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Genetically engineered mouse models (GEMMs) help us to understand human

pathologies and develop new therapies, yet faithfully recapitulating human diseases
inmice is challenging. Advances in genomics have highlighted the importance of
non-coding regulatory genome sequences, which control spatiotemporal gene
expression patterns and splicing in many human diseases"?. Including regulatory
extensive genomic regions, which requires large-scale genome engineering, should
enhance the quality of disease modelling. Existing methods set limits on the size and
efficiency of DNA delivery, hampering the routine creation of highly informative
models that we call genomically rewritten and tailored GEMMs (GREAT-GEMMs). Here
we describe ‘mammalian switching antibiotic resistance markers progressively for
integration’ (mSwAP-In), amethod for efficient genome rewriting in mouse
embryonic stem cells. We demonstrate the use of mSwAP-In for iterative genome
rewriting of up to115 kb of a tailored Trp53locus, as well as for humanization of mice
using 116 kb and 180 kb human ACE2loci. The ACE2 model recapitulated human ACE2
expression patterns and splicing, and notably, presented milder symptoms when
challenged with SARS-CoV-2 compared with the existing KI18-hACE2 model, thus
representing a more human-like model of infection. Finally, we demonstrated serial
genome writing by humanizing mouse Tmprss2 biallelically in the ACE2 GREAT-GEMM,
highlighting the versatility of mSwAP-Inin genome writing.

Genome synthesis is feasible for prokaryotes such as Escherichia coli®,
Mycoplasma* and eukaryotes such as Saccharomyces cerevisiae® ™.
However, mammalian genome synthesis remains prohibitive owing
to genome size and complexity". An intermediate step is to over-
write large swaths of a native genomic region that covers a full locus,
complete with all regulatory regions and/or several nearby genes.
The combination of large DNA (over 100 kb) assembly approaches
with the use of site-specific recombinases in mammalian systems has
proved to be an efficient method for large-scale modification of mam-
malian genomes'*, Previous delivery methods for large DNA frag-
ments were limited by scars left behind in the genome™, a problem
largely solved by the recently developed Big-IN method”; however,
current methods are not usually designed for iterative deliveries,
limiting the total size of the delivered DNA. A cleaner, more effi-
cient mammalian genome writing method that can, in theory, be
used to overwrite entire mammalian chromosomes will be broadly
useful.

Mouse embryonic stem (ES) cells are relatively easy to genetically
manipulate, and the subsequent derivation of mouse models is ena-
bled by the generation of chimeras or tetraploid complementation®®.

Genetically humanizing mouse loci can bridge human-mouse evo-
lutionary gaps, which are reflected in some cases by the lack of clear
humanorthologuesinmice" and the inability to recapitulate human dis-
ease'®?. Transgenesis—in which ahuman coding sequence s controlled
by astrongheterologous promoter—is the predominant approach for
mouse humanization, and results innon-physiological expression pat-
terns. Projects such as Encyclopedia of DNA Elements' (ENCODE) and
genome-wide association studies*(GWAS) established the importance
of non-coding regulatory elements, making full genomic humanization
(including non-coding regions) preferable. Humanbacterial artificial
chromosome (BAC)-based transgenes retain full-length human gene
sequences, butare oftenrandomly integrated®, leading to idiosyncratic
positioneffects, not reliably mimicking the endogenous genomic con-
text and thus compromising authentic expression patterns. Precision
tailoring of BACs and in situ rewriting of their mouse counterpart(s)
represent enhanced strategies for addressing these shortcomings,
with previous work onin situ humanization of mouse immunoglobulin
genes as an example. However, the overall efficiency for each human
sequenceintegration in those methods was low?"%, limiting their wide-
spread adoption.
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During the COVID-19 pandemic, one of many substantial challenges
was the limitations of mouse models for understanding human disease
physiology. Owing to coding polymorphisms in the mouse version
of the viral receptor ACE2, original isolates such as the Washington
strainare unable to productively infect mice. Although the virus canbe
adapted to mice?, studying the biology of a modified virus limits the
value of the model. Similarly, current animal models in which human
ACE2is genetically introduced as a transgene' can lead to changes in
viral tropism that are not observed physiologically. Although recent
variants of SARS-CoV-2 have gained some capacity to infect mice®,
the host response does not phenocopy the human disease course.
Therefore, amouse model thatis susceptible to SARS-CoV-2 and better
mimics human pathology could be valuable for therapeutic develop-
ment and lead to improved basic understanding of the effects of age,
immune suppression and other factors on viral disease. Further, such
models could leverage vast mouse genetic resources and might help
prepare against future disease outbreaks. Transgenic ACE2 mouse
models developed in response to severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle East respiratory syndrome coro-
navirus (MERS-CoV) outbreaks provided good platforms for under-
standing these diseases'*”. Yet, they have limitations: (1) they lack the
humanregulatory elements around ACE2 and cannot recapitulate the
spatiotemporal regulation of human ACE2; (2) mouse Ace2 may lack
splicing signals that are required to produce certain human-specific
isoforms?; and (3) transgenic mice have an intact endogenous Ace2,
resulting in convoluted expression of both human and mouse recep-
tors. Agenomically humanized ACE2 mouse that more accurately mod-
els coronavirus diseases is urgently needed.

Here we report mSwAP-In, a novel mammalian genome writ-
ing method for large-scale efficient, scarless, iterative and biallelic
genome writing in mouse ES cells. Before the COVID-19 pandemic,
we developed mSwAP-In to address the challenge set by Genome
Project-Write”: to engineer a synthetic TrpS3 tailored with recoded
mutational hotspots that are predicted to render cells more resist-
ant to spontaneous oncogenic 7rp53 mutations. This platform
highlights the utility of mSwAP-In for the delivery of synthetic
mouse genes, and for iterative genome writing using three carefully
designed secondary Trp53 downstream payload DNAs. To build an
improved mouse model of COVID-19, we swapped 72 kb of mouse Ace2
with 116 kb or 180 kb of human ACE2. The subsequently-generated
ACE2 GREAT-GEMM accurately reflected human-specific transcrip-
tion and splicing patterns. ACE2 humanized mice were susceptible
to SARS-CoV-2 upon intranasal infection, but unlike the K18-hACE2
transgenic mouse, these mice did not succumb toinfection, suggesting
that ACE2 GREAT-GEMMs are a better model for COVID-19 in humans.
Finally, we demonstrated the biallelic genome writing capability of
mSwAP-Inby overwriting mouse Tmprss2with human TMPRSS2in ACE2
humanized mouse ES cells, resulting in double-humanized ACE2 and
TMPRSS2 mice.

Design of mSwAP-In

Most genome engineering methods are restricted by difficulties in
DNA assembly, purification and delivery to mammalian cells as con-
struct length increases. To overcome size limitations, we developed
mSwAP-In, amethod descended from the yeast genome rewriting
method, SWAP-In>’. Two types of marker cassettes (MC1and MC2)
were designed (Fig. 1a), each with a distinct set comprising: (1) a fluo-
rescence marker indicating correct DNA swaps; (2) a positive selection
marker; and (3) a negative selection marker overwritten with mouse
DNAineach swappingstep, that selects against off-target integrations.
A series of marker cassettes was designed to accommodate genetic
backgrounds already containing selectable markers (Extended Data
Fig.1a) and tested for effective elimination of sensitive mouse ES cells
(Extended Data Fig.1b). A universal guide RNA (gRNA) target (UGT) site
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Fig.1| The mSwAP-Instrategy for genome writing. a, Two interchangeable
marker cassettes (MCland MC2) underlie mSwAP-Inselectionand
counterselection. BSD, blasticidin S deaminase; Puro, puromycin resistance
gene; ATK, truncated version of HSV1thymidine kinase. b, Stepwise genome
rewriting using mSwAP-In. A prior engineering step to delete endogenous
Hprtlenableslateriteration. Step 1: integration of MCl upstream of locus of
interest. Step 2: delivery of payload DNA including MC2 and Cas9-gRNAs for
integration through HR. Step 3: delivery of next payload DNA following the
same strategy as step 2, swappingback to MCl.Iterative steps2and 3 canbe
repeated indefinitely using a series of synthetic payloads by alternating
selection for MCland MC2 (curved arrows). Step 4: removal of final MCl or
MC2. Grey bars are native chromosome regions; purple bars are synthetic
incoming DNAs; blue and brown scissors are universal Cas9-gRNAs that cut
UGT1and UGT2, respectively; grey scissors are genome-targeting Cas9-
gRNAs. Superscript Rindicates resistance to puromycin (Puro®), 6-thioguanine
(6-TGR), blasticidin (BSD®) or ganciclovir (GCV®). Chr., chromosome.

orthogonal to mammalian genomes (derived from GFP) was placed in
front of each marker cassette to enable specific and efficient cleavage
by Cas9 or other nucleases. To deploy the HPRTI minigene in MC2 in
later mSwAP-In stages, mouse ES cells were pre-engineered to delete
endogenous Hprtl using two Cas9-gRNAs followed by 6-thioguanine
selection (Extended Data Fig.1c). mSwAP-Inis executed in several steps:
(1) MClisinserted ata‘safe’location near the genomicregion of interest
using CRISPR-Cas9 assisted homologous recombination (HR) (Fig. 1b,
step1).(2) Asynthetic payload DNA (called an assemblon?), consisting
of flanking UGT1 sites, homology arms (approximately 2 kb at each
end) and MC2, is pre-assembled in yeast and then co-delivered with
two Cas9-gRNAs that recognize UGT1 and the distal native genomic
segment boundary to be overwritten (Fig. 1b, step 2). Integration by
HRis promoted by payload DNA linearization at two flanking UGT1
sites and by double strand breaks at the target. Successful targeted
cells are selected using the positive selection marker of MC2 (blasti-
cidin S deaminase) and the negative selection marker of the parental
MC1 (a truncated version of herpes simplex virus 1 thymidine kinase)
(Extended Data Fig. 1d), resulting in overwriting of the wild-type seg-
ment by synthetic payload DNA. This processisiterated in step 3 with
asecond synthetic payload DNA, assembled similarly in yeast with
homology arms and MC1, by positive selection using the puromycin
resistance gene in MC1 and negative selection against the HPRT1 in
MC2 (Fig. 1b, step 3). The iteration can in principle continue indefi-
nitely as needed. Once overwriting is complete, there is the option
to remove the last marker cassette using CRISPR-Cas9-assisted
HR or PiggyBAC excision?, producing scarless engineered cells
(Fig.1b, step 4).
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Fig.2|Rewriting the Trp53locus withmSwAP-In. a, Design of p53 hotspot
mutationrecoding. Top, recoded codons. OD, oligomerization domain; PRD,
proline-rich domain; RD, regulatory domain; TAD, transactivation domain.
b,c, Schematic (b) and efficiency (c) of synTrp53mSwAP-In. WT, wild type.
d, Functional evaluation of recoded synTrp53. Mouse ES cells with either WT
TrpS3orsynTrp53were treated with 250 nM of doxorubicin (doxo) for 20 h.
Levels of Mdm2, Pmaipl, Cdknla and Trp53 mRNA were evaluated by RT-qPCR.
mRNA levels were normalized to Actb. Data are mean + s.d. of three technical
replicates. e, Histogram of DNA contentin mouse ES cells stained with
Hoechst33342.f,Histogram of Alexa Fluor 680 conjugated to annexin V, the
showing apoptotic cell population. g, Mutation frequencies at four mutational
hotspots and remaining (non-recoded) CpGsitesin TrpS3WT or synTrp53 (syn)

Rewriting the Trp53locus with mSwAP-In

We sought to engineer a ‘cancer-mutation-resistant’ 7rp53 (ref. 27)
(the gene encoding p53) in mouse ES cells using mSwAP-In. Missense
p53 mutations occur frequently in cancer and are concentrated at
CG sites*® in the DNA binding domain, owing to frequent deamina-
tion of 5-methylcytosine leading to C to T conversion® and binding
of DNA adducts to certain methylated CGs*%. We hypothesized that
synonymously recoding 7rp53 DNA to avoid CG dinucleotides would
minimize such mutations; we therefore recoded CGs in p53 mutation
hotspots (R172,R245,R246,R270 and R279) to AG (Fig. 2aand Extended
Data Fig. 2a).

