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INTRODUCTION: The remarkable develop-
ment of a single cell, the zygote, into the full
organism occurs through a complex series of
division and differentiation events that resem-
ble a tree, with the zygote at the base branch-
ing through lineages that end in the terminal
cell types at the top. Characterizing this tree of
development has long been a subject of inter-
est, and the combination of modern genome
engineering and sequencing technologies prom-
ises a powerful strategy in its service: in vivo
barcoding. For in vivo barcoding,
heritable random mutations are in-

duced to accumulate during devel-

opment and sequenced post hoc to
reconstruct the lineage tree. Demon-
strations thus far have largely focused

on lower vertebrates and have used a
barcoding element with a constrained
window of activity for clonal tracing

of individual cells or cell types. Im-
plementation in mammalian model
systems, such as the mouse, incurs

unique challenges that require ma-

jor enhancements. EO

independently as a result of its unique spacer
sequence, and undesirable deletion events be-
tween multiple adjacent cut sites are less like-
ly. Using these cells, we generated a chimeric
mouse with 60 hgRNAs as the founder of the
MARC1 (Mouse for Actively Recording Cells 1)
line that enables barcoding and recording of
cell lineages.

RESULTS: In the absence of Cas9, hgRNAs
are stable and dormant; to initiate barcoding,
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we crossed MARCI mice with Cas9 knock-in
mice. In the resulting offspring, hgRNAs were
activated, creating diverse mutations such that
an estimated 10?* distinct barcode combina-
tions can be generated with only 10 hgRNAs.
Furthermore, hgRNAs showed a range of ac-
tivity profiles, with some mutating soon after
conception while others exhibited lower activity

through most of the ges-
tation period. This range
resulted in sustained bar-
coding throughout ges-
tation and recording of
developmental lineages:
Each cell inherits a set
of unique mutations that are passed on to
its daughter cells, where further unique mu-
tations can be added. Consequently, at any
stage in such developmentally barcoded mice,
closely related cells have a more similar mu-
tation profile, or barcode, than the more dis-
tant ones. These recordings remain embedded
in the genomes of the cells and can be ex-
tracted by sequencing.

We used these recordings to carry out bottom-
up reconstruction of the mouse lineage tree,
starting with the first branches that
emerged after the zygote, and ob-
served robust reconstruction of the
correct tree. We also investigated axis
development in the brain by sequenc-
ing barcodes from the left and right
side of the forebrain, midbrain, and
hindbrain regions. We found that bar-
codes from the left and right sides of
the same region were more closely
related than those from different re-
gions; this result suggests that in the
precursor of the brain, commitment
to the anterior-posterior axis is estab-

Read the full article
at http://dx.doi.
org/10.1126/
science.aat9804
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RATIONALE: To address the com-
plexity of mammalian development,
we reasoned that multiple indepen-
dent in vivo barcoding elements could
be deployed in parallel to exponen-
tially expand their recording power.
Independence requires both an ab-
sence of cross-talk between the ele-
ments and an absence of interference
between their mutation outcomes. A
system with the potential to deliver
on these requirements is homing
CRISPR, a modified version of ca-
nonical CRISPR wherein the homing
guide RNA (hgRNA) combines with
CRISPR-Cas9 nuclease for repeated
targeting of its own locus, leading to
diverse mutational outcomes. There-
fore, in mouse embryonic stem cells,
we scattered multiple hgRNA loci
with distinct spacers in the genome
to serve as barcoding elements. With
this arrangement, each hgRNA acts
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CONCLUSION: This system provides
an enabling and versatile platform
for in vivo barcoding and lineage
tracing in a mammalian model sys-
tem. It can straightforwardly create
developmentally barcoded mice in
which lineage information is pre-
recorded in cell genomes. Combining
multiple independently acting molec-
ular recording devices greatly enhances
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) their capacity and allows for reliable
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information recovery and reconstruc-
tion of deep lineage trees.

Developmental barcoding and lineage reconstruction in
mice. Crossing the MARC1 mouse line, which carries multiple
hgRNAs, with a CRISPR-Cas9 mouse line results in develop-
mentally barcoded offspring that record lineages in their cells.
These recordings were extracted and used to reconstruct
lineage trees. A combination of the trees extracted from
different developmentally barcoded mice is shown. ICM, inner
cell mass; EO, embryonic day O.
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In vivo barcoding using nuclease-induced mutations is a powerful approach for recording
biological information, including developmental lineages; however, its application in
mammalian systems has been limited. We present in vivo barcoding in the mouse with
multiple homing guide RNAs that each generate hundreds of mutant alleles and combine
to produce an exponential diversity of barcodes. Activation upon conception and continued
mutagenesis through gestation resulted in developmentally barcoded mice wherein
information is recorded in lineage-specific mutations. We used these recordings for reliable
post hoc reconstruction of the earliest lineages and investigation of axis development in
the brain. Our results provide an enabling and versatile platform for in vivo barcoding and
lineage tracing in a mammalian model system.

