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Abstract

Genetically  engineered  mouse  (GEM) models  are  commonly  used  in  biomedical  research.  Generating  GEMs
involve  complex  set  of  experimental  procedures  requiring  sophisticated  equipment  and  highly  skilled  technical
staff. Because of these reasons, most research institutes set up centralized core facilities where custom GEMs are
created for research groups. Researchers, on the other hand, when they begin thinking about generating GEMs for
their research, several questions arise in their minds. For example, what type of model(s) would be best useful for
my  research,  how  do  I  design  them,  what  are  the  latest  technologies  and  tools  available  for  developing  my
model(s),  and  finally  how  to  breed  GEMs  in  my  research.  As  there  are  several  considerations  and  options  in
mouse designs, and as it is an expensive and time-consuming endeavor, careful planning upfront can ensure the
highest chance of success. In this article, we provide brief answers to several frequently asked questions that arise
when researchers begin thinking about generating mouse model(s) for their work.
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Introduction

Developing  mouse  models  to  probe  biological
questions —whether  related  to  neuroscience,  cancer,

physiology, or pharmacology—is quite an undertaking
for  any  researcher.  There  are  many  reasons  for  this.
First, it is time-consuming: it takes two or more years
to  generate  publishable  results  to  address  the
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hypothesis  for  which  a  novel  mouse  model  is
generated.  Second,  it  is  expensive  to  generate  and
breed the model to produce enough animal cohorts for
the  intended  study.  Third,  a  variety  of  technologies
and  tools  to  create  mouse  models  are  available.
Investigators  may  not  be  familiar  with  the  range  of
possible options. Fourth, and the most important one,
is  that  the  numerous  design  strategies  used  to  create
genetically  engineered  mouse  models  are  quite
confusing  to  researchers  not  familiar  with  the  recent
technological  developments.  This  is  where  many
researchers  begin  to  lose  their  way  as  questions
multiply.

In  this  article,  we  provide  answers  to  some
frequently  asked  questions  that  normally  come  to
mind  when  researchers  begin  a  new  mouse  model
generation  project.  Note  that  this  is  not  a
comprehensive  review  on  the  subject;  rather,  this
article  provides  short  answers  to  frequently  asked
questions.  Wherever  possible,  we  provide  references
for further reading.

The set of questions range from basic to advanced,
keeping in mind a broad readership. The questions are
in three areas: Ⅰ) general questions about the types of
mouse  models; Ⅱ)  questions  about  model  design
considerations; Ⅲ) questions specific to mouse models
generated using CRISPR-based methods. 

General questions about the types of mouse
models

I am interested in studying the function of my
gene of interest (GOI) using genetically engineered
mice.  I  do  not  know  if  I  should  overexpress  or
delete (knockout) or replace (knock-in) the gene in
mice. Where do I begin to learn about this? This  is
one  of  the  most  fundamental  and  the  most  common
questions that comes to any researcher who begins to
think  about  using  the  mouse  as  a  model  organism.
Also,  answers  to  questions  like whether  to
overexpress  or  knockout  my  gene require  several
considerations,  particularly  the  biological  function  of
the gene, which will be touched on later in this article.
To begin, we guide the reader through the concept of
overexpressing (transgenic) and deleting (knockout) a
gene.

What is a transgenic mouse? The term transgenic
mouse  is  often  used  loosely  referring  to  any  type  of
genetically  engineered  mouse  (including  knockout
mouse,  for  example).  However,  the  term  transgenic
mouse  refers  to  a  genetically  engineered  mouse
containing  an  exogenous  DNA  cassette,  and  the
cassette is typically introduced into the mouse genome

via pronuclear  microinjection  of  one-cell  stage
zygotes[1–2].

Once  the  transgene  (overexpression  DNA
cassette of  interest)  is  injected,  does it  get  inserted
in  the  genome  at  a  specific  site? DNA  cassettes
usually  do  not  get  inserted  at  a  specific  site  in  the
genome.  For  example,  Brinster et  al (1989)
microinjected  10 602  zygotes  with  the  intention  of
inserting  a  transgene  in  a  specific  locus[3].  A  total  of
506  transgenic  mice  were  produced,  but  only  one
mouse had inserted the transgene in the targeted locus.
Transgenes  insert  at  random  locations,  sometimes  at
multiple  sites,  often  as  a  multi-copy  concatemer,  and
sometimes  the  cassettes  are  fragmented  and/or  mix
with  genomic  segments  in  an  unpredictable  way[4–7].
The  first  generation  of  transgenic  mice  (F0/G0)
generated through pronuclear injection (PNI) of DNA
will  have  a  unique  transgene  insertion  site,  often
called  as  founder  mouse  lines.  Each  independent
founder  line  is  used  to  establish  germline  transmitted
mice by breeding one generation (F1) transgenic mice.
Mice  from  each  line,  in  the  F1  generation,  are
screened  for  desirable  expression  of  the  cassette
before expanding the line(s) for the research studies. It
is  important  to  remember  a  few  additional  points
about transgenic mice. Transgenic DNA cassettes can
integrate  at  the  coding  genes  (sometimes  disrupting
their  expression)  and/or  regulatory  genes  affecting
their  function  leading  to  a  phenotype,  which  can  be
mistaken  for  the  phenotype  of  the  transgene[7–8].
Randomly integrated transgenes can be susceptible to
'position effect variegation' that often causes impaired
transgene expression[9].  Some transgenes  can produce
a  too  high  level  of  expression  (especially  if  they  are
multi-copy  insertions),  and/or  can  undergo  transgene
silencing,  a  phenomenon  where  the  expression
becomes  silenced  in  the  mouse  colony  after  a  few
generations.  Transgene  silencing  is  thought  to  occur
due to the epigenetic changes of the transgene[10].  For
these  reasons,  it  is  prudent  to  establish  and  analyze
2 –4  independent  lines  of  transgenic  mice  for  each
project.

What  is  the  main  reason  researchers  consider
generating  a  transgenic  mouse? To  overexpress  a
gene (or DNA cassette) of interest. Transgenic mouse
generation via PNI is a well-established method. It is a
popular method because of its relatively low cost and
quickness,  compared  to  the  targeted  knock-in
strategies  that  require  lengthy  and  complex  steps  of
gene-targeting  in  mouse  embryonic  stem  (ES)  cells
(see  below  knock-in  mouse).  The  PNI  methods  were
first  developed  in  the  1960s  and  1970s[2,11–12] and  the
first  transgenic  mouse  containing  exogenously
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introduced DNA was created in 1980[13]. Many tens of
thousands  of  successful  transgenic  mice  have  been
generated  since  then  that  have  tremendously
helped advance biomedical and therapeutic research.

