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Spatial perturb-seq: single-cell functional
genomics within intact tissue architecture
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We develop Spatial Perturb-Seq, an in vivo CRISPR technology that inter-
rogates multiple genes within single cells of intact tissues, compatible with
both sequencing-based and probe-based spatial technologies. We apply Spa-
tial Perturb-Seq to knock out risk genes for neurodegenerative diseases in the
mouse brain, uncovering cell autonomous and cell-cell microenvironmental
effects within the spatially intact tissue. Spatial Perturb-Seq functionally
screens multiple genes in situ and in vivo, bypasses cell processing steps that
skew cell type representation, identifies intracellular and intercellular effects
of knockouts, and identifies candidate genes underlying dysregulated neuro-
nal intercellular communication pathways.

Perturb-seq, which combines pooled CRISPR screens with single-cell
RNA-sequencing (scRNA-seq), has dramatically increased the scale of
functional genomics studies1,2. Several studies have shown the feasi-
bility of Perturb-seq in vivo3–5, in systems where cells maintain their
native gene expression patterns. However, spatial organization and
cell-cell interactions are not preserved. Perturb-map6, relying on pro-
tein barcodes detected by imagingmethods, has been used to identify
genetic factors influencing the spatial organization of solid tumours.
Similarly, optical pooled screens allow perturbations to be linked to
image-based phenotypes but require extensive technical expertise and
specialized microscopic setups7–10. These prior approaches uncouple
the CRISPR perturbation detection platforms from transcriptomic
sequencing used for cell phenotype identification. In contrast, a spatial
functional genomics technology that uses scalable nucleotide bar-
codes would allow the endogenous cell phenotype, exogeneous per-
turbations, and spatial localizations to be concurrently identified with
a single sequencing technology. Here, we present Spatial Perturb-Seq,
an in vivo Perturb-seq technology that interrogates genetic functions
directly in single cells in their native tissue. Spatial Perturb-Seq
simultaneously measures whole transcriptomes at single-cell
resolution (and therefore cell type), CRISPR barcodes (linked to gene
perturbation), spatial coordinates, and cell-cell interactions

(microenvironment) - all through a single Stereo-seq11 and/or Xenium12

run (Fig. 1a schematic).

Results
We simultaneously interrogated 18 genes within the same animals,
using a pooled barcoded CRISPR-gRNA AAV library (Supplementary
Data 1) delivered intracranially into the hippocampus of Cas9-
expressing mice13 at low multiplicity of infection (MOI). Intentional
sparse editing ensures perturbed cells are surrounded by non-edited
cells, allowing isolation of cell autonomous and non-cell autonomous
(i.e. microenvironmental) effects. Most of the immediate neighbours
of perturbed cells are barcode-negative, as designed (Supplementary
Fig. 1). We used AAV over themore commonly used lentivirus, to avoid
possible genotoxic integration14 and template switching events that
uncouple barcodes from their respective gRNAs15.

To reduce perturbation failure due to non-functional guides, and
because gene editing efficiency is increased using multiple guides
compared to single guides, we used constructs containing three
gRNAs to target each gene. We confirmed the presence of the full-
length 3x U6-gRNA constructs before and after AAV transduction
(73.7% full-length after one round of PCR) and also observed recom-
bination between U6-gRNA cassettes in a minority of constructs by
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Fig. 1 | In vivo spatial perturb-seq of the adult mouse brain by intracranial
injectionof a barcodedAAV library. a Schematic of the in vivo spatial Perturb-seq
pipeline, and depiction of components in our AAV-PHP.eB library, showing 3
gRNAs, TdTomato and 1 barcode in each member. Created in BioRender. Shen, K.
(2026) https://BioRender.com/1ox9bo3. bConfocal imaging of a coronal section of
a mouse brain following stereotaxic injection into the hippocampus, showing that
transduction spread is limited to the hippocampus region. Scale bar: 1000 µm. n = 5
mice. c UMAP projection of cells from chip 1 following Stereo-seq, showing
recovery of neurons, oligodendrocytes, choroid plexus cells, RBCs, microglia,
endothelial cells, and astrocytes. Left: coloured by cluster number. Right: coloured
by cell type. d Similar proportions of cell types were recovered for each chip, with
the majority cell type being neurons as expected. eDot Plot showing expression of
cell-type enriched genes for each cell type. f Spatial scatter of annotated mouse

brain cells.g Spatial gene plot of canonical cell-typemarkersmajor cell populations
(Microglia: C1qa; Oligodendrocytes: Mbp; Endothelial cells: Flt1; Neurons: Snap25;
Astrocytes: Gfap, Choroid Plexus: Ttr; RBC: Hba-a1; Immature oligodendrocytes:
Birc5). h ssDNA image for cellular localization on the Stereo-seq chip. i Spatial
scatter following BANKSY clustering with lamba 0.2, showing clusters recovered.
j Selection of CA and DG neurons in the hippocampus by focusing on BANKSY
clusters 3 and 10. k Subset of barcode-positive cells from (j). l Piechart repre-
sentation of the number of unique gRNA barcodes among all gRNA barcode posi-
tive cells, showing a small proportion of barcode-positive cells with multiple
barcodes detected.m Dot Plot showing percentage of barcode-positive neurons
among hippocampal neurons in (j) for each chip. n Total number of cells for each
gRNA across all 3 chips. Min: 29, max: 330, mean: 122. f–l Data from chip 1.
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PCR gel densitometry analysis (Supplementary Fig. 2a–c). A second
round of PCR in preparation for long-read sequencing further shifted
the full-length 3×U6-sgRNA cassettes to the shorter 1x and 2x U6-
sgRNA, an expected artifact of in vitro recombination from multiple
PCR cycles that skewed amplicon profiles toward shorter fragments
(Supplementary Fig. 2d, e). Importantly, the consistent proportion of
full-length constructs before and after AAV transduction suggests
minimal in vivo recombination (Supplementary Fig. 2d). Next, in silico
off-target prediction for all 54 guides identified only 6 sites in the
mouse genome with <3 mismatches. All sites with <4 mismatches are
shown in Supplementary Data 2.We first determined that the designed
gRNAs are effective in cultured cells (Supplementary Fig. 3a). Next, to
confirm CRISPR-Cas9 activity in Cas9 mice, we transfected gRNAs into
BMDMs derived from Cas9 mice and achieved high editing rates
(Supplementary Fig. 3b).We also verified in vivo editing in the tissue of
injected mice, observing an average of 0.15% indels for each locus
genotyped in the single cell lysate (Supplementary Fig. 3c, d), close to
the observed mean of 0.13% of sequenced single cells containing each
barcode. Mutational profiling showed distinct indels between 1 and
10 bp (Supplementary Fig. 3e), consistent with precise on-target
CRISPR/Cas9-mediated editing at the target sites. This suggests that
cells delivered with barcoded CRISPR gRNAs are largely edited at the
genomic loci sequenced, consistent with editing efficiencies of single
gRNAs in Cas9-mice. The consistency between the intentionally low
fraction of cells harbouring individual barcodes and the fraction of
cells exhibiting targeted genetic perturbations provides an initial
indication that barcode detection by sequencing is a reasonable proxy
for inferring linked genetic perturbations.

We first evaluated the methodology with conventional Perturb-
seq via single-cell RNA-seq (scRNA-seq) (Supplementary Fig. 4). Trop-
ism of the AAV-PHP.eB serotype used here was indeed highest in
neurons16, with high tropism also observed for astrocytes and oligo-
dendrocytes, but not for microglia and endothelial cells (Supplemen-
tary Fig. 4a–e). Focussing first on oligodendrocytes, we recovered
known oligodendrocyte subtypes: MOL1, MOL2, MOL5/6, and DA_Ifn17

(Supplementary Fig. 5a, b). The proportion of barcode-positive MOL1
oligodendrocytes was significantly higher than barcode-positive
MOL5/6 oligodendrocytes (Supplementary Fig. 5c, d), suggesting
that injection injury and AAV transduction could steer oligoden-
drocytes to a lessmature, MOL1 state, consistent with reports showing
MOL1 enrichment at injury sites18. It is also possible that AAV-PHP.eB
has stronger tropism for MOL1 oligodendrocytes. Oligodendrocytes
are responsible for making and maintaining the myelin sheath, a pro-
cess that involves lipid metabolism, which we examined through the
expression of two sets of genes in oligodendrocytes: myelin genes
(Mobp, Mog, Opalin, Plp1, Mbp, Cnp, Mag, Mal) and lipid metabolism
genes (Srebf1, Hmgcr, Scd1, Scd2, Acaca, Dgat1, Cpt1a, Elovl6). Olig2-KO
does not significantly reduce the expression of canonical mature
myelin genes (Supplementary Fig. 5e), consistent with its role in oli-
godendrocyte specification but not maintenance19. Rraga and Flcn
perturbations cause slight downregulation of myelination genes in
mice (Supplementary Fig. 5e), suggesting that the Rraga-Flcn-Tfeb
pathway could be a promising target for promoting remyelination.
This is consistentwith Flcn andRragabeing required formyelination in
zebrafish20, even though their function in mammalian myelination has
not been recognized. In addition, Fasn, a key regulator of fatty acid
metabolism, is required for the expression of lipid metabolism genes
in oligodendrocytes (Supplementary Fig. 5f).