n sexually reproducing multicellular eukary-
otes, a single totipotent zygote remarkably
develops into all cells of the full organism.
This development occurs through a highly
orchestrated series of differentiation events
that take the zygote through many lineages as
it divides to create all the different cell types
(I). This path resembles a tree, with the zygote
at the base of the trunk branching into stems
of cell lineages that eventually end in the termi-
nal cell types at the top of the tree (2, 3). The
ability to map this tree of development will have
a far-ranging impact on our understanding of
disease-causing developmental aberrations, our
capacity to restore normal function in damaged
or diseased tissues, and our capability to generate
substitute tissues and organs from stem cells.
Tracing the lineage tree in non-eutelic higher
eukaryotes with complex developmental path-
ways remains challenging. Clonal analysis, which
entails cellular labeling and tracking with a dis-
tinguishable heritable marker, has been effective
when evaluating a limited number of cells or
lineages (4-7). Using more diverse presynthe-
sized DNA sequences as markers, known as
cellular barcoding, has allowed for analysis of
larger cell numbers (7-9). What limits these
approaches is the static nature of labeling that
only allows analysis of a snapshot in time. Re-
cent advances in genome engineering technol-
ogies, however, have enabled in vivo barcode
generation (10, 1I). In this approach, a locus is
targeted for rearrangement or mutagenesis such
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that a diverse set of outcomes is generated in
different cells (12). As these barcodes can be gen-
erated over a sustained period of time, they
drastically expand the scope of cellular barcod-
ing strategies, promising deep and precise lineage
tracing, from the single-cell to the whole-organism
level (Fig. 1A) (13-15), and recording of cellular
signals over time (16, 17). Multiple studies es-
tablish proof of this principle in recording and
lineage tracing, with demonstrations in cultured
cells (14-16, 18) and in lower vertebrates (13, 19-22).
However, no demonstrations have yet been car-
ried out in mice, a model organism more rele-
vant to human health in many aspects such as
development. The challenges associated with
work in mice can account for this discrep-
ancy. Gestation in mice takes place inside the
mother’s womb, rendering genetic manipula-
tion of individual zygotes or conceptuses dif-
ficult. Additionally, the longer gestation time
in mice, together with the multitude of lin-
eages that segregate throughout its develop-
ment, demands sustained generation of highly
diverse barcodes with minimal unwanted over-
writing events to maximize the chance for suc-
cessfully recording the events of interest.
Here, we deployed multiple independent bar-
coding loci in parallel for robust in vivo barcod-
ing and lineage recording in mice. We created
a mouse line that carries a scattered array of
60 genomically integrated homing CRISPR
guide RNA (hgRNA) loci. hgRNAs are modified
versions of canonical single guide RNAs (sgRNAs)
(23) that target their own loci (Fig. 1B) to create
a substantially larger diversity of mutants than
canonical sgRNAs (Fig. 1C) and thus act as ex-
pressed genetic barcodes (74). Crossing this hgRINA
line with a Cas9 line resulted in developmen-
tally barcoded offspring because hgRNAs sto-
chastically accumulate mutations throughout
gestation, generating unique mutations in each
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lineage without deleting earlier mutations, in
such a way that closely related cells have a more
similar mutation profile, or barcode, than more
distant ones. In developmentally barcoded mice,
we extensively characterized the activity profile
and mutant alleles of each hgRNA and carried
out post hoc bottom-up reconstruction of the
lineage tree in the early stage of development,
starting with the first branches at its root and
continuing through some of the germ layers.
We also investigated lineage commitment with
respect to the anterior-posterior and lateral axes
in the brain.

Founder mouse with multiple hgRNA loci

We created a library of hgRNAs with four dif-
ferent transcript lengths, variable spacer se-
quences, and 10-base identifiers downstream
of the hgRNA scaffold in a transposon back-
bone (Fig. 1D) (24). This library was transposed
into mouse embryonic stem (mES) cells under
conditions that would result in a high number
of integrations per cell (Fig. 1E) (24). Trans-
fected mES cells were injected into blastocysts,
which were then implanted in surrogate females
to generate chimeric mice. Of the 23 chimeric
mice that resulted, eight males were more than
60% transgenic as assessed by their coat color
(Fig. 1E). Five of the eight showed more than
20 total hgRNA integrations in their somatic
genomes and were crossed with wild-type mice
to determine the number of hgRNAs in their
germlines. The chimera with the highest average
number of germline hgRNAs, which were trans-
mitted to its progeny, was selected for further
studies and starting a line. We refer to this
mouse as the MARCI (Mouse for Actively Re-
cording Cells 1) founder and its progeny as the
MARCI line. All results described below focus
on the MARCI founder and its progeny.

Sequence, genomic position, and
inheritance of hgRNA loci

By sequencing the hgRNA loci in the MARC1
founder, we identified 60 different hgRNAs
(Table 1 and table S1). Each hgRNA has a unique
10-base identifier and a different spacer sequence
(table S1). We also sequenced the regions im-
mediately flanking the transposed hgRNA ele-
ments (24), which allowed us to determine the
genomic positions of 54 of the 60 hgRNAs
(Fig. 1F, Table 1, and table S1), of which 26 are
intergenic and 28 are located in an intron of a
known gene (table S3) (24); none are located in
an exon or are expected to disrupt the gene. We
then crossed the MARCI founder with multiple
females and analyzed germline transmission and
the inheritance pattern of these hgRNAs in the
more than 100 resulting offspring. All 60 hgRNAs
were transmitted through the germline, and the
offspring carrying them were fertile, had normal
litter sizes, and presented no morphological ab-
normalities. Of these 60 hgRNAs, 55 showed a
Mendelian inheritance pattern, appearing in
about 50% of the offspring (Table 1 and table S1).
An additional 3 of the 60, all L30 hgRNAs, were
detected in fewer than 20% of the offspring,
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Fig. 1. In vivo barcoding with hgRNAs and strategy to generate a
mouse with multiple hgRNA integrations. (A) Recording lineages using
synthetically induced mutations in the genome. A number of loci (n)
gradually accumulate heritable mutations as cells divide, thereby recording
the lineage relationship of the cells in an array of mutational barcodes.
Dashed ovals, cells; gray lines, an array of n mutating loci; colored
rectangles, mutations. (B) Homing CRISPR system in which the
Cas9-hgRNA complex cuts the locus encoding the hgRNA itself. As

the NHEJ repair system repairs the cut (63), it introduces mutations in the
hgRNA locus. (C) Example of mutations that are created in the hgRNA
locus that can effectively act as barcodes. (D) Design of PiggyBac hgRNA
library for creating a transgenic mouse. Four hgRNA sublibraries with 21,
25, 30, and 35 bases of distance between transcription start site (TSS)
and scaffold PAM were constructed and combined. The spacer sequence

(light orange box) and the identifier sequence (green box) were composed
of degenerate bases. (E) Blastocyst injection strategy for producing
hgRNA mice. The hgRNA library was transposed into mES cells. Cells
with a high number of transpositions were enriched using puromycin
selection and injected into E3.5 mouse blastocysts to obtain chimeras.
Chimera 7 was chosen as the MARC1 founder. (F) Chromosomal position
of all 54 hgRNAs whose genomic position was deciphered in the MARC1
founder (red bars). Bars on the left or right copy of the chromosome
indicate the hgRNAs that are linked on the same homologous copy.
hgRNAs whose exact genomic position is not known but whose chromo-
some can be determined on the basis of linkage are shown below

the chromosome. ITR, PiggyBac inverted terminal repeats; insl, insulator;
U6, U6 promoter; ter, U6 terminator; ID, identifier sequence; EF1, human
elongation factor-1 promoter; puro, puromycin resistance.

which we attribute to the low detection rate of
L30 hgRNAs due to the performance of the
polymerase chain reaction primer used for these
and only these three hgRNAs (24). The remain-
ing two hgRNAs were transmitted to almost 75%
of the offspring—a result best explained by the

Kalhor et al., Science 361, eaat9804 (2018)

duplication of these hgRNAs to loci more than
50 cM away on the same chromosome or to loci
on different chromosomes and confirmed by
the genomic location data (table S1) (24).