Is it possible to insert the transgene at a specific
locus  in  the  genome  (instead  of  at  a  random
location)? Inserting the transgene at a specific locus is
possible, which was typically done (prior to the advent
of  CRISPR  technology) via ES  cell-based  gene-
targeting approaches. The latter approaches are similar
to  the  steps  followed  for  developing  a  knockout
mouse (see next).  However,  using the traditional PNI
approach,  targeting  a  transgene  to  a  specific  locus  is
almost  impossible  because  of  very  low  efficiency[1,3].
A  method  called  PNI-based  targeted  transgenesis
(PITT),  developed  in  2010,  and  its  improved  version
(called i-PITT),  and  also  TARGATT,  developed  in
2011, allows this by first creating a mouse containing
landing pad elements  on a  chromosome (for  example
modified loxP sites and/or attP sites), and the zygotes
from such a mouse are then used to insert the plasmid
donors  (containing  modified loxP sites  and/or attB
sites)  with  Cre  recombinase  and/or  PhiC31  integrase
enzymes[14–16].  PITT, i-PITT,  and  TARGATT  are
elegant  approaches,  but  require  the  production  and
maintenance  of  seed  mouse  strains  containing  the
landing pad sequences. Targeted transgenic mice (also
called knock-in mice; see below), can also be created
readily  using  direct  PNI  of  CRISPR  reagents.
Strategies  using  either  long  single-stranded  DNA  or
linear-  or  circular-  double-stranded  DNAs  have  been
employed  as  donors  in  the  repair  process  of  double-
stranded  DNA  breaks  created  by  the  CRISPR-Cas
system.

What  is  a  knockout  mouse? A  genetically
engineered  mouse  in  which  a  specific  gene  is
disrupted  or  deleted  is  called  a  knockout  mouse.  By
studying  what  went  wrong  in  a  specific  knockout
mouse  can  help  decipher  the  function  of  the  deleted
gene.  Developing  a  knockout  mouse via PNI  is  now
routinely  performed  using  the  CRISPR-Cas  system
(see  below).  However,  the  PNI  approach  to  generate
knockout mice was not practical until the development
of targeted nucleases (ZFNs, TALENs, and CRISPR-
Cas  systems;  see  below).  Previous  methods  relied  on
homologous  recombination  in  ES  cells,  where  the
targeted  gene  segment  in  the  mouse  genome  was
replaced  by  a  drug  selection  cassette.  Correctly
targeted  ES  cell  clones  are  identified  through
genotyping  the  targeted  gene.  Then  gene-targeted  ES
cell  clones  are  introduced  into  3.5  day-old  mouse
embryos  (called  blastocysts)  to  generate  ES-cell
mouse  chimeras  formed  with  contributions  from  the

host  embryo  (blastocyst)  and  the  targeted  ES  cells.
The  chimeras  are  bred  to  wild-type  mice  and  the
offspring  are  screened  for  inheritance  of  the  targeted
mutation in the ES cells[17].

What  is  the  most  common  method  to  create
knockout mice in this day and age? Knockout mice
can be  created  very  efficiently  and rapidly  by simply
injecting  pronuclei  with  guide  RNA(s),  along  with
Cas9  protein,  to  create  double-stranded  breaks  at  a
desired  site.  Both  guide  RNA  and  Cas9  protein  are
commercially available from numerous vendors. Prior
to  the  CRISPR  era,  creating  knockout  mice  was  a
tedious  and  time-consuming  endeavor,  because  those
methods  relied  on  the  use  of  ES  cell-based
approaches.  Even  though  most  of  the  simple  models
such as knockout and point mutation knock-in models
(see  below)  can  be  generated via direct  injection  of
CRISPR  reagents  into  zygotes,  ES  cell-based
approaches remain the most reliable strategy for large
knock-ins such as multi-kb constructs.

What  is  a  conditional  knockout  mouse? Condi-
tional  knockout  (cKO)  mouse  systems  rely  on  a
classical  genetic  recombination  tool  called  Cre-loxP,
derived  from  bacteriophage  P1[18].  Cre  is  an  enzyme
that  recombines loxP sites  and  deletes  the  DNA
segment between the two loxP sites. A loxP site is 34
base  pair-long  sequence  containing  13  bases  of  a
palindromic repeat, an 8 base pair spacer, followed by
the  13  base  palindrome.  cKO mice  are  developed  by
inserting two loxP sites so that they surround a protein
coding  portion  of  a  gene  (called exons).  Insertion  of
loxP sites  in introns (non-coding  parts  of  the  gene)
typically  do  not  affect  the  expression  of  the  target
gene, and thus the cKO mouse does not behave like a
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Fig. 1   Schematics of the Cre-loxP recombination system.
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knockout  mouse  until  it  is  bred  to  a  mouse  that
expresses  Cre  recombinase  gene  under  a  ubiquitous,
inducible, or tissue-specific promoter. The schematics
of Cre-loxP recombination system are shown in Fig. 1.
Mice containing two loxP sites are also referred to as
floxed  mice  because  they  contain  genetic  elements
flanked  by loxP sites.  The  International  Knockout
Mouse  Consortium  to  produce  knockout  and
conditional  alleles  for  every  gene  in  the  mouse
genome is based on the use of Cre-loxP technology[19].
cKO  mouse  models  are  very  versatile  because  they
can  be  used  to  produce  global  knockout  mice  for
study, in addition to cell-specific gene knockouts with
Cre-expressing  mice,  or  by  the  localized  delivery  of
Cre with a viral vector.

How  do  the  traditional  methods  of  generating
knockout  and  cKO  mice  compare? Both  methods
were  very  tedious  because  they  relied  on  ES  cell-
based  homologous  recombination  approaches.  The
first  step,  generating  the  targeting  DNA  constructs,
was  particularly  complex.  This  involved  stitching
together  long,  genomic  DNA  segments  in  a  precise
way into a bacterial plasmid vector, and the constructs
also  needed  to  contain  additional  elements  such  as
positive selection (e.g. neomycin resistance gene), and
negative  selection  (thymidine  kinase  or  diphtheria
toxin  A  chain)  cassettes.  Generating  cKO  constructs
was  more  tedious  compared  to  complete  knockout
constructs.  One  reason  for  this  was  the  necessity  to
stitch at  least  three separate segments of the genomic
DNA to engineer two loxP sites around a critical exon
(to  generate  cKO  constructs),  whereas  the  complete
knockout DNA constructs just needed to join only two
separate  pieces  of  the  genomic  DNA  into  a  bacterial
plasmid vector.

