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Abstract: Methods for highly multiplexed RNA imaging are limited in spatial resolution, and
thus in their ability to localize transcripts to nanoscale and subcellular compartments. We adapt
expansion microscopy, which physically expands biological specimens, for long-read untargeted
and targeted in situ RNA sequencing. We applied untargeted expansion sequencing (ExSeq) to
mouse brain, yielding readout of thousands of genes, including splice variants and novel
transcripts. Targeted ExSeq yielded nanoscale-resolution maps of RNAs throughout dendrites
and spines in neurons of the mouse hippocampus, revealing patterns across multiple cell types;
layer-specific cell types across mouse visual cortex; and the organization and position-dependent
states of tumor and immune cells in a human metastatic breast cancer biopsy. Thus ExSeq
enables highly multiplexed mapping of RNAs, from nanoscale to system scale.

One Sentence Summary: /n situ sequencing of physically expanded specimens enables
multiplexed mapping of RNAs at nanoscale, subcellular resolution.

Main Text:

Tissues are made of cells of many different types and states, whose spatial organization governs
the interactions that yield healthy functions and disease states. This spatial architecture is being
widely explored by multiplexed measurements of the locations and identities of RNA molecules
within cells, in the context of three-dimensional cellular morphology (/—117). Mapping the
subcellular locations of RNAs in intact tissues is important for understanding diverse biological
processes (12, 13), such as in the nervous system, where axons and dendrites can extend
macroscopic distances, but RNAs can be localized to nanoscale compartments like dendritic
spines, where they regulate synaptic function (/4—/7). Imaging RNAs within such
compartments, and throughout detailed cellular morphologies, requires nanoscale precision,
which is not easily achieved within tissues with the optical methods commonly used for
multiplexed imaging of RNA. Indeed, no method is currently available for the multiplexed
imaging of RNA within tissues in the context of nanoscale cellular morphology (note that
although seqFISH+ allows high resolution imaging of RNA molecules using Gaussian centroid
fitting and rounds of barcode stratification, the detailed cellular and tissue context, i.e. protein
distribution and cellular morphology, is not itself resolved with nanoscale precision (/8)). Ideally
one would be able to perform the enzymatic reactions of sequencing in situ with practically
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unlimited multiplexing capacity, while simultaneously providing for scalable, and multi-modal,
nanoscale imaging of cellular and tissue context. We here present a toolbox for the untargeted
(i.e., not restricted to a pre-defined list of gene targets) and targeted in situ sequencing of RNAs
within intact tissues, which enable transcripts to be resolved within the context of nanoscale
cellular morphology.

We first created an untargeted in sifu sequencing technology that enables the sequencing
of arbitrary RNAs, or parts of RNAs, within detailed cellular and tissue contexts. Untargeted
approaches have the potential to discover spatially localized sequence variants, such as splice
variants and functional or retained introns (/9). Fluorescent in situ sequencing (FISSEQ) enables
such data to be acquired from cultured cells (20), but full untargeted sequencing was not
demonstrated in tissues (20), perhaps because the dense molecular environment hampers reagent
access for in situ sequencing. That idea motivated us to adapt the chemistry of expansion
microscopy (ExM; (21, 22)) to decrowd RNAs from each other, and from other nearby
molecules like proteins. We reasoned that this could facilitate the chemical access needed for in
situ sequencing to work well in tissues, while anticipating that the resolution boost from ExM
would enable high spatial resolution mapping of the RNAs within cellular and tissue context on
conventional microscopes.

In FISSEQ, untargeted in situ sequencing of RNA is performed by first enzymatically
amplifying mRNA locally (via reverse transcription of RNA to cDNA, cDNA circularization,
and rolling circle amplification) to form ‘nanoballs’ of cDNA (termed ‘amplicons’), which
contain many copies of the original mRNA sequence (20, 23). These sequences can be
interrogated in situ with standard next-generation sequencing chemistries (e.g. sequencing by
ligation, SOLiD) on a standard fluorescence microscope. In ExM (27) we physically magnify
tissues in an isotropic fashion by infusing a preserved tissue specimen with monomers that
polymerize into a dense mesh of highly swellable hydrogel (e.g., sodium polyacrylate), which
binds via anchoring molecules to endogenous biomolecules such as proteins and RNA, or to
applied labels like antibodies. The resulting tissue-polymer composite is then chemically
softened so that it expands by ~4x in linear dimension upon immersion in water. The result is
isotropic decrowding of gel-anchored biomolecules of interest, which facilitates both nanoscale
imaging with conventional optics, and better chemical access to the decrowded biomolecules
(22). It has already been observed that ExM enables individual RNA transcripts, normally
densely packed, to be better resolved for amplified and/or multiplexed in situ hybridization
imaging (24, 25). Expanding a specimen would potentially benefit FISSEQ in the same way, by
dividing the effective size of the FISSEQ amplicon (200-400 nm; (20)) by the expansion factor,
reducing the packing density of observed amplicons and facilitating their tracking over many
rounds of sequencing, important for sequence reconstruction.

We discovered that, with several critical innovations, ExM chemistry could be adapted to
enable FISSEQ in expanded tissues. In particular, the traditional anchoring (Fig. 1A),
polymerization (Fig. 1B), and expansion (Fig. 1C) steps, while effective at isotropically
separating RNAs for nanoscale imaging (24), result in an environment full of highly charged
carboxylic acid groups, which suppress multiple enzymatic reactions required for FISSEQ (Fig.
S1). We thus developed a strategy for neutralizing these charges without causing shrinkage of
the gel, by first stabilizing the specimen in the expanded state by re-embedding it in an
uncharged gel (24), and then chemically passivating the carboxylate groups so that they become
charge neutral (Fig. S1). We reasoned that this would allow FISSEQ signal amplification (Fig.
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1D) and readout (Fig. 1E, 1F, 1G) steps to proceed. Since sequencing involves many rounds of
adding fluorescent oligonucleotides one by one, to read out the biological information, we
accordingly established an automated system for fluid handling and spinning disk confocal
imaging, using only off-the-shelf parts for end user simplicity (see Methods for details). Because
the resultant datasets consist of a series of 3D images of the same fields of view, one for each
successive base sequenced, we also created a software pipeline (Fig. S2) capable of aligning,
across images, the puncta for each expressed gene to within 1 pixel, over many imaging rounds,
as validated by normalized cross-correlation analysis (Fig. S3 and Fig. S4), followed by puncta
segmentation (Fig. 1Giii) and base calling.

In situ sequencing has previously only been demonstrated with short reads (5-30 bases;
(10, 11, 20)), due to laser-induced damage during imaging (23) and dependence of the signal for
a given cycle on the signal from the previous cycle (known as “phasing”), caused by incomplete
enzymatic reactions (26). This is undesirable, as alignment of short reads to the genome is
extremely challenging (27). Moreover, short reads do not allow effective exploration of in situ
mRNA complexity, as required, for example, for the study of alternative splicing. Accordingly,
we developed a way to extend the in situ sequencing reads with a follow-on round of ex situ
sequencing, using classical “next-gen” sequencing. We digest the expanded gel after in situ
sequencing, extracting the amplified cDNA from the sample, and then use Illumina chemistry to
re-sequence the same amplified cDNA molecules that were sequenced in situ (Fig. 1H).
Importantly, the random nature of untargeted reverse transcription priming, cDNA post
processing that limits the size of the cDNA to ~100 bases (see Methods), and the circularization
of the cDNA, result in the creation of unique molecular identifiers in the in situ sequenced region
of the amplified cDNA (Fig. S5); this allows us to use the ex situ information as a dictionary to
align and directly interpret the in situ sequencing reads (Fig. 11, Fig. SSA bottom panel). 92% of
all matches and 97% of the 16,253 matches that aligned against non-rRNA were strictly unique
in the sense that one in situ read matched precisely one annotated ex situ library entry (Fig.
S5C). To prevent ambiguity, we removed the handful of in situ reads that matched to more than
one annotated ex sifu library entry (see Methods section ‘Ex sifu and in situ sequence
matching’); this allows us to explore sequence variations in mRNA, such as alternative splicing,
using the longer ex sifu matched reads. Leveraging this ex sifu information enables a 1-2 order of
magnitude increase in effective in situ read length compared previous in situ sequencing (Fig.
S6).