We also compared the co-inheritance frequen-
cies of MARC1 hgRNAs to those expected from
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Mendelian inheritance of independently segre-
gating loci (fig. S1A). We found no mutually ex-
clusive cosegregating groups of hgRNAs (fig. S1A),
indicating that the entire germline in the MARC1
founder was derived from only one of the injected
stem cells and is thus genetically homogeneous.
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Fig. 2. Activity of MARC1 hgRNAs. (A) Activity profiles of all 60 hgRNAs
in embryonic and adult progenies of the MARC1 founder crossed with
Cas9 knock-in females, broken down by hgRNA length. The fraction of
mutant (nonparental) spacer sequences in each hgRNA is measured.
Lines connect the observed average mutation rates of one hgRNA.
Means = SEM are shown (N is different for each value; see Table 2). See
table S2 for numerical values of the plot. (B) Average activity profiles

of each hgRNA class in embryonic and adult progenies of the MARC1

Considering that every hgRNA detected in the
somatic tissue of the MARC1 founder was also
transmitted to its offspring, these results further
suggest that almost all transgenic cells within
this chimera were derived from one of the stem
cells that were injected into its blastocyst, an
observation consistent with previous studies
(25, 26). The co-inheritance analysis also re-
vealed the groups of hgRNAs that deviate from
an independent segregation pattern, suggesting
that they are linked on a chromosome (fig. S1B).
Close examination of this linkage disequilibrium
allowed us to determine which linked hgRNAs
were on different homologous copies of the
same chromosome or were linked on the same
copy of a chromosome (Fig. 1F and fig. S1C).
Combined with the genomic location infor-
mation that was obtained by sequencing, this
co-inheritance analysis allowed us to decipher
the cytogenetic location of most hgRNAs in the
MARCI founder with a high degree of confi-
dence (Fig. 1F).

Activity of hgRNAs

‘We next studied the activity of MARC1’s hgRNAs
upon activation with Cas9. For that, we crossed the
MARCI founder with Rosa26-Cas9 knock-in females,
which constitutively express the Streptococcus
pyogenes Cas9 protein (27). Considering that ma-
jor zygotic genome activation in the mouse occurs
at the two-cell stage (28), hgRNA activation is
expected soon after conception. We sampled
these Cas9-activated offspring at various stages

Kalhor et al., Science 361, eaat9804 (2018)

plot by hgRNA length.

after conception to measure the fraction of mu-
tated spacers for each hgRNA. In all, we gath-
ered 190 samples from 102 animals in seven
embryonic stages and the adult stage (Table 2).
The results confirm that hgRNAs start mutating
their loci soon after the introduction of Cas9
(Fig. 2A). However, the rate at which these mu-
tations accumulate varied widely among the
60 MARC1 hgRNAs (Fig. 2A). On the basis of
these activity levels, we classified hgRNAs into
four categories with distinct activation profiles
(Fig. 2B): (i) five “fast” hgRNAs that mutate in
at least 80% of the cells in each sample by
embryonic day 3.5 (E3.5) and in almost all cells by
E8.5; (ii) 27 “slow” hgRNAs that mutate in only a
minority of cells even in the adult stage; (iii) nine
“mid” hgRNAs, intermediate between fast and
slow, that accumulate mutations throughout
embryonic development and are mutated in
almost all cells only in later embryonic or adult
stages; and (iv) 19 hgRNAs that appear to be in-
active, at least with this level of Cas9 expression,
mutating in fewer than 2% of sampled cells even
in the adult stage (table S2). Most mutations that
were detected (about 80% for fast hgRNAs) are
expected to render the hgRNA nonfunctional
and thus prevent further changes (fig. S2).
Transcript length clearly affects hgRNA activ-
ity: A far higher fraction of L21 hgRNAs, which
have the shortest possible transcript length, were
active by comparison to 1.25, 1.30, and L35 hgRNAs,
which are longer by 4, 9, and 14 bases, respective-
ly (Fig. 2, A and C). Furthermore, all fast hgRNAs
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founder crossed with Cas9 knock-in females. Means £ SEM are shown

as representations of range of activity (N is different for each value;

see Table 2). (C) Functional categorization of hgRNAs based on their
activity profile in (A), broken down by length. (D) Position and transcription
direction of hgRNAs with respect to all known coding and noncoding
genes, annotated for their functional category. See table S3 for the
genes in which hgRNAs are located; see fig. S3 for breakdown of this

were 121 hgRNAs, whereas in longer hgRNAs the
inactive proportion appeared to grow with in-
creasing length (Fig. 2C). Beyond transcript
length, we found that the variation in activity
among hgRNAs with an identical length (Fig. 2A)
is far more than would be expected solely on
the basis of differences in their spacers (14),
which suggests that genomic location may play
a substantial role. Although we detected no sig-
nificant difference between the activity of hgRNAs
that are in intergenic regions relative to those
within known genes (Wilcoxon P > 0.1), among
hgRNAs that have landed within known coding
and noncoding genes, those that transcribe in the
same direction as the gene had a lower activity
than those that transcribe in the opposite direc-
tion (Wilcoxon P < 0.05; Fig. 2D, fig. S3, and table
S3). These observations suggest that hgRNA ac-
tivity is affected by both genomic location and
interplay with endogenous elements.

