
Generating  a  CRISPR  knockout  mouse  through  a  strong
premature termination codon: a cautionary tale

Dear Editor,
Genetic  inactivation  or  gene  knockout  (KO)  has

been a  powerful  method of  elucidating  gene  function
in  mice.  The  traditional  method  of  generating  KO
mice via targeting  mouse  embryonic  stem  cells
through homologous  recombination  is  labor-intensive
and  of  low  efficiency.  The  emergence  of  clustered
regularly  interspaced  short  palindromic  repeat
(CRISPR) technology greatly simplifies the method of
gene  targeting  at  a  reduced  cost  and  with  high
efficiency.  In  its  simplest  form,  CRISPR  editing
comprises  two  components,  a  single  guide  RNA
(sgRNA)  and  Cas9  protein.  Upon  finding  the
complementary  sequence  preceding  a  protospacer
adjacent  motif  (PAM),  this  ribonucleoprotein  (RNP)
complex generates a double-strand break (DSB) three
nucleotides  upstream  of  the  PAM.  The  DSB  is  then
repaired via error-prone  non-homologous  end-joining
(NHEJ). Alternatively, a third component may be used
involving  a  single-strand  or  double-strand  repair
template  engineered  with  nucleotide  substitutions,
deletions or  insertions of  new genetic  material[1].  The
presence of such repair templates biases the reparation
of  the  DSB via homology  directed  repair  (HDR)
processes.

Multiple  CRISPR  strategies  can  be  applied  to
achieve  KO  mice  that  include  (a)  the  introduction  of
insertion  or  deletions  (indels)  around  the  coding
sequence  of  interest  leading  to  a  frameshift  that
results, in most cases, in gene inactivation; (b) deletion
of  the  promoter  and first  exon with  two sgRNAs;  (c)
deletion  of  a  downstream  exon  encoding  a  critical
functional  domain with two sgRNAs;  (d)  insertion of
loxP  sites  for  conditional  inactivation  of  a  gene;  and
(e)  insertion of  a  premature termination codon (PTC)
downstream  of  the  AUG  codon[2].  In  this  study,  we
elected  to  use  a  single-strand  repair  template

engineered  to  carry  a  strong  PTC  to  generate  a  KO
mouse  translational  arrest  and  subsequent  nonsense-
mediated  mRNA  decay  (NMD)  of  the  truncated
transcript.

KN motif and ankyrin repeat domains 1 (Kank1) is
a cytoskeletal-associated protein that facilitates cross-
talk  between  microtubules  and  integrin-based
adhesions  of  the  extracellular  matrix[3].  We  found
Kank1 to be induced by the myocardin coactivator of
smooth  muscle  contractile  phenotype  (GSE77120)[4].
While  a  previous  study  implied  its  role  in  vascular
development,  no  publication  exists  regarding  a  direct
function of Kank1 in smooth muscle and, importantly,
no Kank1 KO  mouse  has  been  reported.  Our  first
objective was to validate expression of Kank1 mRNA
in  adult  mouse  tissues.  We  found  that  Kank1  was
expressed  abundantly  in  smooth  muscle-enriched
tissues,  including  the  aorta  and  bladder,  consistent
with  GTEx  portal  data  of  human KANK1 mRNA
expression  (Supplementary  Fig.  1A and B,  available
online).

A three-component CRISPR strategy was designed
with  a  sgRNA  targeting  exon  5  of Kank1,  Cas9
protein,  and  a  single  strand  oligonucleotide  repair
template engineered with a strong PTC (Fig. 1A). The
TAA  nonsense  codon  has  been  shown  to  exhibit  the
highest  activity  in  arresting  protein  translation[2].  To
validate  the  efficiency  of  sgRNA,  we  cloned  the
predicted  sgRNA target  site  with  flanking  150-bp  by
PCR to perform an in vitro Cas9 cleavage assay. The
results revealed that the sgRNA effectively cleaved its
target DNA segment (Supplementary Fig. 2, available
online). Next, Kank1-PTC mice were generated by co-
injecting  sgRNA/Cas9  RNP and  repair  template  with
the  PTC  into  mouse  zygotes.  Genotyping  of  founder
mice  revealed  5  out  of  13  founders  (38.4%)  that
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carried  the  edited  allele  (Fig.  1B).  TA  cloning  was
then performed using the PCR products from positive
founders. Three clones from each founder were picked
for  Sanger  sequencing.  The  results  verified  that  one
founder  carried the inserted TAATAAA at  the edited
site  (Fig.  1C and D).  This  founder  was then bred for
germline transmission of the targeted allele.