We found that this expansion sequencing (ExSeq) chemistry could produce data from a
variety of samples, including mouse brain (Fig. 1G), intact C. elegans (Fig. S7A), Drosophila
embryos (Fig. S7B), and HeLa cells (Fig. S7C). To quantitatively validate the performance of
ExSeq, we used the following mouse specimens: cultured hippocampal neurons (Fig. 2A-B and
Fig. S8), a 15 micron thick hippocampal slice (Fig. 2C-D), and a 50 micron thick hippocampal
slice (Fig. 2E-F); see primers and data for these experiments in Tables S1-S4, and summary
statistics for the 50 micron thick hippocampal slice in Table S5. The length of the ex situ
sequencing reads was 300 paired-end bases for the 15 micron thick hippocampal slice (using an
[llumina MiSeq), and 150 paired-end bases for the two other samples (using an Illumina
NextSeq); to improve the efficiency of cDNA circularization we restricted the size of the cDNA
fragments to be ~100 bases long, and as a result the Illumina reads typically contained several
repeats of a given cDNA fragment, with average actual sequence length of 76 bases (Fig. S6).
The mouse specimens were prepared with two different fixation procedures (fresh frozen
followed by slicing and paraformaldehyde (PFA) fixation, and transcardial PFA perfusion, for
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the 15 and 50 micron thick slices, respectively), and produced similar in situ amplified libraries.
Antibody staining after in sifu sequencing, as with previous ExM-related protocols (28), can
enable visualization of specific proteins; staining with antibodies against YFP in a Thy1-YFP
mouse line (29) allows for neurons in the hippocampus to be visualized in conjunction with in
situ sequencing reads (Fig. 2F).

To gauge the accuracy of the results obtained with ExSeq, we performed standard RNA
sequencing (RNAseq), with random primers, on a 50 micron thick hippocampal slice adjacent to
the 50 micron thick ExSeq specimen displayed in Fig. 2E-F. As expected for total RNA analysis,
most of the RNA detected with both ExSeq and RNAseq was ribosomal RNA, with overall
agreement between the RNA types obtained with both methods (Fig. 2Gi-iii; albeit with a higher
percentage of coding RNA, 4-9% with ExSeq vs 2% with RNAseq). Gene ontology analysis on
the genes detected using both methods revealed the expected, and common, function enrichments
for this brain region, including ‘synapse’, ‘neuron projection’ and ‘hippocampus’ (Fig. S9 and
Table S6). Notably, whereas in FISSEQ highly abundant genes, for example genes involved in
translation and splicing, were underrepresented (20), we did not observe such a detection bias
with ExSeq (see Methods). Accordingly, high correlation was observed between the expression
levels of all well-annotated genes (RefSeq genes) using RNAseq and ExSeq (Pearson’s r = 0.89),
using the full ex sifu sequencing dataset of the rolling circle amplicon library produced in situ
during the ExSeq library preparation process (Fig. 2Giv and Fig. S8C). The correlation was a
function of the number of volumes acquired with the confocal microscope, with 10 volumes
(each from a field of view of 350x350x100 microns in size, post-expansion) resulting in
Pearson’s r = 0.47 (Fig. 2Gv; p-value 9 x 10°'%%), with the correlation increasing with the number
of volumes analyzed (Fig. 2Gvi), estimated by simulating these larger datasets by sampling from
the full ex sifu sequencing data (see Methods). The correlation obtained, even with only 10
volumes, is at the high end of the values obtained using the original FISSEQ protocol, in which
the Pearson’s r was between 0.2 to 0.5 in the different cell cultures studied. Moreover, the
observed correlation is comparable to recent targeted in situ sequencing methods; for example,
Svedlund et al. report Pearson's r values ranging from 0.46 to 0.69 (30). With 10 volumes, 3,039
genes were detected comprising ~16% of all the genes expressed in the sample, with the number
of genes detected again increasing with the volume sampled (Fig. 1Gvii). Thus, ExSeq is able to
report on genome-wide expression in situ, in an untargeted and highly multiplexed way.

We next sought to utilize the improved spatial resolution of ExSeq, enabled by the
physical tissue expansion of ExM, and the ability to support antibody labeling, to pinpoint the
locations of transcripts within neural architecture. We manually traced hippocampal CA1
pyramidal neurons, YFP-expressing and antibody labeled as described above (n =13
hippocampal CA1 pyramidal neurons, across three volumes taken on a confocal microscope,
from one mouse). Then, we analyzed the locations of individual in situ sequenced RNA
transcripts inside the cell bodies and the dendrites of individual identified neurons, visualized
with a custom 3D viewer (Fig. 3 and Fig. S10, see Methods). The average number of
sequencing reads per neuron was 229 + 74 (mean + standard deviation used throughout)
including rRNA, and 30 + 14 for non-rRNA, with the dendrites partly imaged, up to ~100
microns from the cell body. Not including rRNA genes, 326 different RefSeq genes were
observed in the imaged parts of these 13 neurons. These numbers are comparable to the original
FISSEQ protocol (200-500 reads per cell (23)), including rRNA, while the latter was performed
in cultured cell lines rather than intact brain tissue.
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Splicing of RNA is known to play a role in synapse specification (3/), and neurons
contain one nucleus vs. thousands of potentially molecularly distinct synapses, raising the
question of whether splicing of expressed mRNAs, including those that contribute to synaptic
function, is regulated in a spatially dependent manner along dendritic trees (32). We examined
reads that corresponded to intron-containing regions, and found that, while most (70%) of reads
that mapped to intronic regions were located inside the soma (as is the case for most genes), we
also observed introns in YFP-containing dendritic projections up to 100 microns away from the
cell body layer, consistent with previous reports of cytoplasmic intron-retaining transcripts
throughout neural processes (33, 34). For example, Glutamate ionotropic receptor kainate type
subunit 2 (Grik2), which encodes a receptor subunit involved in excitatory glutamatergic
neurotransmission that is implicated in autosomal recessive cognitive disability, appears in our
data as a dendritic mRNA with a retained intron (Fig. 3Ai); the Grik1 subunit has been
previously identified as a dendritically-targeted intron-retaining sequence (33, 35). This suggests
that splicing of multiple glutamate receptor subunit RNAs may occur inside dendrites in intact
hippocampal neural circuits, potentially contributing to a spatially regulated diversification of
excitatory neurotransmission responses; note that splicing in dendrites was found and
characterized previously in cultured neurons (36).

The long sequencing reads (Fig. S6) and untargeted nature of ExSeq also allows for
direct observation of alternative splicing complexity and diversity in situ. We first quantified the
expression of known alternative splicing isoforms with ExSeq compared to standard RNAseq,
revealing a high correlation between the two methods (Pearson’s r = 0.944; Fig. S11A). Using
only 10 fields of view taken on the confocal microscope, we detected 112 sequencing reads that
correspond to known alternative splicing of cassette exon events; 67% of them revealed the
identity of the expressed alternative splicing isoforms, for example the genes Ribosomal protein
S24 (Rps24) and Microtubule-associated protein 2 (Map2) (Fig. S11B). In some cases the
sequencing reads revealed possibly new isoforms, for example for the gene Spectrin Beta
(Sptbnl) (Fig. S11B). Importantly, ExSeq provides the ability to locate these alternative splicing
events in space; for example, isoforms of Map2, which is involved in determining and stabilizing
dendritic shape (37), and the transcription factor Cux1, which is involved in dendrite branching
and spine formation (38), could be precisely localized to the neuronal soma, outside of the
nucleus, of their respective traced neurons (Fig. S11B and Fig. S10, Neurons 9 and 7,
respectively). Thus, ExSeq may be useful in the future for mapping out the locations of splice
variants throughout neural morphology in defined cell types in intact brain circuitry, for
generating new hypotheses about the role of splicing in neuronal communication and plasticity.

Many genes with known or unknown functions may have previously unappreciated
connections to neuronal signaling inside dendritic trees. Previous reports indicated the presence
of mRNAs for specific transcription factors inside dendrites (39), for example MAX
dimerization protein (Mga; (40); Fig. S10, Neuron 6), yet the full complement of dendritically
localized transcription factors in any given neuron type is unknown. In the hippocampus sample,
914 of the known 1675 mouse transcription factors (RIKEN transcription factor database) were
detected by ExSeq, 32 reads of which were localized within YFP-expressing cells in the Thy1-
YFP mouse, including 11 reads in the dendrites of these cells. These reads include Forkhead box
protein G1 (Foxgl), known to be involved with neural development (4/), and prothymosin alpha
(Ptma), involved in learning and memory and neurogenesis (42) (Fig. 3Aiii and 3Aiv). We also
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found in dendrites long non-coding RNAs (IncRNAs) and protein coding genes with unknown
function (Fig. 3A), raising the question of whether considering dendrite-specific roles may be
relevant to understanding the functions of these gene products. For example, BC1 (Fig. 3Aii) is a
ncRNA from an RNA polymerase III transcript that complexes with proteins to form a
ribonucleoprotein particle, long known to be expressed almost uniquely in the brain and
dendritically localized (43), and involved with activity-dependent synaptic regulation (44).
MALAT1, which we observed in a distal dendrite (Fig. 3Aiv), has been studied for its role in
neural growth, polarization and synaptogenesis, but its localization has not been studied in intact
hippocampal tissue (45, 46). We localized genes that were shown to be located in dendrites of
CA1 pyramidal cells at the protein level, but which had not been mapped at the mRNA level
such as Gamma-Aminobutyric Acid (GABA) type A receptor gamma2 subunit (Gabrg2; Fig.
S10, Neuron 2) (47). Thus, ExSeq allows us to rapidly expand our knowledge of dendritically
localized genes of known function, such as certain transcription factors, which may point to
possible novel hypotheses for these gene products, e.g. synaptic activity dependent gene
regulation; we can also identify transcripts encoding for genes of function unknown in the
hippocampus (e.g, Nobl, Fig. 3Aii) (48), which may contribute to their functional analysis.

