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Targeted Deletion of
an Entire Chromosome
Using CRISPR/Cas9

The recent emergence of gene editing tech-
nologies, in particular CRISPR/Cas, has
enabled rapid generation of disease models
and provides a novel approach for the
treatment of monogenic disorders through
correction of disease-causing mutations.1,2

In contrast, the therapeutic potential of
CRIPSR/Cas technology for aneuploidies,
such as Down syndrome (Trisomy 21), re-
mains unexplored. Indeed, disorders that
are caused by supernumerary chromosomes
represent a significant challenge, because
genetic correction requires targeted ablation
of an entire chromosome, which, to our
knowledge, has not been demonstrated using
genome editing technology.1

To assess the potential of CRISPR/Cas tech-
nology to effect chromosomal loss, we inves-
tigated the hypothesis that simultaneous
generation of multiple DNA double-strand
breaks (DSBs) at targeted chromosomal
locations can induce directed chromosomal
deletion.3 We selected the 90 Mb acrocentric
mouse Y chromosome for deletion because
loss of this chromosome does not overtly
impact cell/mouse viability and it is only pre-
sent in one copy in male cells, thus facili-
tating screening.4

Our first strategy used CRISPR/Cas to
fragment the centromere, which is indis-
pensable for chromosome segregation dur-
ing mitosis.5 We screened the 90 kb Y
centromere for guide RNA (gRNA) se-
quences in repetitive elements that would
enable targeted cleavage at multiple sites.
We identified two gRNA candidates that
target the centromere 140 or 41 times (centro
140X and centro 41X, respectively; Fig-
ure 1A). For comparison, we also tested a
gRNA pair targeting two unique sequences
immediately flanking the centromere (centro
2X; Figure 1A). Cas9 and single-guide RNA
(sgRNA) were expressed in R1 XY mouse
embryonic stem cells (ESCs) using plasmid
PX459 V.2, followed by transient puromycin
selection, to ensure only transfectants were
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harvested.6 Quantification of Y chromosome
dosage was performed by genomic qPCR
amplification of Uba1y and Erdr1, genes
located at the end of the Y chromosome
short and long arm, respectively (Figure 1A).
Strikingly,Uba1y and Erdr1 qPCR signal was
reduced by 80%–85% for both centro 140X
and centro 41X compared with the sgRNA-
expressing negative control (Neo-gRNA;
Figure 1B). Further, a reduction of �40%
was achieved using the centro 2X gRNA
(Figure 1B). To confirm that the reduction
of qPCR signal was caused by Y chromosome
loss, we performed fluorescence in situ
hybridization (FISH) using Y chromosome
paint on centro 41X-treated samples.
Consistent with the qPCR data, the Y chro-
mosome was not detected in 90% of centro
41X cells compared to 13% of control cells
(Figure 1C). We also noted that 6% of
control cells had two Y chromosomes, and
this was reduced to less than 1% in centro
41X-treated cells. These findings confirm
that CRISPR/Cas-mediated centromere
cleavage leads to Y chromosome loss at
high efficiency.

Next, we tested an alternative strategy for
chromosome deletion in which the long
arm is targeted for fragmentation by cleavage
at multiple sites. As this approach does not
target the centromere, it has potential for
application in both dividing and non-
dividing cells. We again identified gRNAs
that targeted repetitive sequences in the
Y chromosome (Figure 1A). However, the
selected gRNAs sequences were specific to
the long arm to ensure the centromere was
left intact. Expression of sgRNAs that tar-
geted the long arm 298X, 116X, 45X, 8X,
and 2X resulted in Uba1y qPCR signal loss
of 69%, 40%, 26%, 27%, and 3%, respectively,
and Erdr1 qPCR signal loss of 82%, 68%,
68%, 52%, and 27%, respectively (Figure 1B).
These data indicate that targeted fragmenta-
tion of a chromosomal arm can induce
chromosome deletion and the frequency of
deletion is proportional to the number of
cuts. Notably, apart from long arm 298X
Edr1, all long gRNAs resulted in significantly
higher Uba1y and Edr1 signals than the cen-
tro 41X and 140X gRNAs (Table S3). Given
that Uba1y qPCR signal was significantly
higher than Erdr1 for all long gRNAs (Table
2017 ª 2017 The American Society of Gene and C
S3), we speculate that fragmentation of the
long arm occasionally results in chromo-
some truncation or translocation, with reten-
tion of the Y short arm sequence containing
Uba1y. FISH Y painting analysis in 298X-
treated samples revealed 95% of cells con-
tained no Y chromosome signal, confirming
that the long arm fragmentation strategy was
indeed effective (Figure 1C).