What is  a  knock-in mouse? A knock-in  mouse is
created  by  changing  or  replacing  DNA  sequences  in
genes of the mouse genome. Knock-in mice can carry
simple  mutations  containing  just  one  or  few  amino
acid differences from the wild-type gene, one of a few
exons  may  be  changed,  or  they  can  have  the  entire
gene  replaced  with  a  modified  or  a  new gene  from a
different species. The mouse created by insertion of an
extra  gene  into  a  specific  locus  without  making  any
deletion  of  original  mouse  sequence  is  also  called
knock-in  mouse.  Before  the  CRISPR era,  developing
any  type  of  knock-in  model  was  quite  time-
consuming,  because  the  steps  required  ES  cell
targeting, and creating small changes (such as one or a
few amino acid change) was relatively quite difficult.
In  contrast,  the  process  of  CRISPR-based  PNI
approaches can very easily create such models.  More
importantly,  targeted  integration  sites  will  not  have
insertions  of  other  genetic  elements  (for  example  a

positive  selection  marker)  close  to  the  targeted  site,
which was one of the major constraints using ES cell-
based  traditional  approaches.  Nevertheless,  as
mentioned above, ES cell-based approaches remain as
methods  of  choice  for  large  knock-ins  because  there
are  not  many  reliable  CRISPR-based  approaches  for
creating very large knock-ins (such as >10 kb).

I am working on a novel gene; should I go for a
knockout  mouse  (to  delete  the  gene),  a  transgenic
mouse  (to  overexpress  it),  or  knock-in  (to
modify/replace  it)? This  is  a  very  hard  question  to
answer, but it  largely depends on the central focus of
the  research  problem.  Although  multiple  different
mutant  mouse  models  can  be  generated  for  a  given
gene,  collectively,  they  can  serve  as  complementary
tools  to  answer  a  research  question  (or  to  understand
the  function  of  that  gene  more  extensively).
Practically,  many  researchers  may  not  be  able  to
create  all  kinds  of  models  for  the  gene  in  question
because  it  requires  a  lot  of  resources  and  time.  The
guiding principle  to  choose  the  ideal  mouse model  is
to  make  some  intelligent  guesses  based  on  what  is
known about the gene or the gene pathway from other
studies involving that gene. Here we mention a couple
of  obvious  examples.  If  the  gene  was  identified  in  a
high-throughput  screen  as  being  upregulated  or
downregulated,  the  first  mouse  model  considered  for
creation would be transgenic or knockout, respectively.
If  the  GOI  was  found  in  a  human  genome-wide
association  study  as  containing  a  pathogenic
mutation,  then  creating  a  knock-in  mouse  for  that
mutation would serve as  the  best  model  (instead of  a
transgenic or knockout).

I  am  planning  to  create  a  knockout  model;
should  I  delete  it  completely  (whole  body
knockout),  or  create  a  cKO  model  using  the  Cre-
loxP system  (tissue-specific  knockout)? Creating
complete  knockout  mice  is  faster  and  cheaper
compared  to  cKO  models.  If  the  gene  knockout  is
lethal, the model will not be of much use. In a survey
of  489  knockout  mouse  models,  it  was  observed  that
29% were embryonic lethal[20]. Thus, it is preferable to
create  a  cKO model,  instead  of  a  complete  knockout
model, in case the global knockout model of the GOI
is embryonic lethal. The cKO models, unlike complete
knockout  models,  are  invariably  viable  (the  insertion
of loxP sites  rarely  affect  unknown  regulatory
elements  in  the  introns[21]),  and  can  be  used  for
breeding with a ubiquitous Cre driver, such as CMV-
Cre  or  Actin-Cre,  to  generate  whole  body  KO  mice,
and  many different  tissue-specific  Cre  mice,  to  study
various biological questions.

I  am  creating  a  cKO  model;  at  this  stage,  do  I
need to think about what Cre models are available
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for  breeding  my  cKO  model  to? It  is  very  critical
that  researchers  learn  about  the  available  Cre  driver
lines  for  their  work.  Oftentimes  sufficient  options  of
Cre  driver  lines  may  not  be  available.  A  convenient
resource to identify interesting Cre mouse lines is the
CrePortal database at the Mouse Genome Database[22].
It is also the case that the available Cre drivers (in the
tissue- or cell-type of interest) may not be thoroughly
validated  for  the  sensitivity  and  specificity.
Sometimes good Cre driver lines are not commercially
available,  and  consideration  needs  to  be  given  to
creating  a  Cre  driver  mouse  line  for  use  with  the
floxed gene.

What  is  a  Cre  reporter  mouse? A  Cre-reporter
mouse contains a reporter (like GFP or RFP or LacZ)
driven  by  a  ubiquitous  promoter,  but  the  reporter  is
kept  in  an  inactive  state  by  placing  a loxP-Stop-loxP
(LSL) cassette between the promoter and the reporter.
The reporter  is  not  expressed because of  the multiple
polyadenylation signals between the promoter and the
reporter  gene.  When  the  reporter  mouse  is  bred  to  a
Cre driver line, the stop cassette between the promoter
and  the  reporter  gene  gets  deleted  by  Cre-mediated
recombination,  activating  expression  and  leading  to
the  expression  of  the  reporter  protein.  The  reporter
gene  will  be  expressed  only  in  those  cells  or  tissues
where  the  Cre  gene  is  expressed.  This  property  of
reporter  expression  serves  as  an  indicator  of  Cre
recombination in the target  tissues.  If  you breed your
newly  created  cKO  model  with  a  Cre  driver  and  a
reporter line, you can ensure specificity and sensitivity
of  Cre  expression  by  relying  on  the  reporter
expression.

Should I also consider strain differences between
my  cKO  model  and  Cre-expressing  models  that  I
would  be  breeding  together? It  is  ideal  to  maintain
strain uniformity when multiple mutant mice are bred
together. The available Cre driver lines may not have
been  originally  generated  in  the  same  strain  as  you
plan to generate your cKO model. The majority of the
available Cre driver mice, developed either by random
transgenesis or targeted transgenesis, were in the non-
standard or mixed strain backgrounds although several
of  them are backcrossed to  pure genetic  backgrounds
such  as  C57BL6/J.  If  you  intend  to  develop  and
maintain  your  cKO  model  in  particular  strain
background,  you  will  need  to  ensure  that  the  Cre
line(s) that you would like to breed them to are in the
same genetic background. If they are not, it may need
backcrossing  up  to  10  generations,  or  expedite  the
process through speed congenic breeding[23].