Diversity and composition
of hgRNA mutants

We next analyzed the diversity produced by
MARC1 hgRNAs by considering all observed
mutant spacer alleles in MARCI x Cas9 offspring
(table S4). Only a handful of mutant spacer al-
leles were detected for each hgRNA in each
sample (Fig. 3A and fig. S4A). However, when
combining mutant spacers from all offspring,
on average, more than 200 distinct mutant spac-
ers for each fast hgRINA and more than 300 for
each mid hgRNA were observed (Fig. 3B and
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Fig. 3. Diversity of mutant hgRNA alleles in offspring of MARC1 x
Cas9 cross. (A) Beanplots of the number of mutant spacer alleles
observed in each mouse for each hgRNA category. Short horizontal lines
mark the average for each hgRNA in the category; long horizontal lines
mark the average of all the hgRNAs in the category. See fig. S4A for a
separate plot for each hgRNA. (B) Beanplots of the total number of mutant
spacer alleles observed for each hgRNA in all mice. See fig. S4B for a
separate plot for each hgRNA. (C) Histogram (red bars) and cumulative
fraction (blue connected dots) of the number of mice in which each
mutant allele was observed, combined for all hgRNAs. See fig. S5 for a
separate plot for each hgRNA. (D) Relative ratio of recurring mutant
spacer alleles (fig. S5) (24) to the unique alleles. (E) Mutation types in
unique (top) and recurring (bottom) spacer alleles. See tables S4 and S5
for the sequences and alignment of all mutants and recurring

mutants, respectively, and fig. S6 for a separate plot for each hgRNA.

fig. S4B). Furthermore, about 80% of all mutant
spacer alleles were unique observations in a
single offspring (Fig. 3C and fig. S5), which
suggests that the mutant alleles observed with
our sampling level constitute only a minority of
all mutant spacers possible. These results in-
dicate that each hgRNA can produce hundreds
of mutant alleles.

Notably, although most mutant spacer al-
leles appeared in only a single sample, about
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6% recurred in multiple MARCI x Cas9 offspring
(Fig. 3, C and D, and fig. S5). To understand this
phenomenon, we compared the nature of unique
and recurring mutant alleles (tables S4 and S5).
We observed that insertions or deletions (indels)
underlie the vast majority of alleles in both
unique and recurring mutations (Fig. 3E and
fig. S6, A and B). The exact nature of these indel
mutations, however, differs. First, short deletions
of 23 base pairs (bp) or fewer are enriched in the

31 August 2018

insertion

(F) Distribution of deletion length for unique and recurring mutant spacer
alleles. Deletions larger than 30 bp have been aggregated. (G) Schematic
representation of how five distinct deletion events can lead to the same
mutant spacer allele. (H) Distribution of deletion redundancy—that is, the
number of independent simple deletion events in the parental spacer allele
that would lead to the same observed deletion mutant—for unique and
recurring spacer alleles. Simple deletion is defined as deletion of a contiguous
stretch of bases without creating insertions or mismatches. Redundancy of
0 represents non—-simple mutant alleles, which involve insertions, mis-
matches, or noncontiguous deletions. (I) Distribution of insertion length for
unique and recurring mutant spacer alleles. Insertions of 20 bp or longer
have been aggregated. (J) Four observed examples of recurring single-base
insertions, involving duplication of the —4 position, for four different hgRNAs.
(K) Schematic representation of how a single-base staggered overhang
generated by Cas9 can lead to duplication of the —4 position.

recurring alleles (Fig. 3F). Interestingly, these
mutant alleles can be identical results of multiple
different simple deletions in the parental spacer
sequence (Fig. 3, G and H), which implies that
this group of recurring mutations can result from
distinct mutagenesis events that lead to the same
sequence. Second, single-base insertions are dras-
tically enriched among recurring insertion mutants
(Fig. 3I). A closer examination of these single-
base insertions revealed that many follow the same
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Fig. 4. In vivo barcoding in mouse embryos. (A) Barcode depiction for
each hgRNA in each sample. Each column corresponds to an observed
mutant spacer; each row corresponds to a sample. The color of each block
represents the observed frequency of the corresponding mutant spacer
in the corresponding sample. (B) In vivo—generated barcodes of three fast
and three mid hgRNAs in eight embryos from a MARC1 x Cas9 cross.
Four tissues were sampled from each embryo: the placenta (P), the yolk
sac (Y), the head (H), and the tail (T). Embryos 1 and 2 were obtained

at E16.5, whereas embryos 3 to 8 were obtained at E12.5 (Table 2). For
each hgRNA, the results for a maximum of four embryos are shown. Full

pattern: duplication of the base at the -4 posi-
tion relative to the protospacer adjacent motif
(PAM) (Fig. 3J). In fact, this type of insertion
was recurring in 34 of the 41 active hgRNAs.
This observation can be best explained by Cas9
cutting at the -4 position of the noncomplemen-
tary strand and at the -3 position of the comple-
mentary strand, thus creating a staggered end
with a 5’ overhang, which is then filled in on
both ends and ligated (Fig. 3K). Therefore, our
results suggest that Cas9 can produce staggered
cuts, and that the nature of these cuts, together
with the sequence of the target site, affects the
eventual outcome of nonhomologous end joining
(NHEJ) repair.

Developmental hgRNA barcodes

The results thus far indicate that MARC1 hgRNAs
accumulate mutations upon activation with Cas9
nuclease after conception. We next queried wheth-
er these mutations indeed reflect developmen-

Kalhor et al., Science 361, eaat9804 (2018)

tal events. For simplicity, we focused on fast
and mid hgRNAs in eight post-E12 MARC1 x
Cas9 offspring for which four different tissues
had been sampled (Table 2). The sampled tis-
sues were the placenta, the yolk sac, the head,
and the tail. The barcode was defined for each
hgRNA in each sample as the frequency vector
of the relative abundances of all observed mu-
tant alleles (Fig. 4A). For the 32 samples under
consideration (eight conceptuses with four sam-
ples each), these barcodes showed diverse and
complex patterns, with each sample having a
unique barcode but with varying degrees of
similarity to other samples (Fig. 4B and fig. S7).
To compare the hgRNA barcodes between sam-
ples, we used a scaled Manhattan distance (L1)
of their frequency vectors, such that a distance
of 100 would indicate a completely nonoverlap-
ping set of mutant alleles and a distance of O
would indicate a complete overlap of mutant
alleles with identical relative frequencies (24).