To more systematically understand how the types and identities of transcripts varied with
location along a dendrite, we measured the distance from each read to the centroid of its
corresponding neuron’s cell body (Fig. 3B), revealing the positions of RNAs encoding for
transcription factors, intron-containing reads, and IncRNAs up to 100 microns from the soma.
This untargeted genome-wide analysis can be followed by an in-depth examination of specific
genes through other technologies -- for example microtubule-associated protein 1B (Maplb),
involved in microtubule assembly, and glutamate receptor 1 (Grial) (Fig. 3Aiv), an excitatory
neurotransmitter receptor, are further analyzed through our targeted ExSeq methodology across a
complete section of the mouse hippocampus, later in this paper. Thus, ExSeq allows spatial and
cellular subcompartment-based analysis of in situ sequencing reads in intact 3D brain tissue,
which may be useful for generating new hypotheses about subcellular signaling relevant to brain
circuit computation and disease.

Although untargeted sequencing enables transcriptome-wide exploration and discovery
of localized RNAs, including rare variants and those of unknown function, the vast diversity of
possible reads generated by untargeted methods naturally leads to a lower per-gene copy number
of detected molecules, and a larger number of required biochemical and imaging cycles to
distinguish among reads, compared with targeted methods that must only distinguish a smaller
predefined set of genes which can be indexed by short barcodes. Targeted methods are
applicable to key questions such as mapping cell types and states, and their spatial relationships
in situ, and visualizing subcellular gene regulation of known sequences. For the targeted single-
molecule multiplexed interrogation of RNA, an ideal technology would satisfy the following list
of criteria. First, the method should possess sufficient yield (probability of detecting a present
molecule) in order to detect low copy number transcripts such as transcription factors or sparse
RNA molecules in subcellular compartments. Second, the technology should have resolution
below the diffraction limit both laterally and axially to resolve nanoscale morphological features,
such as dendritic spines in neurons or close 3D appositions of individual cells in dense tissues.
Third, to take advantage of the improved resolution, the method should provide the multimodal
ability to image both RNAs and proteins, and to work with 3D tissues (e.g., multiple cell layers),
in order to localize RNAs in their native biological context. Finally, the method should work
with various tissue types, including human tissues. Given the ability of expansion microscopy to
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facilitate high resolution imaging and multimodal imaging, we thus decided to build from the
untargeted version to develop a targeted version of ExSeq (performance summarized in Tables
S7-S8).

In targeted ExSeq, oligonucleotide padlock probes bearing barcodes are used to directly
hybridize to specific transcripts (17, 49), and generate amplicons for subsequent readout through
in situ sequencing of the barcodes, the latter performed in a manner similar to that of untargeted
ExSeq (Fig. 4A, Fig. S12). The requirement for the inefficient (20) reverse transcription step of
most in situ sequencing technologies (1, 20, 50) is circumvented by the direct binding and
ligation of multiple padlock probes on each targeted transcript using PBCV-1 DNA Ligase (also
known as SplintR ligase), which can ligate DNA on an RNA template a hundred-fold faster than
the commonly used enzyme for ligation, T4 DNA Ligase (49, 51-54). After circularization and
rolling circle amplification, the barcodes are sequenced in sifu. As the barcodes are sequenced
across multiple rounds of imaging, the number of resolvable molecular targets scales
exponentially with the number of imaging rounds. We can use both Illumina sequencing-by-
synthesis and SOLiD sequencing-by-ligation, and expect other sequencing chemistries to be
usable as well (10, 11, 50). We thus sought to explore the performance of the method, and to
apply it to multiple contexts in neuroscience and cancer biology, including resolving RNA
amidst cellular morphology and mapping spatially dependent cell relationships in a cancer
sample (summarized in Table S5).

To validate the yield of the method, hybridization chain reaction (HCR)v3.0-amplified
expansion FISH (ExFISH) and targeted ExSeq were sequentially performed on the same
expanded HeLa cells, for the same genes (24, 55). The number of EXFISH puncta vs. targeted
ExSeq amplicons were quantified (Fig. 4B, barcodes and probes are in Tables S9-S10, and raw
data in Table S11), indicating that targeted ExSeq has an RNA amplification and detection yield
of ~62% (Pearson r = 0.991) relative to HCRv3.0-ExFISH, which itself has a detection
efficiency of ~70% in tissue (24). These numbers are remarkably high considering that single-
cell RNA sequencing captures about 10% of mRNA, and the probability of recovery of any
individual transcript is low (56, 57).

We then assessed the performance of targeted ExSeq by mapping the cell types of a
tissue with existing single cell RNA sequencing (scRNA-Seq) data-based classification of cell
types, the mouse primary visual cortex. Based on scRNA-Seq data classifying the cell types of
the visual cortex (58), we designed a panel of probes targeting 42 genes (sequences in Tables
S9-S10) that mark key excitatory and inhibitory neuronal cell types. We performed targeted
ExSeq of these 42 genes across a coronal section of the entire primary visual cortex of a Thy1-
YFP mouse over a volume of 0.933 mm x 1.140 mm x 0.02 mm, sequencing 265,347 reads
throughout this volume (Fig. 4C, top; counts in Table S12). The spatial distribution of ExSeq
reads for known marker genes recapitulated the spatial distributions in the Allen in situ
hybridization (ISH) atlas (Fig. S13). Transcripts known to be co-expressed in the same cell type
also appeared in similar relative positions -- for example, in one field of view, the Parvalbumin
(Pvalb), Vesicular inhibitory amino acid transporter (Slc32al), and Glutamate decarboxylase 2
(Gad2) transcripts, all known to be co-expressed in parvalbumin-positive (Pvalb®) interneurons
(PV interneurons), were co-located within the same cells while Seizure protein 6 homolog (Sez6)
transcripts, associated with excitatory neurons in deeper cortical layers (as well as vasoactive
intestinal peptide (VIP") interneurons) did not co-localize with the the Pvalb, Slc32al, and Gad2
transcripts (Fig. 4C, inset).
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To ascribe reads to cells, we developed a cell segmentation pipeline (see Methods, Fig.
S14) that yielded a total of 1915 cells containing a total of 220,783 reads, out of which 1154 cells
with at least 50 reads (177 = 127 reads/cell) were used for subsequent analysis. To identify cell
types in targeted ExSeq data, we clustered cell expression profiles using k-means and
subsequently embedded them into a low-dimensional space using t-Stochastic Neighbor
Embedding (t-SNE) (59) (Fig. 4D). Two broad types of clusters were identified using previously
known markers (see Methods), corresponding to excitatory neurons (“Ex”, and sub-annotated by
their layer location) and inhibitory neurons (annotated with relevant cell type marker). The
expression of key marker genes in detected clusters (shown in Fig. S15) was consistent with
prior work (58).

We compared our results to those from a previous study in which scRNA-Seq was
performed on mouse primary visual cortex (58). We clustered the previous single-cell dataset,
focusing on the 42 genes from our gene panel, with k-means clustering, and compared ExSeq
clusters to scRNA-Seq clusters, finding good agreement between the clusters (Fig. 4F). When
we projected the locations of the ExSeq-derived cell types onto the visual cortex image, we
observed the canonical layer-by-layer stratification of excitatory neurons in the visual cortex,
with 9 ExSeq clusters mapping onto classical layers 2 through 6 of the cortex (Fig. 4E, Fig.
S16); these 9 clusters corresponded, with slightly different grouping perhaps due to how the
clustering algorithm treated subtleties in the statistical properties of each dataset, to 7 scRNA-
Seq clusters of excitatory neurons (Fig. 4F) -- for example, the ExSeq cluster L4 Ex mapped
primarily onto two scRNA-Seq clusters, L4, L5 Ex and L2/3, L4 Ex. Other ExSeq clusters of
excitatory neurons corresponded to mixtures of multiple sScRNA-Seq clusters as well, often at the
boundaries between cortical layers, which may represent real cell-type biological variability
(Fig. 4E).