Synthetic recoded Trp53 (synTrp53) was assembled ina yeast assem-
bly vector (YAV) (Extended Data Fig. 2b) and verified by sequencing
and restriction digestion (Extended Data Fig. 2c,d). In parallel, we
inserted MC1 downstream of mouse Trp53 heterozygously (Extended
Data Fig. 2e). After deploying mSwAP-In with the synTrp53 payload
into MCl1-containing mouse ES cells, 87.1% of colonies lost MC1 and
gained MC2 (n=132). We analysed 38 genotype-verified clones by
Sanger sequencing and found that 26 of these clones carried the
recoded codons in one of the two alleles, 9 were unedited, and 3 of
them only carried the recoded synTrp53 (Fig. 2b,c and Extended Data
Fig. 2f). Trp53 copy number analysis of those three clones carrying only

SynTrp53. 75 kb PL Efficiency (%)

mouse ES cells. Mutation frequencies were calculated by averaging UMI
frequencies of analysed codons or dinucleotides. R155and R172 codons from
firstamplicon were excluded because asimilar genomic sequence was amplified
froma Trp53pseudogene, rendering those data uninformative. h, Sequence
coverage of synTrp53 and three Trp53 downstream tailored payloads (PL)
aligned tomm10. Arrows indicate positions of PCRTags. i, Genotyping of
threerepresentative mSwAP-Inintegrants from three Trp53downstream PL.
j,Summary of mSwAP-Insuccess rates based on genotyping. k, Strategy for
final marker cassette removal and genotyping-based summary of efficiency.
Bluescissorsindicate UGT1-targeting gRNA; black scissorsindicate gRNA
targeting the SV40 terminator.

recoded codons suggested that they were hemizygous (Extended Data
Fig. 2g); this was confirmed by Capture-seq” (Extended Data Fig. 2h).
To ensure that mSwAP-In engineering was free of off-target effects, we
implemented bamintersect analysis'®, amodular mapping tool that
detects reads spanning two references (for example, payload DNA
versus mm10, or homology arm versus mm10). This analysis detected
no off-target junctions in the six sequenced clones; YAV backbone
integration was seen in one clone (Supplementary File 1). SynTrp53
heterozygotes canbe further engineered to homozygotes by repeating
mSwAP-Inonthe wild-type allele, but using a different version of MC2.
TotestsynTrpS3function, we treated Trp53 wild-type and homozygous
synTrp53 mouse ES cell lines with doxorubicin. Three classical p53
target genes—Mdm2, Pmaip1 (which encodes Noxa) and Cdknla (which
encodes p21)—were upregulated insynTrp53mouse ES cells to asimilar
degreeasin Trp53 wild-type mouse ES cells (Fig. 2d). Of note, with only
six CpGsites removed from the synTrp53 gene body, the Trp53 expres-
sionlevelwas30-40% lower inthe synTrp53 mouse ES cells (Fig. 2d and
Extended DataFig. 2i), consistent with previous observations suggest-
ing that DNA methylation in the gene body is associated with higher
gene expression®?*, Transcript profiling of doxorubicin-treated TrpS3
wild-type and synTrp53 mouse ES cells revealed similar global stress
responses (Extended DataFig. 2j,k), thus Trp53recoding did not impair
its transactivation function. Additionally, both wild-type and synTrp53
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ES cells underwent growth arrest (Fig. 2e and Supplementary Fig. 1)
and cell apoptosis in response to doxorubicin treatment (Fig. 2f and
Supplementary Fig. 2).

Toinvestigate whether recoding mutation hotspots of Trp53 makes
synTrp53 more resistant to spontaneous mutagenesis, we grew Trp53
wild-type and synTrp53 mouse ES cells for a total of 38 passages to
enable mutation accumulation. We used aunique molecular identifier
(UMI)-based amplicon sequencing method* to measure hotspot muta-
tion frequencies (Extended Data Fig. 3a,b). C>T and G>A mutations were
observed at high frequency in wild-type Trp53hotspot codons, but not
insynTrp53hotspot codons, and recoded AGA codons had much lower
mutation frequencies (Fig. 2g); no significant differences were seen
comparing other codons between samples (Extended Data Fig. 3c).

To demonstrate iterability of mSwAP-In and to probe the upper
genome writing length limit of each mSwAP-In step, we built 40-kb,
75-kb and 115-kb payload constructs using Trp53 downstream DNA for
asecond round of mSwAP-In (Fig. 2h and Extended Data Fig. 4a). To
distinguish synthetic and native DNA in subsequent steps, watermarks
were tailored in approximately every 13 kb of sequence in intronic
or intergenic regions; these ‘PCRTag’ watermarks which are 28-bp
orthogonal DNA sequences (Supplementary Table 1) that resemble
the PCRTags used in Sc2.0 (ref. 7). Synthetic- or native-specific primer
pairsdistinguished the sequences (Extended DataFig. 4b). After deploy-
ing mSwAP-In into a heterozygous synTrp53 mouse ES cell clone, we
observed a gain of synthetic PCRTags for delivered payloads as well
as the native PCRTags, indicating heterozygous integration (Fig. 2i).
Althoughthe total drug-resistant colony number decreased inversely
with payload length (Extended DataFig. 4c), the efficiency of mSwAP-In
remained above 50% (Fig. 2j).

Finally, we demonstrated the feasibility of marker cassette removal;
the efficiency of MC1 removal was 47.6% when providing a repair tem-
plate of around 2 kb and CRISPR-Cas9 reagents, and 36.4% when no
repair template was provided (Fig. 2k); when using piggyBAC, 100%
of clones lost MC1 (Extended Data Fig. 4d-f). Collectively, these data
show that mSwAP-In is efficient for large-scale iterative and scarless
genome rewriting in mouse ES cells. However, all payloads that we
delivered up to this point were more than 99% identical to the native
mouse sequences, which might have contributed to the high efficiency.
Next, we tested whether mSwAP-In could overwrite the native genome
with nonhomologous DNA, such as entire human loci.

Fully humanizing ACE2in mouse ES cells

Mice are naturally resistant to SARS-CoV-2 owing tokey residuesin ACE2
thatbind the viral spike protein®®. However, the KI8-hACE2 transgenic
mouse—inwhich akeratin18 promoter drives high expression of human
ACE2 mRNA in epithelial tissues, including respiratory epithelia—is
readily infected®, resulting in 100% of infected mice dying in days¥, a
phenotype thatis not observed in humans. To establish amore physio-
logical model, we aimed to use mSwAP-In to completely swap the mouse
Ace2locus withthe human ACE2locus, includingallintrons and regula-
tory elements (Fig. 3a and Extended Data Fig. 5a). On the basis of gene
annotation, we found along transcript (NM_001386259.1, also known as
transcriptvariant 3) that spans 83 kb and largely overlaps with the BMIX
gene (Fig. 3a). In contrast to the canonical transcript that encodes an
805-amino-acid protein, the long transcript encodes a786-amino-acid
ACE2 protein lacking an intact collectrin homology domain at the
C terminus and instead including a novel 16-amino-acid exon*®. To
maximize retention of function, we defined a left payload boundary
to include the long transcript. For the right boundary, considering
DNase-hypersensitive sites and H3K27 acetylation marks, we designed
two ACE2 payloads: one extending to the 3’ end of CLTRN (116 kb-ACE2),
and one extending beyond the 5’ end of CLTRN (180 kb-ACE2) (Fig.3a).

The 116 kb-ACE2 region from human BAC CH17-203N23 was assem-
bled through yeast HR into an acceptor vector® containing flanking
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UGT1 sites, left and right Ace2 homology arms and MC2 (Fig. 3b),
and verified by restriction digestion (Extended Data Fig. 5b). The
180 kb-ACE2 payload was built by inserting an additional 64-kb frag-
ment released from BAC CH17-449P15 into the end of the 116 kb-ACE2
payload (Extended DataFig. 5¢c). Sequencing revealed no variants within
the two payloads, except single nucleotide polymorphisms (SNPs)
present in parental BACs, highlighting the high accuracy of this HR-
and BAC-based assembly workflow (Extended Data Fig. 5d). To enable
payload delivery using mSwAP-In, we inserted MC1 downstream of Ace2
inmouse ES cells (Extended Data Fig. 5e). We used feeder-dependent
cell culture conditions to maintain the developmental potential of the
mouse ES cells, splitting cells into feeder-independent subcultures
for structural analysis (Fig. 3c). We delivered both ACE2 payloads into
MCl1 founder line with mSwAP-In, observing the expected fluorescent
marker switch (Fig. 3d). To ensure that Ace2 locus was fully overwrit-
ten, we performed genotyping PCR using multiple primers across Ace2
and ACE2regions. Correct clones showed presence of ACE2amplicons
and absence of Ace2 amplicons (Extended Data Fig. 5f). The overall
efficiency was 61.5% (n =13) for the 116 kb-ACE2 payload, and 60.8%
(n=79) for the 180 kb-ACE2 payload, as determined by genotyping.

To enable ACE2 copy number quantification, we constructed a plas-
mid containing one copy of mouse Actb and one copy of human ACE2to
serve as aninternal standard for quantitative PCR (qPCR), and identi-
fied mouse ES cell clones with one copy of ACE2 (Fig. 3e); Capture-seq
verified that the ACE2 clones lacked deletions or duplications, as well as
theloss of mouse Ace2 (Fig. 3f). No off-targetintegration was revealed
by bamintersect analysis (Supplementary File 1), and no Cas9 or vec-
tor reads were captured in these mouse ES cell clones (Extended Data
Fig.5g). Considering all steps of this comprehensive sequence quality
control, the overall success rates for the delivery of 116 kb-ACE2 and
180 kb-ACE2 payloads were 15.4% and 22.8%, respectively.

ACE2 expression and epigenetic landscape

ACE2mouse ES cells that passed stringent verification were subjected
toblastocystembryoinjection and tetraploid blastocyst embryoinjec-
tion, whichrequires full developmental pluripotency. Pups exhibited a
high rate of coat colour chimerism (31 out of 45 pups) when the mouse
ES cells with the 116 kb-ACE2 payload were injected into wild-type blas-
tocysts (Fig. 4a). Several chimeric male mice showed 100% germline
transmission. When injecting mouse ES cells with 116 kb-ACE2 and
180 kb-ACE2 payloads into atetraploid blastocyst for embryo comple-
mentation, 14% (n=50) and 22.9% (n =70) birth rates were observed,
respectively (Supplementary Table 2). We genotyped various tissues
from a mouse derived by tetraploid complementation, and detected
only ACE2 amplicons, indicating that the mice were not chimeric
(Extended Data Fig. 6a).

Proper spatial expression of ACE2is crucial for studying SARS-CoV-2
pathogenesis. We therefore examined expression patterns of ACE2. We
firstexamined expression across 9 tissues fromthe 116 kb-ACE2 GEMM
(Fig. 4b). Abundant ACE2 mRNA was detected in the small intestine
and kidney, with moderate levels in testis and colon, indicating that
the mouse machinery faithfully expressed ACE2. Overall, we observed
similar expression patterns for Ace2 and ACE2 in mice, aside from a
few important differences. For instance, we readily detected ACE2in
testis, recapitulating the human expression pattern, but mouse Ace2
isnotexpressed intestis (Fig.4b and Extended DataFig. 6b); thus ACE2
mice may be useful as models of possible human testicular infection by
SARS-CoV-2 (ref. 39). In addition, we observed lower ACE2 expression
inthe lungs of ACE2 mice compared with Ace2 expressionin wild-type
mice, consistent with comparisons of human and mouse transcrip-
tomes (Extended Data Fig. 6b). Next, we compared ACE2 expression
profiles between 116 kb-ACE2 and 180 kb-ACE2 models. ACE2 expres-
sion was approximately 100-fold higher in brain, 3- to 5-fold higher in
lung and liver, and 2- to 3-fold lower in small intestine and colonin the
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Fig.3|Fully humanizing ACE2in mouse ES cells. a, Genome browser
screenshots of mouse Ace2and human ACE2loci. H3K27 acetylation and DNase
signaltracksinthe ACE2locusindicate functional regulatory elements. The
greybox demarcates the overwritten mouse genomic region. Purple bars
demarcate human genomicregionsincluded in ACE2 payloads. b, ACE2 payload
assembly strategy. Scissors mark in vitro CRISPR-Cas9 digestion sites. mHA,
mouse homology arm.c, Mouse ES cell engineering workflow. Neg., negative;
pos., positive.d, Representative images of fluorescence marker switchingin

180 kb-ACE2model (Extended DataFig. 6¢), indicating potential regula-
tory functionsinthe additional 64 kb of DNAin the 180 kb-ACE2 model.

Immunohistochemistry of testes of the 116 kb-ACE2 mice showed
robust ACE2 expressionin Sertoli cells, spermatogonia and spermato-
cytes, reminiscent of ACE2 expression in human testis®. By contrast,
only asubset of spermatozoa cells expressed ACE2 proteinin wild-type
mouse testis (Fig. 4cand Supplementary Fig. 3). Imnmunohistochemis-
try of lungs showed ACE2 expression in bronchioles of both ACE2 and
wild-type mice, with much lower levels observed in lungs from ACE2
mice (Fig. 4c). These data suggest that the ACE2 mice exhibit human
tissue-specific gene expression patterns, including tissue-specific ACE2
expressionthatis presentin humansbut notinnon-humanized animals.