With scRNA-seq, 11% of oligodendrocytes were positive for bar-
codes, with an average of 26 oligodendrocytes per perturbation
(Supplementary Fig. 6a, b). To assess the penetrance of transcriptomic
changes induced by each perturbation, we performed Mixscale
analysis21 (Supplementary Fig. 6c, d). Mixscale enables analysis of
knockout penetrance, helping to alleviate challenges in Perturb-seq
experiments where it is unfeasible to genotype all target genes.

Mixscale results showed thatmost gene perturbationswere associated
with transcriptomic changes in oligodendrocytes, except for Srf, Lrrk2,
Ndufaf2, and Cfap410 in oligodendrocytes, perhaps due to low base-
line expression of three of these genes (Srf, Lrrk2, and Cfap410) in
oligodendrocytes (Supplementary Fig. 6e).

Neurons were underrepresented in our scRNA-seq data, as they
are known to be fragile and depleted during the cell dissociation
process used for scRNA-seq22. Hence, we performed additional single-
nuclei RNA-seq (snRNA-seq), where we recovered majority neurons
(Supplementary Fig. 4f–h). However, for the snRNA-seq run, without a
separate dial-out amplification of the barcodes during library pre-
paration, Perturb-seq with snRNA-seq showed insufficient barcode
detection compared to scRNA-seq (Supplementary Fig. 4i, j), likely due
to lower mature mRNA content in the nuclei. These data point to the
considerations inmaintaining accurate cell type representation arising
from the cell dissociation and processing methodologies employed,
and the necessity of additional amplification steps for snRNA-seq.

Having assessed the methodology with conventional Perturb-seq,
we next introduced spatial transcriptomic readout through Spatial
Perturb-Seq. Applying in vivo Spatial Perturb-Seq with Stereo-seq
(Fig. 1a, b), we obtained spatial sequencing data for 229,775 cells over 3
experiments and 4mice (Supplementary Fig. 7a, b and Supplementary
Data 3). Libraries were prepared without barcode-specific PCR-
enrichment. The dataset is then processed with DeepCell23 for cell
segmentation (Supplementary Fig. 7c), where an average of 462 and
773 expressed genes were detected per cell and per neuron, respec-
tively (Supplementary Data 3). We recovered neurons, red blood cells,
oligodendrocytes, microglia, astrocytes, choroid plexus and endo-
thelial cells (Fig. 1c–g) with spatial patterns consistent with gene
expression modules (Supplementary Fig. 7d, e). The consistency in
manual annotation and spatial hotspot analyses of gene modules
provides confidence in the data quality and cell segmentation. We
employed BANKSY24 to select regions of interest, by adjusting the
lambda parameter to vary the cells’ embedding. At low lambda values,
BANKSY functions in single cell-typing mode, whereas at high lambda
values, it identifies spatial domains (Supplementary Fig. 8a). We used
lambda 0.2 to achieve the goal of spatially informed cell-typing to
identify hippocampal neurons (Fig. 1h–k). BANKSY’s neighbour-calling
framework identified cell-intrinsic (own) and microenvironment
(neighbour) DEGs (Supplementary Fig. 8b). All 18 barcodes are repre-
sented in the sequencing data (Supplementary Fig. 9a, b), with most
barcode-positive neurons containing only 1 unique barcode (Fig. 1l–n).
Cells with multiple barcodes (12.5% of barcode-positive cells) were
excluded from further analysis. Among all cells profiled by Stereo-seq,
2.1% arebarcode-positive (SupplementaryData 3), closely aligningwith
the 2.4% observed in the scRNA-seq dataset, suggesting comparable
barcode detection sensitivity.

Spatial Perturb-Seq enables the interrogation of both cell-
autonomous and non-cell autonomous microenvironmental effects
of perturbations within native intact tissues (Fig. 2a), operating by the
detection of perturbation-specific barcodes (Fig. 2b). Aggregating
perturbed cells across the entire hippocampus, the top 5 significantly
upregulated genes for each perturbation were distinct among the 18
perturbations (Fig. 2c, d), highlighting the specificity of transcriptomic
changes induced by each genetic knockout. To compare the effects of
the different perturbations, we quantified the number of DEGs
(p <0.05, lfc > 0.5) for each perturbation compared to control, and
their average effect size (Supplementary Fig. 8b). As expected, per-
turbations cause a stronger cell autonomous effect, compared to their
influence on the microenvironment (defined as 15 closest neighbour-
ing cells). Cfap410 perturbation caused the highest number of DEGs in
its non-perturbed cellular neighbourhood, consistent with its role as a
player in cilia function and synaptic plasticity in neurons25.

Knock out of Lrrk2 (n = 29 cells) led to 213 cell-autonomous DEGs
observed (p <0.05, lfc > 0.5), the highest number amongst all
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perturbed genes (Fig. 2e, Supplementary Fig. 8b). Lrrk2 is a key player
in neuronal signalling and Parkinson’s disease pathology26,27. Bc1, a
lncRNA found indendrites that regulates translation of specificmRNAs
in synapses28, is downregulated upon Lrrk2 KO. Among the micro-
environmental changes induced by Lrrk2KO: downregulationof Sparc;
upregulation of Vps35l (Vps35 is known to functionally interact with
Lrrk229), Dock10 (involved in dendritic spine formation30), and Gpr37

(known to be associated with PD31). The microenvironmental effects
stemming from Lrrk2 KO can potentially underlie Lrrk2-mediated
pathology in neuronal signalling and Parkinson’s disease.

Another striking finding is that from Srf (n = 50 cells), a tran-
scription factor regulating genes involved in neuronal growth and
synaptic plasticity32. Among the genes dysregulated upon Srf-KO,most
are target genes identified through ChIP-seq data from the ENCODE
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Transcription Factors Target dataset33, though some did not reach the
fdr threshold of <0.05. In the Srf-KO microenvironment, Arhgap12
(involved in cytoskeletal and actin dynamics34) and Ssrp1 (co-activator
of Srf35) were downregulated, Gad1 (involved in the synthesis of neu-
rotransmitter GABA36) was upregulated.

We delved deeper into cell–cell communication, as it is essential
for neuronal function. To ensure accuracy of cell-cell communication
analysis, we studied cells by keeping to the same neuronal and spatial
niches, as ligand-receptor communication occurs among neighbour-
ing cells in proximity. We used the LIANA receptor-ligand framework37

to interrogate the dataset and prioritize biologically important ligand-
receptor pairs (Fig. 2f). We observed a 19% reduction in the SCA score
for Lrp1 signalling in the cellular neighbours of Lrrk2-KO neurons,
compared to control neurons. Lrp1 mediates important neuronal
functions, including α-synuclein uptake38, suggesting a possible
mechanistic link between Lrrk2 activity and PD pathogenesis. The data
showed a reduction in Nlgn1 signalling in Srf-KO neighbours, high-
lighting the importance of Srf in synaptic function. To visualize these
cell communication networks, individual cells showing Efnb3-Epha4
signalling in Srf-KO and control-KO microenvironments is shown on a
spatial plot (Fig. 2g). Source cells and their 15 closest neighbours
(target cells), are shown according to their XY coordinates, with
expression levels of the ligand in red (source cells) and expression
levels of the receptor in blue (target cells). These analyses highlight the
ability of Spatial Perturb-Seq to interrogate genetic determinants of
intercellular cell communication signalling pathways within the native
tissue.