31 August 2018

barcodes for all hgRNAs are in fig. S7. The color code is as shown in (A).
Only mutant alleles with a maximum abundance of more than 1% are
shown. (C) Histogram of the scaled Manhattan distances (L1) between the
barcodes of all possible sample pairs for each hgRNA, broken down by
sample pairs belonging to the same embryo (blue) and pairs belonging to
different embryos (orange). (D) The complete barcode, composed of

the concatenation of all hgRNA barcodes, for embryos 1 and 2. (E) Heat
map of the average Manhattan distance between the full barcodes of
placenta, yolk sac, head, and tail samples in all eight embryos. For a
separate map for each embryo, see fig. S8.

Pairwise comparison of all hgRNA barcodes
among all samples (Fig. 4C) showed that more
than 99% of barcode pairs have a scaled
Manhattan distance of more than 5, indicating
unique barcoding of each sample by each hgRNA.
Furthermore, barcodes from different tissues
of the same embryo were more similar to each
other (median distance = 41) and more distinct
from different embryos (median distance = 78)
(Fig. 4C), which suggests that barcodes may re-
cord information about the history of samples
relative to one another.

To further evaluate this recording of sample
histories, we created a “full” barcode for each
sample by combining the barcodes generated
by each of its hgRNAs (Fig. 4D) and compared
the distance between these barcodes in the four
tissues obtained from each embryo (Fig. 4E and
fig. S8). The results show higher similarity be-
tween the head and tail samples, which together
are the most different from placenta. The samples
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Fig. 5. Lineage derivation based on hgRNA-generated developmental
barcodes. (A) Summary of the earliest lineages in mouse. (B) Schematic
representation of a blastocyst and an E12.5 mouse conceptus,
color-coded according to the origin of tissues in the blastocyst. Black
dots show the positions and tissues of the samples obtained from
E12.5 conceptuses. (C) Summary of how hgRNA barcodes were
compiled for each sample. Each bar represents a mutant spacer of an
hgRNA, and its color represents its abundance relative to other mutant

spacers of the same hgRNA in the same sample. (D) Full hgRNA
barcodes for all samples from the four mouse embryos analyzed. The
barcode is annotated in (C). Only mutant alleles with a maximum
abundance of more than 2% are shown. Deep pink bars below each map
mark highly recurring alleles that have been observed in more than
60% of all mice analyzed in Table 2. See table S6 for a numerical
version of each barcode map. (E) Lineage tree for each embryo
calculated from the barcodes in (D).

obtained here represent mixed and overlapping
lineages. However, considering that the head and
tail are derived from the inner cell mass (ICM)
whereas the placenta is mostly derived from the
trophectoderm (29-31), these results suggest that
hgRNA barcodes of different tissues embody their
lineage histories.

Kalhor et al., Science 361, eaat9804 (2018)

First lineage tree from

barcode recordings

We next assessed whether accurate lineage trees
can be constructed de novo from developmen-
tally barcoded mice. To assess this potential, we
focused on the tree of the first lineages in de-
velopment. The first lineage segregation events

31 August 2018

in mammals are the differentiation of blastomeres
into the trophectoderm and ICM before E3.5,
followed by differentiation of the ICM into the
primitive endoderm and epiblast by E4.5 (Fig.
5A) (29). To reconstruct this lineage tree, we
used developmentally barcoded E12.5 conceptuses
and sampled two distinct tissues from each of
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Fig. 6. Lineage tree derivation robustness and contribution of each
hgRNA. (A) The correct unrooted tree topology for the earliest lineages in
mouse. Arrows indicate all possible roots. The empty arrow indicates the
perfect root. (B) The perfect rooted topology and an example from each of the
other topology classifications. The colored boxes below each topology
constitute the color key for the remaining panels of the figure. (C) For each of
the four embryos analyzed, distribution of tree calculation outcomes from

all possible subsets of hgRNAs (27 — 1 non-null subsets for an embryo with
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n hgRNAs). (D) Distribution of tree calculation outcomes when including only
m of the n hgRNAs in each embryo ("C,,, combinations, 1 < m < n). Color code
is as described in (B). See also figs. SO and S10 for all combinations included
and excluding each hgRNA. (E) Impact score of each hgRNA in the early
lineage tree of each embryo. (F) Distribution of tree calculation outcomes when
only including k of the ngst + Nmig fast and mid hgRNAs (left side of each
panel, "=t tMmisC, combinations) or k of the ngew slow hgRNAs (right side of
each panel, "**C, combinations). Color code is as described in (B).
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three lineages: the decidual zone (DZ) and the
junctional zone (JZ) of the placenta, which are
descendants of the trophectoderm (30, 31); the
parietal endoderm (PE) and visceral endoderm
(VE) of the yolk sac, which are descendants of
the primitive endoderm; and the heart and a
limb bud of the embryo proper, which are de-
scendants of the epiblast (29) (Fig. 5B). We then
assembled the full barcode for each sample
(Fig. 5, C and D, and table S6) and, using their
Manhattan distances, clustered them to form a
tree for each embryo (Fig. 5E) (24). Remark-
ably, despite the differences in the number and
composition of hgRNAs inherited, the resulting
tree perfectly matched the expected lineage in
all four embryos, showing that the DZ and JZ
form one clade of the tree while the other clade
comprises two subclades, one with PE and VE
and the other with the heart and limb bud
(Fig. 5E). These results demonstrate that accu-
rate lineage trees can be constructed from de-
velopmentally barcoded mice.