Giventhat we swapped-inthe entire ACE2gene, we examined whether
human-specific splicing patterns would be recapitulated in the ACE2
mice. Arecentstudy identified dACE2 as aninterferon-stimulated ACE2
isoform, although the product of this transcript is not a SARS-CoV-2
receptor. This hints at a potential role for alternative ACE2 splicing?.
Wereadily detected dACE2in the lung, kidney, smallintestine and colon

outlined mouse ES cell clones. More than 80% of mouse ES cell clones exhibited
the expected fluorescence switch; the mSwAP-In experiment was repeated
atleast three times with similar results. e, ACE2 copy number determination

by qPCR. Theratiobetween ACE2and Actbis 0.5, indicating that asingle copy
of ACE2was delivered to male mouse ES cells, as expected. Copy number was
normalized to Actbh. Dataare mean +s.d. of three technical replicates.
f,Sequencing coverage of 116 kb-ACE2 and 180 kb-ACE2 mSwAP-In clones.
Reads were mapped tohg38 (top) and mm10 (bottom).

of ACE2mice (Fig. 4d and Extended Data Fig. 6d). Inaddition, thelong
transcript (variant 3; Fig. 3a) was detected in small intestine, kidney,
brain and testis of ACE2 mice (Fig. 4e and Extended Data Fig. 6e), fur-
ther demonstrating recapitualtion of human physiological alternative
splicing patterns of ACE2in ACE2 mice.

We probed the epigenetic landscape of ACE2 mice and compared it
to human data. We used assay for transposase-accessible chromatin
withsequencing (ATAC-seq) to assess chromatin accessibility in small
intestinal cells, where ACE2 expression is highest. Notably, samples
fromboth 116 kb-ACE2and 180 kb-ACE2 samples displayed peaks that
overlapped extensively with a DNase-seq dataset from ENCODE human
small intestine tissue, demonstrating that human epigenome acces-
sibility is well recapitulated in ACE2 mice (Fig. 4f). We also performed
CUT&RUN assays for H3K27ac and H3K4me3 histone modifications
in testicular cells of ACE2 mice. Testis-specific genes showed peaks
indicating active chromatin (Extended DataFig. 6f). However, no pre-
dominant peak was observed in wild-type testis Ace2 or in humanized
ACE2genomicregions, except for aH3K4me3 peak near the distalend
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Fig.4|Characterization of ACE2 expressioninmouse. a, Production of ACE2
mice viainjection of chimeric blastocyst and tetraploid blastocyst embryos.

b, RT-qPCR analysis of ACE2 (top) and Ace2 (bottom) expressionin nine
tissues collected from four-week-old ACE2 and wild-type mice. Expression was
normalized to mouse Actb. Dataare mean + s.d. of three technical replicates.
SI, smallintestine. ¢, Immunohistochemistry analysis of ACE2 intestis and lung
dissected fromten-week-old ACE2 or wild-type mice. The antibody reacts with
both human and mouse ACE2. Yellow and blue boxes mark magnified areas.

ofthe180 kb-ACE2region (Extended DataFig. 6g,h). Thisresultis con-
sistent with existing ENCODE datasets, which show a lack of obvious
H3K27ac and H3K4me3 peaks in the ACE2 genomic region in human
testicular cells.

ACE2mice are susceptible to SARS-CoV-2

To characterize the susceptibility of ACE2 mice to SARS-CoV-2, we chal-
lenged the ACE2, K18-hACE2 and wild-type mice intranasally with 10* or
10° plaque-forming units (PFU) of SARS-CoV-2. All mice were euthanized
3 days post-infection (dpi) and viral RNA level in dissected lungs was
evaluated by gPCR withreverse transcription (RT-qPCR). As expected,
SARS-CoV-2 RNA was undetectable in wild-type lungs; although high
levels of SARS-CoV-2 RNA positively correlating with the inoculum
dose were detected in KI8-hACE2 lungs (Fig. 5a). In the ACE2 mice, we
detected moderate levels of viral RNA in the 10° PFU infection group,
and very low amounts in the male ACE2 mouse of the 10° PFU infec-
tion group. We quantified infectious viruses from lung homogenates
using a plaque assay (Fig. 5b), and found the levels to be consistent
with the result from RT-qPCR. We noted that higher viral RNA levels
were detected in lungs from male K18-hACE2 and ACE2 mice compared
with the female mice, despite identical inoculum dosage. We found no
significant difference in ACE2 expression between males and females
(Extended DataFig. 7a). Notably, ACE2 mice displayed around 70-fold
lower ACE2 expression in lungs compared with transgenic KI18-hACE2
mice (Extended Data Fig. 7a). The host interferon-stimulated genes
Isg15, Cxclll and MxI were significantly induced in the K18-hACE2
mice, and these were also induced in the ACE2 mice—albeit to a lower
degree—mirroring viral levels (Extended Data Fig. 7b). Transcriptional
evaluation of SARS-CoV-2-infected lungs revealed a moderate type I/
lllinterferon responsein the ACE2 mice (Fig. 5c),inwhich theinduced
genes largely overlap with those induced in K18-hACE2 mice, but not
with those induced in wild-type mice (Fig. 5d, Extended Data Fig. 7¢
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n=2independent mice for eachtissue; theimmunohistochemistry experiment
wasrepeated twice.d, PCRwith reverse transcription (RT-PCR) detection of
dACE2isoform (transcript variant 5) in tissues from ACE2 mice. cACE2, canonical
ACE2transcript.Independent PCR assays were performed at least twice.

e, Detection of ACE2transcript3intissues from ACE2 mice. f, ATAC-seq analysis
of ACE2in Ace2wild-type, 116 kb-ACE2 and 180 kb-ACE2 smallintestinal cells.
Ahumansmallintestine DNase-seq track (ENCODE, DS20770) is displayed as a
positive control. Shaded areas indicate ACE2regions.

and Supplementary File 2). Notably, RNA-sequencing analysis showed
anincrease in the amount of dACE2 transcriptin SARS-CoV-2-infected
ACE2mice (Extended DataFig. 8a), consistent with data from humans?.
We confirmed the upregulation of the dJACE2isoformin other infected
ACE2miceusing RT-qPCR (Fig. 5e). Histopathological examination of
infected lung sections revealed that both K18-hACE2 and hACE2 mice
developed pneumonia, evidenced by monocyte infiltration, but RACE2
mice displayed substantially milder lesions of alveolar epithelial cells
(Fig.5fand Supplementary Fig. 3). Corresponding immunohistochem-
istry showed strong SARS-CoV-2 nucleocapsid protein staining sur-
rounding alveolar cells in both models (Extended Data Fig. 8b).

To determine whether SARS-CoV-2 infects other mouse organs, we
collected smallintestine, kidney and testes at 3 dpi after 10° PFU intra-
nasalinfections. We did not detect viral RNA or infectious virus in small
intestine or kidney (Extended DataFig. 8c-e). Immunohistochemistry
of infected testes showed the presence of SARS-CoV-2 nucleocapsid
protein primarily on the membrane of Leydig cells, which produce
testosterone in male mice (Extended Data Fig. 8f). RT-PCR confirmed
the presence of SARS-CoV-2 nucleocapsid mRNA in the infected tes-
tes (Extended Data Fig. 8g). Unlike in patients with severe COVID-19,
where SARS-CoV-2 was mostly detected in germ cells in seminiferous
tubules*, the virus did not enter the seminiferous tubulesin the ACE2
mice, possibly owing to virus clearance by immune surveillance in
these immunocompetent mice.

Given that the 180 kb-ACE2 model expresses 3- to 5-fold more ACE2
mRNA in lung compared with the 116 kb-ACE2 model (Extended Data
Fig. 6¢c), we tested whether this difference contributed to the outcome
of SARS-CoV-2 infection. We infected 116 kb-ACE2 and 180 kb-ACE2
models with SARS-CoV-2 and collected total RNA and homogenate
from lungs at 2, 4 and 6 dpi (Extended Data Fig. 8h). All 180 kb-ACE2
mice werereadily infected starting at 2 dpi, and viral levels decreased
over time. By contrast, despite identical infection conditions, virus
was not detectable in some of the 116 kb-ACE2 lungs (Extended Data
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Fig.5|Characterizing the ACE2 GEMM with SARS-CoV-2 infection.

a,b, Lungs dissected from wild-type, K18-hACE2 (K18) and 116 kb-ACE2

(ACE2) miceinfected with SARS-CoV-2 were analysed for nucleocapsid gene
expression by RT-qPCR (a) and infectious viral levels by plaque assay (b).n=4
independent mice for each group. SARS-CoV-2 levels were normalized to Actb
and anuninfected control. F, female mice; M, male mice. ¢, Volcano plot of
infectedlungs versus uninfected lungs from 116 kb-ACE2 mice.Red, upregulated
genesininfected lungs; blue, downregulated genesininfected lungs. Fold
change cut-offis setto2; adjusted Pvalue (Wald test) cut-offis set to 0.01.

d, Venndiagram of upregulated (cut-offis twofold) differentially expressed
genes (DEGs) in wild-type (WT), KI8-hACE2 and 116 kb-ACE2lungs. e, RT-qPCR
analysis of dACE2in uninfected and SARS-CoV-2-infected lungs. n =3 for

Fig. 8i,j). Consistent with our previous results in uninfected mice
(Extended Data Fig. 6¢), we detected higher ACE2 mRNA levels in the
infected 180 kb-ACE21ungs (Extended Data Fig. 8k). We speculate that
differences in infection kinetics result from the higher ACE2 expres-
sionlevelsin 180 kb-ACE2 mice. Additionally, viral RNA was undetect-
able in brain, liver, spleen and kidney of 180 kb-ACE2 mice (Extended
DataFig. 8I,m).

Human COVID-19 is a complex disease with diverse manifestations
and outcomes reflecting the age, health status, immune status and
genetic makeup of infected individuals. We thus tested whether ACE2
mice could beused tobetter model human SARS-CoV-2infectioncom-
pared with K18-hACE2 mice, which succumb to SARS-CoV-2 within 10
days"and are thus unable to recapitulate medium-term and long-term
effects of viral infection. We infected ACE2 and K18-hACE2 mice with
10° PFU of SARS-CoV-2, and monitored their weight and survival over
the course of 14 days. All ACE2 mice survived to the end without obvi-
ous sickness. By contrast, KI8-hACE2 mice had significantly reduced
mobility at 5 dpi; 4 out of the 5 mice died at 6 dpi; and the remaining
mouse died at 8 dpi (Fig. 5g). Body weight measurements showed that
K18-hACE2 mice lost a significant amount of body weight before they
died, whereas the ACE2mice did not lose any weight over the course of
the experiment (Fig. 5h). Measurements of antiviral humoralimmune
response using enzyme-linked immunosorbent assay (ELISA) showed
evidence of antibodies that recognized the spike trimer in sera from
ACE2miceat 14 dpi (Fig. 5i). Collectively, these data suggest that ACE2

uninfected lungs, n =8 forinfected lungs; 3 technical replicates were performed
foreachsample. Unpaired two-tailed, Mann-Whitney t-test. f, Histopathological
analysis of lungs from female WT, KI18-hACE2 and 116 kb-ACE2 mice by
haematoxylinand eosin staining. Two lungs fromindependentinfected mice
were used; two spaced 5-umsections from the same infected lung were stained
andimaged. g,h, K18-hACE2 (n=5) and 116 kb-ACE2 (n = 4) mice were intranasally
infected with 10° PFU of SARS-CoV-2 and were monitored every other day for
morbidity (g) and weight (h). Dataare mean + s.d. of biological replicates.

i, Serological detection of anti-SARS-CoV-2mouse IgGby ELISA.n=4
independent mice for uninfected and infected groups. Box plots contain 25th
to 75th percentiles of the data, the horizontal linein each box denotes the
medianvalue, and whiskers represent minima (low) and maxima (high).

mice can recover from SARS-CoV-2 infection, and are thus useful for
modelling aspects of human COVID-19 pathophysiology.

The golden hamster (Mesocricetus auratus) is acommonly used
rodent modelfor studying respiratory virusinfections*. However, such
studies are limited by a lack of genetic tools, and a limited repertoire
of hamster mutants used to model comorbidities. We tested whether
ACE2 mice were similar to hamsters in terms of SARS-CoV-2 suscepti-
bility. We set up alongitudinal infection, including collection of lungs
and tracheas at 5and 14 dpi (Extended Data Fig. 9a). SARS-CoV-2 viral
RNAwasdetectedat5dpiinlung of ACE2mice and hamsters; the level
of viral RNA was lower in ACE2 mice, and was diminished significantly
by 14 dpi (Extended Data Fig. 9b). In hamster trachea, viral RNA levels
increased slightly at 5 dpi (Extended Data Fig. 9¢), probably owing to
alack of Ace2 expression in hamster tracheal epithelial cells*. By con-
trast, higher levels of viral RNA were detected in the trachea of asubset
of ACE2 mice, consistent with previous results in human patients*.
Thus, the ACE2 GEMM has a milder but comparable disease course to
golden hamster inlungs, and perhaps more human-like susceptibility
to tracheal infection.