Homozygous Kank1-PTC mice  were  indistinguish-
able  from  their  wild-type  littermate  controls  (not
shown).  To  examine  whether  levels  of  Kank1  were
reduced  by  the  PTC,  we  dissected  the  aorta  and
bladder  from  homozygous Kank1-PTC  mice  (strain
C57BL/6J)  and  wild-type  littermate  controls.  Total
RNA  was  harvested  and  real-time  qPCR  results
revealed  little  to  no  change  in Kank1 mRNA in  both
aorta  and bladder  (Fig.  2A).  To determine if  changes
were evident in Kank1 protein levels, Western blotting
was  performed  in  these  tissues.  Similar  to  results
observed with real-time qPCR, we found no evidence
of  loss  of  Kank1  protein  in  the  aorta  and  bladder
(Fig.  2B).  These  expression  data  indicate  that  our
strategy  to  inactivate  the Kank1 gene  through
precision targeting of a strong PTC was unsuccessful.

To  generate  a Kank1 KO  mouse  in  a  more
aggressive  manner,  we  performed  2-component
CRISPR  genome  editing[3] using  Cas9  protein  and
sgRNAs flanking the largest  coding exon (exon 5) of
Kank1 (Fig.  2C).  PCR  genotyping  revealed  1  out  of

19  founder  mice  (5.2%)  with  successful  deletion  of
exon  5  (data  not  shown).  DNA  alignment  of  Sanger
sequenced  mutant  DNA  showed  precise  deletion  of
2970  bp  DNA  segment  spanning Kank1 exon  5
(Fig. 2D). There was no obvious phenotype observed
in this founder mouse. We crossed the founder mouse
with wild type C57BL/6J mice and continuously bred
the  mice  to  generate  4  litters,  yielding  a  total  of  32
pups.  None  of  the  pups  genotyped  positive  for  the
expected  deletion  (data  not  shown).  Thus,  we  were
unable  to  breed  this  deletion  through  the  germline.
Accordingly, we collected the aorta and bladder from
the  single  founder  mouse  for  Western  blotting.  The
results  showed  a  reduction  of Kank1 protein  in  the
aorta, but not in the bladder (Fig. 2E). These findings
are consistent with the fact that founder mice derived
from  CRISPR  editing  are  mosaic  and  would  not  be
expected  to  carry  the  deleted  allele  in  all  cells  of  the
adult mouse.

In this study, we intended to generate a Kank1 KO
mouse  by  inserting  a  strong  PTC  downstream  of  the
initiating  AUG  codon.  However,  expression  studies
failed  to  reveal  loss  of  Kank1  protein  in  the  edited
mice.  To  discuss  the  underlying  reason  for  this
unexpected  result,  we  re-analyzed  the  genomic
sequence  of Kank1 and  found  there  is  an  in-frame
AUG start codon located 329 nucleotides downstream
of our insertion site (Supplementary Fig. 3,  available
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Fig.  1   Generating Kank1-PTC mouse. A:  Strategy  for  generating Kank1-PTC mouse  by  inserting  premature  termination  codon  (PTC)
downstream  of  first  AUG  start  codon.  The  sgRNA1  and  PAM  (in  red)  sequence  was  shown.  For  the  HDR  template,  the  nucleotides
highlighted in red are PTC sequence, the nucleotides highlighted in yellow are sgRNA sequence, nucleotides highlighted in pink are mutated
PAM sequence. B: The genotyping agarose gel running image indicates five positive edited clones. C: The Sanger sequencing of a selected
clone from gene edited pool, the clone D4-2 carries inserted PTC sequence TAATAAA, and the PAM is mutated from TGG to TCG. D: The
chromatography of Sanger sequencing result for comparing wild-type (WT) and edited (Kank1-PTC) mouse.
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online). Therefore, although infrequently reported[5], it
is possible that the ribosome skipped the PTC and re-
initiated  translation  at  the  second  AUG  codon
producing  a  minor  truncated  KANK1  protein.
Alternatively,  the  post-termination  ribosomes  could
reinitiate  translation  at  downstream  AUG  codons,
which  allows  the  transcript  to  evade  the  NMD
pathway[6].  Due  to  the  size  of  the  Kank1  protein
(approximately  140  kDa)  and  the  fact  that  the  N-
terminal truncated protein carrying the PTC comprises
only  47  amino  acids,  we  could  not  distinguish
them  with  Western  blotting,  and  we  used  the
Kank1  antibody  to  recognize Kank1 C-terminal
(Supplementary  Table  2,  available  online).  Surpri-
singly,  the  human KANK1 gene  possesses  more  than
20  different  variants,  whereas  the  database  from
UCSC  Genome  Browser  only  showed  2 Kank1
variants in mice. Thus, we considered that there could
be  a  similar  number  of  un-annotated  mouse Kank1
variants due to the understudy of mouse Kank1. Thus,