We next evaluated the robustness of lineage
tree derivation from hgRNA barcodes by calcu-
lating the tree topology with only parts of the
full barcodes. For a bifurcating tree with six
tips (limb, heart, VE, PE, JZ, and DZ; Fig. 6A),
945 distinct rooted topologies are possible (32).
Only a single one of these 945 tree topologies
perfectly matches the expected lineage tree; we
refer to this topology as “perfect” (Figs. 5E and
6B). Another eight topologies would be correct
if unrooted—that is, if all four clades are cor-
rectly assigned but the root is misplaced because
a branch other than the one connecting the (DZ,
JZ) clade to the ((PE, VE), (heart, limb)) clade is
the longest (Fig. 6A). We refer to these topologies
as “correct” (Fig. 6B). If three, two, or fewer than
two of the four clades have been assigned cor-
rectly, we consider the topologies as “incomplete,”
“partial,” and “wrong,” respectively (Fig. 6B).
With these distinctions, we evaluated the trees
generated with all possible non-null subsets of
the hgRNAs in each embryo. The results show
that, depending on the embryo, 60% to 85% of
all possible hgRNA subsets result in a perfect
or correct topology (Fig. 6C), which compares
favorably to the ~1% chance of randomly finding
such topologies. With only three hgRNAs, more
than 50% of all derived trees have a correct
or perfect topology for each embryo (Fig. 6D).
Furthermore, calculated topologies improve with
increasing the number of hgRNAs (Fig. 6D). Com-
bined, these results show that lineage tree deri-
vation from in vivo-generated hgRNA barcodes
is robust and that the use of a higher number of
hgRNAs results in more reliable outcomes.

We then examined the contribution of each
hgRNA to deriving the correct tree topology for
each embryo. We defined the “impact score” of
an hgRNA in each embryo’s early lineage tree
as the difference between the fraction of all
correct and perfect topologies in which the
hgRNA was considered and the fraction of
all wrong and partial topologies in which the
hgRNA was considered (Fig. 6E and figs. S9
and S10) (24). As such, an impact score of +1

Kalhor et al., Science 361, eaat9804 (2018)

would indicate that whenever the hgRNA was
included in tree derivation, a correct or a per-
fect topology was obtained, and no such topol-
ogies were obtained without that hgRNA. An
impact score of -1 would indicate that when
the hgRNA was included in tree derivation, only
partial or wrong topologies were obtained. Values
between +1 and -1 define the range between
those entirely constructive or destructive out-
comes, with an impact score of 0 indicating
that the likelihood of obtaining a correct to-
pology is the same with or without the hgRNA.
Impact scores for hgRNAs in our four embryos
show a positive average contribution by all three
active hgRNA classes with slow hgRNAs, which
are largely unmutated early in development
(Fig. 2B), having an average impact close to 0,
and mid and fast hgRNAs, which are active
early in development (Fig. 2B), having increas-
ingly positive impacts on the derivation of the
correct tree (Fig. 6E). In fact, only three fast and
mid hgRNAs suffice to obtain a correct or perfect
topology in more than 90% of all derived trees
(Fig. 6F). By contrast, exclusive use of slow hgRNAs
does not recover the early lineage tree as reliably
(Fig. 6F). Combined, these results suggest that
active mutagenesis during a differentiation event
allows it to be recorded. They also suggest that
when the developmental stage in which a lin-
eage differentiates is known, hgRNA activity
profiles (Fig. 2A) can aid in choosing the ap-
propriate hgRNAs such that correct trees can
be reliably obtained with just a few hgRNAs.

Interestingly, when only slow hgRNAs were
considered in tree construction for early lineages,
increasing the number of hgRNAs still resulted
in improved outcomes (Fig. 6F). This observa-
tion suggests that even when hgRNAs have low
activity levels at the time an event is being re-
corded, partial recordings from multiple hgRINAs
can be combined to obtain a more complete rec-
ording. As another example, four different hgRNAs
from embryo 3 predict a partial tree when con-
sidered on their own, yet the perfect tree is
derived when all four are considered together

(fig. S11), further supporting the integrability
of hgRNA recordings.

In two of our lineage-analyzed embryo sam-
ples (Fig. 5), we noted several hgRNAs in which
all ICM-derived tissue samples (PE, VE, heart,
limb) were dominated by a single mutant allele,
whereas the corresponding trophectoderm-
derived tissue samples (DZ, JZ) displayed a more
uniform distribution of multiple mutant alleles
(Fig. 7). These profiles suggest that in these em-
bryos, these hgRNAs mutated as the troph-
ectoderm and ICM lineages differentiated, and
that fewer blastomeres led to the ICM than to
the trophectoderm. These observations are con-
sistent with previously reported observations
(83, 34) and suggest that hgRNA mutation pro-
files could be used to measure both the rela-
tionship between lineages and the relative number
of cells that seed lineages.

Axis development in the brain

We next used developmentally barcoded mice
to address lineages above the first lineages in
the tree, with a focus on the establishment of the
anterior-posterior (A-P) axis versus the lateral
(L-R) axis in the brain. Patterning of the nervous
system and its progenitors starts in gastrulation
(E6.5) when the embryo has radial symmetry
(35, 36). By E8.5, both A-P and L-R axes are
established in the neural tube (Fig. 8A); how-
ever, it remains unclear which axis is established
first (37, 38). At a morphological level they ap-
pear concurrently (39), and previous single-cell
labeling and tracing experiments carried out
ex vivo do not adequately address the issue (40).
‘We analyzed two developmentally barcoded mice
in the adult stage. In one, we dissected the left
and right cortex and cerebellum, while in the
other we additionally dissected the tectum. The
cortex, tectum, and cerebellum respectively orig-
inate from embryonic forebrain (prosenceph-
alon), midbrain (mesencephalon), and hindbrain
(rhombencephalon) vesicles of the neural tube
(Fig. 8A). From each region, two samples of neu-
ronal nuclei were sorted (24). We also obtained

Emb1 Emb1 Emb3 Emb3 Emb3
ﬂ} #36 } #58 #39 #36
Limb I I I I I 100
s Heart I I I I I 80
|9
e . o,
e | | | | 4
T2 R O T 20
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Fig. 7. Trophectoderm and ICM barcodes show differences in their number of mutant hgRNA
alleles. Five barcodes from two embryos in Fig. 5D are shown that distinguish trophectoderm-
derived and ICM-derived samples. Deep pink bars below each map mark highly recurring alleles
that have been observed in more than 60% of all mice analyzed in Table 2. See table S6 for a
numerical version of each barcode map. Only mutant alleles with a maximum abundance of more

than 2% are shown.
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samples of the blood and muscle from each
mouse, both mesoderm-derived, to serve as out-
groups. We then assembled the full barcode
for each sample and applied clustering as before
(Fig. 8, B and C, and fig. S12). In addition to seg-
regating the mesoderm- and ectoderm-derived
cells, the results clearly show that neurons from
the left side of each brain region are more closely
related to neurons from the right side of the
same region than they are to neurons from either
of the other two regions. Considering that no
extensive migration of neuronal cell bodies be-
tween the regions sampled here has been reported
(41), these results suggest that commitment to
the A-P axis is established before commitment
to the L-R axis in development of the central
nervous system.