Among inhibitory neurons, we found some cell types to match in 1-to-1 correspondence
between ExSeq and scRNA-Seq clusters -- for example, two somatostatin interneuron clusters,
the SST cluster expressing Unc-13 homolog C (cluster SST Unc13c) and the SST cluster
expressing Chondrolectin (cluster SST Chodl) appeared prominently in both datasets; both sets
of neurons were scattered throughout cortical layers L1-L6. As with the excitatory neurons, some
ExSeq clusters of inhibitory neurons mapped onto multiple scRNA-Seq clusters. For example,
two ExSeq clusters, which we denoted PV and GABAergic (-PV), mapped onto multiple
scRNA-Seq clusters, the former onto three scRNA-Seq cluster that corresponded to subclasses of
PV cells, and the latter onto VIP neurons and non-PV/VIP/SST GABAergic neurons, with some
cells falling into other clusters.

Such poolings of scRNA-Seq clusters into ExSeq clusters (and vice versa) are likely due
to the smaller number of cells analyzed with ExSeq vs. scRNA-seq, the small number of markers
interrogated, and the use of a simple A-means algorithm for clustering. Some substructure is
visible in the t-SNE plot for the cluster GABAergic (-PV) (Fig. 4D), for example, suggesting that
alternative clustering approaches, for instance utilizing additional morphological criteria or
protein markers, or more sophisticated segmentation algorithms that take into account priors on
the transcriptome from scRNA-Seq, could be devised in the future to yield more precise
delineations of cell types. We tested the robustness of the approach by varying the parameters for
cell segmentation of the ExSeq dataset, and by varying the genes used for clustering the single-
cell dataset, and found our conclusions to be robust to these algorithmic choices (Fig. S17-S18).
As non-neuronal cells (including microglia, astrocytes, and oligodendrocytes) did not highly
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express the interrogated markers, they were inefficiently detected, and were non-specifically
clustered with diverse interneuron types. For cell types whose markers were well represented,
targeted ExSeq was able to classify cells with high agreement with established non-spatial
methods for cell-type classification, with the benefit of providing information on the spatial
organization of the cells.

As described previously (58, 60), the canonical layer-specific excitatory neuron
transcription factor marker genes homeobox protein cut-like 2 (Cux2), RAR-related orphan
receptor beta (Rorb), Fasciculation and elongation protein zeta-2 (Fezf2) and Forkhead box
protein P2 (Foxp2) were expressed in L2/3, L4, L5b, and L6 respectively (Fig. 4E-F, Fig. S15).
The clusters corresponded to excitatory cells localized to a given layer, and were used to
segment the cortex into layers (Fig. S14D), so that the cell types within each layer could be
quantified (Fig. 4G; raw counts, Fig. S19). Each of the clusters of inhibitory neurons was found
to be dispersed across layers L2 to L6 (Fig. 4G, Fig. S19), consistent with prior work in which
each of the canonical GABAergic cell types (PV, VIP, SST) were found to exhibit a fairly even
layer distribution (58, 60). Thus, targeted ExSeq enables sensitive RNA detection across circuit-
relevant volumes of intact tissue, enabling cell types to be systematically mapped while
preserving their spatial context.

We next used the high spatial resolution of targeted ExSeq to explore nanoscale RNA
compartmentalization within neurons of the mouse hippocampus, where local RNA translation
and the dendritic locations of specific RNAs are implicated in mechanisms of synaptic plasticity
and learning (6/—63). We applied targeted ExSeq to Thy1-YFP mouse hippocampal brain
circuitry, tracing the YFP signal to identify dendrites and spines, and targeting for sequencing 34
transcripts previously found in dendrites of CA1 neurons (64). We note that spines could not be
observed in the untargeted hippocampus data because the antibody staining was performed post-
sequencing, resulting in a weaker staining, whereas here the antibody staining was performed
pre-expansion (see Methods). We performed four rounds of in sifu sequencing to localize these
transcripts on 170 fields of view (1.7mm x 1mm x 0.02mm, Table S5) spanning a coronal
section containing the major subfields of the hippocampus, yielding 1.2 million reads, 90,000 of
which localized within YFP expressing neurons (Fig. SA, counts in Table S13). The overall
cellular distributions of expressed genes were similar across the hippocampus to the patterns
reported in the Allen Brain Atlas in sifu hybridization dataset (Fig. S20). Using the YFP signal as
a mask, we segmented the cell bodies, dendrites, axons, and spines of CA1 Pyramidal neurons,
as well as the dendrites and cell bodies of dentate gyrus granule cells (the spines could not be
automatically segmented because of low signal-to-noise), to localize transcripts within these
subcellular and nanoscale compartments. We found transcripts within dendrites (CA1, DQG),
spines (CA1), and to a much smaller extent, in axons (CA1) (Fig. 5B). Out of 106,000 spines
examined, we found 730 reads contained inside dendritic spines (one RNA per spine, except for
one spine that had two). By simulating possible sources of bias (Fig. S21), we concluded that our
technique was not preventing detection of multiple reads per spine.

We examined the distribution of reads across CA1 neuronal compartments including cell
bodies, dendrites, and dendritic spines. As expected, genes such as the postsynaptic density
protein Dendrin, the synaptic plasticity-associated gene Camk?2a, and the postsynaptic
scaffolding protein SH3 and multiple ankyrin repeat domains 1 (Shankl) were prominent among
reads found in dendrites, whereas cell bodies exhibited a different distribution, with the neuronal
calcium sensor Hpca and the synaptic glutamate receptor Grial being amongst the most
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abundant (Fig. 5C). In spines, we found Shank1, Adenylyl cyclase 1 (Adcyl) and kinesin family
member 5a (Kif5a), a motor protein whose loss-of-function mutations may contribute to
amyotrophic lateral sclerosis (ALS) (65), to be amongst the most abundant transcripts. When we
compared the distribution of reads between CA1 pyramidal cell bodies, apical dendrites, basal
dendrites, apical dendritic spines, and basal dendritic spines, we found that the distribution of
reads in each compartment was statistically different from all others (bootstrapped 2-sample
Kolomogorov-Smirnov test p-value < 0.001), except for apical versus basal spines which were
not statistically different from each other (Fig. 5Ciii) -- suggestive of a common set of spine
RNAs and spine RNA trafficking principles, at different sites throughout these neurons. To
validate the accuracy of our targeted in situ sequencing results in this tissue context, we
performed bulk RNA sequencing from hippocampal slices adjacent (+/- 100 um coronally) to the
section we used for targeted ExSeq, finding a high level of correlation between our in situ
sequencing results and the bulk RNA sequencing results (Pearson’s r = 0.85, Fig. S22).
Importantly, for the genes studied through both untargeted and targeted forms of ExSeq, we
found high correlation between the readcounts (Pearson’s r = 0.68, Fig. S22, Table S13). Using
the genes studied through both forms of ExSeq, we estimated the yield of untargeted ExSeq to be
0.6% compared to targeted ExSeq (Table S13).

Certain genes were significantly (bootstrapped p-value <0.001) enriched in specific CA1
neuronal compartments (Fig. SC). In particular, spines and cell bodies of CA1 pyramidal
neurons, and to a smaller extent their dendrites, showed distinct and contrasting patterns in the
level of gene enrichment. The transcripts for Shank1, Kif5a, Adcyl, Mapla, Map2, and Gnai2,
were highly enriched in spines, and these same transcripts were enriched to a smaller extent in
both apical and basal dendrites, compared to cell bodies, perhaps pointing to a process through
which these transcripts are progressively enriched the closer they get to synapses. Most of these
genes serve structural roles in spines and dendrites, with Shank1 being a primary scaffolding
protein in the postsynaptic density and Kif5a, Mapla, and Map2 interacting with the
cytoskeleton (66—68). On the other hand, a distinct set of genes, including Hpca, Grial, ActB,
and Map1b, among others, were highly enriched in cell bodies as compared to dendrites or
spines, as had been observed previously in the study that characterized the dendritic existence of
these RNAs (64). Interestingly, Arc, a key mediator protein of LTP and LTD in synapses, was
among the genes uniquely enriched in cell bodies, though this observation is consistent with the
highly regulated, activity-related nature of its presence in dendrites (69, 70). In addition, a few
genes such as Camk2a and Ddn were distinctly enriched in dendrites, consistent with previous
studies (64), when compared to both spines and cell bodies (64). To assess whether these
selective enrichments were cell type specific, we examined the enrichment profile of these same
transcripts in the dendrites vs. cell bodies of YFP-expressing dentate gyrus granule cells (Fig.
5D). In dentate gyrus dendrites, we found transcripts similar to those found in CA1 apical and
basal dendrites, such as Shank1, Map2, and Pppr1r9b, and across the entire 34 gene set, a
striking similarity between the dendritic localization of RNAs in dentate gyrus granule cells vs.
CA1 pyramidal neurons (r = 0.91, Fig. S23). This similarity raises the possibility that there may
be general rules governing the selection of specific RNAs for dendritic transport, or for their
targeted trafficking to dendrites, and may motivate further investigations of the rules governing
dendrite specific mRNA transport across cell types of the brain.