Do  I  need  to  always  use  a  reporter  mouse  with
my cKO:Cre double mutant mouse? It  is  generally

advised  to  breed  mice  with  the  floxed  gene,  and  the
Cre recombinase gene with a Cre-reporter line[16–17,24].
This  will  ensure the sensitivity and specificity  of  Cre
recombination  in  the  desired  target  cells.  While  the
use of reporters helps ensure Cre recombination in the
target tissues, it should be noted that reporters may not
reliably reflect  the faithful  Cre recombination at  your
cKO  locus[25–27].  Because  establishing  breeder  stock
mice  that  carry  multiple  mutations  (floxed  gene+Cre
driver+Cre-reporter  gene)  takes  a  very  long  time
(typically requiring more than a year to achieve and to
produce  breeder  stocks),  it  is  prudent  to  make  plans
for  procuring  the  Cre  and  a  Cre-reporter  model  prior
to  beginning  a  cKO  model  generation  project.  It
would  be  best  to  obtain  Cre  mice  (preferably
homozygous  if  that  is  an  option)  and  homozygous
Cre-reporters from another project, from a collaborator,
or  a  repository.  Breeding  of  the  cKO  model  to  such
mouse colonies (homozygous for both Cre expression
and  Cre  reporter  genes)  will  expedite  the  breeding
process. 

Questions about model design considerations
 

Questions related to transgenic mice designs

I  am  creating  a  transgenic  model;  what
promoter  should  I  use  for  expressing  my  GOI?
There  are  multiple  options.  Choosing  a  suitable
promoter largely depends on the overall research goal.
Here  we  provide  a  couple  of  examples  of  situations
and  the  guiding  principles  in  choosing  a  suitable
promoter.  If  a  researcher  wants  the  GOI  to  be
expressed  constitutively  and  ubiquitously  (i.e.,  in  all
tissues) at very high levels, one of the most preferred
promoters would be a CAG (CMV enhancer, chicken
beta-actin  promoter  and  rabbit  beta-globin  splice
acceptor  site)  promoter[28].  Often  researchers  also
consider  expressing  their  GOI  under  a  promoter  of
another  gene  that  they  have  previously  worked  with,
which  may  result  in  a  model  that  is  suitable  for
expressing GOI in  a  specific  cell  type of  choice.  The
model  may  then  be  used  for  studying  a  well-defined
question, but often the model may be less useable for
answering broader questions.

How  can  I  express  my  GOI  conditionally  or
make it inducible? Yes, the promoters like CAG (or
any such promoter for that matter) can be designed to
make  them  conditional  (instead  of  constitutive)  by
placing  a  classical LSL element  in  between  the
promoter  and  the  GOI[19].  Tetracycline  response
element  driver  promoter  system  is  routinely  used  for
expressing  GOI  in  an  inducible  manner.  It  should  be
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remembered that in conditional and inducible systems,
the transgenic mouse will need to be bred with another
mouse  line  prior  to  using  it  for  the  research  studies.
For example, the newly created conditional transgenic
mouse  will  need  to  be  bred  with  a  Cre  driver  to
remove the stop cassette upstream of the GOI, or with
a  tetracycline  trans-activator  (tTA)  or  reverse  tTA
(rtTA)  mouse,  to  induce/repress  GOI  expression  by
administration  of  doxycycline[29].  The  schematics  of
Tet-Off and Tet-On systems are shown in Fig. 2.

I am creating a transgenic mouse to overexpress
a  human  gene.  Should  I  fuse  the  gene  with  a
reporter (for example, GFP)? It is always prudent to
think  about  a  reliable  method  for  differentiating  and
detecting  your  GOI  before  creating  the  transgenic
model.  One  of  the  most  important  considerations  is
whether  you  have  reliable  and  specific  antibodies
against  your  GOI  that  easily  differentiate  it  from  the
endogenous copy of  the  protein.  Ideally,  if  your  GOI
is  a  human  protein,  and  you  have  two  different
antibodies  that  differentiate  mouse  and  human
proteins  of  the  GOI,  you  are  well  prepared  to  detect
transgene expression. In the event that is not the case
(which is true for many GOIs), then fusing a reporter
(like GFP), or a small immunoaffinity tag (like FLAG,
Myc,  HA),  can  serve  as  a  valuable  tool.  It  should  be
very  important  to  make  sure  that  fusing  the  tag  does
not  affect  protein  function  or  localization.  If  any
previous studies used a fusion strategy for your GOI,
either  in  cell  culture  systems  or  in  other  model
organisms,  they  would  serve  as  ready  reference  for
deciding  on  fusions.  Another  important  consideration
is to decide whether you want to add the fusion tag to
N or C terminus of your protein. Again, this should be
decided  based  on  the  knowledge  of  the  protein

structure  (if  available),  and if  other  studies  employed
fusion  strategies  with  the  GOI.  It  may  be  helpful  to
place a fusion protein linker between the GOI and the
reporter protein[30].

I  would  like  to  express  two  genes  driven  by  a
single promoter; are there any tools that will allow
this? Sometimes,  researchers  would like  to  express  a
second  gene  such  as  a  reporter  or  a  drug-selection
cassette  along  with  their  GOI  under  the  same
promoter.  This  is  achieved  by  using  one  of  the  two
commonly used genetic tools called internal ribosome
entry  site  (IRES)  and  2A  peptidase.  The  concepts  of
IRES and 2A peptidases are shown in Fig. 3A.  IRES
allows expression of the second protein without fusing
it  with  your  GOI  protein.  The  architecture  of  the
expression cassette  constitutes  your  GOI followed by
an IRES and the second gene. The mRNA from such a
cassette  is  translated  as  two  separate  polypeptides  by
the  cellular  ribosomal  translation  machinery.  The
IRES  tool  has  been  used  in  a  large  number  of
overexpression constructs. One drawback of the IRES
system  is  that  the  gene  placed  downstream  of  the
IRES  may  not  be  expressed  at  the  same  level  as  the
gene  placed  upstream  of  it.  Lower  expression  of  the
reporter  (placed  distal  to  IRES)  often  underestimates
the  expression  of  GOI,  therefore,  inferring  the
expression  of  GOI  solely  based  on  the  expression  of
the reporter will not be accurate. The 2A peptide tool
overcomes  the  problem  of  unequal  expression  of  the
two proteins.  2A is  a  small  peptide (~20 amino acids
long) derived from picornaviruses that is self-cleaving
at  the  C  terminus[31].  2A  proteins  from  different
picornaviruses  have  been  used:  F2A  is  derived  from
foot  and  mouth  disease  virus;  E2A  is  derived  from
equine  rhinitis  A  virus;  P2A  is  derived  from  porcine
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Fig. 2   Schematics of Tet-Off and Tet-On systems.
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teschovirus-1; and T2A is derived from thosea asigna
virus. Of these, P2A seems to have highest efficiency,
followed  by  T2A[32].  One  of  the  important  consider-
ations  when  using  2A  peptide  fusions  is  that,  after
cleavage,  amino  acids  from  the  2A  peptide  will  be
added to the end of GOI and a proline residue will be
added to the beginning of  the reporter  protein (or  the
beginning of the downstream protein when two GOIs
are  expressed).  This  is  an  important  consideration,
especially  in  situations where the researcher  does not
want  to  take  chances  with  adding  extra  amino  acids,
which  may  modify  the  structure  and  function  of  the
protein.  Again,  knowledge  about  the  protein  from
other  structure  function  studies  and  fusion
experiments  conducted  in  cell  culture  should  be
considered when deciding which end of the GOI to be
fused with the 2A peptide. The reporter fusion, via 2A
or IRES, allows detection of cells expressing GOI, but
subcellular  localization  of  the  GOI  and  the  reporter
may  not  be  the  same.  In  other  words,  GOI  can  be
localized  in  cell  membrane  or  the  cytoplasm,  but  the
reporter  may  be  localized  in  the  nucleus.  The
schematics of IRES and 2A tools are shown in Fig. 3. 