To test the compatibility of Spatial Perturb-Seq in an orthogonal,
probe-based platform, we turned to the Xenium12 platformwith a 247-
gene probe panel and custom probes against our 450 bp barcodes
(Supplementary Data 4, 5). Transcript density maps showed expected
cell densities across the tissue (Fig. 3a). Cell segmentation boundaries
demarcate cells with or without individual molecules of detected
barcodes (Fig. 3b). TdTomato transcript localized to the expected
region of the neuronal cell bodies in the injected side of the hippo-
campus (Fig. 3c). All 18 barcodes were robustly detected using the
Xenium platform (Supplementary Fig. 10a, b), demonstrating their
dual functionality for sequencing-based and probe-based spatial plat-
forms. Among recovered cell types, neurons were the most abundant
(Fig. 3d–f), with cell-type identities annotated via canonical marker
expression (Fig. 3g). Excitatory neurons showed the highest trans-
duction with AAV-PHP.eB (Supplementary Fig. 10c–f). Importantly, we
again found a strong linkage between detected barcodes and target
gene knockout, evident by data showing that target gene expression in
neurons decreaseswith increasing expression of corresponding gRNA-
barcodes, while the average global transcript levels are not affected
(Fig. 3h, Supplementary Fig. 11).

We next investigated the concordance of spatial transcriptomic
signatures between Xenium and Stereo-seq (Supplementary Fig. 12a).
For both platforms, average log₂ fold-change was calculated for all
Xenium-targeted genes (excluding barcodes), comparing barcode-
positive vs. barcode-negative cells. Fold-changes from Xenium were

compared to those from Stereo-seq across all DEGs. A Spearman cor-
relation of 0.63 was observed for DEGs in barcode-positive cells
themselves (“own DEGs”) and 0.47 for DEGs in neighboring cells
(“neighbour DEGs”) (Fig. 3i). This suggests that perturbation effects
observed in barcode-positive cells are moderately preserved across
both platforms.We then looked atDEGs for eachbarcode compared to
the rest of the barcodes. Among upregulated genes, only 9 out of 18
perturbations led to DEGs with the 247-gene Xeniumprobe panel used
(Fig. 3j), consistent with the reduced gene representation compared to
the transcriptome-wide, unbiased representation from Stereo-seq. In
the context of Spatial Perturb-Seq, whole-transcriptome profiling (i.e.
Stereo-seq) might be more suited for unbiased discovery. In cells with
Lrrk2-KO, transcripts for Cacna2d2, Kctd8, Tmem255a, Syt6, Calb2,
Pde11a, Tmem163, and Ano1 were upregulated, consistent with the
known function of Lrrk2-KO in disrupting calcium signalling in
neurons39 and leading to dysregulation of genes involved in calcium
homeostasis. Consequently, genes such as Cacna2d2 (a subunit of
voltage-dependent calcium channels), Calb2 (calbindin 2, a calcium-
binding protein), and Ano1 (a calcium-activated chloride channel) may
exhibit altered expression in Lrrk2-KO cells.

To further assess the concordance of transcriptomic signatures
between Xenium and Stereo-seq, we next performed Spearman cor-
relation analysis for all nine perturbations where DEGs were detected
in Xenium, comparing the expression profiles on a per-perturbation
basis rather than aggregating across barcode-positive and -negative
cells (Supplementary Fig. 12b). We again observed similar direction-
ality within the DEGs, including in Srf- and Lrrk2-perturbed cells, with
Spearman coefficients ranging from a modest 0.1 to 0.5, which aligns
with expected biological and technical variability from the two dif-
ferent platforms, especially when working with fewer cell and tran-
script numbers (Supplementary Fig. 12c, d). The similar directionality
among these DEGs, despite different fold changemagnitude, suggests
different dynamic ranges between the probe-based and sequencing-
based platforms. As further validation, we analyzed the Allen BrainCell
Atlas as another orthogonal dataset, specifically focusing on validating
the robustness and reproducibility of Lrrk2-mediated gene expression
changes in both “own” and “neighbour” cells (Supplementary Fig. 12e).
Bc1 expression decreases with lower Lrrk2 expression (Spearman =
0.853), consistent with our findings. Among “neighbour” DEGs,
Map2k6 and Dock10 shows a modest inverse correlation (Spearman =
−0.217 and −0.110 respectively), and Sparc expression is positively
correlated (Spearman = 0.562). Hence, the Lrrk2-mediated DEG in Bc1
(own) and in Map2k6, Dock10, Sparc (neighbors) are validated with
three orthogonal datasets of Stereo-seq, Xenium, and Allen Brain Cell
Atlas MERFISH.

The hippocampal neuronal niche is not uniform but is instead
segmented into anatomical sub-regions with cellular and
microdomain-specific differences. Such regional differences could
affect the interpretation of results derived fromaggregatingperturbed
cells across different anatomical regions, a practice currently common
in somedissociated and spatially resolved Perturb-Seqmethodologies.
Perturbed neurons within the dentate gyrus (DG) and CA1 sub-regions

Fig. 2 | Analysis of cell-autonomous and non-cell autonomous effects of per-
turbations and cell-cell communication in hippocampal neurons. a Schematic
depicting Spatial Perturb-Seq and the two different comparisons that can be made
—cell autonomous and non-cell autonomous, i.e. (1) transcriptomes of perturbed
cells (own). (2) transcriptomes of the wildtype neighbours of perturbed cells
(neighbours). Created in BioRender. Shen, K. (2026) https://BioRender.com/
x0zc3s8.b FOVof a subsectionof Stereo-seq data, highlighting all barcode-positive
cells (left) and distinct barcodes shown in different colours (right, subset of left
panel boxed in blue), with cells negative for barcodes in grey. Data taken from chip
2. c, d Dot Plot showing top DE genes for each perturbation, compared to all other
perturbations, for own transcriptome (c), and neighbour cells’ transcriptome (d).

e Volcano plots showing DE genes (lfc > 0.5, fdr <0.05) for Cfap410-KO neighbours
(left-most), Lrrk-KO and Srf-KO own and neighbour cells. Only lfc > 0.5 genes are
shown. mSafe-KO was used as the control group. f Heatmap visualizing ligand-
receptor expression for top 20 differentiallyg expressed ligand-receptor pairs,
comparing communication scores between Lrrk2-KO or Srf-KO neurons and their
wildtype neighbours vs communication between control neurons and their wild-
type neighbours. g Spatial plot of each source (ligand-expressing) cell in red and
their 15 wildtype neighbour (receptor-expressing) cell in blue, showing expression
of Epha4 ligand in perturbed cells and Efnb3 receptor in neighbour cells. Top: Srf-
KO. Bottom: control. Scale bar represents 1mm.
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revealed a substantial overlap in both upregulated and downregulated
genes, indicating shared transcriptional responses in these two sub-
regions. However, region-specific transcriptomic differences were also
observed (Supplementary Fig. 13). We attempted to evaluate if the
difference in transcriptomic response stems from the neurons residing
within distinct anatomical regions, however, further analysis revealed
that such direct comparison was not feasible because the DG and CA1
regions contain neurons of different intrinsic cellular subtypes. Spatial
Perturb-Seq may eventually discriminate the perturbation responses

for cells of the same intrinsic cellular subtype residing within different
anatomical regions (which non-spatial approaches cannot resolve),
especially when sequencing scales to capture sufficient cells of the
same intrinsic cell types.

Discussion
Spatial Perturb-Seq enables single-cell, whole-transcriptome profiling
of cell autonomous and non-cell autonomous effects of genetic per-
turbations in intact tissue. This ability to segment a genetic
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perturbation’s autonomous and non-cell autonomous effects reveals
insights into cell-cell communication that would otherwise be lost via
conventional dissociated single cell sequencing. Several recent tech-
nologies represent important steps toward enabling spatially resolved
and multiplexed CRISPR screens, each with distinct strengths and
limitations (Supplementary Data 6). Perturb-FISH40 offers high spatial
resolution but due to its reliance on targeted probes, it lacks whole-
transcriptome coverage, which limits its ability for unbiased screens,
consistent with our observations with the 247-gene Xenium probe
panel. Perturb-map6 relies on the antibody-based Pro-Code41 system,
limiting scalability and requiring imaging-based readouts and complex
instrumentation. Perturb-DBiT42, which is microfluidics-based,
requires more extensive technical optimization and does not offer
single-cell resolution. Perturb-Multimodal43 offers high plex and reso-
lution, as well as multimodal measurements of transcriptomic, pro-
teomic and morphological readouts, but is technically complex,
relying on RCA-MERFISH. These methods underscore growing
momentum in the field and the critical need for functional genomics
with spatial and microenvironmental contexts. Importantly, these
highlight progress towards compatibility of the methodology with a
broader array of user-friendly detection platforms.

