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Memory by Engineered Mutagenesis with Optical In situ
Readout (MEMOIR) is a novel strategy for lineage tracing
that combines Cas9/gRNA and sequential multiplexed
single-molecule RNA fluorescence hybridization (seq-
FISH) [1], which was created by Cai Long et al. at the
California Institute of Technology [2]. In MEMOIR,
dynamic cellular event histories are recorded, then read
out in single cells using seqFISH. Here, we introduce the
principles and the implementation processes of the
MEMOIR system (Fig. 1), and further discuss its merits
for neural lineage tracing compared with classical
strategies.

In principle, two powerful techniques are essential for
MEMOIR: first, a set of genomic elements termed
‘barcoded scratchpad’, whose sequences can be specifically
targeted and deleted by Cas9-gRNA, are integrated into the
genome of cells. Therefore, for a single cell, its progeny
inherit the alterations of the barcoded scratchpads, and all
the daughter cells can be traced permanently. Second,
seqFISH supports in situ readout of the states of barcoded
scratchpads in single cells. By analyzing the distribution
patterns of these mutations, the lineage relationships of
targeted cells are defined. For instance, whether cells are
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sisters or cousins have been identified accurately. It has
been verified that seqFISH can distinguish the readouts of
13 barcoded scratchpads in a single cell after growth for
3—4 divisions [2].

Clearly, the Cas9/gRNA-targeted ‘barcoded scratchpad’
and seqFISH are the keys for the MEMOIR system to
record and readout lineage information. A barcoded
scratchpad is a bipartite genetic recording element (i.e. a
scratchpad element and a barcode element). Ten repeat
units constitute the scratchpad element, which can be
targeted by gRNA. Accordingly, the components of Cas9
and gRNA stochastically lead scratchpad to double-strand
breaks, namely “collapse”. In order to modulate Cas9
activity externally, an inducible degron is contained in a
variant Cas9. To distinguish different scratchpads, a unique
barcode, as a diacritical sign, is adjoined with each
scratchpad. The bipartite element is co-transcribed, and
its mRNAs are detected by seqFISH. There are two steps in
this novel system: (1) Cas9 [3, 4] stochastically breaks
these genetic barcoded-scratchpads and accumulates col-
lapses with each cell division, and the states of barcoded
scratchpads reflect the relationships between different
daughter cells; and (2) seqFISH is used to interrogate the
states of barcoded scratchpads in situ. Based on the readout
of seqFISH, a lineage tree is reconstructed within the
native context.

Another crucial technique is seqFISH, developed by the
Cai Long group. They presented a scheme of sequential
rounds of hybridization to multiplex mRNAs in a single
cell. This differs from FISH in that, after hybridizing and
imaging probes, these probes are removed by DNase I and
the fluorophores are bleached. Then a new round of
hybridization is implemented in the same cell with another
series of barcode probes. They have verified that the
method maintains 77.9% =+ 5.6% of co-localization after 3
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Fig. 1 Principle of MEMOIR system. A In MEMOIR system, three
types of elements are integrated into the genome, including a Cas9
variant, a set of barcoded scratchpads and a specifically inducible
gRNA targeting the scratchpad. Barcoded scratchpads can be
collapsed irreversibly by Cas9/gRNA. An inducible degron modulates
Cas9 activity. Inverted black triangles in (A) indicate piggyBac

rounds of hybridization. In a recent article, they showed
how to use this technique to detect the expression levels of
249 genes in mouse hippocampus [5]. This method allows
researchers to analyze the gene activity of cells without
separating them from the native context.

Genetic tools have been used for lineage tracing since
the early 1990s. Especially, abundant information of cell
fate-map has been revealed through the Cre-loxP system in
brain and spinal cord. For example, nestin-CreER"™4
lineage-tracing demonstrates that Thbs4™ neural stem cells
(NSCs) in the subventricular zone contribute to post-injury
astrogenesis [6], corresponding with the protective process
in human spinal cord injury [7]. How to reveal and change
the fate of NSCs in brain diseases remains a major
challenge [8, 9]. However, because of their heterogeneous
properties, it is difficult to define a subpopulation with one
protein marker. In particular, brainbow has been used to
reveal NSC heterogeneity, but the readout merely repre-
sents the original and terminal states, whereas neural
development or regeneration is dynamic. In MEMOIR, not
only are the relationships of all daughter cells identified,
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terminal repeats. B Schematic of the MEMOIR working in cells:
During cell proliferation, stochastic collapsed scratchpads accumulate
gradually. Subsequently, single mRNA molecules can be tested with
scratchpad-specific probes (green, inset), and a set of barcode-specific
probes (purple, pink, inset) through sequential circles of hybridization
and imaging.

but the relationships of parent cells can be calculated based
on the states of barcoded scratchpads. Therefore, a lineage
tree is reconstructed and the directions of NSC differenti-
ation are revealed. In addition, many lineage-tracing
strategies refer to the barcode gene, especially a method
termed genome editing of synthetic target arrays for lineage
tracing (GESTALT) [10]. A substantial difference is that
MEMOIR obtains the readout through seqFISH instead of
single-cell RNA sequencing (RNA-seq). Compared with
RNA-seq, seqFISH only measures the transcription levels
of 100-200 genes, but with much greater quantitative
power [5]. And seqFISH can also provide multiplex mRNA
imaging. In conclusion, the MEMOIR system indicates a
novel direction for lineage tracing. As a powerful tool for
investigating the fate of adult somatic stem/progenitor cells
in the native context, it plays a complementary role with the
classical strategies in lineage tracing.
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