Seeing that specific RNAs were enriched in the spines of CA1 dendrites, we next asked
how these spine-localized transcripts were distributed along the lengths of dendrites. Transcripts
are known to exhibit varied distributions along dendrites, with some restricted to proximal
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dendrites and others showing localization distally (64). However, it is not known which spatial
distributions occur for transcripts that are localized inside spines, because of the high resolution
required to map this out in the circuitry of a brain slice. When we examined the density of
transcripts within dendrites, we found that most were found close (+/- 50 pm) to the cell body
layer, and their density decayed rapidly towards distal regions of dendrites, similar to previous
observations for these genes (64) (Fig. SEi, Fig. S24). Some transcripts, such as Shank1, Ddn,
and Ppp1r9b were present in distal regions of dendrites. When we next quantified the presence of
transcripts within spines along dendrites, however, we observed a markedly different distribution
(Fig. SEii, Fig. S24). Most prominently, spine-localized Shank| transcripts exhibited a strong
presence throughput spines in both proximal and distal regions of dendrites in both apical and
basal directions. The highest density of Shank! in spines was found close to the cell body layer,
but with a second highest density hundreds of microns away, in the stratum lacunosum-
moleculare (SLM). Other transcripts, such as Kif5a and Adcyl were found in spines of distal
dendrites, but not at such a high density as Shank1. For most transcripts found in spines among
those in our probe set, their highest density occurred close to the cell body layer. Thus, although
spines are directly connected to dendritic branches, they can exhibit strikingly different
distributions of mRNAs, here revealed by the high spatial resolution and multiplexing capability
of targeted ExSeq across length scales relevant to neural circuitry.

High-resolution spatial transcriptome mapping has clear utility in neuroscience, as
described above. We next asked if cancer biology and immunology might be able to utilize such
techniques as well, and whether such techniques can be used in human tissues such as
biopsies. One key question, for example, is to understand how tumor microenvironments, such
as the state of local immune cells, govern tumor initiation, progression, metastasis, and treatment
resistance. Multiplexed spatial mapping of RNA performed in human tissues to date has not
achieved high enough resolution for single cell quantification, let alone subcellular resolution.
For example, Svedlund et al. (30) analyze the spatial sequencing data of human breast cancer
tissues in 100-500 um bins, due to low read counts. Single cell observation is also not possible in
Spatial Transcriptomics (ST) and Slide-Seq (71, 72) (Table S7).

A core biopsy was taken from a patient with metastatic breast cancer infiltration into the
liver, and 297 tumor-related genes of interest (selected based on single-cell and single-nucleus
RNA-seq data, see Methods) were profiled in the intact tissue, resolving 1.15 million reads,
including 771,904 reads in 2,395 DAPI-segmented cells (Fig. 6A, counts in Table S14). In
addition, the nanoscale and 3D spatial resolution of ExSeq allowed the detection of 516 RNA
reads inside nuclear structures that were under one micron in size, that are possibly
nucleoplasmic bridges, a challenging structure to resolve in intact tissue (73) (Fig. S25).

Expression clustering of the DAPI-segmented cells (using the R package Seurat (74), as
we reasoned that a PCA-based approach would be appropriate due to the high number of targeted
genes in this experiment) revealed the expected mixture of cell types in breast cancer metastasis,
including tumor, immune (T-cell, B-cell, and macrophage), and fibroblast cell clusters, as
characterized using known biomarkers such as members of the immunoglobulin family IGHGI,
IGHG4, IGKC) found in B-cells, and genes known to be expressed in metastatic breast cancer
(Progesterone receptor, PGR (75); Epidermal growth factor receptor, EGFR (76); Aldehyde
dehydrogenase 1 family member A3, ALDH1A3 (77)) (Fig. 6B). Displaying the resulting cell
clusters in the tissue context revealed high levels of mixing between tumor and non-tumor cells
(Fig. 6C) and allowed analysis of spatial colocalizations (here defined as proximity within 20
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microns) between putative cell types (Fig. 6D), which were robust across various choices of
distance parameter (Fig. S26). Specifically, we found that the different B-cell clusters tended to
co-localize in space, consistent with previous observations (78). Interestingly, we found
statistically significant co-localizations between most of the B-cell clusters and all the other cell
clusters, including T-cell, macrophage, fibroblast and tumor clusters (Fig. 6D), except for one
tumor cluster which specifically expresses the gene marker PGR (Tumor PGR). This is
consistent with recent findings showing that B-cells directly interact with tumor cells and
macrophages, and that physical interactions of B-cells with T-cells are important for humoral
responses in the microenvironment (79). For example, Garaud et al. analyzed a region of breast
cancer aggregates and identified 41% and 29% of B-cells touching tumor cells and T-cells,
respectively (78). Our analysis also indicates other non-random co-localizations between the
different clusters, for example between the fibroblast clusters and the macrophage, T-cell and
tumor clusters (Fig. 6D). This is consistent with the role of fibroblasts in supporting leukocyte
migration and aggregation at sites of cancer (80), and the suggestion that different fibroblast cell
types have distinct spatial locations in breast cancer (81).

We next analyzed whether there are cell clusters that express genes differently as a
function of physical proximity to other cell clusters. These might represent cellular states which
are triggered by a physical contact or close proximity to a different cell cluster, or alternatively,
cell states that induce such proximity to occur. For each pair of cell clusters that had non-random
colocalization, we designated the cells in each cluster as being in close (<20 um) vs. not close
proximity, to cells of the other cluster, and then searching for statistically significant gene
expression differences between the two groups (using bootstrapping, see Methods). For
example, we found that hypoxia-inducible factor (HIF1A) was more than 5-fold overexpressed
in one tumor cell cluster whenever these cells were in close proximity to a fibroblast cell cluster
(Fig. 6Eii). This is of particular interest as the protein level of HIF1A serves as a proxy of
hypoxic environments, and has been previously described as an essential micro-environmental
cue for tumor cell maintenance (§2). Furthermore, the mRNA level of HIF1A might also be
indicative of resistance to radiotherapy in tumors (83). We also found that the gene S100AS, an
important regulator of inflammatory processes and immune response which was recently
suggested as a biomarker for relapse and progression in breast cancer patients (§4—86), was 4-
fold overexpressed in a B-cell cluster whenever the cells were close to a tumor cell cluster (Fig.
6Ei).

In summary, ExSeq enables subcellular RNA mapping of 3D biological systems and can
be applied to specimens of multiple organ systems and species, including human specimens.
Beyond spatial genomics, we expect ExSeq to be useful for in sifu sequencing of lineage (87)
and/or connectome (88—90) indexing RNA barcodes, which incorporate designed or randomized
base-level variation that is not naturally addressed by a FISH approach with a fixed set of tags
and targets. More generally, the approaches for re-embedding, passivation, many-round
sequential probing, image analysis and ex situ sequence matching in expanded samples that we
have developed for ExSeq should be broadly applicable to other kinds of in situ enzymatic
readouts, such as for the multiplexed readout of endogenous DNA or of antibody-attached tags,
which may benefit from nanoscale spatial resolution in intact tissues.
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Fig. 1. Untargeted expansion sequencing (ExSeq) concept and workflow. (A) A specimen is
fixed, and RNA molecules (green) bound by LabelX anchor (orange). (B) The specimen is
embedded in a swellable gel material (light blue, not to scale), mechanically softened using

5 protease, and then expanded with water (C). The RNA molecules are anchored to the swellable
gel material. (D) RNA molecules present in the sample are reverse transcribed and amplified
using FISSEQ, with the sequencing occurring via standard chemistries (e.g., SOLiD sequencing).
(E). Colored dots indicate the four colors used in SOLiD. (F) In each sequencing round different
colors (blue, magenta, green, and red) reveal the current base of the amplified cDNA. (G)