To assess compatibility of our system with an alternative probe-
based detection system, we performed Xenium and showed robust
detection of our barcodes and a tight linkage in decreased expression
of target genes with increasing gRNA-barcode counts (Supplementary
Fig. 11). We also performed RNA FISH against our nucleotide barcodes
and found high specificity FISH spots (R2 =0.78) (Supplementary
Fig. 14), suggesting feasible compatibility with other probe-based
spatial transcriptomics platforms such as FISH (with individual probe
technical optimizations) or the more readily available MERFISH44 and
CosMx45. Further introduction of cell-type-specific barcode expression
or sequential injections of different barcodes could endow capabilities
for spatial lineage tracing46 and spatial molecular timing47,48.

The primary bottlenecks of Spatial Perturb-Seq are the cost of
sequencing, as both perturbed cells and their unperturbed neighbours
must be sequenced, and the naturally limited cell numbers in a tissue
niche.However, the steady decline in sequencing costs and concurrent
increase in scale will enable larger sample sizes to be sequenced to
increase statistical power. Power analysis done with powsimR49 to
assess the statistical robustness of our platformshowed FDR< 10% and
TPR > 60-80% for 125-625 cells per perturbation (Supplementary
Fig. 15), demonstrating the suitability of multiplexed experiments
using this platform. As is the case with most spatial technologies, the
accuracy of cell segmentation underpins the accuracy of Spatial Per-
turb-Seq, though significant advancements are beingmade in the field.
Spatial Perturb-Seq unlocks a strategy to functionally interrogate
genes at single-cell resolution within intact tissues, enabling the pro-
filing of perturbation effects in both the target cells and their wildtype
microenvironment.

Methods
Experimental methods
Ethics statement. Mice experiments were performed following pro-
tocols approved by A*STAR IACUC and in compliance with The
National Advisory Committee for Laboratory Animal Research
(NACLAR) Guidelines.

Mice
All animal work was performed under the guidelines of the Institu-
tional Animal Care and Use Committee (IACUC protocol #211646).
Mice were housed on a standard light cycle (12 h light/12 h dark) under
pathogen-free conditions, with ambient temperature and humidity
maintained within institutional guidelines. Female Rosa26-CAG-Cas9
C57BL/6 J mice (Jackson Laboratory JAX 024858) aged 8-16 weeks
were used.

Stereotaxic injections
Animals were anesthetized with ketamine/xylazine (injected intraper-
itoneally) and placed on a thermostatically controlled heating pad.
Animals were checked for sedation. Hair was removed from the inci-
sion site on the scalp with a shaver and the area was cleaned with an
alcohol wipe. Corneas were protected with an ophthalmic lubricating
ointment. Animals were then positioned in a stereotaxic head holder
with the skull firmly barred. An incision on the scalp wasmade and the
scalp reflected over the brain region of interest. For all experiments,
the left hippocampus was targeted with the following stereotaxic
coordinates relative to the bregma: AP − 1.7, ML+ 1.6, DV − 1.8. A
handheld dental drill was used to drill a < 1mm diameter hole in cal-
cified bone in the AP, ML region of interest. The cannula was inserted
into the region of interest and the 5 × 108 viral particles of AAVs were
injected at a rate of 2–5 nL/s in amaximal volume of 1.5 µL, so as not to
cause tissue injury. Following injection, the cannula was withdrawn
after 5minutes. The incision on the scalp was closed with Vetbond
Tissue Adhesive. Atipamezole was administered intraperitoneally for
anaesthesia reversal and Buprenorphine was administered sub-
cutaneously for pain relief. Following this, animals were placed on a
thermostatically controlled heating pad for recovery and monitoring.
For 3 days post-surgery, Buprenorphine was administered for pain
relief, and animals were monitored for signs of distress and wound
inflammation. Mice were kept for 3 weeks under standard conditions
before being sacrificed by CO₂ asphyxiation for tissue extraction and
processing.

gRNA library design
Wedesigned three guides each for 18 loci− 17 genes and a safe harbour
locus (mSafe) as a control (54 guides in total). All guides and their
predicted off-target binding are included in Supplementary
Data 1 and 2. The three guides for the same locus are linked to the same
barcode on one vector, to facilitate detection of the genetic knockout

Fig. 3 | Spatial perturb-seq with probe-based xenium. a Transcript density map
showing transcripts per bin (bin size: 20 μm). b Magnified areae showing cell
segmentation boundaries and individual barcode molecules. Three barcodes are
plotted: Barcode1-mSafe, Barcode16-Lrrk2, Barcode19-Srf. c Spatial plot showing
transcript molecules in expected positions: Nrn1 (neurons) in blue and Gfap
(astrocytes) in green in the hippocampus, Opalin (oligodendrocytes) in yellow in
the corpus callosum, TdTomato in the neuronal region of the injected hippo-
campus. d UMAP projection colored by cluster number on the left and annotated
cell type on the right, showing recovery of the major cell types in the brain: exci-
tatory neurons, inhibitory neurons, astrocytes, oligodendrocytes, OPCs, microglia,
endothelial cells, and fibroblasts. Cell types were annotated based on canonical
marker gene expression. e Spatial plot of the different cell types, showing expected
positions in the brain. f Similar proportions of cell types were recovered for each
slide,with themajority cell typebeingneurons asexpected.gUMAPrepresentation

showing the expressionof canonical cell-typemarkers (Excitatory neurons: Slc17a6,
Neurod6; Inhibitory neurons: Sst, Gad1; Microglia: Trem2; Oligodendrocytes: Opa-
lin; OPCs: Pdgfra; Astrocytes: Gfap; Endothelial cells: Pecam1; Fibroblasts: Dcn).
h Each dot is a cell, showing average expression of all transcripts (left) and target
(right) counts against barcode counts. X- and Y-axis are normalized, where 100%
represents counts from the highest expressing cell. See Supplementary Fig. 11.
i Concordance of spatial transcriptomic signatures between Xenium and Stereo-
seq. For both platforms, average log₂ fold-change was calculated for all Xenium-
targeted genes (excluding barcodes), comparing barcode-positive vs. barcode-
negative cells. Fold-changes fromXeniumwere compared to those fromStereo-seq
across all DEGs and shown via a scatter plot. j Dot Plot showing DE genes for each
perturbation, compared to all other perturbations. Not all perturbations had
detectable DEGs with the gene panel used. Each box highlights DEGs specific to the
perturbation indicated by the column.
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via a single unique barcode. Each vector contains TdTomato, with 18
vectors in total.We focused our library on target genes associatedwith
GWAS. From the NHGRI-EBI Catalog of human genome-wide associa-
tion studies50, we choseGWAShits associatedwith Alzheimer’s Disease
(https://www.ebi.ac.uk/gwas/efotraits/MONDO_0004975) (CLU,
LRRK2 NDUFAF2, RBFOX1, TREM2), Amyotrophic Lateral Sclerosis
(https://www.ebi.ac.uk/gwas/efotraits/MONDO_0004976) (C9orf72,
CFAP410, DPP6, TBK1), and Parkinson’s disease (SH3GL2, STK39)
(https://www.ebi.ac.uk/gwas/efotraits/MONDO_0005180). These
genes havemouseorthologs and are expressed in themousebrain.We
also included 6 positive control genes (Fasn, Flcn, Gfap, Olig2, Rraga,
Srf) and a safe harbour site. With these 18 genes/loci of interest, we
designed three gRNAs eachusing theonline tool CHOPCHOP,withMus
musculus (mm10/GRCm38) as the genome and with default para-
meters. Best-scoring guides (based on their on-target and off-target
scoring system) within the first few exons were selected.