Questions   related   to   knockout   and   cKO   mice
designs

Can  you  briefly  explain  what  are  the
components of CRISPR system used for generating
knockout  or  cKO  mice? Generating  a  simple
knockout  mouse  using  the  CRISPR  system  requires
two components: guide RNA/s and the Cas9 protein to
cleave  and  disrupt  a  GOI.  In  addition  to  these
components,  generating  cKO  model  requires  a  third
component:  a  donor  DNA  to  insert  the LoxP sites  at
the genomic cleavage sites. More details and specifics

about these components are answered in the next few
questions.  The  schematics  of  CRISPR-Cas
components are shown in Fig. 4.

Should  I  use  one  guide  or  more  than  one  guide
RNA  to  delete  my  GOI? Targeting  one  of  the
upstream  exons  of  the  GOI,  using  just  one  guide
RNA,  can  create  a  frameshift  mutation.  However,  in
some  cases  this  approach  may  not  be  sufficient
because  the  truncated  gene  may  still  be  expressed
from  distal  exons,  and  it  is  also  known  that  exon
skipping  can  occur[33] and/or  the  cells  can  overcome
the  loss  of  protein  expression  by  upregulating  the
expression  of  proteins  with  a  similar  function[34].  For
example,  an  internal  promoter  was  discovered  in  the
Occludin gene  after  an  upstream  exon  was  removed
by Cre[35]. Therefore, it is prudent to delete the gene by
cleaving it at two places, preferably to include most of
the coding exons in the deleted region.

Which exon(s)  should I  choose  for  conditionally
targeting  my  GOI? Typically,  one  or  more  of  the
most  upstream exons,  avoiding the  first  coding exon,
are targeted, for a number of reasons. Although some
groups  have  successfully  floxed  promoter,  and  the
first exon of the gene to achieve definite deletion, the
first  exon  is  generally  avoided  because  it  is  hard  to
know  the  upstream  boundary  of  the  promoter,  and
placing a loxP upstream of that boundary may not be
possible without knowing the location of the promoter
and/or enhancer elements. In other words, floxing the
promoter  and  the  first  exon  of  the  gene  can  be  an
option to generate a true null allele without concern of
undesired  effects  by  alternative  splicing  (see  below),
provided  a  clear  understanding  of  the  promoter
sequence  of  your  GOI  (particularly  its  length
including  any  additional  regulatory  sequences)  is
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Fig. 3   Schematics of IRES and 2A tools. IRES: internal ribosome entry site.
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known.  It  should  also  be  noted  that  regulatory
elements  may reside  within  the  introns,  and  inserting
loxPs  in  those  locations  can  affect  the  normal
expression of the gene (i.e., in the cKO mouse before
it is bred to a Cre mouse). The principle is to remove
an exon, so as to cause a frameshift that will introduce
a  premature  termination  codon  to  occur.  This  will
trigger  nonsense-mediated  mRNA  decay,  and  failure
to make a protein[36]. Another commonly used strategy
is  to  flox  the  exon(s)  that  code  for  important
functional  domains  of  the  protein  such  as  enzymatic
catalytic regions.

Should  I  flox  many  exons  of  my  GOI,  or  is
floxing  just  one,  or  a  few  exons,  enough? Just
deleting  one  of  the  smaller  exons  can  achieve  the
purpose  (if  those  exon/s  happen  to  be  one  of  the
critical exons), but phenomena like exon-skipping can
also  occur  with  cKO  strategies,  and  thus  it  is
important  to  ensure  that  the  deleted  exon(s)  lead  to
frameshifting  if  the  distal  exons  are  spliced  with  the
undeleted  upstream  exons.  Another  consideration  is
alternative  splicing  and  expression  of  different
transcripts  can  occur  from  the  same  gene.  If  the
intention  is  to  delete  all  isoforms,  target  one  of  the
exons closer to the 5′ end of the gene, which is present
in all isoforms.

What  other  considerations  I  need  to  keep  in
mind  in  deciding  which  exon/s  to  flox? Extra
caution  must  be  paid,  especially  when  deleting  many
(or  all  the)  of  your  GOI,  to  avoid  deleting  functional
elements, such as miRNAs and lncRNAs that may be
present  within the intronic regions.  The CRISPR tool
has been used recently to demonstrate the detection of
a  previously  intractable  protein  in  the  mouse[37].
Sometimes  just  a  subtle  change  in  the  genomic

sequence can abrogate the function of the non-coding
RNA sequences[38]. As more and more long noncoding
genes have been identified in the genome, with many
close  to  or  overlapping  mRNA  genes,  it  is  essential
that the reader pay particular attention to the presence
of  such  noncoding  genes  when  designing  a  CRISPR
targeting  approach[39–41].  Critical  information  about
your  GOI,  such  as  its  exon-intron  structure,  different
splice variants, 5′-UTR, 3′-UTR regions, its neighboring
genes, basic information about regulatory regions like
promoters, enhancers, overlapping noncoding genes or
regulatory  regions  in  opposite  strand  downstream
promoters  (with  H3K4me3  data),  can  be  found  from
genome  browsers  like  Ensembl  and  UCSC  genome
browsers.  The  presence  of  conserved  non-coding
DNA  sequences  with  potential  to  affect  gene
expression  can  be  identified  with  software  tools  such
as Vistapoint[42].