10 Example of ExSeq from a 50 micron thick slice of mouse hippocampus dentate gyrus. (i) One
sequencing round, with two zoomed-in regions (ii), and puncta histories obtained over 17 rounds
of in situ sequencing (ii1). (H) After completion of in situ sequencing, cDNA amplicons are
eluted from the sample, and resequenced ex situ with classical next-gen sequencing. (I) In situ
reads are matched to their longer ex sifu counterparts, with only unique matches being retained,

15 augmenting the effective in situ read length. Scale bars: Gi, 17 microns (in biological, i.e. pre-
expansion, units used throughout, unless otherwise indicated), Gii, 700 nanometers.
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Fig. 2. In situ sequencing in cells and tissues with untargeted ExSeq. (A) Example of ExSeq
library preparation in hippocampal culture (green, hybridization probe against amplified cDNA;
blue, DAPI). (B) Maximum intensity projection of one sequencing round in hippocampal culture;
color scheme as in Fig. 1G. (C) Low magnification image of ExSeq library preparation in a 15
um slice of mouse hippocampus (green, hybridization probe against amplified cDNA). (D)
Maximum intensity projection of a higher magnification image of the specimen in C, focusing on
one sequencing round; color scheme as in Fig. 1G. (E) Low magnification image of ExSeq
library preparation in a 50 um slice of mouse hippocampus. Fields of view (FoVs) acquired with
a higher magnification objective are shown as green squares. White, hybridization probe against
amplified cDNA. (F) Maximum intensity projection of one FoV of panel E, with antibody
staining shown post in situ sequencing (red, antibody against YFP (the specimen is a Thyl-YFP
mouse); green, hybridization probe against amplified cDNA). (G) Sequence analysis of ExSeq
specimen shown in (E). (i-iii) The overall RNA content obtained with ExSeq, either with full ex
situ sequencing data from the entire slice used (i) or using ex situ data reads that exactly
correspond to in situ reads observed within the 10 indicated FoVs in panel E (ii), is in agreement
with the overall RNA content of an adjacent slice obtained with standard RNAseq using random
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primers (iii). The numbers inside the pie chart represent the percentage of the total. (iv)
Agreement between the normalized expression levels of all well-annotated genes (RefSeq genes)
using RNAseq and ExSeq with full ex sifu sequencing data as in i. (v) Same as (iv), but using the
10 acquired FoVs, as in ii. (vi) Pearson’s correlation between the log-transformed expression of
RefSeq genes using ExSeq and using RNAseq, as a function of the number of acquired FoVs
(estimated by sampling from the full ex situ sequencing data to simulate the number of expected
reads for 100 FoVs; see Methods for details). The value for the 100 FoVs is plotted using the
MATLAB boxplot function: on each box, the central mark indicates the median, and the bottom
and top edges of the box indicate the 25th and 75th percentiles, respectively. (vii) Fraction of
RefSeq genes detected using ExSeq compared to RNAseq, as a function of the number of
acquired FoVs (estimated by sampling from the full ex situ sequencing data to simulate the
number of expected reads for 100 FoVs). Scale bars: A-D&F, 13um; E, 130um. Note that
deconvolution was used in panels D and F, see Methods.
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Fig. 3. Untargeted ExSeq enables mapping of RNAs and their variants in dendrites of
neurons. (A) 3D render of Thyl-YFP CA1 neuronal morphology as determined by YFP
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antibody staining, containing multiple RNA types (intron-containing non-transcription factor
mRNAs; intron-free non-transcription factor mRNA; intron-free transcription factor mRNAs;
IncRNAs; various rRNA sequences). The zoomed-in regions (boxed above, zoomed-in below)
highlight RNA localization in dendrites. Scale bars: top, middle and bottom, 100, 20, and 5
microns, respectively. (B) Euclidean distance, relative to the center of the cell body, of
sequencing reads for the neurons in A. Color code is as in A.
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Fig. 4. Targeted ExSeq efficiently detects transcripts, recapitulating the organization of
neuron types of mouse primary visual cortex. (A) Targeted ExSeq library preparation: (i)
RNA anchoring and expansion; (ii) padlock probe hybridization; (iii) probe ligation; (iv) rolling
circle amplification. (B) Amplicon counts for targeted ExSeq vs. HCRv3.0-amplified ExFISH
for the same transcript in the same HelLa cells (60 cells in total); slope is 0.62 (Pearson’s r =
0.991). (C) Targeted ExSeq of 42 cell type marker genes in Thy1-YFP mouse visual cortex. Top,
maximum intensity projection image showing all targeted ExSeq reads (red) and YFP protein
(green). Bottom, localization of canonical marker genes Pvalb (red), Sez6 (cyan), Slc32al
(magenta), and Gad2 (yellow), with YFP (green). (D) Targeted ExSeq gene expression profiles
of 1154 cells clustered into 15 cell types. Cluster legend and colors apply to panels D, E, and G.
(E) Spatial organization of cell types identified in (D). Cell-segmented reads are shown, colored
by cluster assignment, and overlaid on the YFP morphological marker (white) indicating a subset
of neurons of the primary visual cortex. (F) Heatmap showing Pearson’s correlation between
clusters identified in the targeted ExSeq dataset and a prior scRNA-seq study (58). (G) Layer-by-
layer fractional cell-type composition across segmented cortical layers. Scale bars: (C) bottom,
20 microns (pre-expansion).
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Fig. 5. Targeted ExSeq characterization of nanoscale transcriptomic compartmentalization
in mouse hippocampal neuron dendrites and spines. (A) Confocal image showing targeted
ExSeq of a 34-panel gene set across a slice of mouse hippocampus. Green, YFP expressing cells;
magenta, reads identified via ExSeq; white, reads localized within YFP expressing cells. DG,
dentate gyrus; CA1, CA1 region of hippocampus. (B) 3D reconstruction of dendrites, spines, and
axons showing reads localized in spines (red dots) and processes (green dots) for regions i and ii
indicated by orange boxes in A. (C) The abundance and enrichment of transcripts in cellular
compartments of CA1 Pyramidal Neurons: (i) abundance of transcripts in all cellular
compartments vs. cell bodies; (i) abundance of transcripts in apical and basal dendrites and
spines; (iii) heat map showing the enrichment of transcripts in the different apical and basal
dendritic and spine compartments of CA1 pyramidal neurons, vs. cell bodies; (*) indicates
statistically significant enrichment (bootstrapped p-value <0.001). (D) The abundance and
enrichment of transcripts in cellular compartments of dentate gyrus (DG) granule cells; (i)
abundance of transcripts in the cell bodies and dendrites of DG granule cells; (i1) heat map
showing the enrichment of transcripts in the compartments of DG granule cells; (*) indicates
statistically significant enrichment (bootstrapped P-value <0.001). (E) Plots showing the density
of transcripts in the dendrites (i) and spines (ii) of CA1 Pyramidal Neurons along the apical-basal
axis (Euclidean distance) of hippocampal area CAl, including the CA1 regions S.R. (stratum
radiatum), S.O. (stratum oriens), and S.L.M. (stratum lacunosum moleculare). Scale bars: A, 300
microns, Bi and Bii, 2 and 3 microns respectively, red and green arrows (pre-expansion).
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Targeted ExSeq resolves spatial maps of cell types and cell states in a metastatic

breast cancer biopsy. (A) ExSeq resolves 771,904 reads in 2,395 cells (with at least 100 reads
per cell) across 297 genes in metastatic breast cancer. (B) Uniform manifold approximation and
projection (UMAP) representation of PCA-based expression clustering reveals immune and
tumor cell clusters, indicated by different colors: green (T-cells, B-cells), red (tumor cells), blue
(macrophage), magenta (fibroblast) and gray (un-annotated clusters, see Methods) (i), which
express known cell markers for immune cells (ii, top row) and tumor cells (ii, bottom row),
expression projected onto UMAP as log>(1+counts). (C) Transcriptionally-defined cell clusters
mapped onto the tissue context, demonstrating regions containing mixed populations of
fibroblasts, tumor cells, and immune cells (T-cells and B-cells, same colors as in B(1)) (top) and
one region with a low density of tumor cells and high density of immune cells (bottom). (D)

