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I

nterpretation of cardiac gain- and loss-of-function experiments is prone to secondary, indirect effects that
confound and obscure data interpretation. We advocate
the use of a genetic mosaic strategy to circumvent these
issues and increase precision in cardiovascular research.

gain- and loss-of-function experiments. First, we cover technical aspects of a genetic mosaic experiment. Next, we review
examples of genetic mosaic experiments to highlight how this
strategy improves precision in data interpretation.

Techniques to Generate and
Study Genetic Mosaics

Honing in on Direct Effects Using
a Genetic Mosaic Strategy
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Genetic mosaics can be using Cre-loxP technology, in
which Cre is expressed in a small fraction of cells within
a tissue. In these cells, Cre catalyzes the inactivation of a
floxed target gene. Neighboring cells lacking Cre remain
unaffected. The most convenient method to deliver Cre
to a low percentage of cardiomyocytes is to systemically
administer adeno-associated virus (AAV)9-Tnnt2-Cre at
a dose titrated to induce recombination in a low percentage (eg, <15%) of cardiomyocytes.3,5 This treatment selectively targets cardiomyocytes in the heart because AAV9
is cardiotropic, and Cre expression is driven from the
cardiomyocyte-selective troponin T (Tnnt2) promoter. A
ligand-dependent Cre, such as CreERT2 or MerCreMer,
can also generate genetic mosaics, by administering a limiting dose of the ligand.2,5 An alternative method that does
not require a floxed allele is CRISPR/CAS9 (clustered
regularly interspaced short palindromic repeats/CRISPRassociated protein 9)/AAV–mediated somatic mutagenesis
(CASAAV).4,6 AAV9 that expresses both a guide RNA and
Cre is delivered to Rosa26fsCas9 mice. Cre recombination activates Cas9 expression in cardiomyocytes, where it cleaves
the guide RNA–targeted gene, leading to frameshift mutations. CASAAV allows many genes to be inactivated in
parallel without acquiring and mating the corresponding
floxed alleles. However, CASAAV mutagenesis generates
variable mutations through nonhomologous end joining,
and typical knockout efficiency in AAV-transduced cells is
50% to 70%, compared with 85% to 95% with Cre-loxP.
It is important to distinguish genetic mosaics from the
more classical use of Cre-loxP in lineage-specific genetic
manipulation. The latter method is effective to define gene
functions within a lineage, but it is vulnerable to confounding
secondary effects because of widespread gene manipulation
within the targeted lineage. Although lineage-specific CreloxP experiments are commonly described as revealing cellautonomous gene functions, this is inaccurate because they
define the function of a gene at the resolution of a lineage,
rather than a single cell.
Identifying the mutant cells in a genetic mosaic is pivotal
to data interpretation. When a suitable antibody is available,
this can be achieved by immunofluorescent staining. A Creactivated fluorescent reporter can be a useful surrogate and
enables flow cytometry-based purification of Cre-exposed

Gain- and loss-of-function experiments have become mainstays to dissect gene functions. Meaningful interpretation of
these experiments requires distinguishing the primary, direct
consequences of genic manipulation from secondary, indirect
effects. Direct effects of a genetic manipulation can lead indirect responses that alter, obscure, or even reverse the direct
effects (Figure A). Indirect responses may be further modified by the primary genetic manipulation, adding complexity
to data interpretation. As a result, confounding secondary effects can be misinterpreted as the direct consequence of the
genetic manipulation. To solve this problem, the genetic mosaic approach has been widely adopted in invertebrate model systems.1 However, this approach is infrequently used in
mammalian models.
In a genetic mosaic, a gene is perturbed in a low percentage of cells within a tissue, leaving the remaining cells unperturbed (Figure A and B). The unperturbed cells provide a
normal milieu and buffer against cell-nonautonomous secondary effect of organ dysfunction. Thus, genetic mosaics allow
the investigator to focus on cell-autonomous effects that are
proximal to the genetic manipulation. This approach also provides the opportunity to study otherwise lethal genetic manipulations and to compare genetically modified and unmodified
cells in the same tissue and genetic background.
The highly integrated structure and function of the heart
make cardiac research especially vulnerable to erroneous
interpretation of data accurately recorded from whole-heart
gene manipulations. Recent advances have made the genetic
mosaic approach feasible for mammalian cardiovascular biologists.2–5 Here, we advocate for adoption of the genetic mosaic
strategy to increase the precision of conclusions made from
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cells. Defining the extent to the reporter corresponds to gene
ablation is crucial to carefully evaluate experimental results.
With low-dose AAV-Cre, generally >85% of reporter-positive
cells have undergone target gene ablation. This concordance
may be lower using low-dose tamoxifen because this method
intentionally limits Cre activity to a level that does not reliably recombine all floxed targets in a cell. With CASAAV, we
typically observe concordance rates of 50% to 70% because
some alleles might not be mutagenized by Cas9 and others
will acquire in-frame mutations that permit continued protein
synthesis.