our  original  editing  strategy  could  place  a  premature
stop  codon  downstream  of  one  initiator  methionine
start  codon  but  upstream  of  a  second,  which  could
conceivably  result  in  the  unsuccessful  knockout  of
Kank1. In addition, we also noticed that the molecular
weight of Kank1 in the aorta appears larger than in the
bladder  (Fig.  2E).  This  discrepancy  is  unexplored  at
this  time but  one  of  the  possibilities  is  that  Kank1 in
the  aorta  underwent  posttranslational  modification
which  confers  the  protein  with  slower  migration
velocity.  This  interpretation  needs  to  be  investigated
and verified in future work.

There  are  many  strategies  to  generate  KO  mice
using CRISPR-Cas9 genome editing. Two-component
CRISPR can be applied to create a  DSB at  the target
site and NHEJ repairs DNA in an error-prone manner,
which  will  create  indels  at  the  editing  site  and  a
frameshifted  mRNA  transcript.  However,  there  is  a
1/3  possibility  to  obtain  the  indel  with  in-frame
editing,  which  could  have  no  detectable  change  in

 

W
T

Kan
k1

-PTC W
T

Kan
k1

-PTC
0

0.5

1.0

1.5

Aorta
N

or
m

al
iz

ed
 g

en
e 

ex
pr

es
si

on
(r

el
at

iv
e 

to
 A

ct
b)

0

0.5

1.0

1.5

N
or

m
al

iz
ed

 g
en

e 
ex

pr
es

si
on

(r
el

at
iv

e 
to

 A
ct

b)

ns

Bladder
ns

A B
Aorta

Aorta

Kank1

Gapdh

1 12 2
WT Kank1-PTC

Bladder

Bladder

Kank1

Kank1

Gapdh

1 12 2
WT

WT WT

Kank1-PTC

130

130

35

35

250
130

55

C E

sgRNA2 CAGCCCGATTTAAGACTTGTCGG

sgRNA3 ATAGACTGATGTCGCTATCCTGG

TSS

Kank1

Cas9

Cas9

PAM2

PAM3 β-Tubulin

KO KO

(kDa)

(kDa)

(kDa)

D

Scale
chr19:

1 kb mm10
25,409,500 25,410,000 25,410,500 25,411,000 25,411,500 25,412,000

Your Sequence from Blat Search
GENCODE VM23 Comprehensive Transcript Set (only Basic displayed by default)

YourSeq

Kank1

      00000255   gttatccctctgccctcaggaatagactgatgtcg---------                           --gtcctagtttctgaacttcacccctctgaatgaaaatggagacactgccc  00000334
       <<<<<<< |||||||||||||||||||||||||||||||||||         -- 2 970bp --  |||||||||||||||||||||||||||||||||||||||||||||||||| <<<<<<<

Chr19:25412057 gttatccctctgccctcaggaatagactgatgtcgctatcc tgg cggtcctagtttctgaacttcacccctctgaatgaaaatggagacactgccc 25408942
PAM2PAM3sgRNA3 