How far apart should I  place the two loxPs? As
noted above, just floxing one or a few exons is enough
as long as they are critical for gene function. If  those
exons  are  within  a  1  to  2  kb  sequence,  and  if  the
flanking introns are sufficiently long (say 300 bases or
longer), loxPs  can be placed in  those introns to  flank
the  critical  exons.  If  the  bulk  of  the  protein-coding
sequence falls within this region, it can be even better.
Placing  the  two loxPs  far  away  from each  other  (say
>5  kb  apart)  can  pose  two  problems:  creating  such
models  can  be  difficult  by  using  one  targeting
construct  (discussed  below),  and  the  Cre  recombi-
nation  between  the  two loxPs  may  not  occur
efficiently. In the case of single exon genes, it may be
possible to introduce an artificial intron in the protein
coding sequence to obtain a conditional allele[43–44].

Where  should  I  place  the loxP within  intron?
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Fig. 4   CRISPR-Cas genome editing components. DSB: double-stranded break; GOI: gene of interest.
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Intron  sequences  often  contain  some  important
sequences  for  splicing  (e.g.,  splicing  donor  and
acceptor,  and  branch  site),  and  regulatory  sequences
for  gene  expression  (e.g. enhancer  or  miRNA). loxP
sites should not interrupt these important sequences. It
is best to avoid placing loxP sites close to splice donor
and acceptor sites (LoxP sites need to be more than 50
bases  away  from  intron-exon  boundary).  In  addition,
you  may  need  to  check  evolutionarily  conserved
sequences  (e.g. between  human  and  mouse),  where
functionally important sequences are possibly located,
using genome browsers, such as UCSC. 

Questions related to knock-in mouse designs

I plan to create a point mutation knock-in model
to mimic a human disease mutation in mice. What
are the basic considerations one needs to be aware
of  in  developing  such  a  model? Creating  a  point
mutation knock-in is perhaps one of the easier mouse
model  design  projects  (creating  a  complete  knockout
mouse  being  the  easiest).  The  process  involves  PNI
(or electroporation) of a guide RNA that cleaves close
to  the  mutation  site,  a  donor  oligonucleotide
containing  the  new  mutation,  and  the  Cas9  protein.
The  first  consideration  is  to  choose  a  guide  that
cleaves  as  close  to  the  mutation  site  as  possible.  The
chance of  success in  generating the mutant  is  highest
if  there  is  a  CRISPR  guide  target  very  close  to  the
mutation  site  of  interest,  preferably  within  1,  2  or  3
bases.  The  farther  the  guide  cleavage  site,  the  lower
the efficiency of obtaining the desired mutant. If there
is  no  good  guide  available  close  to  the  site,  two
flanking guides can be chosen to excise out a fragment
followed by insertion of the desired sequence using a
longer  donor  oligonucleotide[45].  The  second
consideration is to insert a silent mutation in the guide
binding  region  of  the  donor,  or  the  PAM  region,  to
prevent  re-cleavage.  The  third  consideration  is  to
engineer  a  restriction  endonuclease  (RE)  site  in  the
new mutation, which will serve as a valuable tool for
genotyping  the  model  using  the  restriction  fragment
length  polymorphism  approach.  If  the  intended
mutation site  does  not  create  a  new RE site  (or  leads
to  loss  of  a  pre-existing  RE  site),  additional  codons
within  the  guide  cleavage  site  can  be  considered  to
introduce  silent  mutations  that  may  help  create  (or
abolish)  an  RE  site.  When  choosing  silent  coding
changes to codons, it is helpful to refer to the table of
mouse codon usage and to choose an alternative codon
that  has  similar  usage  frequency  as  the  codon  that  is
being changed[46].

Can I achieve creating multiple point mutations
in  my  GOI? It  is  possible  to  incorporate  multiple

point  mutations  in  a  gene,  but  there  are  some
considerations. If the mutations are very close to each
other,  say  within  1  to  2  kb,  then  they  can  all  be
changed  using  one  long  donor  sequence.  Achieving
multiple  mutations,  using  a  pair  of  short
oligonucleotide  donors  and  guide  RNAs  for  each  of
them, may work at much reduced efficiencies, because
cleaving  of  the  genomic  DNA  at  multiple  sites  can
lead  to  complex  recombination  events  on  the
chromosome. If more than one mutation is incorporated
in one experiment, it is essential to make sure that the
mutations  are  inserted  on  the  same  copy  of  the
chromosome (i.e., in-cis fashion). 

Questions specific to mouse models generated
using CRISPR-based methods

What  are  the  commonly  used  CRISPR-based
strategies  for  developing  mouse  models? CRISPR
technology  has  greatly  simplified  the  mouse  model
generation  process.  Specifically,  most  of  the
commonly  used  mouse  models  (simple  knockouts,
point  mutation  knock-ins,  cKOs,  reporter/Cre  knock-
ins)  can  be  created  quite  efficiently  and  rapidly
(within  2  to  3  months)  using  the  CRISPR-based
methods.  Complete  knockout  mice  can  be  created  by
simply  injecting  one  or  two  guide  RNAs  and  Cas9
protein.  Point  mutation  knock-in  mice  are  created  by
including a short single-stranded oligodeoxynucleotide
(ssODN) as the donor template in the injection mix (in
addition to a  guide RNA and the Cas9 protein).  cKO
and  reporter/Cre  knock-in  models  can  be  generated
efficiently by using long ssDNA donors (up to about 2
kb  long).  The  method  is  known  as Easi-CRISPR
(Efficient  additions  with  ssDNA  inserts
CRISPR)[47–48].  Creating  large  knock-ins  (approxi-
mately  5  to  10  kb  long)  is  generally  achieved  using
plasmid DNAs as donors[49–52].

Can I create my model in the strain background
of my choice using the CRISPR-based approaches?
Yes,  this  is  readily  possible.  The  CRISPR  approach
can  be  used  for  generating  genetically  engineered
mouse  models  for  almost  any  strain  of  mouse,
whereas  the  previous  methods  that  relied  on  ES cell-
based approaches could only be used for few strains.