Biallelic TMPRSS2 humanization in ACE2 mouse ES cells

Following attachment of SARS-CoV-2to ACE2, cleavage of the spike S2
subunit by transmembrane protease serine 2 (TMPRSS2) on the host
cell membrane** is crucial for enabling virus—cell membrane fusion.
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Fig. 6 | Serial, biallelichumanization of TMPRSS2in ACE2mouseES cells.

a, Schematic of TMPRSS2 humanization design. Top, Tmprss2gene locus; grey
box highlights the region replaced by human TMPRSS2. Bottom, human
TMPRSS2locus; shading highlights the humanizationregion. The 3’ end of MX1
was defined as the left boundary; for the right boundary, sufficient TMPRSS2
upstream genomic sequence was used toinclude a putative enhancer.

b, Schematic workflow for TMPRSS2biallelichumanizationin ACE2mouse ES
cells.c,Successrate of biallelichumanizationin three MC1mouse ES cell
founder lines determined by genotyping PCR: cWZ405 (n =76), cWZ410 (n = 81)

Co-expression of ACE2and TMPRSS2in lung epithelial cellsis required
for effective infection*’. We therefore hypothesized that genomi-
cally humanizing TMPRSS2 in ACE2 mice would better recapitulate
human-specific physiological expression patternsin mice, improving
the accuracy of COVID-19 modelling in mice. In addition, humaniz-
ing TMPRSS2 may facilitate the development of therapies targeting
TMPRSS2 activity, since its physiological role is not clearly defined,
and Tmprss2-knockout mice exhibit no phenotypic abnormalities*.
To test the feasibility of serially editing mouse ES cells using
mSwAP-In, we explored the possibility of overwriting both Tmprss2
alleles simultaneously using mSwAP-In, exploiting a first-generation
generic design scheme (Extended Data Fig.10). We designed and built
reagents to insert human TMPRSS2, replacing mTmprss2 (Fig. 6a). To
do so, MC1 was biallelically inserted downstream of Tmprss2in the
116 kb-ACE2 mouse ES cells (Extended Data Fig. 11a). An 80-kb human
TMPRSS2 mSwAP-In payload was assembled (Extended Data Fig. 11b,c),
and delivered into biallelic MClinsertion founder lines. Both Tmprss2
alleles were replaced by the human payload, resulting in biallelic
TMPRSS2humanization (Fig. 6b) at 30%-40% efficiency (Fig. 6¢). Copy
number analysis confirmed that around 50% of those clones had two
copies of TMPRSS2 (Fig. 6d). Clones with one copy of TMPRSS2 exhib-
ited deletion of one Tmprss2 allele (Extended Data Fig. 11d). Capture
sequencing and subsequent genotyping of mouse biopsies confirmed
theaccuracy of TMPRSS2 humanization (Fig. 6e,f). ACE2and TMPRSS2
double-humanized mice were obtained via tetraploid complementa-
tion, demonstrating that an additional round of biallelic mSwAP-In
engineering did notimpair mouse development from mouse ES cells.
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and cWZ412 (n=13).d, TMPRSS2 copy number determination by qPCR. Copy
number determined asin Fig.3e. WT, wild type. e, Sequencing coverage of
TMPRSS2mouse ES cell clones. Reads mapped to hg38 (top) and mm10
(bottom). f, Adouble-humanized GREAT-GEMM with both ACE2and TMPRSS2
was established via tetraploid complementation. Sex: male, two bands
(XandY); female, one band (X only). g, Top, TMPRSS2 expression patternin
double-humanized ACE2and TMPRSS2 mouse. Bottom, mouse Tmprss2
expression patternin ACE2-only humanized mouse. Dataare mean + s.d. of
threetechnical replicates.

Backcrossing ACE2and TMPRSS2 double-humanized males resulted in
100% heterozygous TMPRSS2 progeny (data not shown), confirming
that TMPRSS2humanization was biallelic. We detected TMPRSS2 expres-
sioninliver, lung, kidney, smallintestine, brainand colon, similar to the
pattern of Tmprss2 expressionin ACE2-only humanized mice (Fig. 6g).
Two TMPRSS2 splice isoforms* (transcript 1and 2) were detected in
various tissues (Extended Data Fig. 11e), indicating that TMPRSS2 is
properly transcribed and spliced in mouse, similar to ACE2 (Fig. 4d,e).

Discussion

Understanding mammalian genomes requires exploration from dis-
tinct perspectives. Advanced sequencing technologies have revealed
the complex blueprints of many vertebrates. Here, to directly probe
the roles of regulatory components and genome polymorphisms,
we provide a strategy to reliably overwrite large stretches of native
mammalian genomic segments with carefully designed synthetic
DNAs or cross-species gene counterparts. Mammalian genome writ-
ingisideal for introducing tens to hundreds of edits through de novo
synthesis—which would otherwise be extremely difficult, if notimpos-
sible, to engineer with traditional genome-editing approaches such as
CRISPR—while maintaining cells’ developmental potential throughout
multiple editing rounds. The iterative nature of mSwAP-In genome
writing overcomes size limitations of DNA delivery, paving the way for
eventual writing of megabase-sized synthetic DNAs. The combination
of positive and negative selection ensures on-target integration of
payloads. Inconjunction with targeted capture sequencing, clones with



undesirable genomic outcomes (for example, integration of plasmid
backbones, co-transfected plasmids or payload structural variants)
can beidentified and eliminated, reducing experimental bias.

Although we have demonstrated that mSwAP-In can be used to
deliver diverse large DNAs to mouse ES cells, we believe that mSwAP-In
can be generalized to other mammalian species, provided that HR in
the species has similar efficiency to thatin mouse ES cells.

Mice are commonly used as pre-clinical models, but human diseases
are often not fully recapitulated owing to evolutionary differences.
Genetically humanizing complete mouse loci by in situ replace-
ment provides a means to more accurately recapitulate disease as
human-specific spatiotemporal regulation and splicing are often
preserved. The high efficiency of mSwAP-In combined with the speed
with which transgenic animals can be produced using tetraploid com-
plementation enables fast production of informative GREAT-GEMMs.

We generated a genomically humanized ACE2 mouse model with
mSwAP-In. In contrast to existing humanized ACE2 models, the ACE2
expression level and distribution in these mice more closely resem-
bled those seen in humans (Fig. 4). These mice are readily infected
with SARS-CoV-2, display relatively mild disease symptoms without
mortality, and produce a humoral antiviral response, resembling
outcomes observed in healthy young humans. Our humanized ACE2
mouse modelis likely to be a valuable platform for studying long-term
effects of COVID-19 in vivo. Mortality and more severe symptoms are
commoninelderly and comorbid individuals. The ACE2 mice used here
were relatively young (10-15 weeks old) and healthy, corresponding
to young people with mild or minimal COVID-19 symptoms. Infection
experiments using older ACE2 mice or combining ACE2 with existing
mouse models of conditions such as diabetes or obesity, may inform
theunderstanding of severe COVID-19. Finally, we leveraged the biallelic
genome writing power of mSwAP-In to create homozygous TMPRSS2
and ACE2 double-humanized mice, demonstrating the usefulness and
speed of mSwAP-In for producing double-humanized GREAT-GEMMs.
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Methods

BAC plasmids

Human (CH17-203N23, CH17-449P15 and CH17-339H2) and mouse
(RP23-51013,RP23-75P20 and RP23-204E8) BACs were purchased from
BACPAC Resources Center. Yeast-bacterium shuttle vector pLM1050
was modified by L. Mitchell based on a previous study®. pWZ699 was
constructed by inserting a cassette containing pPGK-ATK-SV40pA
transcription unit and the Actb gene into the Notl site of pLM1050.
Marker cassette 1 donor plasmids for synTrp53 and ACE2 loci were
constructed using Gibson assembly of MC1 and two homology arms
into pUCI19 vector. Left and right homology arms of ~750 bp were
amplified from the corresponding BACs. When using microhomology-
mediated end joining for MCl insertion, 20-bp microhomology
arms were carried on primers. pX330 plasmid was purchased from
Addgene (42230).

Mammalian cell lines and yeast strain

The C57BL/6 ) mouse ES cell line (MK6) was obtained from NYU Lan-
gone Health Rodent Genetic Engineering Core. MK6 and its deriva-
tives described here were used extensively. Many of its loci were
sequenced in our laboratory. It was tested for mycoplasma con-
tamination and was found to be negative. Both feeder-dependent
and feeder-independent culture conditions were used for different
purposes in this study. The mouse ES cellmedium for feeder-dependent
condition consists of 85% (v/v) KnockOut DMEM (Fisher Scientific,
10829018), 15% (v/v) Fetal Bovine Serum (Hyclone, SH30070.03),
0.5 mg ml™ Penicillin-Streptomycin-Glutamine (Gibco, 10378016),
7 pl 2-mercaptoethanol (Sigma-Aldrich, M6250), 0.1 mM MEM
Non-Essential Amino Acids (Gibco, 11140050) and 1,000 U mI™ LIF
(EMD Millipore, ESG1107). Tissue culture treated plates were first
coated with 0.1% gelatin solution (EMD Millipore, ES-006-B), followed
by seeding 7.5 x 10* cm™ of mouse embryonic fibroblast (MEF) cells
(CellBiolabs, CBA-310) in MEF medium (DMEM (Gibco, 11965118),10%
Fetal Bovine Serum (GeminiBio, 100-500), 0.1 mM MEM Non-Essential
Amino Acids,2 mM L-glutamine, 1% penicillin-streptomycin). Mouse ES
cellswere plated on the MEF monolayer. Feeder-independent medium
consisted of 80% of 2ibasal medium supplement with 3 uM CHIR99021
and1pMPD0325901, 20% of feeder-dependent mouse ES cell medium
(mentioned above). Tissue culture treated plates were coated with 0.1%
gelatinsolution before use. All cells were grown ina humidified tissue
culture incubator at 37 °C supplied with 5% CO,. VeroE6 cells (kidney
epithelial cells from female African green monkey, ATCC, CRL-1586)
were cultured in12-well plates with DMEM supplemented with 4% FBS,
1% penicillin-streptomycin-neomycin and 0.2% agarose (Lonza, 50100).
BY4741yeast strain was used for all the payload assemblies.

Virus

SARS-CoV-2 strain USA-WA1/2020 (NR-52281) was obtained from BEI
Resources, NIAID, NIH. SARS-CoV-2 viruses were expanded in VeroE6
cells*. Collected viruses were purified with an Amicon Ultra-15 Cen-
trifugal filter unit (Millipore Sigma). The SARS-CoV-2 virus stock titre
was determined by performing a plaque assay in VeroE6 cells.

Animals

Engineered mouse ES cells were either injected into C57BL/6J-albino
(Charles River Laboratories, strain no. 493) blastocysts, or B6D2F1/)
(Jackson laboratories, strain no. 100006) tetraploid blastocysts for
mice production. Mice were housed in NYU Langone Health BSL1bar-
rier facility. Wild-type C57BL/6 ] (strain no. 000664) and K18-hACE2
(strainno.034860) mice were obtained from The Jackson laboratory.
Golden hamsters were obtained from Charles River Laboratories (strain
no. 049). Ten- to-fifteen-week-old mice and ten- to twelve-week-old
hamsters were transferred to the NYU Langone Health BSL3 facility for
SARS-CoV-2infection. Allmice were settled for at least two days prior to

infection. Similar aged mice or hamsters were randomly grouped into
different cages. Animal sample sizes were chosen to enable significant
statistical power while minimizing unnecessary wastage. Animals were
housedin12 hlight:12 hdark cycle, ambient temperature and humidity
condition. All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee (IACUC) at NYU Langone Health.

Payload DNA assembly and preparation

Two approaches were used for payload DNA assembly in this study. For
syntheticsynTrp53andits subsequent 40 kb, 75 kb and 115 kb payloads,
DNA fragments ranging from 3 kb to 5 kb with 40-100 bp terminal
homologies were amplified from mouse BAC RP23-51013 using Q5
polymerase (NEB, M0491L). Approximately equal amount (100 ng)
of each PCR fragment, mixed with 50 ng of each linker fragment for
bridging vector and insert and 20 nglinearized pLM1050 vector were
co-transformed into yeast for assembly. For ACE2 and TMPRSS2 pay-
loads, CH17-203N23, CH17-449P15 and CH17-339H2 BACs were extracted
by usingaNucleoBond Xtra BACkit (Takara, 740436.25). Approximately
1 g of BAC DNA was digested with 30 nM of sgRNAs (IDT), and 30 nM
recombinant Cas9 nuclease (NEB, M0386S) at 37 °C for 2 h. 1 pl of
20 mg ml proteinase K was added to the digestion reaction for 10 min
atroomtemperature. Digested BAC and Sall-linearized acceptor vector
(Fig. 3b and Extended Data Fig. 11b) were co-transformed into yeast
for assembly. Yeast cells were cultured on SC-Leu plates at 30 °Cfor 3
days. Yeast colony containing correct payload was identified by screen-
ing all novel junctions between each two fragments. To assemble the
180 kb-hACE2 payload, an URA3gene wasinserted in front of the MC2 of
the 116 kb-ACE2 payload. The 64-kb ACE2region of interest was released
from CH17-449P15 BAC by in vitro Cas9-gRNA digestion. A plasmid
expresses Cas9 and gRNA targeting URA3in yeast was co-transformed
withthe 64 kb ACE2fragment into BY4741strain containing 116 kb-ACE2
payload. Yeast cells were selected with 5-fluoroorotic acid for successful
insertion of the 64 kb ACE2fragment. Payload DNAs wereisolated from
yeast by using a yeast plasmid miniprep kit (Zymo Research, D2001),
eluted in 30 pl of TE. Two microlitres of yeast miniprep DNA was used
forelectroporationinto EPI300 E. coli strain (Lucigen, EC300150). E. coli
colonies containing payload DNAs were grown in 5 ml LB medium sup-
plemented with 50 pg ml™ kanamycin overnight, and diluted at 1:100
ratio into 250 ml LB supplemented with kanamycin (50 pg ml™) and
1x copy number induction solution (Lucigen, CCIS125). Payload DNA
was isolated from E. coli by using a NucleoBond Xtra BAC kit (Takara,
740436.25) for delivery into mouse ES cells. Primers used for payload
assembles are listed in Supplementary File 3.