Similar to the first lineage tree analysis above
(Fig. 6), we evaluated the robustness of the brain
axis tree derivation as well as the contribution of
each hgRNA in mouse 2 (Fig. 8, D and E) (24).
We assigned topologies with all three left and
right sample pairs placed closest to one another
as correct, and those with two, one, or zero pairs
placed as incomplete, partial, and wrong, respec-
tively. We then calculated the distribution of
tree derivation outcomes with all possible sub-

sets of active hgRNAs in mouse 2 (Fig. 8D). The
results show that half of the combinations with
only three hgRNAs derive a correct or partially
correct topology, a ratio that only improves
when including more hgRNAs. We also calcu-
lated the impact score of each hgRNA (Fig. 8E)
(24). Relative to impact scores for the first lin-
eage tree (Fig. 6E), we found smaller contribu-
tions by fast hgRNAs, which would be expected
for lineages that segregate much later in devel-
opment. Taken together, these results demon-
strate that lineages across diverse developmental
times are recorded in our developmentally bar-
coded mice and can be extracted.

Discussion

In this study, we created an hgRINA mouse line
for in vivo barcoding and used it to generate
developmentally barcoded mice in which lineage
information is recorded in cell genomes and can
be extracted and reconstructed. Our strategy to
create the MARCI line was designed to address
challenges associated with in vivo barcoding in
a mouse model. First, genetic manipulation of
individual mouse embryos is more challenging
than that of lower vertebrates. Therefore, a line
with genomically integrated, stable, and heri-

table barcoding elements that can be activated
by simply crossing with other lines is powerful,
versatile, and shareable (24). Second, tracking
development in mice demands that the system
be capable of generating a great many barcodes
with little overwriting or deletion (74). As such,
we scattered hgRNAs throughout the genome
instead of using a contiguous array, circumvent-
ing large deletion events that can occur with
multiple adjacent cut sites (42-44) and can
remove prior recordings. In fact, we estimate
that less than 1% of all mutations resulted in
unidentifiable alleles by removing amplification
primer binding sites or all unique sequences
(24). The scarcity of these unwanted deletion
events led to a great success rate in analyzing
barcoded mice (4/4 in Fig. 5, 2/2 in Fig. 8).
Furthermore, as hgRNA loci in this scattered
array accumulate mutations independently, their
mutant alleles combine exponentially to create a
large diversity of barcodes. Consequently, the 41
active MARCI hgRNAs can in theory combine to
create more than 107 different barcodes [[[%,7;,
where 7, is the total number of observed mutant
alleles for hgRNA ¢ in this study, which is likely an
underestimation (see above)]. Even only five fast
and five mid hgRNAs can combine for roughly

]
Table 1. hgRNAs in the MARC1 founder male. TSS-to-PAM length, observed inheritance probability, and chromosome number for all 60 hgRNAs. See

tables S1 to S3 for more details.

ID Length (bp) Inheritance (%) Location Class ID Length (bp) Inheritance (%) Location Class
1 21 49.6 chrl2 Slow 31 35 58.4 chr9 Inactive
2 35 55.2 chr7 Inactive 32 24 44 chrll Mid
3 35 55.2 chrd Inactive 33 21 55.2 chrl3 Slow
4 21 296 chrl4 Inactive 34 35 40 chr2 Mid
5 35 416 chré Inactive 35 25 52 chrl9 Slow
6 21 544 chr2 Mid 36 21 456 chr8 Mid

7 34 432 chrl9 Slow 37 35 51.2 chr4 Slow
8 30 16.8 Slow 38 21 384 chrl3 Slow
9 55) 51.2 chrl9 Slow 39 25 54.4 chr7 Mid
10 25 424 chrd Slow 40 35 456 chr9 Inactive
1 25 35.2 chr4 Inactive 41 21 384 chr2 Mid
12 35 48.8 chrl7 Inactive 42 30 15.2 Slow
13 35 424 chré Slow 43 35 48.8 chrl6 Slow
14 35 432 chr7 Inactive a4 21 b1.2 chrl4 Inactive
15 34 60.8 chrll Slow 45 30 72 Inactive
16 35 47.2 chr9 Inactive 46 25 472 chrl8 Slow
17 21 59.2 chrll Slow a7 35 48.8 chré Inactive
18 25 504 chrl3 Slow 48 35 344 chrb Slow
19 21 39.2 chr7 Fast 49 35 58.4 chrll Slow
20 21 49.6 chrl8 Fast 50 21 44 chrlO Mid
21 35 40 chr2 Slow 51 25 36.8 chrll Slow
22 21 424 chrd Mid 52 21 53.6 chr2 Fast
23 21 80.8 chrl&4 Mid 53 35 47.2 chr3 Inactive
24 21 51.2 chr3 Inactive 54 35 736 chrl0&13 Slow
25 25) 48 chr8 Inactive 55 25 68.8 chrl4d Slow
26 35 46.4 chrd Inactive 56 21 55.2 chr2 Slow
27 21 39.2 chr2 Slow 57 34 44 chrll Inactive
28 25 40 chrb Slow 58 21 432 chré Fast
29 35 52.8 chrd Slow 59 21 504 chr2 Fast
30 35 55.2 chrb Inactive 60 25 51.2 chr3 Slow
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10%?® different barcodes (200° x 300°, where
200 and 300 are the observed average number
of mutant alleles for fast and mid hgRNAs, re-
spectively). This remarkable diversity is ade-
quate for uniquely barcoding every one of the
~10' cells in a mouse. Furthermore, assuming
a perfect binary developmental tree as a first-
order approximation, this diversity is adequate
for uniquely marking all the ~2 x 10" internal
and terminal nodes of the mouse developmen-
tal tree.