Cloning of gRNAs plasmid pool
The plasmid pAAV-CAG-tdTomato (codon diversified) was ordered
from Addgene (#59462). The plasmid backbone (2 µg) was digested
with HindIII/SalI (NEB) for 1 h at 37 °C followed by an inactivation step
for 20min at 80 °C. DNA fragments consisting of both the overlapping
sequences with the digested pAAV-CAG-tdTomato backbone and the
450bp barcodes were ordered from IDT. PCR reactions were used to
amplify the DNA fragments. The Gibson assembly reaction was set as
follows: 100 ng of digested plasmid backbone, 10 ng of amplified DNA
fragment, 10 µL NEBuilder HiFi DNA Assembly Master Mix (NEB,
E2621L) and H2O up to 20 µL total reaction. The reaction was incu-
bated for 1 h at 50 °C. 5ul of the Gibson reaction was used for trans-
formation using Stbl3 cells (Thermo Fisher, Cat#C737303).
Sequencing reactions (Biobasic) were used to confirm the correct
insertion of the barcodes. Following barcode cloning, three gRNAs
were designed for each locus of interest to be inserted into each bar-
coded plasmid. Golden gate cloning strategy was employed to arrange
the three gRNAs in tandem, each driven by a U6 promoter. The gRNAs
were then inserted into the NdeI-digested pAAV-CAG-tdTomato using
Gibson assembly.

AAV production and purification
AAVs were generated in-house51. Briefly, AAVs were packaged via a
triple transfection of 293AAV cell line (AAV-100, Cell Biolabs, San
Diego, CA, USA). The cells wereplated in aHYPERFlask ‘M’ (Corning) in
growth media, which consisted of DMEM + glutaMax + pyruvate + 10%
FBS (Thermo Fisher), that was supplemented with 1X MEM non-
essential amino acids (Gibco). Transfection was done when the cells
were between 70% and 90% confluent. Media was replaced with fresh
pre-warmed growth media before transfection. For each HYPERFlask
‘M’, 200μg of pHelper (Cell Biolabs), 100μg of pRepCap encoding
capsid proteins for serotype DJ or 2], and 100μg of pZac-CASI-GFP or
pZac-CMV-CasRx gRNAsweremixed in 5mL of DMEM, and 2mgof PEI
“MAX” (Polysciences) (40 kDa, 1mg/mL in H2O, pH 7.1) was added for
PEI: DNAmass ratio of 5:1. Themixturewas incubated for 15minbefore
being transferred to the cell media drop-wise. The day after transfec-
tion, the media were changed to DMEM + glutamax + pyruvate + 2%
FBS. 48–72 h after transfection, the cells were harvested by scrapping
or dissociation with 1X PBS (pH7.2) + 5mM EDTA and then pelleted at
1500 g for 12min. Cell pellets were resuspended in 1–5mL of lysis
buffer (Tris HCl pH 7.5 + 2mM MgCl + 150mM NaCl), before freeze-
thawing thrice using a dry-ice-ethanol bath and a 37 °Cwater bath. Cell
debris was clarified via centrifuging at 4000g for 5min, and the
supernatant was collected. To remove the unpackaged nucleic acids,
the collected supernatant was treated with 50 U/ml of Benzonase
(Sigma–Aldrich) and 1 U/mL of RNase cocktail (Invitrogen) for 30min
at 37 °C. Next, the lysate was loaded on top of a discontinuous density
gradient that consisted of 6ml each of 15%, 25%, 40%, and 60%

Optiprep (Sigma–Aldrich) in a 29.9mL Optiseal polypropylene tube
(Beckman–Coulter). The tubes were then ultra-centrifuged at
330,000 g, for 1.5 h at 18 °C, using a Type 70 Ti rotor. The 40% fraction
was extracted and dialyzed with 1X PBS (pH 7.2) supplemented with
35mMNaCl, using AmiconUltra-15 (100 kDaMWCO) (Millipore). qPCR
was then carried out with the ITR-sequence-specific primers and
probes, using the ATCC reference standard material 8 (ATCC) as a
standard, to determine the titres of the purified AAV vector stocks.

Guide vector recombination assay
HEK293 cells were seeded in 48-well plates and transduced with
recombinant adeno-associated viruses (AAVs) for 48 h at multiplicity
of infection (MOI) of 10000. The transduction conditions included
transductionwith either AAV-PhP.eB-Tdtomato-gRNAs or AAV-PhP.eB-
GFP and a non-transduced control. At 48 h post-transduction, the cells
were washed three times with phosphate-buffered saline (PBS), fol-
lowed by cell lysis using 50 µL of QuickExtract™ DNA Extraction Solu-
tion (Lucigen) per well. The lysates were incubated according to the
manufacturer’s instructions, and 1 µLof the resulting lysatewasused as
template DNA for downstream PCR analysis. PCRwas performed using
a primer pair designed to detect recombination events at the target
locus. The primers were synthesized based on a calculated melting
temperature (Tm) of 55 °C: Forward primer: 5′-CACTTGGCAGTA-
CATCAAGTGT-3′, Reverse primer: 5′-GCCATTTACCGTCATTGACGT-3′.
Each 25 µL PCR reaction contained 1X high-fidelity PCR buffer, 0.4 µM
of each primer, 0.5 U of high-fidelity Q5 DNA polymerase (NEB), and
1 µL of lysate template. The thermal cycling conditions were as follows:
initial denaturation at 98 °C for 1min; 35 cycles of denaturation at
95 °C for 15 s, annealing at 54 °C for 15 s, and extension at 70 °C for
1min; followed by a final extension at 70 °C for 5min. PCR products
were analyzed on a 1% agarose gel stained with Gel Red. Electrophor-
esis was performed at 120V for approximately 40min. Bands were
visualized using a gel documentation system, and densitometry mea-
surements were done in ImageJ.

Tissue dissection, dissociation and FACS
After mice were sacrificed by CO₂ asphyxiation, intracardial perfusion
with ice-cold PBS was carried out to remove blood cells. Brains were
dissectedandeither embedded inOCT for sectioningordissociated into
single cells. Dissociation of brain tissue was done with the Neural Dis-
sociation Kit (Miltenyi Biotec) following themanufacturer’s instructions.
Briefly, the brain tissue of interest was minced with a razor blade, fol-
lowed by enzymatic digestion at 37 °C and triturated. The cell suspen-
sion was then strained through a 70 µm cell strainer and centrifuged at
300g for 10min. The cell pellets were then re-suspended in Hibernate A
with 10 µM Calcein-AM (Invitrogen) and 1ug/ml Propidium Iodide (PI)
(Stemcell), for FACS sorting. Live, single cells were selected by positive
selection of Calcein-AM and negative selection of PI. Immediately after
FACS sorting, cells were used for the generation of 10×3’ chromium
libraries and sequenced on Novaseq (Illumina).

Coverslip functionalization and sample preparation for FISH
Coverslip functionalization was carried out before use for tissue sec-
tioning. Coverslips (Warner Instruments, cat. no. 64–1500) were
cleaned in 1M KOH for 1 h before being rinsed thrice in Mili Q water.
The coverslips were rinsed with 100% methanol before being func-
tionalised in an amino-silane solution (3% vol/vol (3-aminopropyl)
triethoxysilane (Merck cat no. 440140), 5% vol/vol acetic acid (Sigma,
cat. no. 537020) for 2min at room temperature. Following this, the
coverslips were rinsed thrice with Mili Q water before being dried
overnight at 47 °C in an oven. The mouse brain sample was frozen in
optimal cutting temperature compound and sectioned into 7 μm
sections onto functionalized coverslips using a cryostat. The sections
were fixed using 4% vol/vol paraformaldehyde in 1× PBS for 15min,
then rinsed with 1× PBS and stored at −80 °C.
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FISH
The encoding probes were diluted in a 10% hybridization solution that
was composed of 10% deionized formamide (Ambion™ Cat: AM9342)
(vol/vol), 1mg/ml yeast tRNA (Life Technologies, cat. no. 15401-011)
and 10% dextran sulfate (Sigma, cat. no. D8906) (wt/vol) in 2× SSC. A
final concentration of 10-50 nmol per probe was used. Mouse brain
sections were permeabilized with 70% ethanol overnight at 4 °C. After
permeabilization, samples were rinsed twice with 2× SSC. Next,
encoding probe staining was performed and samples were stained for
16 h at 37 °C. After encoding probe staining, samples were washed in
10% formamide wash buffer (10% deionized formamide in 2× SSC) at
37 °C for 15min, twice. The samples were rinsed thrice with 2× SSC,
before DAPI (Sigma, cat. no. D9564) staining was carried out.