BAC and payload DNA sequencing library construction
Concentration for BACs and assembled payload DNAs was quantified
by using a Qubit dsDNA HS kit (Thermo Fisher, Q32854), Approximately
100 ng DNA was used for the library construction using the NEBNext
Ultra Il FS DNA library prep kit (E7805). AMPure XP beads (Beckman
Coulter, A63881) were used for DNA purification on a magnetic stand.
DNA libraries wereloaded on a ZAG DNA analyser (Agilent) for quality
control. DNA libraries were sequenced on an lllumina NextSeq 500.

Sequencing data processing

Sequencing reads were demultiplexed using bcl2fastq v2.20, and sub-
sequently trimmed using Trimmomatic v0.39. Trimmed reads were
aligned toreferences using BWA v0.7.17. Duplicates were marked using
samblaster v0.1.24. Coverage depth tracks and quantification was gen-
erated using BEDOPS v2.4.35. Sequencing data were visualized using
UCSC genome browser. The sequencing processing pipeline is available
at https://github.com/mauranolab/mapping.

Pulse-field gel electrophoresis
Payload DNAs were linearized using a single-cut restriction enzyme,
followed by heat inactivation as recommended by the manufacturer.
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Two-hundred nanograms of digestion product was loaded into a1%
low-melting point agarose gel. Lambda-PFG ladder (NEB, NO341S) or
lambda DNA-Mono cut mix (NEB, N3019S) were used as ladders. CHEF
Mapper XA System (Bio-Rad), auto-algorithm was used for electropho-
resis. Agarose gel was first stained with 0.5 pg ml™ ethidium bromide
in deionized water for 30 min, and then de-stained with deionized
water for 30 min before imaging on a ChemiDoc MP imaging system
(Bio-Rad).

Crystal violet staining

MouseES cell clones grown on gelatin-coated plates were washed with
PBS once, then fixed in4% (w/v) formaldehyde for 15 minat roomtem-
perature followed by 2 rounds of washing with PBS. 0.1% (diluted with
10% ethanol) crystal violet (Sigma-Aldrich, V5265) dye was used to
stain the mouse ES cell colonies for 20 min at room temperature fol-
lowed by 3 rounds of washing with water. Plates were air-dried at room
temperature before counting the colony number.

Flow cytometry

synTrp53 and wild-type Trp53 mouse ES cells were cultured under
feeder-independent condition. Cells were grown in medium contain-
ing 250 nM doxorubicin (Tocris, 2252) for desired period. After the
doxorubicin treatment, mouse ES cells were trypsinized and stained
with Hoechst33342 (Invitrogen, H3570) for 30 min at room temperature
for DNA content-based cell cycle analysis, or stained with annexin V
conjugated with 680 fluorophores (Invitrogen, A35109) for 15 min at
roomtemperature for apoptosis analysis. Stained cells were analysed
using a SONY SH800s instrument. Data were analysed using SONY
SA3800, SH800s and FlowJo software.

Nucleofection

Depending on the culture conditions, 10-cm tissue culture dishes
were pre-coated with either 0.1% gelatin (EMD Millipore, ES-006-B)
or mitomycin-treated MEF feeder cells. Mouse ES cells were trypsinized
with 0.25% Trypsin-EDTA (Gibco, 25200056) at 37 °C for 6 min. Cell
number was determined by hemocytometer. Approximately 3 mil-
lion of mouse ES cells were washed with DPBS (Gibco, 14190144) and
pelleted by centrifugation at 300g for 5 min at room temperature. A
total of 10 pg DNA mixture containing payload DNA and Cas9-gRNA
plasmid(s) (Supplementary Table 3) was used for the nucleofection.
Nucleofection solutions and cuvette were from Mouse ES Cell Nucleo-
fector kit (Lonza, VPH-1001). Nucleofector (Lonza 2b) A-023 program
was used to deliver the DNA mixture into mouse ES cells. Nucleofected
mouse ES cells were plated onto pre-coated 10-cm dishes, and cultured
in37°C, 5% CO, humidified incubator.

MouseES cell colony picking and PCR screening

Mitotically inactivated MEFs were pre-seeded in a 96-well tissue cul-
ture plate (Corning, 3595) in MEF medium 1 day before colony pick-
ing. The next day, MEF medium was swapped to 100 pl per well of ES
medium at least 2 h before use. The 10-cm plates containing mouse
ES cell colonies were washed with DPBS once, and refilled with 10 ml
DPBS. Mouse ES cell colonies were aspirated with 10 pl of DPBS using a
P20 pipette, and transferred to an empty round bottom low-retention
96-well plate. Thirty-five microlitres per well of accutase (Gibco,
A1110501) was added to the mouse ES cell colonies for dissociation at
37 °C for 9 min. One-hundred microlitres per well of ES medium was
used to neutralize the trypsinization reaction. Mouse ES cells were
singularized by at least 20 times of gentle pipetting. One-hundred
microlitres of the cell suspension was transferred to a gelatin-coated
96-well plate prefilled with 100 pl of ES medium. The rest of cell sus-
pension (-40 pl) was transferred to the 96-well MEF plate prefilled
with 100 pl of ES medium. ES cell medium was refreshed daily until
the feeder-independent plate becomes >50% confluent. Mouse ES
cells from feeder-independent plate were trypsinized and 10% cells

were passaged to a new gelatin-coated plate for proliferation, 90% of
cells were transferred to a PCR plate. Mouse ES cells in the PCR plate
were spun down at 300g for 5 min, and supernatant was discarded.
Cell pellets were resuspended with 30 pl of lysis buffer (0.3 mg ml™
proteinase Kin TE). Mouse ES cells were lysed on a thermal cycler using
37°C1h,98°C10 min, 16 °C keep program. One microlitre of mouse
ES cell lysate was used as template in a 10-pl PCR reaction.

Digital PCR for copy number determination of human ACE2
Genomic DNA of mouse ES cells was extracted by using a QIAamp
DNA mini kit (QIAGEN, 51306). Approximately 500 ng of mouse ES
cellgDNA and payload DNA containing the Actb gene onthe backbone
were digested with EcoRI (NEB, R3101S) at 37 °C for 2 h. Fifty nano-
grams digested mouse ES cell gDNA and 1 pg digested payload DNA
were used for qPCR analysis. For synTrp53 mouse ES cells, a wild-type
mouse ES cell gDNA sample was used as normalization control. SYBR
Green Master Mix (Roche, 04887352001) was used for the qPCR reac-
tion on a LightCycler 480 instrument. Copy number was normalized
to Actb containing payload (for ACE2and TMPRSS2 clones) or wild-type
mouse ES cells (for synTrp53 clones).

MouseES cells capture sequencing library construction

A total of 1-3 million feeder-independent mouse ES cells were col-
lected for genomic DNA extraction using a QlAamp DNA Mini Kit
(QIAGEN, 51306). Genomic DNA concentration was determined by
using a Nanodrop spectrophotometer. Approximately 1 pg genomic
DNA was used for DNA library construction with alarge fragment size
protocol (NEBNext Ultra Il FS). Final DNA library concentration was
measured by usinga Qubit dsDNA HS assay kit (Invitrogen, Q32851). For
thesynTrp53mouse ES cells, capture bait comprises RP23-51013, MCl1,
MC2 and pX330 DNAs. For ACE2 humanized mouse ES cells, capture
bait comprises CH17-203N23, CH17-449P15, RP23-75P20, MC1, MC2
and pX330 DNAs. Bait DNA mixture was labelled with Biotin-16-dUTP
(Roche, 11431692103) using a nick translation kit (Sigma-Aldrich,
10976776001). The capture was performed as previously described®.
In brief, biotinylated bait DNA mixture was prehybridized, and mixed
with DNA library samples at 65 °C for 16 to 22 h. Captured DNA was
purified using Streptavidin C1 beads (Invitrogen, 65002) and ampli-
fied using KAPA Hi-Fi HotStart PCR kit (Roche, KK2602). After a final
step of DNA cleanup, captured libraries were sequenced onanIllumina
NextSeq 500 using a 75 cycles kit.

Trp53 amplicon-seq

PCR was used to amplify the six Trp53 recoded codon regions and
simultaneously tag each template molecule with terminal UMIs. The
total targeted region was divided into three amplicons with lengths
of 108 bp, 76 bp and 132 bp to ensure accurate sequencing (Supple-
mentary Table 4). The first section of both tailed primers targets the
primingsite, followed by the UMl on the reverse primer, consisting of a
total of 10 randomized nucleotides which resultsinatotal of more than
10° unique UMI tags. The primer termini consist the llluminasequenc-
ing adapter sequences. One cycle of PCR reaction was performed to
introduce the UMI to each copy of the 500 ng original genomic DNA
molecule. The extension was carried by KAPA-HiFi HotStart polymer-
ase and 200 nM reverse primer. Thermal cycling parameters were as
follows: 5 min for pre-incubation at 95 °C, followed by 60 °C anneal-
ing for 1 min and 72 °C elongation for 10 min. Two additional rounds
of PCR were performed to sequentially amplify the region of inter-
est and add sequencing indexes and Illumina sequencing adapters.
For the amplicon PCR, all the UMI-tagged template molecules were
added to 50-pl reaction containing KAPA-HiFi HotStart and 200 nM
of each primer. Thermal cycling parameters were as follows: 5 min for
pre-incubation at 95 °C, followed by followed by 23-26 amplification
cycles (cycle number corresponds to half of maximum fluorescent
intensity) of15sat95°C,15sat65°Cand30 sat 72 °C. The PCR product
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was purified using a SPRIbeads (0.8x) cleanup. For the barcoding PCR,
1:20 of the amplicon PCR sample was added to the reaction contain-
ing KAPA-HiFi HotStart and 200 nM of each primer. Thermal cycling
parameters were as follows: 5 min for pre-incubation at 95 °C, followed
by followed by 8-12 amplification cycles (cycle number corresponds to
half of maximum fluorescent intensity) of 15 sat 95 °C,15 sat 71°Cand
30sat72°C. The PCR product was purified using a SPRI beads (0.8x%)
cleanup and quantified using Qubit HS DNA kit. Amplicon libraries were
sequenced using paired ends 150 bp method onaNovaSeqinstrument.
Ampliconreads pairs with more than 75% of G bases were removed, and
poor-quality reads were filtered out using fastp** with options “-A-G -q
30-u15”.UMIsequences were extracted using UMI-tools v1.0.1 (ref. 49)
including the option “--quality-filter-threshold=30" from reads with
no mismatch against the primer sequence. UMIs were deduplicated
using adirected adjacency approach based on UMI-tools and counted
the total number of UMIs supporting each base substitution against
the template.

RT-qPCR

Mouse tissues were dissected and homogenized using a pellet pestle
(Fisher Scientific,12141364). mouse ES cells were lysed using QlAshred-
der (QIAGEN, 79654) Total RNA was extracted using a RNeasy kit fol-
lowing vendor’s instructions (QIAGEN, 74136). Approximately 1 pg of
total RNA was used for reverse transcription (Invitrogen, 18091050).
One microlitre of 1:10 diluted cDNA was used in a 10-ul SYBR Green
(Roche, 04887352001) qPCRreactiononaLightCycler 480 instrument
(Roche). Primersused for RT-qPCR are listed in Supplementary Table 5.