Fig. 2   Validation of Kank1 protein level in gene edited mice. A: Real-time qPCR results for wild-type (WT) and gene knockout (KO)
mice (Kank1-PTC) using mouse aorta (n=6, ns indicates no statistical significance). B: Western blotting using anti-KANK1 antibody with
aorta  and  bladder  from  WT vs. Kank1-PTC  mice.  C:  The  schematics  for  generating Kank1 KO  mouse  by  deleting  the  exon  5  with  two
sgRNAs.  D:  The  Sanger  sequencing  alignment  results  for  the Kank1 KO  mice,  a  DNA  fragment  (2970  bp)  has  been  removed  from
chromosome 19 by sgRNA2 and sgRNA3 (PAM sequences are labeled in red). E: Western blotting using anti-KANK1 antibody with aorta
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protein  expression  of  the  target  gene.  It  should  be
noted  that  even  in  the  presence  of  a  frame-shifted
transcript  with  extinguished  protein  expression,  the
edited  mRNA  transcript  could  exert  a  noncoding
function  if  it  is  not  targeted  for  NMD.  Similarly,  the
internal exon deletion strategy using two sgRNAs may
also  result  in  a  truncated  mRNA  with  unknown
function. A popular strategy is to remove the promoter
and  first  exon  of  the  target  gene  with  two  sgRNAs.
However,  there  is  increasing  evidence  for  antisense
transcription of long noncoding RNAs whose deletion
could  confound  interpretation.  The  same  can  be  said
for  the  excision  of  regulatory  elements  controlling  a
distal  gene.  This  approach  may  also  inactivate  the
expression of intron-embedded small RNAs (snoRNA,
miRNA,  circular  RNA, etc.)  in  the  sense  strand  pre-
mRNA. Moreover, targeting a promoter and first exon
may  in  some  instances  result  in  the  loss  of  only  one
isoform  of  the  gene  when  internal  promoter-driven
isoforms  exist.  The  PTC  insertion  model  is  an  ideal
approach  to  inactivate  a  target  gene  with  minimal
disturbance  of  local  sequences.  The  PTC  insertion
would  be  expected  to  trigger  NMD  leading  to  target
mRNA  degradation  with  little  disturbance  of
neighboring genes.

NMD is  a  well-studied  cellular  process  for  mRNA
quality  control.  There  are  two  different  mechanisms
for  NMD:  3 ′-UTR  exon-junction  complex  (EJC)-
dependent  NMD,  and  EJC-independent  NMD[7].  In
our study, the insertion of a PTC in exon 5 of Kank1
was expected to initiate EJC-dependent NMD because
the  termination  codon  resides  approximately  2600
nucleotides  upstream  of  an  exon-exon  junction;  this
would  fulfill  the  so-called  "50 –55  rule"  for  NMD[7].
However,  our  results  indicate  that  the  ribosomal
machinery somehow read through or skipped the PTC
site  and  re-initiated  translation  from  a  downstream
start codon resulting in a slightly truncated protein that
we could not resolve given the high molecular weight
of full-length Kank1.

What are the underlying mechanisms for this failed
targeted KO experiment? The reasons could be: a) the
insertion of a PTC sequence creates an unusually long
(>3  kb)  3 ′-UTR  which  compromises  the  translation
termination effect, and for unknown reasons, NMD is
not triggered; b) the ribosome may initiate translation
at  a  downstream  AUG  start  codon via binding  to  a
potential internal ribosome entry site or bypassing the
first  start  codon  during  mRNA  scanning.  In  this
context,  an  analysis  of  193  frameshifts  following
CRISPR-mediated gene deletions in 136 distinct gene
loci demonstrated some level of protein expression in
more than 30% of the cases, implying substantial gene

hypomorphism[8].  Mechanisms  for  such  residual
protein expression included re-initiation of translation
and  exon  skipping[8].  Interestingly,  alternative  in-
frame  translation  initiation  has  been  observed  for
Cx43 mRNA[9].  And  c)  the  position  of  the  PTC is  in
close proximity to the initiating AUG (47 amino acids
downstream in the present case) that NMD is rendered
inefficient as shown in an initial report and discussed
in a subsequent review[10].

The  precise  mechanism(s)  for  sustained  Kank1
protein  expression  with  the  introduction  of  a  strong
PTC  is  unknown.  However,  the  results  shown  here
underscore  the  importance  of  careful  deliberation
when contemplating CRISPR-mediated gene KO and,
in particular,  the targeted insertion of a PTC to arrest
translation.
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