Spatial colocalization analysis of cell clusters. Adjacency matrix text values, number of cell pairs

of indicated type that are in close proximity (nucleus centroid distance of <20 um; robustness
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analysis in Fig. S26). Adjacency matrix heatmap, p-value (500,000 bootstrapping iterations)
relative to obtaining the same or higher number of cells in close proximity by chance. Adjacency
matrix entries with text values are statistically significant (Bejamini Hochberg false-discovery
rate of 1.5%). Yellow borders along the diagonal illustrate major cell type categories (B-cell,
Fibroblast, Macrophage, T-cell, Tumor), and two black-bordered entries correspond to the pairs
shown in (E). (E) ExSeq resolves cell states that are a function of physical proximity, measured
by calculating differential expression when cells of different kinds are spatially adjacent
(<20um) vs. farther apart. The gene with the largest fold change in a specific cell type when
adjacent versus non-adjacent to another specific cell type is shown in green in the histogram (p-
value = le-4 using 100,000 bootstrapping iterations, all other genes shown in the histogram have
p-value < 0.05), as well as in the image showing the gene’s read locations in the original sample.
Examples show (i) expression of ST00AS is elevated in B cells of a specific state (IGHGI-
positive) when they are in close proximity to a specific kind of tumor cell (EGFR-positive), and
(i1) expression of hypoxia-inducible factor 1 alpha (HIF1A) is inducted in tumor cells of a
specific kind (ALDH1A3-positive) when in proximity to fibroblasts. Solid red arrow, cells in
close proximity; hollow arrow, cells not in close proximity. In (i) the B cells and tumor cells are
shown with blue and yellow boundaries, respectively, and in (ii) tumor and fibroblast cells are
shown with blue and yellow boundaries, respectively; the boundaries of other cell types are not
colored. Scale bar: (A) and (C) 100 microns, and 10 microns for the insets, (E) 10 microns (pre-
expansion).
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Materials and Methods

Untargeted ExSeq (Fig. 1-3)

Overview of fixation and use of mice

The first step of ExSeq is tissue fixation. For mouse tissues, we have demonstrated ExSeq
using three different fixation conditions: hippocampal culture fixation (Fig. 2A), fixation of fresh
frozen brain slices (Fig. 2C), and transcardially paraformaldehyde (PFA) perfused mouse brain
(Fig. 2E). All methods for animal care and use were approved by the Massachusetts Institute of
Technology Committee on Animal Care and were in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All solutions below were prepared
from nuclease-free reagents. The mice used for Fig. 2 and Fig. 3 (excluding Fig. 2A-B) were
Thyl-YFP (Tg(Thyl-YFP)16Jrs) male mice in the age range 6—8 weeks. Hippocampal neurons
(Fig. 2A-B) were prepared from postnatal day 0 or day 1 Swiss Webster (Taconic) mice. No
sample-size estimate was performed, since the goal was to demonstrate a technology. As noted in
ref. Dell, R.B., Holleran, S. & Ramakrishnan, R., Sample size determination, ILAR J.43, 207—
213 (2002), “in experiments based on the success or failure of a desired goal, the number of
animals required is difficult to estimate.” As was also noted in this paper, “the number of animals
required is usually estimated by experience instead of by any formal statistical calculation,
although the procedures will be terminated [when the goal is achieved].” No exclusion,
randomization, or blinding of samples was
performed.

Fixation of hippocampal culture (Fig. 2A)

Hippocampal neurons were prepared as previously described (917, 92). ~1000 hippocampal
neurons were cultured per coverslip. Two weeks after the culture was prepared, the neurons were
fixed using 10% formalin in 1X PBS for 15 min at 25°C, then washed with 1X PBS three times
and finally stored in 70% ethanol at 4°C until use.

Fixation of fresh frozen brain slice (Fig. 2C)

Mice were terminally anesthetized with isoflurane, then decapitated, and the brain dissected
out into a cryomold with OCT. The cryomold was then placed in a dry ice/isopentane bath.
Overall, freezing of the brain was completed within 5 min after euthanasia. 15 pm slices were
sliced on a Cryotome (Leica) and then immediately fixed with ice cold 10% formalin in 1X PBS
for 12 min. Slices were washed 3 times for 5 minutes each with ice cold 1X PBS, treated with ice
cold 4% SDS in 1X PBS for 2 minutes, washed again with ice cold 1X PBS three times, and
finally stored at 4°C in 70% ethanol until use.

Fixation via transcardial perfusion (Fig. 2E)

Mice were terminally anesthetized with isoflurane and perfused transcardially with ice-cold
4% paraformaldehyde, and the brain dissected out, and left to post-fix in 4% paraformaldehyde
at 4 °C for one day, before moving it into 1X PBS containing 100 mM glycine. 50 um slices
were sliced on a vibratome (Leica VT1000S) and stored at 4°C in 70% ethanol until use.
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RNA anchoring

RNAs were anchored to the hydrogel network using the chemical LabelX as previously
described (24). Briefly, LabelX is the commercial chemical reagent Label IT® (Mirus Bio LLC)
modified, by simple mixing, with the hydrogel-anchorable group acryloyl-X. In more detail,
specimens were washed with 1x PBS three times to remove residual ethanol, then once with 1X
MOPS buffer (20 mM MOPS pH 7.7) for 45 min (15 min for neuronal culture samples), and
finally reacted overnight at 37°C with 0.018 g/L LabelX in 1X MOPS buffer.

Gelling, digestion and expansion

To allow expansion, the specimens were gelled as previously described (93). Briefly, tissue
specimens were incubated in gelling solution (1X PBS, 2 M NaCl, 8.625% (w/v) sodium
acrylate, 2.5% (w/v) acrylamide, 0.15% (w/v) N,N'-methylenebisacrylamide, 0.01% 4-hydroxy-
TEMPO, 0.2% (w/v) ammonium persulfate (APS) and 0.2% (w/v) tetramethylethylenediamine
(TEMED)) for 10 min at 4°C (for neuronal culture samples this incubation step is not needed).
The specimens were then placed in a gel chamber, constructed by sandwiching the sample
between a slide and a coverglass, with #0 coverglass spacers on either side of the sample to
prevent contact between the biological specimen and the coverglass. Specimens were incubated
with gelling solution at 37°C for 1.5-2 hours until gelling was completed. Next, the specimens
were incubated overnight at 37°C in digestion buffer (8 units/mL Proteinase K (New England
Biolabs, cat. no. P§107S), 50 mM Tris pH 8.0, 1 mM EDTA, 0.5% Triton X-100, and 5 mM 2-
Amino-5-methoxybenzoic acid (for formaldehyde adduct removal (94)). Specimens were then
expanded by incubation in excess volumes of ddH20 3 times, for 45 mins each time.

Re-embedding
To prevent gel conformational changes during sequencing, expanded gels were re-

embedded into non-expanding polyacrylamide gels, as previously described (24), resulting in a
final expansion factor of ~3.3x. Briefly, the specimens were incubated while rocking for 30 min
at 25°C with re-embedding monomer solution (acrylamide and N,N-Methylenebisacrylamide
(3% and 0.15% (w/v), respectively), 5 mM Tris base, 0.075% (w/v) TEMED, 0.075% (w/v)
APS). Specimens were then placed in gel chambers, constructed by sandwiching the sample
between slides and coverglasses, with two #1.5 coverglass spacers (placed one on top of the
other) on either side of the sample to prevent contact. Gel chambers were placed inside a closed
Tupperware-like container which was filled with nitrogen for about 5 min. Gel chambers were
then incubated for 1.5 hr at 37°C.

Passivation

We discovered that the carboxylic acid groups of sodium acrylate, used in the polymer of
the expanding gel, could inhibit downstream enzymatic reactions important for in situ
sequencing (Fig. S1). This might have been due either to a chelation effect or to interaction
between the negative charges of the carboxylic group and the enzymes tested. A passivation
procedure was designed to block the negative charges of carboxylic groups after expansion. The
samples were treated with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
Hydroxysuccinimide (NHS) to covalently react ethanolamine to the carboxylic groups,
converting them to amides with no charge. This reaction was performed in two steps (95): the
first was incubation at 25°C for 2 hours with 2 M ethanolamine hydrochloride, 150 mM EDC,
and 150 mM NHS in 100 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer at pH 6.5; the
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second step was incubation at 25°C for 40 min with 2 M ethanolamine hydrochloride and 60 mM
sodium borate (SB) buffer at pH 8.5. The samples were then washed three times with 1X PBS
for at least an hour overall. We note that as EDC can react with guanine in RNA (96), therefore
higher concentrations of EDC, compared to the concentration used here, might have undesired
side effects.