CUT&RUN

Testes were dissected from ~-36-week-old male mice. After washing
ina 6-cm dish with DPBS, testes were cut into small pieces to expose
the seminiferous tubules. Seminiferous tubules were transferred to a
15-ml tube containing 5 ml dissociation buffer (DMEM with 10% FBS,
1% penicillin-streptomycin, 0.25 mg ml™ collagenase-dispase (Roche,
10269638001)) for 30 min incubation at 37 °C. Tubes were inverted
every 5 min. Seminiferous tubule fragments were collected and washed
with PBS by centrifugation at 300g for 5 min at room temperature.
Seminiferous tubule fragments were passed through a 70-pm cell
strainer, and then washed with DPBS twice. Testicular cell density and
viability were evaluated by using an automated Countess cell counter.
Five-hundred thousand testicular cells were used for each CUT&RUN
reaction by following vendor’s instructions (EpiCypher, 14-1048). In
brief, cells were bound to activated ConA beads at room temperature
for 10 min. H3K4me3, H3K27ac and negative control (IgG) antibod-
ies were incubated with cells on a nutator at 4 °C overnight. The next
day, tubes were placed on a magnet and supernatant was discarded.
Cells were permeabilized with buffer containing 0.01% digitonin. Then
fusion of proteins A and G to micrococcal nuclease (pAG-MNase) was
added to the tubes, and activated by 2 mM CaCl, for digestion 2 h at
4°C. E. coli DNA was spiked in after the pAG-MNase digestion, and
DNA was purified using a DNA cleanup column. Sequencing librar-
ies were prepared using the NEBNext Ultra Il DNA Library Prep Kit
(E7645L). Libraries were sequenced using a 75 cycles kit on lllumina
NextSeq 500.

ATAC-seq

Smallintestines were collected from approximately 25-week-old mice.
After washing with DPBS, intestines were opened and spread on abibu-
lous paper. Following 2 washes using DPBS, the intestines were cut
into small pieces using a blade, and transferred to 10 ml dissociation
buffer (DMEM with 5% FBS, 1% penicillin-streptomycin, 0.25 mg ml™ col-
lagenase-dispase (Roche,10269638001),0.25 U ml” DNasel (Thermo
Scientific, ENO521), 8 MM EDTA, 0.5 mM DTT) for 30 minincubation at
4 °Cwithgentle shaking. Tissue fragments were collected by removing
the supernatant after settling down at room temperature. Ten millilitres

wash buffer (DMEM with 5% FBS, 1% penicillin-streptomycin) was added
to the tissue fragment pellet, and followed by firmly shaking up and
down 8 times. After tissue fragment settled, supernatant containing
crypts was transferred to anew15-ml tube for centrifugation at 300g for
5minat4 °C.Crypts wereresuspendedin1ml ACK lysis buffer (Gibco,
A1049201) for 3 min incubation at room temperature. Four millilitres
of wash buffer was added to stop the lysing, crypts were collected by
centrifugation at 300g for 5 min at 4 °C. Crypts were digested with
1ml 0.25% trypsin-EDTA (Gibco, 25200056) at 37 °C for 5 min, and the
digested was stopped by adding 4 mlwashbuffer. Crypts were passed
through a 70-pm cell strainer, and intestinal cells were washed in cold
PBStwice. Intestinal cellnumber and viability were evaluated by using
anautomated cell counter. Approximately 50,000 intestinal cells were
collected and washed once with cold PBS at 500g for 5 min, 4 °C. Cell
pellet was resuspended in 50 pl cold lysis buffer (10 mM Tris-HCI,
pH7.4,10 mMNaCl,3 mMMgCl,, 0.1% IGEPAL CA-630), andimmediately
spun down at 500g for 10 min, 4 °C. Tn5 transposase was used for the
tagmentation reaction (Illumina, 20034197) at 37 °C for 30 min. Frag-
mented DNAs were purified using a cleanup column (Zymo Research,
D4013) and eluted in 10 pl water. All eluted DNA was used as template
for a10 cycles PCR using KAPA-HiFi polymerase in a 50-pl reaction.
Library DNA was purified using 1.8x SPRIbeads, and sequenced using
a75-cyclekitonthe Illumina NextSeq 500.

In vivo SARS-CoV-2infection

C57BL/6],K18-hACE2 and ACE2 mice were anaesthetized with intraperi-
toneal injection of 150 pl ketamine (10 mg ml™)/xylazine (1 mg ml™)
solution. Hamsters were injected with 200 pl of ketamine (75 mg ml™)/
xylazine (S mg mI™in PBS) solution. In total, 10° or 10° PFU of SARS-CoV-2
were administered intranasally in a total volume of 50 pl PBS per mouse,
100 pl PBS per hamster, delivered to both nostrils equally. Allinfection
experiments were performed in the NYU BSL3 facility.

SARS-CoV-2-infected lung and trachea RNA extraction and
quantification

One lobe of lung was immersed in 1 ml Trizol solution (Invitrogen,
15596018) in Lysing Matrix A homogenization tubes (MP Biomedicals)
immediately after dissecting from euthanized mouse or hamster. Lung
was homogenized following manufacturer’s instructions (MP Biomedi-
cals, FastPrep-24 5 G). Tracheawas dissected and immersed in 1 mI PBS
in a 2-ml microcentrifuge tube (Fisherbrand, 14-666-315) containing
1stainless steel bead (QIAGEN, 69989). After the homogenization,
PBS homogenates were centrifuged for 2 minat5,000g. Five-hundred
microlitres of homogenates were transferred and mixed with 500 pl
Trizol solution for RNA extraction. Processing lung and trachea sam-
ples by the following steps: 200 pl of chloroform per 1 ml of Trizol
reagent was added and vortexed thoroughly. Tubes were centrifuged
at12,000gfor10 minat4 °C. Aqueous phase was transferred to a new
RNase-free 1.5-ml tube. Total RNA was precipitated by adding 500 pl
ofisopropanol per 1 ml Trizol solution, and pelleted by centrifugation
at12,000gfor10 min at4 °C.RNA pellet was washed with 500 pl of 75%
ethanol once, air-dried at room temperature for 10 min, and dissolved
with100 pl of RNase-free water. Total RNA from SARS-CoV-2-infected
lung or trachea was subjected to one-step real-time reverse transcrip-
tion PCR using One-step PrimeScript RT-PCR kit (Takara, RRO64B).
Multiplex PCR was performed to detect SARS-CoV-2 nucleocapsid
gene and mouse Actb gene. Probe targeting SARS-CoV-2 was labelled
with FAM fluorophore and probes targeting Actb gene was labelled
with Cy5 fluorophore (Supplementary Table 5). RT-PCR was per-
formed on a LightCycler 480 instrument. SARS-CoV-2 RNA level was
normalized to Actb.

Lung RNA sequencing and analysis
Lung total RNA quality and quantity were examined using a Bioana-
lyzer (Agilent 2100, RNA 6000 nano kit). Sequencing libraries were



constructed using a TruSeq Stranded Total RNA Library Prep Gold kit
(Ilumina, 20020599). Libraries were sequenced onan lllumina NovaSeq
6000 using a SP100 reagent kit (v1.5,100 cycles). RNA-sequencing
data were analysed by using the sns rna-star pipeline. In brief, adapt-
ers and low-quality bases were trimmed using Trimmomatic (v0.36).
Sequencing reads were mapped to the mouse reference genome
(mm10) using the STAR aligner (v2.7.3). Alignments were guided
by a Gene Transfer Format (GTF) file. The mean read insert sizes
and their standard deviations were calculated using Picard tools
(v.2.18.20). The genes-samples counts matrix was generated using
featureCounts (v1.6.3), normalized based on their library size factors
using DEseq2, and differential expression analysis was performed.
The read per million (RPM)-normalized BigWig files were generated
using deepTools (v.3.1.0). Data were visualized using GraphPad Prism 9
or Rstudio.

Plaque assay

The second lobe of lung or tracheawas immersed in1 mI PBS in a 2-ml
microcentrifuge tube (Fisherbrand, 14-666-315) containing 1 stainless
steel bead (5 mm, QIAGEN, 1026563) immediately after dissecting the
SARS-CoV-2-infected mouse or hamster. Lung or trachea was homog-
enized following manufacturer’sinstructions (TissueLyser II, QIAGEN,
85300). Homogenates were then centrifuged for 2 minat 5,000g and
immediately frozen until plaque assay was performed. Plaque assay
was performed with VeroE6 cells (ATCC, CRL-1586) plated in 24-well
plates.Samples were diluted logarithmically in Minimal Essential Media
(Gibco,11095072), of which 200 pl were inoculated per well and incu-
bated for1hat37 °C.Inoculated cells were then overlayed with DMEM
supplemented with 4% FBS, 1% penicillin-streptomycin-neomycin, and
0.2% agarose (Lonza, 50100). Overlayed cells were incubated at 37 °C
for 48 h and subsequently fixed with 10% neutral buffered formalin
for 24 h. Remaining VeroE6 cells were stained with 0.2% crystal violet
in20% ethanol for 10 min.

Histology

The accessary lung lobes were immersed in 5 ml of 10% formalin solu-
tion (Sigma-Aldrich, HT501128) for 24 h at room temperature, and
processed through graded ethanol, xylene and paraffinin a Leica
Peloris automated processor. Five-micron paraffin-embedded sec-
tions were either stained with haematoxylin (Leica, 3801575) and eosin
(Leica, 3801619) on a Leica ST5020 automated histochemical stainer
or immunostained on a Leica BondRX autostainer, according to the
manufacturers’ instructions. In brief, sections for immunostaining
underwent epitope retrieval for 20 minat100 °C with Leica Biosystems
ER2 solution (pH 9.0, AR9640). Sections were incubated with one of the
two ACE2 antibodies (Thermo, MA5-32307, clone SNO754 or Abcam,
ab108209, clone EPR4436) diluted 1:100 for 30 min at room tempera-
ture and detected with the anti-rabbit HRP-conjugated polymer and
DAB in the Leica BOND Polymer Refine Detection System (DS9800).
Alternatively, sections were blocked with Rodent Block (Biocare,
RBM961L) prior toa 60-minincubation with SARS-CoV-2 nucleocapsid
protein antibody (Thermo, MA1-7404, clone B46F) diluted 1:100 and
then a10-min incubation with a mouse-on-mouse HRP-conjugated
polymer (Biocare MM620 H) and DAB (3,3’-diaminobenzidine).
Sections were counter-stained with haematoxylin and scanned
on either a Leica AT2 or Hamamatsu Nanozoomer HT whole slide
scanner.

ELISA

Mouse blood was collected via cardiac puncture, and isolated
serum was diluted 100-fold using the dilution buffer of a mouse
anti-SARS-CoV-2 antibody IgG titre serologic assay kit (ACROBio-
systems, RAS-T023). Diluted samples were added to a microplate
with pre-coated SARS-CoV-2 spike protein (2 ug ml™), and incubated
at 37 °C for 1 h. Following 3 washes, 100 pl of HRP-goat anti-mouse

IgG (80 ng mI™) was added to the microplate and incubated at 37 °C
for 1h. Following another 3 washes, 100 pl of substrate solution was
added and incubated 37 °C for 20 min. The reaction was stopped by
adding 50 pl stop solution, the absorbance was measured at 450 nm
and 630 nm using an imaging reader (BioTek, Cytation 5 instrument,
GENS software). Absorbance values for the serum samples were calcu-
lated by subtracting Ao nm fromA,so .m- A standard curve was generated
using a series of diluted anti-SARS-CoV-2 mouse IgG control samples.
Anti-SARS-CoV-2 mouse IgG titre in mouse serum was quantified using a
standard curve.

Statistics and reproducibility

RT-qPCR data are shown as mean + s.d. of three technical replicates.
SARS-CoV-2 levels in the infected mice are shown as mean + s.e.m.
GraphPad Prism 9 was used for statistical data analysis. Box plots con-
tain 25th to 75th percentiles of the data, the horizontal line in each
box denotes the median value, whiskers represent minima (low) and
maxima (high). mSwAP-In engineering was repeated at least twice at
each genomiclocus described in this study.
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Extended DataFig.2|Synthetic Trp53integration viamSwAP-In. (a) p53
mutation hotspots and the corresponding DNA codons in human and mouse,
aswellastherecoded codonsinsynTrp53. (b) SynTrp53assembly workflow.
Red asterisks represent therecoded codons. (c) Restriction enzyme digestion
verification of synTrp53assemblons. Xbal+Xhol and Asel were used for each
candidate. Predicted digestion patterns were simulated using Snapgene
software.L,1kb plusladder (NEB). (d) Sequencing coverage of synTrp53
payload candidates. Reads were mapped to mm10 reference. Clonesland 3
have expected variantsreflecting the recoded codons in synthetic Trp53.
Clone2and clone 4 have additional undesired variants likely introduced by
PCR. (e) Marker cassettelinsertioninto thesecondintron of Wrap53.20 bp
microhomology arms were added to each end of MC1during plasmid
construction. Successful insertion was verified by junction PCR. Primers are
indicated asgreen arrows. (f) Sanger sequencing validation of heterozygous

and hemizygous synTrpS3integrants. (g) Trp53 copy number gPCR analysis for
the three mESC clones only carrying recoded codons. Trp53 copy number was
normalized to Pgklgene.Bars represent mean = SD of three technical replicates.
(h) Sequencing coverage for wild-type, hemizygous and heterozygous clones.
Sequencingreads were mapped to mm10. Black bar indicates adeletion called
by DELLY*®. (i) RT-qPCR analysis of TrpS3expression level. Bars represent

mean +SD of four technical replicates for cell culture and RNA extraction, as
wellasthree qPCRtechnical replicates for eachreverse transcribed cDNA
sample. (j) Venn diagram of upregulated gene numbers in Trp53“““*and
Trp539"" mESCs upon doxorubicin (250 nM for 20 h) treatment. Fold change
cutoffis 4, adjusted p value cut offis 0.01. (k) A fold change representation of 17
genesinthe p53signaling pathway in doxorubicin treated (250 nM for 20 h)
Trp53“7“* and Trp532™" mESCs.
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Extended DataFig. 4 |Iterative mSwAP-Inand marker cassette removal.

sequencesinto the flanking sites of marker cassette 1 within the 75 kb payload.