Notably, the degree of Y chromosome deple-
tion induced by 8X and 45X are similar. This
is significant, because targeted deletion
of potentially any chromosome could be
achieved relatively easily by transfection of
a single vector expressing eight unique
gRNAs.7 We were also impressed with the
activity of the long arm 2X gRNA. Although
this gRNA induced negligible loss of short
arm signal (3%), it appears to truncate the
Y long arm relatively efficiently based on
an Erdr1 qPCR signal loss of 27%.

Having successfully deleted an entire chro-
mosome in vitro, we next tested our centro-
mere deletion strategy in vivo in mouse
zygotes with the expectation that successful
Y chromosome deletion in male zygotes
would result in an XO female phenotype.4

We selected gRNA centro 41X due to its
high efficiency in vitro and low off-target
prediction (Table S2).8

After zygote injection of centro 41X gRNA
and Cas9 mRNA, we collected 27 E15.5 em-
bryos, of which 11 were phenotypically male
and 16 were female based on gonadal assess-
ment (Figure S1). We then screened the fe-
male embryos for X chromosome dosage
and identified five embryos with only one
X chromosome (Figures 1D and 1E). No
evidence of XO karyotype was detected in
control females injected with autosomal tar-
geted gRNAs (Figure S2).

To directly assess Y chromosome loss in the
five single X females, we performed Y chro-
mosome genomic qPCR. Y short and long
arm signals were undetectable in two of these
embryos, indicating an XO karyotype. The
remaining three embryos contained approx-
imately 50% Y short arm signal and no long
arm signal, suggesting that these mice were
mosaic, with half of the cells containing
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Figure 1. Deletion of Y Chromosome Using CRISPR/Cas9 in Mouse ESCs and In Vivo Mouse Zygote Injection

(A) Schematic showing the position of gRNA target sites in the long arm and centromere of the Y chromosome. (B) qPCR of genomic DNA to quantify Y chromosome dosage.

Sox1 qPCR was used as the internal reference control. Data are presented as mean ± SEM from n R 3 biological replicates. Statistical analysis using two-way ANOVA is

presented in Table S3. (C) FISH analysis detection of Y chromosome loss. Y chromosome and DAPI staining was indicated by green and blue signals, respectively. Scale bar,

5 mm. (D) Xist genomic qPCR of phenotypically female mice generated through zygote injection of centro 41X gRNA. Asterisks indicate female candidates with single X.

(E) Dmd and Sox3 genomic qPCR confirming single X chromosome in female XO candidates. (F) Genomic qPCR quantifying dosage of Y short and long arms. Sox1 qPCR

was used as the internal reference control. Results are presented as mean ± SD from n R 3 replicates.
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translocated/truncated Y short arm and
the other half containing no detectable Y
(Figure 1F).

Given mosaic outcomes are common
following CRISPR/Cas zygote injection,9 we
extended our screening to look for pheno-
typic males that were mosaic for Y chromo-
some loss. We identified 3 of 11 males with
10%–20% reduction of Y dosage (Figures
S3A and S3B). Testis development in these
embryos is unsurprising given this level of
XY cells.10 In summary, from 27 embryos,
we identified 11 XX females, 8 XY males,
2 XO females, 3 mosaic XO females, and
3 mosaic XO males (Table S1). These results
provide proof of concept for efficient chro-
mosome deletion in vivo.

This study shows that targeted chromosome
deletion is achievable and relatively efficient
both in vitro and in vivo using CRISPR/Cas
genome editing. This approach should be
applicable for other chromosomes and could
be utilized in a variety of cellular contexts
and species. Accordingly, we envisage that
this strategy will be applied to modeling
of aneuploidy syndromes and therapeutic
intervention by targeting parental-specific
polymorphisms.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supple-
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