Microscopy for FISH
Imaging was carried out on a home-build microscope52. A Nikon CFI
Plan Apo Lambda 60 × 1.4-n.a. oil-immersion objective for imaging
with an exposure time of 1 s. Themicroscope was built around a Nikon
Ti2-E body with a Marzhauser SCANplus IM 130mm × 85mm motor-
ized X–Y stage, and the Nikon Perfect Focus Systemmaintained focus
during sample imaging. We used a Coherent Obis 405 100-mW laser
for the DAPI channel, andMPBCommunications fiber lasers were used
as illumination for tdTomato (592 nm, 2RU-VFL-P-500-592-B1R
(500mW)), Cy5 (647 nm, 2RU-VFL-P-1000-647-B1R (1000mW)) and
IRDye 800CW (750 nm, 2RU-VFL-P-500-750-B1R (500mW)). Samples
were mounted onto the microscope stage via the use of a flow cham-
ber (Bioptechs, cat. no. FCS2). This allowed buffer exchange to be
carried out via the use of a computer-controlled fluidics system. The
samplewas stainedat room temperature for 15minwith readoutprobe
solution via buffer exchange, prior to imaging. The readout probe
solution consists of 10 nM of each fluorescently labelled readout
probe, 10%deionized formamide (vol/vol) and 10%dextran sulfate (wt/
vol) in 4× SSC. After hybridization, 2× SSC was flowed in before a rinse
with 10% formamide wash buffer. 2× SSC was flowed again before
imaging buffer. The imaging buffer contains 2× SSC, 10% glucose,
50mM Tris-HCl pH 8, 2mM Trolox (Sigma, cat. no. 238813), 40μg/mL
catalase (Sigma, cat. no. C30), and 0.5mg/mL glucose oxidase (Sigma,
cat. no. G2133). After imaging, samples were washed with 55% for-
mamide wash buffer containing 0.1% TritonX-100 to remove the
fluorescent signals.

10X library preparation and sequencing
Libraries fromdissociated single cellswere generatedusingChromium
Next GEMSingle Cell 3’Reagent Kits v3.2 (Dual Index) (10XGenomics).
Cell numberswere counted by FACS, and 20,000 cells permousewere
used to generate each library. Libraries were generated according to
themanufacturer’s instructions, with 12 cycles of cDNA amplifications,
25 ng of cDNA input and 14 cycles of sample index PCR. Barcode
sequences were not amplified. Libraries generated had a fragment
length of 400-450 bp and were sequenced on an Illumina Nova-
seq (PE150).

iSeq library preparation and sequencing
To confirm the presence of indels in brain tissue after AAV transduc-
tion, 50 000 TdTomato+ cells from 4 brains were lysed with Quick-
Extract (Lucigen) according to the manufacturer’s instructions.
Uninjected brain tissue was used as WT control. Two rounds of PCR
were used. For PCR1, genotyping primers weredesigned using Primer3
(https://primer3.ut.ee/) to amplify a 150-300 bp region around the
Cas9 cut site with 34 PCR cycles. The following sequences were added
to the forward and reverse genotyping primers, respectively, for the
second round of amplification: CTTTCCCTACACGACGCTCTTCCGA
TCTNNNNNN, GGAGTTCAGACGTGTGCTCTTCCGATCT. NNNNN is
used to introduce diversity at the start of the iSeq read to improve read
quality. For PCR2 used to index samples, 6 PCR cycles were used.

For both PCR1 and PCR2, Q5 High Fidelity Master Mix (NEB) was
used according to the manufacturer’s recommended PCR tempera-
tures and parameters. Indexed PCR products from PCR2 were pooled,
run on a gel, and gel-purified using Wizard SV Gel and PCR Clean-Up
System (Promega). DNA concentration was measured with Qubit HS
dsDNA kit (Vazyme). The library was spiked with 2% PhiX library (Illu-
mina) and sequenced on an iSeq 100 system.

Stereo-seq chip preparation
OCT blocks were stored at −80 °C and equilibrated at −20 °C for 2 h
prior to sectioning. OCT blocks were cryosectioned at a thickness of
10 µm using a CM1950 cryostat. Following satisfactory QC results
(RIN = 8.5-8.6), mouse brain coronal sections were collected on the
Stereo-seq chip surface. Tissue sections were adhered to a Stereo-seq
chip surface and incubated at 37 °C for 5min. The tissues were then
fixed in methanol and incubated at 20 °C for 30min. The tissue sec-
tions were then permeabilized at 37 °C for 10min and then washed
with0.1× SSCbuffer. TheRNA released frompermeabilized tissueswas
captured using DNB probes and reverse-transcribed at 42 °C for 3 h.
After in situ reverse transcription, tissueswere removedwith the tissue
removal buffer. The chips were then incubated with 400μL cDNA
release buffer overnight at 55 °C, and thenwashed oncewith 400μL of
0.1× SSC buffer. The released cDNA was then collected and purified
using 0.8× Ampure XP Beads. The cDNA was then amplified using the
following PCR conditions 95 °C for 5min, 15 cycles of 98 °C for 20 s,
58 °C for 20 s, then 72 °C for 3min, and a final incubation at 72 °C for
5min. PCR products were purified using 0.6× Ampure XP Beads and
the concentrations of cDNA were quantified using a Qubit™ dsDNA
Assay Kit. Three Stereo-seq chips were processed from brains col-
lected across four mice. The layout and metrics for each chip are
detailed in Supplementary Fig. 7 and Supplementary Data 3.

Stereo-seq library preparation and sequencing
STOMICS libraries were constructed with the STOMICS Gene Expres-
sion kit. The cDNA was first checked for the presence of barcodes by
PCR. Briefly, 20 ng of cDNA were fragmented at 55 °C for 10min. The
fragmented products were then amplified using the following PCR
conditions one cycle at 95 °C for 5min, 13 cycles at 98 °C for 20 s, 58 °C
for 20 s and 72 °C for 30 s, and lastly one cycle at 72 °C for 5min. The
PCR products were purified using Ampure XP Beads for DNB genera-
tion and were finally sequenced (100bp PE) using T7 sequencer.

Preparation of slides for Xenium V1 assay
The Xenium v1 assay workflow was carried out according to the man-
ufacturer’s instructions (10x Genomics, User Guide CG000749).
Briefly, fresh frozen tissue sections (10 µm) placed on Xenium slides
were fixed and permeabilized with minor modifications to the manu-
facturer’s protocol (10x Genomics, User Guide, CG000581). Before
immersing sections in 1% SDS, sections were photobleached in 1x PBS
for 1 h at 4 °C. Following fixation and permeabilization, probe hybri-
dization with a combination of both the pre-designed mouse brain
panel (247 genes) and an add-on custom panel of barcode sequences
was carried out. Probes thatwere bound to the target RNAwere ligated
at both ends to generate a circular DNA probe. Rolling circle amplifi-
cation of the circularizedDNAprobe thengeneratedmultiple copies of
the gene-specific barcode for each RNA target. This was followed by
morphology-based cell segmentation staining (boundary stain used:
ATP1A1 +CD45 + E-Cadherin) before continuing with autofluorescence
quenching and nuclei staining. Slides were then loaded onto the
Xenium Analyzer for high throughput and automated in situ imaging
and analysis. Fluorescence-labelled oligos bound to the amplified DNA
probes and tissues underwent multiple rounds of fluorescent probe
hybridization, imaging, and probe removal to generate a codeword
specific for each barcode. Each codeword was then converted into a
gene identity. Two Xenium slides were prepared from adjacent

Article https://doi.org/10.1038/s41467-026-69677-6

Nature Communications |         (2026) 17:3018 9

https://primer3.ut.ee/
www.nature.com/naturecommunications


sections of a single OCT block with brains from twomice (run metrics
detailed in Supplementary Data 5). In total, Xenium assays were per-
formed on eight brain sections across 2 mice.

