è ñâÿçàííûé ñ àêòèíîì 
ïðîòåèí Ò2 (Actrt2). Íåñìîòðÿ íà òî, ÷òî îáùàÿ 
ýôôåêòèâíîñòü ìåòîäà îêàçàëàñü íèçêîé – îêîëî 
2,5 % – ìû ïîêàçàëè, ÷òî ìîæíî ñ âûñîêîé 
äîëåé âåðîÿòíîñòè ãåíåðèðîâàòü àëëåëè óñëîâíûõ 
íîêàóòîâ ìûøåé ñ èñïîëüçîâàíèåì CRISPR/Cas9 
íà ïîñòîÿííîé îñíîâå.

Êëþ÷åâûå ñëîâà: èçìåíåíèå ãåíîìíîé ÄÍÊ, óñëîâ-
íûå íîêàóòû ìûøåé, CRISPR/Cas9, öåëüíûå ÐÍÊ-
ãèäû. 

REFERENCES

1. Gu, H., Marth, J. D., Orban, P. C., Mossmann, H., 
and Rajewsky, K. Deletion of a DNA polymerase 
beta gene segment in T cells using cell type-specific 
gene targeting, Science, 1994, vol. 265, pp. 103–6.

2. Rajewsky, K., Gu, H., Kuhn, R., Betz, U. A., Muller, 
W., Roes, J., and Schwenk, F. Conditional gene 
targeting, J. Clin. Invest., 1996, vol. 98, pp. 600–3.

3. Sauer, B., and Henderson, N., Site-specific DNA 
recombination in mammalian cells by the Cre 
recombinase of bacteriophage P. Proc. Natl. Acad. 
Sci. USA, 1988, vol. 85, pp. 5166–70.

4. Hoess, R. H. and Abremski, K. Interaction of 
the bacteriophage P1 recombinase Cre with the 
recombining site loxP, Proc. Natl. Acad. Sci. USA, 
1984, vol. 81, pp. 1026–1029.

5. Branda, C. S. and Dymecki, S. M. Talking about a 
revolution: the impact of site-specific recombinases 
on genetic analyses in mice. Dev. Cell, 2004, vol. 6, 
pp. 7–28.

6. Jinek, M., et al. A programmable dual-RNA-guided 
DNA endonuclease in adaptive bacterial immunity. 
Science, 2012, vol. 337, pp. 816–21.

7. Cho, S.W., Kim, S., Kim, J.M., and Kim, J.S., 
Targeted genome engineering in human cells with the 
Cas9 RNA-guided endonuclease. Nat. Biotechnol., 
2013, vol. 31, pp. 230–2.

8. Cong, L. et al. Multiplex genome engineering using 
CRISPR/Cas systems. Science, 2013, vol. 339,
pp. 819–23.

9. Jinek, M. et al. RNA-programmed genome editing in 
human cells. Elife 2, 2013, vol. e00471, doi:10.7554/
eLife.00471.

10. Mali, P. et al. RNA-guided human genome engineering 
via Cas9. Science, 2013, vol. 339, pp. 823–6.

11. Mashiko, D. et al. Generation of mutant mice by 
pronuclear injection of circular plasmid expressing 
Cas9 and single guided RNA. Sci. Rep., 3, 2013, vol. 
3355, 10.1038/srep03355. 

12. Shen, B. et al. Generation of gene-modified mice via 
Cas9/RNA-mediated gene targeting. Cell Res., 2013, 
vol. 23, pp. 720–3.

13. Wang, H. et al. One-step generation of mice carrying 
mutations in multiple genes by CRISPR/Cas-
mediated genome engineering. Cell, 2013, vol. 153, 
pp. 910–8.

14. Yang, H., et al. One-step generation of mice carrying 
reporter and conditional alleles by CRISPR/Cas-
mediated genome engineering. Cell, 2013, vol. 154(6), 
pp. 1370–9.

15. Gurumurthy, C., et al. Re-Evaluating One-step 
Generation of Mice Carrying Conditional Alleles by 
CRISPR-Cas9-Mediated Genome Editing Technology. 
bioRxiv, 2018, vol. 393231; doi: https://doi.org/
10.1101/393231 

16. Behringer R., et al., Manipulating the Mouse 
Embryo: a Laboratory Manual. Cold Spring Harbor 
Laboratory Press, 2014, Cold Spring Harbor, NY. 

17. Horii, T., et al., Efficient generation of conditional 
knockout mice via sequential introduction of lox 
sites. Sci. Rep., 2017, vol. 7(1), p. 7891.

18. Bishop, K.A., et al., CRISPR/Cas9-Mediated 
Insertion of loxP Sites in the Mouse Dock7 Gene 
Provides an Effective Alternative to Use of Targeted 
Embryonic Stem Cells. G3 (Bethesda), 2016, vol. 
6(7), pp. 2051–61.

19. Kueh, A.J., et al., An update on using CRISPR/Cas9 
in the one-cell stage mouse embryo for generating 
complex mutant alleles. Cell Death Differ., 2017,
vol. 24(10), pp. 1821–2.

20. Lanza, D.G., et al., Comparative analysis of single-
stranded DNA donors to generate conditional null 
mouse alleles. BMC Biol., 2018, vol. 16(1), p. 69.

21. Pritchard, C.E.J., Kroese, L.J., and Huijbers, I.J., 
Direct Generation of Conditional Alleles Using 
CRISPR/Cas9 in Mouse Zygotes. Methods Mol. 
Biol., 2017, vol. 1642, pp. 21–35.

22. Miyasaka, Y., et al., CLICK: one-step generation of 
conditional knockout mice. BMC Genomics, 2018, 
vol. 19(1), p. 318.

Received June 30, 2019
Received July 30, 2019

Accepted January 18, 2020



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