I  have  heard  that  CRISPR  reagents  can  be
delivered  into  zygotes via electroporation  rather
than  microinjection.  Can  you  introduce  me  to
those  approaches? Microinjection  was  the  primary
method  (perhaps  the  sole  method)  employed  for
delivering  targeting  constructs  into  mouse  zygotes
until CRISPR tools became available. Electroporation,
as  an  alternative  to  microinjection  of  mouse  zygotes,
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was  first  investigated  in  2015,  demonstrating  that
CRISPR  gene  targeting  reagents  can  be  introduced
into  the  zygotes,  and  many zygotes  can  be  processed
simultaneously[53].  Since  then,  this  approach  has
become  quite  popular  at  many  laboratories,  due  to
several  obvious  advantages:  electroporation  does  not
require  sophisticated  equipment  or  highly-skilled
personnel; a large number of zygotes can be processed
in each batch (unlike injecting one zygote at a time in
the  microinjection  process);  and,  electroporation  is
much gentler than microinjection, as shown by higher
zygote  survival  and  birth  rates  from  electroporation
compared  to  microinjection.  The  electroporation
approach  has  been  used  very  efficiently  to  create
complete  knockout  and  point  mutation  knock-in
models. One disadvantage of electroporation is that it
is  hard  to  introduce  larger  DNA  constructs  to  create
KI  models.  Knocking  in  donors  about  200  bases  or
less  is  most  efficient,  200 –500  bases  is  moderately
efficient,  and  the  efficiency  drops  sharply  for
constructs  larger  than  500  bases.  There  are  a  large
number  of  publications  describing  electroporation
approaches  and  protocols.  Because  it  would  be
difficult  to  extensively  discuss  several  of  the  articles
using  a  few  questions  in  this  article,  we  list  some
important references for reading[54–57].

I  have  heard  that  CRISPR  reagents  can  be
delivered  into  zygotes via electroporation  within
the  mother.  Can  you  introduce  me  to  those
approaches? A  method  called  Genome  Editing via
Oviductal  Nucleic  Acids  Delivery  (GONAD)  was
developed in 2015, which can deliver genome editing

reagents  into  the  zygotes  within  the  pregnant  mother
without  taking  them  out  of  the  mother.  This  is
achieved  by  surgically  opening  the  oviduct,
introducing  genome  editing  components  into  the
oviduct through microinjection needle, followed by in
situ electroporation.  This  method  is  described  in
several papers[58–61].

I  have  heard  that  the  models  generated  using
CRISPR  approach  are  mosaic.  What  does  that
mean? A  mouse  consisting  of  cells  with  different
allele  sets  is  called  a  mosaic  founder,  typically
consisting  of  cells  with  more  than  two  alleles  of  the
same  gene.  This  is  possible  in  a  mouse  generated
using  CRISPR  technology,  because  cleavage  of
genomic DNA by Cas9 can continue to occur beyond
the one-cell stage (if both the copies were not edited at
one-cell  stage).  In  other  words,  if  Cas9  has  not
cleaved and edited both copies of the targeted gene in
the one-cell zygote, then when the zygote divides into
a  two-cell  zygote,  there  will  be  four  copies  of  the
gene,  and  Cas9  can  create  different  types  of  edits  in
those four copies. The schematics of how some of the
mice  generated  using  the  CRISPR-Cas  tool  can
become mosaic are shown in Fig. 5. Similarly, if any
of the four copies in the two cell stage are not edited,
the unedited copies can potentially be edited after the
two  cell  divides  into  four  cells,  and  so  on.  For
example,  such  a  single  mosaic  founder  may be  made
up  of  cells  with  as  many  as  six  different  versions  of
the same gene[62–63].

I have heard that mosaicism is bad but it is also
good. What is bad and what is good? Bad: it is very
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Fig. 5   Schematics showing how some of the mice generated using the CRISPR-Cas tool can be mosaic. GOI: gene of interest.
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hard  to  genotype  the  founder  mouse  lines  (explained
in the next  question).  Using the mosaic founder mice
for  phenotypic  analysis  experiments  is  not
recommended because of mosaicism, and it is better to
segregate  the  desired  mutant  allele  by  breeding  and
establishing the mouse line. Good: you can get many
different mutant alleles in one mouse, and breeding of
that  founder  can  segregate  different  alleles.  This
feature  provides  many  different  mutant  alleles  useful
for  answering  different  biological  questions.
Mosaicism is  also valuable because a  live mouse can
be  obtained  for  genes  that  are  embryonically  lethal.
Because  a  founder  mosaic  mouse  can  contain  cells
with both the lethal allele and the allele providing for
survival[64], such models can be used for some studies.

I  have  heard  that  the  genotyping  of  the  models
generated  using  CRISPR  approach  is  a  bit
complex, why is it so? As mentioned above, founder
mice are often mosaic containing a mixture of alleles,
including expected mutant allele, wild-type allele, and
indel  alleles.  When  you  try  to  perform  genotyping
using Sanger sequencing, you will typically see mixed
peaks in the electropherograms and it is hard to figure
out  whether  the  mouse  contains  your  desired
mutation[65–67].  In  such  a  case,  you  can  separate  each
allele by cloning and sequencing of PCR products that
can  produce  cleaner  sequencing  reactions,  but  the
presence  of  the  desired  allele  is  best  confirmed  by
breeding  the  founder  to  wild-type  mice  to  produce
obligate  heterozygous mutant  mice.  DNA sequencing
of  the  offspring  mice  will  reveal  the  sequence  of  the
inherited  mutant  allele  and  the  wild-type  allele.  It  is
not  advisable  to  mate  founders  to  each  other  for
transmission  of  mutant  alleles  because  the  offspring
will  be  compound  heterozygotes  for  mutations  in  the
gene, and it  is ideal to keep the mutant lines separate
until  ensuring  no  off-target  events.  Also,  two
independent lines phenotyped separately will serve as
a validation for the observed functional phenotype.

Is  it  always  necessary  to  confirm  the  desired
mutation by sequencing in the F1 generation? Yes,
even  if  you  have  identified  the  desired  allele  in  the
founder  mouse  by  sequencing,  it  is  very  critical  to
confirm it in the F1 generation because of mosaicism.

Is  it  necessary  to  sequence  the  entire  region  in
my  knock-in  mouse? Yes.  The  insertion  of  donor
sequences  at  the  CRISPR  cleavage  sites  depends
entirely  on  endogenous  DNA  repair  mechanism,  and
often  this  process  is  error-prone.  The  repair  of
chromosome  breaks  is  a  complex  process.  Similarly,
repair  of  CRISPR-Cas  induced  breaks  can  introduce
unanticipated complex rearrangements[68–69]. Thus, it is
necessary  to  fully  sequence  the  targeted  region

including  the  homology  arms,  and  a  few  hundred
bases  beyond  the  homology  arms,  to  ensure  that  the
targeted region is accurate. Even if the junctions seem
accurate,  there  can  be  single  nucleotide  error  within
the targeted region (in case kilobases long insertions).
Although  it  is  not  shown  by  direct  comparison  of
ssDNA  and  dsDNA  donors,  intuitively,  ssDNA
donors can elicit such errors more often than dsDNAs.