Applications of Genetic Mosaics:
Cardiomyocyte Maturation and Beyond
Our laboratory has used the genetic mosaic strategy to study
postnatal cardiomyocyte maturation. Although cardiomyocyte lineage specification has been studied extensively,
relatively less is known about the fetal-to-adult transition
of cardiomyocytes.7 One barrier that has contributed to this
knowledge gap is the lack of tools to interrogate this process in vivo. A second barrier is that heart dysfunction itself strong affects cardiomyocyte maturation. CASAAV and
the genetic mosaic strategy offer avenues to surmount these
barriers.
As an example, we review our study4 of genes required
for development of transverse tubules (T-tubules), the
membrane invaginations that facilitate calcium handling in
adult cardiomyocytes and that are hallmarks of cardiomyocyte maturation. JPH2 (junctophilin-2) tethers T-tubules to
the sarcoplasmic reticulum. Broad cardiomyocyte-specific
knockdown of Jph2 caused dramatic T-tubule loss, which led
to the conclusion that Jph2 is required for T-tubule maturation.8,9 However, this manipulation was also associated with
severe cardiac dysfunction, which itself causes T-tubule abnormalities.10 Using CASAAV at different AAV doses, we
depleted Jph2 in either a low or high percentage of cardiomyocytes. High percentage depletion caused heart failure

Figure. Defining cell-autonomous effects
using genetic mosaics. A, Comparison of
whole-organ vs mosaic gene manipulation.
Gene in knocked out in most cardiomyocytes
often results in organ dysfunction, leading
to cell nonautonomous effects that amplify
and obscure the direct effect. In the mosaic
knockout, the unaffected cardiomyocytes limit
the nonautonomous effects and thereby allow
the investigator to identify the cell-autonomous
effects. B, Example comparing Cas9-mediated
inactivation of Jph2 (junctophilin-2) using
high or low dose delivery of guide RNA using
adeno-associated virus (AAV). Voltage-sensitive
membrane dye FM4-64 staining within
cardiomyocytes indicates T-tubules. Note
disruption of T-tubules in high dose, which
causes heart failure, but not in low dose, which
does not affect heart function. C, Interpretation
of the different effects Jph2 inactivation in a
high or low percentage of cardiomyocytes.
Jph2 has little cell-autonomous, direct effect
on T-tubule formation, but its depletion in most
cardiomyocytes causes heart failure, which
indirectly destabilizes T-tubules. KO indicates
knockout; and WT, wild type.

and T-tubule disarray, consistent with prior studies. However,
mosaic depletion in a low percentage of cardiomyocytes did
not disturb heart function and was associated with minimal
disorganization of T-tubules4 (Figure B). This study demonstrated that Jph2 has a minimal cell-autonomous essential
role in T-tubule formation. This study highlighted how mosaic analysis can overcome confounding secondary effects
of organ-wide, cardiomyocyte-specific gene depletion to improve precision in data interpretation.
We also used the mosaic inactivation strategy to assess
whether the neonatal shift to oxidative phosphorylation is
required for overall cardiomyocyte maturation.5 We inactivated Tfam, a nuclear gene that is required for mitochondrial DNA replication and transcription,5 to broadly impair
mitochondrial function. Previous studies showed that fetal
or perinatal Tfam inactivation in cardiomyocytes caused
death by 3 to 4 weeks of life,11 but the effects on cardiomyocyte maturation were not explored. We studied mosaic
knockout of Tfam in fetal cardiomyocytes and showed that
it is cell autonomously required for cardiomyocyte proliferation. Elevated reactive oxygen species in Tfam-ablated
cardiomyocytes activated DNA damage response pathways.
Surprisingly, mosaic Tfam ablation in perinatal cardiomyocytes was compatible with normal structural maturation,
including maturational hypertrophy, myofibril expansion,
and T-tubulation.5 These findings suggest that the switch to
oxidative phosphorylation is not essential for attaining other
hallmarks of cardiomyocyte maturation.
We also used the genetic mosaic strategy to study transcriptional regulation of cardiomyocyte maturation. Previous
work showed that Gata4 and Gata6, key cardiac transcription
factors, are required to maintain heart function and pathological cardiomyocyte hypertrophy.12,13 Using low-dose AAVTNT-Cre, we achieved mosaic ablation of both genes while
preserving heart function, which revealed an essential, cellautonomous requirement for Gata4 and Gata6 for normal
maturational cardiomyocyte growth.3
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Although we have focused on the application of the genetic mosaic strategy to the dissection of cardiomyocyte
maturation, this approach is likely to improve precision in
many areas of cardiovascular research, especially in postnatal stages that are most amenable to stage-specific, mosaic gene inactivation using AAV and either Cre/loxP or
CASAAV. For instance, a major focal point of cardiovascular research has been pathological cardiac hypertrophy,
an independent risk factor for adverse cardiac outcomes.14
Under pathological conditions, intracellular signaling pathways and transcriptional programs result in cell-autonomous cardiomyocyte hypertrophy, which predisposes to
cell death or dysfunction. In traditional lineage-specific
overexpression or knockout models, perturbation of these
pathways frequently causes heart dysfunction and dilation,
which then complicates interpreting the direct effects of the
manipulation. In vitro culture and time course experiments
have been used to disentangle these interlocking variables,
but a genetic mosaic approach that perturbs these pathways
without global disruption of organ function or chamber size
would more clearly delineate cell-autonomous relationships
and better link perturbations to molecular mechanisms in
vivo. Similar arguments could be made on cardiac metabolism, gene transcription, fibrosis, and apoptosis, and their
links to heart failure. Past research in these areas has been
built on cardiac gene manipulations that affect most cells
within a lineage. It will be worthwhile revising these studies
using adult-specific, genetic mosaic approaches to dissect
cell-autonomous direct effects from indirect, confounding
secondary effects.
We also anticipate that genetic mosaic studies will yield
another bounty: in vivo, forward genetic screens in cardiomyocytes. Although murine forward genetic screens have been
performed,15 they are time and resource intensive. The major
driver of cost is the need to breed mice and study many mice
per gene. Using CASAAV-based mosaic mutagenesis, the unit
of study becomes the individual cardiomyocytes, and there
are ≈2 million cardiomyocytes per mouse. Therefore, using
pooled libraries of guide RNAs, it should be possible to study
many genes per mouse. We anticipate that forward genetics
will take us in new, unexpected directions when applied to
cardiac problems, such as maturation and hypertrophy.
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