(a) Pulse field gel electrophoresis analysis of three Trp53downstream payloads  (e) Engineered 75 kb payload containing piggyBAC adaptors from panel (d) was

linearized with asingle-cutter. PL-RE, payload DNA digested with restriction

integrated into synTrp53 mESCs via mSwAP-In, and validated via capture-

enzyme. (b) Synthetic and wild-type specific PCR assays employing a specific sequencing. (f) PiggyBAC excision-only transposase was employed to excise
forward primer and a universal reverse primer. (c) Total colony number for the marker cassette lunder negative (ganciclovir) selection. Ten clones were

40kb,75kband115 kb payload deliveries using mSwAP-In. mESC colonies
were fixed and stained with crystal violet. (d) CRISPR-Cas9 was used in yeast

tofacilitateinsertion of the 5’ and 3’ piggyBAC inverted terminal repeat

randomly chosen and genotyped by PCR, with two of the ten clones further
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(a) Schematic workflow. (b) Restriction enzyme digestion verification of the

116 kb-hACE2 payload. Digestion products were

separated using low-melting-

pointagarose gel by pulse field gel electrophoresis (see methods). (c) 180
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tro CRISPR-Cas9 digestion
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cassettelinsertionto the downstream of mouse Ace2. Integration was
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Extended DataFig. 6 |See next page for caption.
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Extended DataFig. 6 | hRACE2 expression, slicing and epigenetic

landscape characterization. (a) Genotyping PCR analysis of eight tissues
fromatetraploid complementation-derived male. Double headed arrows

are PCRamplicons from either mouse Ace2locus or human ACE2locus.

m, mAce2amplicons; h, hRACE2 amplicons. (b) Human ACE2 and mouse Ace2
transcriptomic datafrom NCBI database. Lung and testis are highlighted in
red with RPKM valuesindicated above. (c) ACE2 expression profiling in 116kb-
hACE2and 180kb-hACE2 mouse models. RT-qPCR analysis of human ACE2in
nine tissues of the two ACE2humanized mouse models. ACE2 expression level
was normalized to Actb. Bars represent mean + SD of three technical replicates.
(d-e) Two hACE2isoforms detected in hRACE2 mice. dACE2 novel junction Sanger

sequencing analysis (up) and tissue distribution (down) (d). RACE2 transcript 3
junctionSanger sequencing analysis (up) and tissue (down) (e). Expression
levels were normalized to Actb gene, barsrepresent mean + SD of three
technical replicates. (f-h) Genome browser shot of mouse testis specific Prml1,
Prm2, Prm3locus (f), mouse Ace2locus (g) and human ACE2locus (h) loaded
with CUT&RUN sequencing reads from IgG control, H3K4me3 and H3K27ac
antibodies. Two biological replicates were used for each genotype. Greg box
indicates the deleted mouse Ace2region, purple box indicates the 116 kb
humanized ACE2region, light blue box indicates the 180 kb humanized ACE2
region.



a

10e-2 10e3 PFU 10e5 PFU Isg15 Cxcl11 Mx1
f 1T I 0, 10e3 PFUl ‘ 10e5 PFU‘ 2000 - | 10e3 PFU - 10e5 PFU | 50, | 10e3 PFU - 10e5 PFU
% 1500
Ee) Ee)
_ S | B
T 10e-3| <15 81000 <
2 2 2 2100+
S g g 500 i 5 E
o © = Y ©
S 2107 [ B 10 ®
[N 3z = =
W 10e-4, 3 8 HEY
3 <5 | o o < 6 <
Z
4 Z 4 4
€ E L €
10e-5 0. 0.
AEANIN I A TN A TN \@QQ\Q\ AR TR ARNAY
DNONOICIPSIN AR R
CE I S N CF TV REE Ny
NS N\J Ny NS < <
C WT K18-ACE2 hACE2
Uninfected 10e5 PFU, 3dpi Uninfected  10e5 PFU, 3dpi Uninfected 10e5 PFU, 3dpi
Collal Apol9a Cmpk2
Npr3 Gm6545 Rsad2
Dusp8 Igtp Mx2
Col3a1 Ifit3b Isg15
Scgb3a2 Ifit3 Rnf213
Adamts9 Ifit2 Mx1
Ubb-ps Slifn8 Usp18
Armntl Ifit1 Xaft
Cdknla Zbpt Oasl1
Per3 Qaslg Irf7
Tef Mx1 Ifid4
Bhlhe41 Cxcl9 QOasig
Nr1d2 Ifid4 Oas2
HIf Mx2 QOasl2
Nrid1 Oasia Lgals3bp
Bhlhe40 Dhx58 Gmb5431
Gimap3 Rnf213 Adar
Bell1a Isg15 Helz2
Pax5 Ly6i Pml
Fcer2a Gbp3 Scgb3a2
Ighd Usp18 Cdc20b
Sell Slfn1 Retnla
Slamf6é Stat1 Gm43305
Ms4adb Oasib Sogat
Gm8369 Lgals3bp Mcidas
Bank1 Irgm1 Finc
BE692007 Gmb5431 Npr3
Gpri174 Trim30d Eln
Cr2 Trim30a Lrat
Ms4a6b Daxx Osm
Btla ApolSb Rgce
Dock2 Gm12185 Rny3
Carmn Qasl2 Hif
Ms4al Oas3 Ubb-ps
Ripor2 Cd274 Dbp
Ptprc Cmpk2 Bhlhe41
Gm1966 Stat2 Tsc22d3
Cd79% Oas2 Per3
Traf3ip3 Irf7 Ighv1-53
Itgad Ly6c2 Rps29
Ikzf3 Gbp10 n-R5-8s1
Cd79a Rsad2 PIk3
Scgbial Slfnd Rgs2
Zfp36 Tapl Chil3
Gm45223 Gbp4 G0s2
Plek Oasl1 Gm26397
H2-Ob Nirc5 Btg2
Satb1 Gm12250 Serpinel
Rgs2 F830016B08Rik Snord13
Nfkbiz Irgm2 Gm45223

Extended DataFig.7|Interferonresponsesin SARS-CoV-2infected lungs.
(a) Human ACE2 expression level analysis by RT-qPCR, human ACE2 expression
levelswere normalized Actb. Bars represent mean + SD of three technical
replicates. F, female, M, male. (b) RT-qPCR analysis of three interferon-stimulated
genes, IsglS, Cxcll1l, Mx1in SARS-CoV-2infected lungs at 3dpi. Expression was

0.5

-0.5

normalized to Actb and to an uninfected control. Bars represent mean + SD
ofthree technicalreplicates. F, female, M, male. (c) Heatmaps of top 50
differentially expressed genes of wild-type, KI8-hACE2 and hACE2infected

lungs comparing uninfected lungs. Color scale, z-score.
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Extended DataFig. 8| SARS-CoV-2infection characterization. (a) RNA-seq
Sashimi plots of SARS-CoV-2infected (3 dpi) or uninfected lungs. Numbers
areread counts spanning exon-exon junction. (b) IHC staining of wild-type,
K18-hACE2 and hACE2lungs with SARS-CoV-2 nucleocapsid protein antibody
(Thermo Fisher Scientific, MA1-7404). Lung sections that are adjacent to H&E
staining section (Fig. 5f) were used. (c) Two male and two female 116kb-hACE2
mice were intranasally infected with 10° PFU SARS-CoV-2. Lung, kidney, small
intestine and testis were harvested at 3 day-post-infection. (d) SARS-CoV-2
nucleocapsid gene was detected by RT-qPCR, and normalized to Actb, and then
normalized to uninfected control. Bars represent mean + SEM of biological
replicates, n =4 independent mice. (e) Infectious viral from lung, kidney and
smallintestine were quantified by plaque assay. Bars represent mean + SEM

of biological replicates, n =4 independent mice. (f) IHC staining of mock or
infected (3 dpi) testes with SARS-CoV-2 nucleocapsid protein antibody
(Thermo Fisher Scientific, MA1-7404). (g) RT-PCR SARS-CoV-2 nucleocapsid
gene fragment from mock orinfected (3 dpi) 116kb-hACE2 testes. A944 bp DNA

fragment was amplified from 3 dpi testes and the DNA fragments were
loadedinal%agarose. (h) Nine 116kb-hACE2 and nine 180kb-hACE2 mice were
intranasally infected with 10° PFU SARS-CoV-2. Lungs were harvested at 2 dpi,

4 dpiand 6 dpi.Brains, livers, spleens and kidneys were harvested at 2 dpi.

(i-j) Lungs harvested from 116kb-hACE2 and 180kb-hACE2 mice infected with
SARS-CoV-2 were analyzed for SARS-CoV-2 nucleocapsid gene expression by
RT-qPCR (i), and infectious viral levels by plaque assay (j). SARS-CoV-2 levels
were normalized Actb and then to an uninfected control. Barsrepresent

mean + SEM of biological replicates, n =2 independent mice at each time point.
(k) Human ACE2 expression levelsin theinfected lungs, hACE2levels were
normalized to Actb.Bars represent mean + SD of three technical replicates.
(I-m) RT-qPCR detection of SARS-CoV-2 nucleocapsid geneinindicated tissues
from 116kb-hACE2 (1) and 180kb-hACE2 (m) mice. SARS-CoV-2 levels were
normalized Actb and then to an uninfected control. Bars represent mean + SEM
ofbiological replicates, n=2independent mice at each time point.
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Software and code

Policy information about availability of computer code

Data collection LightCycler 480 (Roche) software was used for RT-qPCR data collection. Gen5 (BioTek) software was used for absorbance data collection. Evos
5000 imaging system was used for collecting images. SONY Cell Analyzer or SH800s software were used for flow cytometry data collection.
CRISPOR (Version 4.98, Version 4.99, Version 5.00) open source tool was used for all the guide RNA information collection.

Data analysis RNA sequencing data were analyzed using sns rna-star pipline (https://igordot.github.io/sns/routes/rna-star.html), which include the following
tools: Trimmomatic (v0.36), STAR aligner (v2.7.3), featureCounts (v1.6.3) and deepTools (v.3.1.0) were used for . bcl2fastq (v2.20),
Trimmomatic (v0.39), BWA (v0.7.17), samblaster (v0.1.24) and BEDOPS (v2.4.35) were used for DNA sequencing data analysis. fastp tool was
used for filtering low quality amplicon seq reads. UMI-tools v1.0.1 was used for UMI sequence extraction, GraphPad Prism 9 was used for
statistical data analysis. Omero Plus was used for histology data analysis. FlowJo was used for flow cytometry data analysis.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequencing data including DNA-seq, RNA-seq, ChIP-seq and ATAC-seq are available in the Gene Expression Omnibus (GEQO) database, accession number GSE235164.
DNase-seq data were obtained from ENCODE https://www.encodeproject.org for small intestine (DS20770). Human reference genome hg38 and mouse reference
genome mm10 are from UCSC genome browser https://genome.ucsc.edu. All data are available in the main text or extended data. Resources generated in this
study are deposited to public repositories (Addgene, The Jackson Labs).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was not predetermined for the in vitro cell culture experiments, including synTrp53 and its subsequent genome writing, ACE2
humanization in mESCs. We reported the number of screened colonies and the number of winners for each experiment. For RT-gPCR of SARS-
CoV-2 infected animals, sample size was determined by animal sample size, animal sample sizes were chosen to enable significant statistical
power while minimizing unnecessary wastage. Three RT-gPCR technical replicates were performed based on the standard in the field.

For the first qualitative SARS-CoV-2 infection experiment, with the goal of identifying an optimal infection titer (10*3PFU or 107"5PFU), we
minimized the animal number by using 1 male and 1 female for each genotype (2 female K18-ACE2 mice were used for the 10*3PFU
group,because the male K18-ACE2 mice were wounded due to fights). For the subsequent hACE2 mouse and golden hamster infections, 4 or
5 animals were used for each group to achieve statistical significance. For the longitudinal SARS-CoV-2 infection experiment, 9 animals for
each genotype were infected and 3 were sacrificed for tissue collections at each post-infection time point. For human TMPRSS2 isoform 1 and
2 detection, one animal was used for 9 tissues collection, RT-gPCR was performed with 3 technical replicates. For CUT&RUN and ATAC-seq of
testicular or small intestinal cells, two animals were used as biological replicates for each genotype. When analyzing the dACE2 isoform levels
in the infected and uninfected lungs, 3 uninfected mice were used as control, all the infected 116kb-hACE2 (8) were used an unpaired two-
tailed, Mann-Whitney t test was used. For biallelic TMPRSS2 humanization, three different founder mESC lines were used to rule out founder
effect.