Long-read sequencing for assessing integrity of U6-sgRNA
cassette
Amplicon libraries from3xU6-sgRNAconstructswereprepared for long-
read sequencing using the Oxford Nanopore Technologies Ligation
Sequencing Kit V14 (SQK-LSK114) following themanufacturer’s standard
protocol. Briefly, the library preparation workflow included DNA end
repair and preparation, adapter ligation, and cleanup steps. The pre-
pared sequencing library was loaded onto a MinION Flow Cell R10.4.1
(FLO-MIN114). Sequencing was performed on aMinIONMk1C device for
48hours of continuous data acquisition. Real-time basecalling and data
streaming were conducted using the MinKNOW software.

Computational methods
Barcode design. One of our goals is to design nucleotide barcodes
long enough to be probed against that are tolerated in cells. We wrote
a script that can generate a set of barcodes with these features: having
an appropriate length—long enough for probing against, but short
enough to avoid inducing deleterious effects in the cell (450 nt); not
containing stop codons, to avoid nonsense mediated decay; having a
high edit distance between each barcode; having a high edit distance
between different segments of the same barcode, to allow design of
multiple probes against the same barcode (with each probe being
15–50 nt long); being distinct from the human and mouse tran-
scriptome, to avoid confusion with endogenous genes. With these
criteria, we generated a set of 22 barcodes and used 18 for our library,
with one barcode per gene (Fig. 1a schematic).

FISH encoding probe design
Fourteen encoding probes were designed against the 450 bp barcode
22 using the Stellaris Probe Designer software (LGC Biosearch Tech-
nologies). Parameters used were: Masking level = 5 (mouse), Oligo
length = 19-20 nt, Min. spacing length = 2nt. Each encoding probe
sequencewas flanked on both sides by the readout probe sequence 5’-
TCTGTTTGACGCGCT-3’ with a spacer nucleotide (A) in between the
readout and the encoding probe region. The concatenated sequences
and the readout probe (/5IRD800CWN/AGCGCGTCAAACAGA) were
purchased from Integrated DNA Technologies (IDT). Encoding probes
used were: 5’-TCTGTTTGACGCGCT A ATACGTAAGGCAAGTCCGAC A
TCTGTTTGACGCGCT-3’

5’-TCTGTTTGACGCGCTA TGCTTTCTGTACGTGGGTAGATCTGT
TTGACGCGCT-3’

5’-TCTGTTTGACGCGCT A ATAATGGCACGAAGCCAGAC A TCTG
TTTGACGCGCT-3’

5’-TCTGTTTGACGCGCT A AGGAAAGGCGTGAGGGTACG A TCTG
TTTGACGCGCT-3’

5’-TCTGTTTGACGCGCT A CTCCACATTTGATTGGTTTG A TCTGT
TTGACGCGCT-3’

5’-TCTGTTTGACGCGCT A CAGCATGACGGGCAGTGAAC A TCTG
TTTGACGCGCT-3’

5’-TCTGTTTGACGCGCT AGTTCGACGTACCAAGCAATT A TCTGT
TTGACGCGCT-3’

5’-TCTGTTTGACGCGCTACGTGGGAACCGTATTGGAATATCTGT
TTGACGCGCT-3’

5’-TCTGTTTGACGCGCTA ATGCCGCGTCTTGCGTAC A TCTGTTT
GACGCGCT-3’

5’-TCTGTTTGACGCGCTACATGATCGCCACAATCGATGATCTGT
TTGACGCGCT-3’

5’-TCTGTTTGACGCGCT A AAATTTCCGATTGCAGCGTT A TCTGT
TTGACGCGCT-3’

5’-TCTGTTTGACGCGCTACCGCTGACTGTAATAGGTACATCTGT
TTGACGCGCT-3’

5’-TCTGTTTGACGCGCT A GGTTGAGATCGGAAGCAACG A TCTG
TTTGACGCGCT-3’

5’-TCTGTTTGACGCGCTAACTGACTCGGAGTGATGTTCATCTGT
TTGACGCGCT-3’

10X sequencing data processing
Sequencing results from 10X libraries were processed and demulti-
plexed with CellRanger-7.1.0 pipeline version (10X Genomics). An
edited mouse reference genome (mm10-2020) with the 450bp bar-
codes added was used for alignment and generating the UMI count
matrices53. Briefly, we used Cell Ranger’s mkref function to construct a
custom index for read alignment, with the addition of the barcode
sequences and names to the “genes.gtf” and “genome.fa” files in the
mm10mouse reference genome. This allows for barcode counts to be
included in count matrices. Sequencing saturation of all reads and of
barcode reads was calculated for all generated libraries and were >0.6
and >0.5, respectively. Filtered countmatriceswere analyzed using the
Seurat package (version 4.3.0.1) in R (version 4.3.1). Briefly, QC was
performed to keep only cells with percentage mitochondrial reads
below 15%, and nFeature_RNA between 200 and 7000, to exclude
empty droplets, multiplets and dying cells. Counts were then nor-
malized and scaled with the SCTransform() function. Following this,
Principal Component Analysis (PCA) was run on the top 2000 most
variable features, using the RunPCA() function. Clusters were identi-
fied with the FindNeighbors() function by generating a K-nearest
neighbour graph with 10-16 dimensions, and clustered using the Lou-
vain algorithm with a resolution of 0.3-0.4, using the FindClusters()
function. The cells were then represented by a 2-dimensional Uniform
Manifold Approximation and Projection (UMAP) graph. Lastly, coarse
cell-type annotation was performed using a combination of analyzing
the most highly expressed marker genes of each Seurat cluster, and
expression of known canonical marker genes for each brain cell type
(neurons, oligodendrocytes, astrocytes, endothelial cells, microglia).
As each cluster was represented by all batches, no batch correction or
integrationmethods were applied. For the analysis of oligodendrocyte
perturbation phenotypes, oligodendrocytes expressing barcodes
linked to mSafe, Dpp6, Lrrk2, Gfap, Cfap410, Rbfox3 are grouped as
“control”, as these genes are not expected to impact oligodendrocyte
function.

Assignment of barcode/gRNA status for 10X and Stereo-seq
sequencing data
For assignment of barcode-positive and barcode-negative status,
negative status was assigned to cells with no expression of any bar-
codes, and all other cells were positive. For assignment of gRNA status,
cells were classified by the expression of barcodes as follows: No
barcodes expressed = Neg; more than 1 unique barcode expressed =
Multiple; exactly 1 unique barcode expressed = the gene correspond-
ing to that barcode.

Gene editing analysis
Following preparation and sequencing of iSeq libraries as described
above, quantification of the percentage of indels was calculated with
CRISPresso2 (v2.0.20) with default parameters (default_min_aln_score
60, quantification_window_center −3, exclude_bp_from_left 15, exclu-
de_bp_from_right 15, quantification_window_size 1, plot_window_size
20, min_bp_quality_or_N 0). % Indel for each guide is calculated as %
Modified (edited) - % Modified (WT). For all loci, there was at least 20k
aligned reads.

Stereo-seq data processing
For processing of fastq files, the SAW pipeline version V7.0.0 and
Image Studio version 3.0.0 were used. Genome and gtf files used for
alignment were generated by combining the mouse reference
GRCm39 and the 450bp barcodes. CID (Coordinate Identity)
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sequences were mapped to the coordinates on the Stereo-seq chip,
allowing 1 mismatch. Reads are filtered based on Q30 phred quality
score, indicating less than 1 in 1000 chance of base calling error. Fol-
lowing alignment to the reference, a gene count file was generated
quantifying deduplicated, annotated reads. This gene count matrix is
then aligned to the image (image registration). Cell segmentation was
conducted using nuclear-stained tissue images and gene expression
data, with the DeepCell algorithm. Following the generation of a Ste-
reopy object from the cellbin GEF file, a h5adfile and Seurat object was
generated. ForQC, cells with percent.mito > 20, and number of counts
between <100 or > 6000 were discarded. After QC, cells were pro-
cessed through the standard Seurat pipeline, as described under the
“10X sequencing data and processing” methods section. Neurons
expressing barcodes linked to mSafe, Gfap, Stk39, Trem2, and Olig2
were grouped ascontrol, as they are lowlyexpressed in neurons and/or
are not expected to exert a great phenotyping change.

