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The recently identified two-component CRISPR/Cas9 system has revolutionized the ease 

with which genome editing can be performed, greatly simplifying the process of generating 

knockout animal models1, 2. However, in spite of the great advances made, fewer studies 

have focused on the efficacy of the system for editing postnatal or adult tissues as a means to 

model adult onset diseases or to provide potential therapeutic intervention. In particular, the 

utility of the system to perform genome editing in a tissue specific manner remains to be 

thoroughly evaluated, especially for tissues that are less amenable to viral delivery of the 

CRISPR/Cas9 components, a common strategy for delivery in adult tissues3. As the heart is 

responsible for a large disease burden, it represents a particularly attractive tissue to target 

for therapeutic purposes4. While several studies have shown that cardiomyocytes can be 

edited in the postnatal murine heart using viral delivery of one or more of the CRISPR/Cas9 

system components5–7, the efficiency of this phenomenon has been less well characterized.

A study in this issue by Johansen et al8 from Eva van Rooij’s group performed an in-depth 

analysis of CRIPSR/Cas9-mediated gene editing in postnatal mouse myocytes. Cardiac-

restricted expression of Cas9 was induced using mice in which a cassette encoding Cas9 

linked to a GFP reporter was expressed from the Rosa26 locus, crossed to αMHC-Cre mice. 

Consistent with other models that have expressed Cas9 in either a broad or tissue restricted 

manner5, 6, 9, no changes in baseline cardiac function were observed following Cas9 

overexpression, suggesting that Cas9 alone has no adverse impact on the heart. To test the 

utility of these mice for gene editing, the authors chose to target Tbx20, which is essential 

for cardiac function, and Sav1, a component of the Hippo signaling pathway, which governs 

cardiac growth. Single guide RNAs (sgRNAs) were cloned into an adeno-associated virus 9 

(AAV9) vector, which displays cardiac tropism, and postnatal pups were injected with a 

single dose of AAV9. Importantly, gene editing by T7 Endonuclease I assay was observed as 

was a reduction in mRNA transcript levels for both Tbx20 and Sav1 after sgRNA 

knockdown, suggesting that these loci were edited by the administration of their respective 
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sgRNAs. However, only a modest decrease in total heart Tbx20 protein level was noted by 

Western blot analysis while no changes in total Sav1 protein level were observed, suggesting 

only partial editing efficiency.

Using deep sequencing on whole heart tissue isolated from edited animals, the level of gene 

disruption was quantified. As Cas9 is only expressed in cardiomyocytes by this strategy, an 

estimated degree of myocyte editing was extrapolated from whole-heart deep sequencing, 

leading to the conclusion that ~31.5% of cells were edited for Tbx20 and ~38.4% for Sav1, 

with the majority of these reads revealing out-of-frame deletions, predicted to yield 

truncated proteins. Nevertheless, in spite of the genome editing observed, only very modest 

changes in cardiac function were noted following knockdown of Tbx20 with no reported 

changes in cardiac function after knockdown of Sav1. While previous studies have indicated 

that loss of Tbx20 in adult cardiomyocytes is lethal10, no changes in baseline cardiac 

function following deletion of Sav1 in cardiomyocytes in postnatal or adult animals have 

been reported, only increased myocyte proliferation11. Therefore, it is unclear if any 

functional changes should have been expected following Sav1 deletion. In contrast, 

consistent with previous studies5, knockdown of Myh6 induced a dramatic cardiomyopathy, 

with significant reduction in cardiac function, despite similar levels of genome editing as 

observed for both Tbx20 and Sav1 knockdown.

To enhance efficiency of the system, two sgRNAs both targeting Sav1 were cloned into a 

single AAV9 vector and delivered via systemic injection. This dual guide injection strategy 

enhanced the efficiency of gene editing, and lead to the induction of a modest but significant 

cardiac phenotype, with edited animals showing an increased heart weight/tibia length and 

greater levels of cellular proliferation and hypertrophic markers, as well as an upregulation 

of Sav1 target genes. Together, these finding suggest that dual sgRNA injections can 

enhance the efficiency of this system for targeting the postnatal cardiac genome.

The studies presented in this manuscript demonstrate important technical considerations for 

the cardiac field as CRISPR/Cas9 technology continues to advance and be implemented in a 

more widespread manner. Johansen et al. suggest this system of cardiac gene editing can 

result in mosaic gene deletion. In this case, injection of AAV9, while showing broad cardiac 

tropism, resulted in the infection of only ~70% of cardiomyocytes with the sgRNA. 

Moreover, even in those cells where indels are induced, some fraction will result in small 

insertions/deletions that are a multiple of 3 and therefore unlikely to result in a non-

functional protein.

While there are inherent limitations to this system as a replacement for knockout animal 

models in its current form, there are potential ways to enhance efficiency to push the system 

closer to generating true loss-of-function models. First, one of the major hurdles is the use of 

AAV as a viral delivery vector for sgRNA components, as the efficiency of gene editing 

depends on viral titer, as well as levels of expression of Cas9 and sgRNAs6. As a result, 

strategies to enhance AAV penetrance in cardiac tissue, particularly in adult heart, could 

prove especially critical in generating more widespread infection of cardiomyocytes. 

Alternatively, non-viral delivery methods for AAV components could also be useful, 

particularly for clinical investigations12. Additionally, as described both here and 
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previously5, 6, the use of two sgRNAs appears to enhance efficiency of the system, at least in 

some settings. Furthermore, careful design of sgRNAs to take advantage of Microhomology 

Mediated End Joining (MMEJ) could greatly enhance editing efficiency, through the 

generation of precise, targeted out-of-frame edits13. Despite the challenges in using this 

system in its current form to assess the impact of novel genes on cardiac function, at least 

one other group has performed elegant studies indicating that a similar system can be used 

as a screening approach to identify genes essential for cardiomyocyte maturation and 

function, by taking advantage of the mosaicism induced by this approach6. This same study 

identified frameshifting mutations in >60% of Jph2 mRNA and substantial protein loss using 

a modified strategy of a single AAV vector containing an sgRNA and Cre recombinase 

under control of a cardiac-specific promoter, a significantly greater efficiency than that 

reported by Johansen et al., suggesting this strategy may already represent a methodological 

improvement. However, some quantification of gene editing and protein takeout was 

performed on infected isolated cardiomyocytes in this study6, as opposed to the use of whole 

heart tissue by Johansen et al.8, making it difficult to directly compare efficiency.

Finally, it is likely that similar strategies may be especially useful for correction of 

pathological mutations, as it is expected that correction of only a small fraction of damaging 

mutations will be sufficient to induce phenotypic rescue, as several studies have recently 

demonstrated7, 14. Other recent work has suggested that, contrary to long-established 

thought, post-mitotic cardiomyocytes can undergo homology-directed repair in vitro15, 

opening more avenues for correction of pathogenic mutations and the use of strategies 

similar to those reported here for in vivo investigations of this phenomenon. Together, the 

studies presented in this paper clearly outline inherent limitations in the use of this tool to 

generate and perform loss-of-function studies that are prudent for researchers in the field to 

consider when designing experiments. Nevertheless, as our knowledge of CRISPR/Cas9 

continues to grow, and improvements continue to be made, this system will likely become a 

critical player in the elucidation of novel genes involved in cardiac development, function, 

and disease. The future of cardio-editing remains open, with many discoveries awaiting us.
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