I often hear about the concerns of off-target gene
editing  events,  and  chances  of  off-target  insertion
of  the  donor  DNAs.  How  do  I  ensure  my  mouse
does not have off-target events?

Off-target  editing events: these  are  generally  rare
among  genetically  engineered  mice[70].  If  the  guide
RNA(s)  used  are  quite  specific  (i.e.,  if  there  are  no
high probability of off-target recognition sequences in
the genome), it is rare that the Cas9 would lead to off-
target  editing  events.  Resources  permitting,  it  would
be  ideal  to  make  sure  that  your  mouse  line  does  not
have  off-target  editing  events —preferably  by  using
methods such as whole genome sequencing—but that
may  not  be  practical  for  many  researchers.  One
inexpensive  approach  is  to  check  a  few highly  likely
off-target  sites  by  targeted  PCR  amplification  and
sequencing.  This  approach  is  quite  useful  in  cases
where  your  guide(s)  have  highly  likely  off-target
recognition  sequences  in  the  genome.  The  guide
RNAs with high specificity scores[71–72] in combination
with a Cas9 protein that has been engineered to reduce
off-target  hits[73] can  reduce  the  chances  of  off-target
hits.

Off-target donor insertion events: these can occur
in  mice  generated  by  using  both  CRISPR  and  non-
CRISPR-based  approaches.  There  is  no  systematic
study,  however,  showing  if  CRISPR-based  methods
produce higher frequency of off-target donor insertion
events.  In  general,  it  is  thought  that  off-target  donor
insertion  events  could  be  higher  among  the  linear
dsDNA  donors,  compared  to  other  types  of  DNAs,
such  as  linear  ssDNAs  and  circular  dsDNAs
(plasmids).

What do I  do if  I  have off-target  editing and/or
off-target  donor  insertion  events? If  you  have
identified off-target effects in your mouse and if they
are sufficiently far  away from your targeted mutation
site (or better, if they are in a different chromosome),
they  can  be  easily  segregated  by  breeding.  This  is
achieved  by  checking  those  off-target  events  (by
genotyping  and  sequencing)  in  the  offspring  of
founders mated to wild-type mice, and use only those
offspring mice that do not contain the same off-target
events as the breeder stock for establishing the line.

My  CRISPR-based  model  generation  project
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failed. What could be the reason? Can you provide
some  alternative  solutions? Most  CRISPR-based
projects  work  if  the  design  is  accurate  and  if  the
experiments  are  followed,  as  per  standard  protocols.
About  5% to  10% of  projects  fail.  One  of  the  main
reasons  for  this  could  be  inefficient  guide  RNA(s),
assuming  that  the  design  is  correct  and  the
experiments  were  performed  well[74].  This  can  be
addressed  if  there  is  an  option  to  use  alternative
guide(s).  The  efficiencies  of  the  guides  can  also  be
tested  beforehand,  by in  vitro digestion  of  PCR
product containing target site, and/or by in vivo testing
using cell lines or microinjecting a few mouse zygotes
and  culturing  and  analyzing  them  at  blastocyst  stage
for the presence of indels at the target sites. In the case
of  point  mutation  knock-ins,  if  there  are  no  guides
close  to  the  desired  site,  you  can  consider  using  two
guides flanking the target region, making sure that the
two guides are at least 30 bases apart from their facing
ends[45].  If  you  are  knocking  a  fusion  cassette  (for
example  Cre  or  rtTA  or  a  reporter)  into  one  of  the
ends of your GOI, and the project is unsuccessful, you
can  consider  fusing  it  to  the  other  end  of  GOI
(provided  it  is  OK  in  regard  to  the  structure  of  your
protein).

My  CRISPR-based  model  generation  was
successful, but I realized I can use the same model
for re-engineering its locus to add some additional
expression  cassettes  (or  swap  a  new  cassette  with
the previously inserted cassette). Can I re-engineer
my  model  to  achieve  this? This  is  quite  possible.
This  is  one  of  the  best  things  about  CRISPR
technology: that  new cassettes or additional  pieces of
DNA  can  be  inserted  into  the  locus  that  was
previously  modified.  Similarly,  some  widely  popular
mouse  models  having  reporter  or  tetracycline
inducible cassettes inserted into some safe harbor loci
like  ROSA[75] and  TIGRE[76–77] can  be  used  for  re-
engineering  their  loci.  The  well-characterized
expression  cassettes  in  those  models  can  be  swapped
(or fused) with your GOI. A couple of examples of re-
engineering  model  designs  can  be  found  in  a  recent
perspective article on COVID-19 mouse models[78].

I am interested in learning more. Can you list a
few important review articles and research articles
about the state-of-the-art methods, and the current
practices  of  creating  genetically  engineered  mice?
Relevant articles are cited in the respective questions.
Here  we  list  them  again,  and  a  few  more,  under
different  headings.  Note  that  this  is  not  a
comprehensive  list.  We  mention  here  only  a  few
articles  for  you  to  get  started.  We  apologize  to  the
authors  of  other  excellent  reviews  and  research
articles  that  we  are  unable  to  cite,  due  to  space
constraints.

Reviews:
For "traditional transgenic technologies", please see

refs.[79–80];  For  "history  of  transgenic  technologies",
please  see  refs.[2,81];  For  "Cre-loxP Technology",
please  see  refs.[24,82–83];  For  "CRISPR  technologies  to
generate  mouse  models",  please  see  refs.[84–85];  For
"CRISPR  technologies  to  generate  mouse  models",
please see refs.[84–85].

Research articles:
For "first transgenic mouse paper", please see ref. [13];

For "first knockout mouse papers", please see refs.[86–87];
For  "first  CRISPR  mouse  paper",  please  see  ref.[62];
For "first CRISPR electroporation papers", please see
refs.[53–54];  For  "first  CRISPR in  vivo electroporation
paper",  please  see  ref.[58];  For  "most  promising  (or
more  commonly  used)  method  for  developing
conditional  and knock-in alleles  (up to 2 kb)",  please
see refs.[47–48]; For "CRISPR strategies/approaches that
can  be  promising  for  larger  cassette  insertions  (>2
kb)", please see refs.[49–52]. 
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