Close analysis of the nature of mutant alleles
in hgRNA barcodes showed the interplay be-
tween target site sequence and Cas9-induced
double-strand breaks that determines the pos-
sible NHEJ outcomes (Fig. 3). Specifically, short
indels underlie recurring NHEJ outcomes. No-
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»

table among these is a recurring duplication of
the base at the -4 position relative to the PAM
in a majority of active hgRNAs. The most likely
explanation for this observation is Cas9 creat-
ing staggered cuts that produce a single-base
5' overhang (Fig. 3K), because a terminal trans-
ferase activity would not duplicate the base ad-
jacent to the cut site, and RuvC exonuclease
activity on the noncomplementary strand would
not result in an insertion at all. Whether Cas9
creates blunt or staggered ends in vivo has been
a subject of debate. Our observation in mice, com-
bined with a recent report in yeast (45) and pre-
vious in vitro and in vivo evidence (44, 46-50),
clarifies that Cas9 can create staggered ends as
well as blunt ends, although the ratio of the two
is unknown as of yet.

Mouse 1

Ectoderm

Muscle

Blood

52

s Fore-R
52

s Fore-L
s2 .

41 Hind-R

2
o Hind-L

By crossing the MARCI line with a line that
constitutively expresses Cas9, we generated
developmentally barcoded mice in which lineage
information is recorded in the hgRNA barcodes.
‘We were able to reconstruct parts of the lineage
tree using these mice, with the first branches
that emerge after the zygote, up to some of the
germ layer, neuroectoderm, and the neural tube
branches (Figs. 5 and 8). We find remarkable
robustness and flexibility in these recordings
(Figs. 6 and 8D). Specifically, there is overlap in
recordings made by various hgRNAs, and there-
fore the derived lineage tree is robust to remov-
ing any part of the barcode. Furthermore, partial
nonoverlapping recordings from different hgRNAs
can be integrated to reconstruct a complete tree.
Combined with evidence of sustained hgRNA

c Mouse 2

Fore-R
Fore-L
s2 g
. Mid-R

2 .
21 Mid-L

Ectoderm

2 Hind-R
* Hind-L

Muscle

Blood

Fig. 8. The anterior-posterior axis is established before the left-right axis in the development of the brain. (A) Dorsal view of the neural tube

and superior view of the adult brain in mouse. The primary brain vesicles in the neural tube and their corresponding structures in the adult brain are
shown. (B and C) Calculated trees based on hgRNA barcodes in two adult mice. See fig. S12 for the full barcodes. (D) Distribution of tree calculation
outcomes for mouse 2 when only including m of the n hgRNAs ("C,,, combinations). Only hgRNAs with at least a 7% mutation rate in one of the samples
were considered. (E) Impact score of each hgRNA in the early lineage tree of mouse 2.

Table 2. Breakdown of all mice used for hgRNA activity analysis according to developmental stage and number of samples obtained per mouse.

Stage of development Total Total
Samples per mouse .
E3.5 E6.5 E7.5 E8.5 E10.5 E12.5 E14.5 E15.5 E16.5 Adult mice samples

One 1 6 3 3 1 0 0 0 0 45 69 69
Two 0 0 4 6 1 0 0 0 0 0 11 22
Three 0 0 1 0 0 0 0 0 0 0 1 3
Four 0 0 0 0 7 6 0 0 2 0 15 60
Five 0 0 0 0 0 0 0 0 0 0 0 0

Six 0 0 0 0 0 6 0 0 0 0 6 36
Total 1 6 8 9 9 12 0 0 2 45 102 190
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mutagenesis throughout gestation, these results
suggest that developmentally barcoded mice
embody information from various stages of
development in embryonic and extraembryonic
tissues. Extracting such information will be a
matter of the type of question being investigated
and an ability to isolate cells from relevant lin-
eages. Another interesting possibility is to create
different types of barcoded mice by crossing the
MARCI line with other S. pyogenes Cas9 lines.
Among these are inducible Cas9s (51, 52), ones
with different activity levels (53), tissue- or
lineage-specific versions based on Cre drivers
(27, 53), or base-editing Cas9s (54, 55). Such
barcoded mice may enhance the capabilities of
the system, overcome its shortcomings (24), or
better focus its potential on specific problems.

Our results provide a platform for in vivo
barcoding and lineage tracing in the mouse.
Although we have focused here on the record-
ing aspect of in vivo developmental barcoding,
more effective readout strategies—in particular,
those with transcriptome-coupled single-cell
readouts (19, 21, 22) or with in situ readouts
(56)—will be necessary. Finally, in addition to
lineage-tracing applications, this platform may
also be applied to recording cellular signals over
time (16, 17, 57-59) and uniquely barcoding each
cell in a tissue or an organism for identification
purposes, such as for connectome mapping in
the brain (60-62).

Methods summary

All animal procedures were approved by the
Harvard University Institutional Animal Care
and Use Committee (IACUC). For embryonic
samples, the MARCI1 founder was crossed with
a Cas9 knock-in female. Pregnant females were
then dissected at the desired embryonic time
points, designating noon of the day of vaginal
plug detection as E0.5. For isolating neurons
from adult barcoded female mice, brains were
dissected into the regions of interest and ho-
mogenized. Nuclei were isolated from the ho-
mogenate by gradient ultracentrifugation, labeling
with a NeuN antibody, and sorting the NeulN-
positive fraction in flow cytometry. From all
obtained samples, DNA was extracted and am-
plified with specific primers for hgRNA loci.
The resulting amplicons were sequenced with
paired ends and analyzed to identify the hgRNA
itself according to the identifier sequence, and
the mutant allele according to the spacer se-
quence. The sequencing results were processed
and filtered to obtain a list of high-confidence
unique spacer-identifier pairs observed in each
sample and their respective abundances. For
obtaining lineage trees, these lists were converted
into frequency matrices and clustered hierarchi-
cally using Ward’s criterion. All procedures for the
experiments and data analyses are described in
detail in the supplementary materials.
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Lineage tracing in mouse using CRISPR

A homing guide RNA (hgRNA) that directs CRISPR-Cas9 to its own DNA locus can diversify its sequence and act
as an expressed genetic barcode. Kalhor et al. engineered a mouse line carrying 60 independent loci of hgRNAs, thus
generating a large number of unique barcodes in various embryonic and extraembryonic tissues in fully developed mice.
This method demonstrates lineage tracing from the very first branches of the development tree up to organogenesis
events and was used to elucidate embryonic brain patterning.
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