Selection of hippocampal neurons with BANKSY
BANKSYwas run on each chip separately, after data scaling, and before
PCAusingnpcs= 30.Weused lambda0.2 to achieve spatially-informed
cell type embeddings. Higher lambda values resulted in spatial domain
segmentation with separate sections on the same Stereo-seq chip
being clustered separately. The following parameters were used: spa-
tial_mode = “knn_r”, ndim = 2, k_geom = 15. Clusters corresponding to
hippocampal CA1, 3 and dentate gyrus (DG) neurons, the hippocampal
neuronal niche, were kept for analysis.

Differential gene expression (DGE) and analysis
DGEanalysiswas performedwith Seurat’s FindMarkers functionwith the
following parameters were: min.pct = 0.1, logfc.threshold = 0.5, test.use
= “wilcox”. For reporting of the number of DEGs, the same number of
cells for each perturbation was used, to ensure comparability. For cal-
culation of neighbour DEGs, 15 neighbours were identifiedwith BANKSY
(spatial_mode = “knn_r”) for each perturbed cell in the group, and
barcode-positiveneighbourswereexcluded.Thewildtypeneighboursof
the 2 groups (case and control), were then compared. Genes with
p<0.05 and lfc > 0.5 were counted as DEGs. For volcano plots, p values
were adjustedwith the p.adjust function to obtain fdr values. Geneswith
fdr <0.05 and lfc > 0.5 were marked as significant.

Cell-cell communication (CCC) analysis
We used the LIANA (Ligand-Receptor Analysis) tool, a computational
pipeline for prioritizing ligand-receptor interactions based on data-
bases like CellPhoneDB, connectomeDB2020, and CellChat, to eluci-
date cell-cell communication between neurons. As cells within the
samemicroenvironment aremore likely to be interacting, we focussed
on the communication between perturbed cells and their immediate
neighbours. For each of these 3 perturbed groups, Srf-KO, Lrrk2-KO,
and control, the perturbed cells and their wildtype/unperturbed
neighbours were identified. 15 neighbours were identified for each
perturbed cell with BANKSY (spatial_mode = “knn_r”), and barcode-
positive neighbours were excluded. For each pair (Srf-KO + neigh-
bours, Lrrk2-KO + neighbours, control-KO + neighbours), we applied
LIANA with statistical methods “sca” and “natmi” to calculate and
prioritize top interactions, as these are most likely to be biologically
relevant. Wemodelled the perturbed cells as the source cells and their
wildtype neighbours as the target cells. We then identified common
ligand-receptor pairs from the prioritized list between Lrrk2-KO and
control, and Srf-KO and control, and show the top 20 ligand-receptor
pairs with biggest differences in sca.LRscore.

Processing of xenium spatial transcriptomics data
Xenium spatial transcriptomics data were processed following the
Seurat v5 Spatial Vignette (https://satijalab.org/seurat/articles/seurat5_
spatial_vignette_2). Xenium output files were first converted to Seurat

objects with the LoadXenium() function with the following para-
meters: mols.qv.threshold = 20, cell.centroids = TRUE, molecule.-
coordinates = TRUE, segmentations = “cell”, flip.xy = FALSE. Gene
expression data were normalized and scaled using default parameters
with the SCTransform() function, followed by dimensionality reduc-
tion with the RunPCA() and RunUMAP() with dims = 1:10. Clustering
was performed with the FindNeighbors() with dims = 1:10, and
FindClusters() functions. Images were produced with the ImageDim-
Plot() function. Cell types were annotated based on the expression of
canonical marker genes. Cells with barcode count >1 were classified as
barcode-positive.

Allen Brain Cell Atlas data and image preprocessing
Images of hippocampal neurons from the Allen Brain Cell Atlas
(https://portal.brain-map.org/atlases-and-data/bkp/abc-atlas)
coloured by gene expression, were segmented into equal grid squares
in ImageJ (10 by 10 pixels). Mean fluorescence intensity per gene per
grid was exported as a CSV file. Spearman’s ρ was computed for (i)
within-grid (“own-cell”) and (ii) adjacent-grid (“neighbor-cell”) gene
pairs (radius of 20 pixels; 12 cells), focusing on Lrrk2 expression cor-
relations. Spearman’s rank correlation was chosen because it is non-
parametric and robust to non-linear relationships. Correlations were
interpreted as measures of local co-variation rather than causality.
“Own-cell” correlations represent transcriptional co-expression within
the same spatial microdomain, whereas “neighbor-cell” correlations
capture potential intercellular coordination or shared microenviron-
mental influences.

Calculation of R2 values
The Cell Profiler software was used to calculate the coefficient of
determination (R2 value) between TdTomato protein intensity and the
number of FISH spots of TdTomato RNA, Barcode, and Actb control,
from confocal images of TdTomato protein and FISH staining. A
cropped image was first analyzed using IdentifyPrimaryObjects (for
analysis of TdTomato proteinfluorescent intensity or FISH spots), then
gridded using the DefineGrid module (200 grid squares). Next, the
IdentifyObjectsInGrid module was done, followed by the Rela-
teObjects module to relate parent objects (grid squares) to child
objects (TdTomato protein fluorescent intensity or FISH spots). The
Pearson R2 coefficient was then computed (one point per grid area)
with a fixed intercept at the origin, to assess the correlation between
TdTomato proteinfluorescent intensity and the number of FISH spots.

Power analysis with powsimR
First, we modelled the noise in the dataset, as this affects the sensitivity
of the platform. To do this, the mean-dispersion relationship was esti-
mated using a negative binomial model, using count data from neurons
from chip2 randomly down-sampled to 10000 cells, and normalized
with scran. These distribution statistics were then used to set up simu-
lations, using the following parameters: nsims = 25, p.DE =0.1, pLFC = 2,
LibSize = “equal”. Lastly, marginal and conditional FDR and TPR are
evaluated in the evaluateDE function with the following parameters:
alpha.type = ‘adjusted’, MTC = ‘BH’, alpha.nominal = 0.1, stratify.by =
‘dispersion’, filter.by = ‘dispersion’, strata.filtered = 1, target.by = ‘lfc’,
delta = 0. As the average number of cells we obtained per perturbation
was 122, marginal and conditional FDR and TPR were shown with the
following number of cells: 5 vs 5, 25 vs 25, 125 vs 125, 625 vs 625.

Statistics and reproducibility
Statistical analyses were done using GraphPad Prism 10.6.1 for Win-
dowsunlessotherwise stated.Data are represented asmean,with error
bars representing Standard Error of the Mean (SEM), with specific
statistical analyses and sample sizes indicated in the respective figure
legends. Unless otherwise stated, unpaired two-tailed Student’s t test
inGraphPadwas used to compare twogroups (control and perturbed).
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A p-value of <0.05 was considered significant. Statistical tests in Sup-
plementary Figs. 5e, 12c, 12d, 13b were done using ggsignif R package
(version 0.6.4) using the geom_signif() function with default para-
meters, and with white geom_boxplot() showing the median, first and
third quartiles in the violin plots. Allmiceusedwere female adults aged
8-16weeks, andno animalswere excluded from the study. Blindingwas
not performed and was not required, as all mice served as biological
replicates without separate experimental groups of mice. Negative
controls (mSafe) were internal to each mouse because perturbations
were multiplexed within the same brain. Power calculations were
performed with the powsimR R package (version 1.2.5), enabling
reproducible estimation of expected statistical power.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Raw and processed sequencing data have been deposited at NCBI’s
Gene Expression Omnibus (GEO) with accession numbers GSE274447
(Stereo-seq) and GSE274058 (scRNA-seq). Source data are provided
with this paper.

Code availability
Custom code is available at Github (https://github.com/kimberle9/
spatialperturbseq) and archived on Zenodo54 (https://doi.org/10.5281/
zenodo.17959756). The repository is released under the MIT License,
an Open Source Initiative–approved license. There are no restrictions
on access or reuse. Analysis of the processed data in this study was
done using open-source R packages Seurat (https://github.com/
satijalab/seurat), BANKSY, powsimR (https://github.com/bvieth/
powsimR), scCustomize (https://github.com/samuel-marsh/
scCustomize), and open-source Python packages Stereopy (https://
stereopy.readthedocs.io/en/latest/) and SAW.
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