Data exclusions  When calculating the mSwAP-In efficiency for synTrp53,two mESC clones were excluded due to multiple copies of synTrp53 payload were
detected in the subsequent capture-sequencing analysis.

Replication The mSwAP-In engineering of Trp53, ACE2 and TMPRSS2 were performed at least three times with similar success rate each time. SARS-CoV-2
infection of hACE2 mice were performed four times, each time with K18-ACE2 mice as positive infection control as well as wild-type mice as

negative infection control.

Randomization  Similar aged mice and hamsters were selected randomly for the infection experiments.
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Blinding Investigators were not blinded to infected animal groups due to data collection and analysis in the BSL3 facility.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Clinical data
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Plants
Antibodies
Antibodies used ACE2 antibodies: Thermo, MA5-32307 clone SNO754; Abcam, ab108209 clone EPR4436. SARS-CoV-2 Nucleocapsid antibody: Thermo,
MA1-70404 clone B46F. Histone H3K4me3 antibody: EpiCypher 13-0041. Histone H3K27ac antibody: EpiCypher 13-0045. Mouse anti-
SARS-CoV-2 IgG (Anti-Spike trimer antibody): ACROBiosystems, RAS-T023.
Validation All the primary antibodies are validated by manufactures' quality control process. ACE2 (rabbit monoclonal) antibody MA5-32307

(species reactivity: human, mouse) was validated in the following publications, PMID: 33147445, PMID: 34274504, PMID: 33568991.
ACE?2 (rabbit monoclonal) antibody ab108209 (species reactivity: human) was validated in the following publications, PMID:
32485164, PMID: 33113348, PMID: 34214142, SARS-CoV-2 Nucleocapsid (mouse monoclonal) antibody (MA1-7404) was validated in
the following publications, PMID: 33232663, PMID: 33200131, PMID: 32647285. H3K27ac antibody was validated in the following
publications, PMID: 26004229, PMID: 30244833. H3K4me3 antibody was validated in the following publications, PMID: 35210568,
PMID: 30244833. Mouse anti-SARS-CoV-2 IgG (Anti-Spike trimer antibody) is provided in the ELISA kit (ACROBiosystems, RAS-T023),
which was validated in the following publication, PMID: 35486845.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The C57BL/6) male mESC line (MK6) was obtained from NYU Langone Health Rodent Genetic Engineering Lab.
Mouse embryonic fibroblast (MEF) cells were purchased from CellBiolabs (CBA-310), and were subsequently inactivated via
mitomycin-C treatment.
VeroE6 cells were purchased from ATCC (CRL-1586).

Authentication The karyotype of C57BL/6J male mESC line (MK6) was validated using ddPCR assay (Primers and probes are from Codner et
al. PMID: 27496052). The pluripotency of C57BL/6J male mESC line was validated for tetraploid complementation
competence in NYU Langone Health Rodent Genetic Engineering Lab. Mouse embryonic fibroblast (MEF) cells were validated
by manufacture's quality control process, mainly about maintaining the pluripotent status of mESCs. VeroE6 cells were
validated in multiple previous publications.

Mycoplasma contamination All cell lines were negative for Mycoplasma test.

Commonly misidentified lines  no commonly misidentified cell line was used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BL/6J-albino female mice (Charles River laboratories, strain#493) were used for harvesting blastocysts for chimeric mESC
infection. B6D2F1/J (Jackson laboratories, strain#100006) mice were used for harvesting blastocysts for fusion to tetraploid
blastocysts. Wild-type C57BL/6J (strain#000664) and K18-hACE?2 (strain#034860) mice were obtained from The Jackson laboratory.
Golden hamsters were obtained from Charles River Laboratories (strain#049). Mice and hamsters were housed in the NYU Langone
Health BSL1 barrier facility. ~4 weeks old 116kb-hACE2 and wild-type mice were used for measuring hACE2 and mAce2 mRNA levels.
~10 weeks old hACE2 or wild-type mice were used for immunohistochemistry staining of lung and testis. ¥36 weeks old male mice
were used for testicular cells collection for the CUT&RUN assay. ~25 weeks old mice were used for small intestine cells collection for
the ATAC-seq assay. 10-15 weeks old mice and 10-12 weeks old hamsters were transferred to the NYU Langone Health BSL3 facility




for the SARS-CoV-2 infection. All animals were settled for at least two days in the NYU Langone Health BSL3 facility prior to the SARS-
CoV-2 infection.

Wild animals This study did not include wild animals.

Reporting on sex Initially we infected both male and female mice, however, we did not notice a significant difference in terms of infectibility due to sex
difference. Thus, we used female mice for the following experiments.

Field-collected samples  This study did not include samples collected from the field.

Ethics oversight All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at NYU Langone Health.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A
Novel plant genotypes ~ N/A

Authentication N/A

ChlIP-seq

Data deposition
|X| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|X| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE235164
May remain private before publication.

Files in database submission Each sample has two processed files followed by two raw sequencing files:
WTtestis_1-1gG-BS19091A.mm10.density.bw
WTtestis_1-1gG-BS19091A.hg38_noalt.density.bw
BS19091A R1_000.fastq.gz
BS19091A R2_000.fastq.gz
WTtestis_2-1gG-BS19092A.mm10.density.bw
WTtestis_2-1gG-BS19092A.hg38_noalt.density.bw
BS19092A R1_000.fastq.gz
BS19092A R2_000.fastq.gz
116kACE2testis_1-1gG-BS19093A.mm10.density.bw
116kACE2testis_1-1gG-BS19093A.hg38_noalt.density.bw
BS19093A_R1_000.fastq.gz
BS19093A_R2_000.fastq.gz
116kACE2testis_2-1gG-BS19094A.mm10.density.bw
116kACE2testis_2-1gG-BS19094A.hg38_noalt.density.bw
BS19094A R1_000.fastq.gz
BS19094A R2_000.fastq.gz
180kACE2testis_1-1gG-BS19095A.mm10.density.bw
180kACE2testis_1-1gG-BS19095A.hg38_noalt.density.bw
BS19095A_R1_000.fastq.gz
BS19095A_R2_000.fastq.gz
180kACE2testis_2-1gG-BS19096A.mm10.density.bw
180kACE2testis_2-1gG-BS19096A.hg38_noalt.density.bw
BS19096A_R1_000.fastq.gz
BS19096A_R2_000.fastq.gz
WTtestis_1-H3K4me3-BS19097A.mm10.density.bw
WTtestis_1-H3K4me3-BS19097A.hg38_noalt.density.bw
BS19097A_R1_000.fastq.gz
BS19097A_R2_000.fastq.gz
WTtestis_2-H3K4me3-BS19098A.mm10.density.bw
WTtestis_2-H3K4me3-BS19098A.hg38_noalt.density.bw
BS19098A_R1_000.fastq.gz
BS19098A_R2_000.fastq.gz
116kACE2testis_1-H3K4me3-BS19099A.mm10.density.bw
116kACE2testis_1-H3K4me3-BS19099A.hg38 noalt.density.bw
BS19099A_R1_000.fastq.gz
BS19099A_R2_000.fastq.gz
116kACE2testis_2-H3K4me3-BS19100A.mm10.density.bw
116kACE2testis_2-H3K4me3-BS19100A.hg38_noalt.density.bw
BS19100A R1_000.fastq.gz
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BS19100A_R2_000.fastq.gz
180kACE2testis_1-H3K4me3-BS19101A.mm10.density.bw
180kACE2testis_1-H3K4me3-BS19101A.hg38 noalt.density.bw
BS19101A R1_000.fastq.gz

BS19101A R2_000.fastq.gz
180kACE2testis_2-H3K4me3-BS19102A.mm10.density.bw
180kACE2testis_2-H3K4me3-BS19102A.hg38 noalt.density.bw
BS19102A R1_000.fastq.gz

BS19102A R2_000.fastq.gz
WTtestis_1-H3K27ac-BS19103A.mm10.density.bw
WTtestis_1-H3K27ac-BS19103A.hg38 noalt.density.bw
BS19103A_R1_000.fastq.gz

BS19103A_R2_000.fastq.gz
WTtestis_2-H3K27ac-BS19104A.mm10.density.bw
WTtestis_2-H3K27ac-BS19104A.hg38 noalt.density.bw
BS19104A_R1_000.fastq.gz

BS19104A_R2_000.fastq.gz
116kACE2testis_1-H3K27ac-BS19105A.mm10.density.bw
116kACE2testis_1-H3K27ac-BS19105A.hg38 noalt.density.bw
BS19105A_R1_000.fastq.gz

BS19105A_R2_000.fastq.gz
116kACE2testis_2-H3K27ac-BS19106A.mm10.density.bw
116kACE2testis_2-H3K27ac-BS19106A.hg38 noalt.density.bw
BS19106A_R1_000.fastq.gz

BS19106A_R2_000.fastq.gz
180kACE2testis_1-H3K27ac-BS19107A.mm10.density.bw
180kACE2testis_1-H3K27ac-BS19107A.hg38 noalt.density.bw
BS19107A_R1_000.fastq.gz

BS19107A_R2_000.fastq.gz
180kACE2testis_2-H3K27ac-BS19108A.mm10.density.bw
180kACE2testis_2-H3K27ac-BS19108A.hg38 noalt.density.bw
BS19108A_R1_000.fastq.gz

BS19108A_R2_000.fastq.gz
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Genome browser session bigWig graph files are included in the GEO submission at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE235164
(e.g. UCSC)

Methodology

Replicates Two biological replicates were included from each mouse genotype.

Sequencing depth The sequencing was paired-ends 36 bp, below lists the sequenced reads number (middle column), and the reads number that passed
filtering (right column) for each sample:

Sample Sequenced Passed filtering
BS19091A 5,186,596 5,164,830
BS19092A 6,201,762 6,174,850
BS19093A 4,088,828 4,066,864
BS19094A 7,434,002 7,400,726
BS19095A 8,474,116 8,441,682
BS19096A 7,469,576 7,435,510
BS19097A 8,054,702 8,015,096
BS19098A 7,071,774 7,036,002
BS19099A 6,363,904 6,330,016
BS19100A 7,221,410 7,182,900
BS19101A 6,982,310 6,947,388
BS19102A 6,914,790 6,879,094
BS19103A 6,283,860 6,253,180
BS19104A 3,238,216 3,222,468
BS19105A 5,572,412 5,545,936
BS19106A 4,151,942 4,133,534
BS19107A 5,650,654 5,621,216
BS19108A 4,212,500 4,192,566

Antibodies Histone H3K4me3 antibody: EpiCypher 13-0041. Histone H3K27ac antibody: EpiCypher 13-0045. 1gG control antibody included in
the EpiCypher CUT&RUN Kkit.

Peak calling parameters We did not perform peak calling for the ChIP-seq dataset in this study, the bigWig files reflecting the coverage tracks were generated
using BWA v0.7.17 aligner and BEDOPS.

Data quality Two biological replicates were used for data quality insurance, and coverage tracks were compared with each other as shown in Fig.
S7.
Software ChIP seq data were visualized on the UCSC genome browser. The full processing pipeline is available at https://github.com/

mauranolab/mapping




Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

g A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Cells were treated with 250 nM doxorubicin (Tocris, 2252) for desired period. mESCs were trypsinized and APPROXIMATELY
1076 cells were stained with 10ug/mL Hoechst33342 for 30 min at room temperature for DNA content-based cell cycle

analysis, or stained with annexin V conjugated with 680 fluorophores for 15 min at room temperature for apoptosis analysis.

Samples were kept on ice during the flow cytometry experiment.
SONY SA3800, SONY SH800s
SONY SA3800, SH800s, FlowJo 10.9.0

For hoechst33342 stained assay for cell cycle arrest analysis, near 100% of the cells were successfully stain when comparing
to the no stain control. The cell population abundance in G1 S G2 phases were determined using FlowJo's build-in cell cycle
analysis tool. When analyzing the apoptotic cell population, wild type or synTrp53 mESCs treated with doxorubicin were
stained with Annexin V conjugated with 680 fluophor. The apoptotic cell population ranged from 2.76% to 21.9% of the
population.

FSC-area/SSC-area gate was drawn to include the most abundant regular sized and shaped cells. FSC-area/FSC-width gate
was drawn to exclude the doublers. For the cell cycle arrest assay, unstained cells were used to establish the negative
threshold. Hoechst positive population was displayed based on hoechst signal intensity to reflect cells in different cell cycle
stages. For the cell apoptosis analysis, mESCs without doxorubicin treatment was used to establish negative gate, APC-680
was used to separate apoptotic cells and normal cells.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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