Library preparation for in situ sequencing

Following expansion, re-embedding and passivation, several enzymatic steps were carried
out to prepare the samples for in situ sequencing. Some of these steps were adapted from the
FISSEQ protocol (23), but modified to better work with expanded gels. Briefly, anchored RNA
underwent reverse transcription, cDNA circularization, and rolling circle amplification with
phi29 polymerase. The details of the reactions are below.
First, endogenous DNA was removed to allow for later ex situ sequencing of cDNA without
DNA contamination after library preparation was complete. The specimens were incubated with
DNase I (Roche; MilliporeSigma cat. no. 4716728001) at 0.5 U/uL and RNase inhibitor
(Enzymatics, cat. no. Y9240L) at 0.4 U/uL in 1X DNase I buffer for 2 hours at 25°C. The
reaction underwent heat inactivation at 75°C for 5 min, and finally washed for 1 hour with 1X
PBS.

Next, anchored RNAs were further biochemically modified into in sifu sequence-able
form via reverse transcription. Specimens were incubated with 10 U/ul SuperScript IV (SSIV)
reverse transcriptase (ThermoFisher, cat. no. 18090050), 0.4 U/uL RNase Inhibitor
(Enzymatics), 5 mM DTT, 250 uM dNTP, 10 uM inosine, 1X SSIV RT Buffer and 2.5 uM
random octamer reverse transcription primer. The primer sequence was
/5Phos/ ACTTCAGCTGCCCCGGGTGAAGANNNNNNNN for the 15 micron thick
hippocampal slice (Fig. 2C), and /5Phos/TCTCGGGAACGCTGAAGANNNNNNNN for the 50
micron thick hippocampal slice and the hippocampal culture (Fig. 2E and 2A, respectively).
(The latter primer is shorter, so less self-circularization is anticipated.) The inclusion of inosine
allowed generation of ~100 base long cDNA fragments in a subsequent step using Endonuclease
V cutting. We performed this step because CircLigase has lower efficiency for longer cDNA
strands, and therefore the overall yield was improved by including inosine. The reverse
transcription reaction was done overnight at 37°C after 15 min of 4°C incubation. For the 15
micron thick hippocampal slice, to save time, the reverse transcription reaction was done with
thermo-cycling using the following program: (a) 8°C for 12 min, (b) 8°C for 1 min, (c) 37°C for
4 min, (d) back to (b) 70 times.

For the hippocampal culture and the 50 micron thick hippocampal slice (Fig. 2A and 2E),
40 uM aminoallyl-dUTP was also included in the reverse transcription mixture. These samples
were formalin fixed after the reverse transcription to anchor aminoallyl-dUTP-modified cDNAs
to the acrylamide moieties in the gel, to ensure that cDNAs would not move during subsequent
steps (Fig. S4). The samples were washed with 1X PBS twice for 15 min, then incubated with
4% formaldehyde in 1X PBS for 1 hour at 25°C, and finally washed three times with 1X PBS for
15 min. For the 15 micron slice, Fig. 2C, no cDNA anchoring was performed; some small
amount of motion of resultant cDNAs may have occurred (Fig. S4). (We note that since cDNA is
not generated in targeted ExSeq, and the padlock probes are expected to remain stationary
around the anchored RNA transcript (97), no post-fixation was performed in these samples; see
below).
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As single-stranded cDNA is required for the circularization step, the samples were treated
with RNase. The specimens were incubated for 2 hours at 37°C with 0.01 U/uL Riboshredder
RNase blend (Epicentre, cat. no. 12500), 0.25 U/uLL RNase H (Enzymatics, cat. no. Y9220L),
0.05 U/uL Endonuclease V (New England Biolabs, cat. no. M0305S) and 1X NEB 4 buffer. For
the 15 micron thick hippocampal slice (Fig. 2C), 1 mg/mL RNase DNase-free (Roche;
MilliporeSigma cat. no. 11579681001) was used instead of Riboshredder RNase blend, as the
latter was temporarily out of stock.

Next, the specimens were rinsed with nuclease-free water twice to remove traces of phosphate
and the cDNA underwent circularization. The circularization reaction ran for 3 hours at 60°C
with 3 U/ul CircLigase II (Epicentre, cat. no. CL9025K), 1 M betaine, 2.5 mM MnCl, and 1X
CircLigase buffer.

The specimens were then hybridized with the rolling circle amplification primer, which is
reverse complement to the reverse transcription primers mentioned above:
TCTTCAGCGTTCCCGA*G*A (* is phosphorothioate to block the exonuclease activity of
phi29) for the hippocampal culture and the 50 micron thick hippocampal slice (Fig. 2A and 2E),
and TCTTCACCCGGGGCAGCTGAA*G*T (* is phosphorothioate) for the 15 micron thick
hippocampal slice (Fig. 2C). The hybridization was done for 2 hours at 37°C with 0.5 uM of the
rolling circle amplification primer, 30% formamide and 2X SSC buffer. The specimens were
then washed for 30 min at 37°C with 30% formamide and 2X SSC buffer, and then with 2X
SSC, 1X SSC and 1X PBS, each for 5 min at 25°C.

Next, rolling circle amplification was performed overnight at 30°C with 1 U/ul phi29
DNA polymerase (Enzymatics, cat. no. P7020-HC-L), 250 uM dNTP, 40 uM aminoallyl dUTP
and 1X Phi29 buffer.

To cross-link the amplified cDNA molecules containing aminoallyl dUTP, the specimens
were washed with 1X PBS, and then incubated for 2 hours at 25°C with 5 mM BS(PEG)9 in 1X
PBS. Then the samples were washed with 1X PBS and the reaction was quenched with 1 M Tris
pH 8.0 for 45 min at 25°C.

Finally, to generate Fig. 2A, C and E, the specimens were incubated with the ATTO 565-
labeled hybridization probe, matching the reverse transcription primers mentioned above:
/SATTOS565N/TCTCGGGAACGCTGAAGA for the hippocampal culture and the 50 micron
thick hippocampal slice (Fig. 2A and 2E), and
/SATTOS65N/ACTTCAGCTGCCCCGGGTGAAGA for the 15 micron thick hippocampal slice
(Fig. 2C). The hybridization was done for 45 min at 25°C with 0.1 uM hybridization probe, 10%
formamide, 4X SSC and then the samples were washed with 2X SSC, 1X SSC and 1X PBS at
25°C for 5 min each.

Automated in situ sequencing

SOLiD chemistry was utilized to sequence the cDNA amplicons (23). We automated the
sequencing procedure by combining a dedicated spinning disk confocal microscope with
computer-controlled fluidics. The spinning disk used was a Yokogawa CSU-W1 coupled with a
Nikon Ti-E inverted microscope with Borealis modification. The fluidics system was composed
of a FCS2 flow cell (Bioptechs), modular valve positioner with HVXM 8-5 valve (Hamilton) and
PTFE laboratory tubing (S1810-12, Finemech). The flow was controlled with a syringe pump for
the 15 micron thick hippocampal slice (Fig. 2C), and peristaltic pump for the hippocampal
culture and the 50 micron thick hippocampal slice (Fig. 2A and 2E). (The peristaltic pump is
accurate enough for high flow rates, and less prone to stop pumping in the middle of an
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experiment, than the syringe pump.) In both cases, a National Instruments Data Acquisition (NI-
DAQ) card was used to connect the pump and the valve positioner to the scope computer. To
mitigate movement during sequencing, the specimens were re-embedded again onto a Bind-
silane (GE17-1330-01, GE Healthcare) treated coverslip, and the coverslip with the specimen
then placed inside the flowcell. The treatment of coverslips with Bind-silane is described in (24),
and the re-embedding was performed using the same protocol as in the ‘Re-embedding’ section
above with the addition of fluorescent beads (Tetraspeck 0.2 um, Life Technologies (T7280),
diluted 1:100 into the re-embedding solution), to allow color correction as described below. The
hippocampal culture and the 50 micron thick hippocampal slice (Fig. 2A and 2E) were re-
embedded on the same coverslip and sequenced together, whereas the 15 micron thick
hippocampeal slice (Fig. 2C) was re-embedded on a different coverslip and sequenced separately.
The lines of the valve positioner were populated with the chemicals required to perform the
SOLIiD sequencing by ligation in sifu. The chemicals that required temperature other than 25°C
were temperature controlled with Mini Dry Baths (Fisher Scientific).

For SOLiD sequencing by ligation chemistry, the fluidics setup was utilized to perform the
following sequence of reactions; for each one of the 5 sequencing primers (Table S1), the
specimen was first stripped for 30 min to remove the hybridization probe or the previous
sequencing primer with strip solution (80% formamide and 0.01% Triton-X in water). Next, the
specimen was washed with 1X instrument buffer (SOLiD Buffer F, 1:10 diluted) for 10 min, and
incubated for 20 min with 2.5 uM of sequencing primer in 5X SASC (0.75 M sodium acetate, 75
mM tri-sodium citrate, pH 7.5). After a 5 min wash with 1X instrument buffer, the specimen was
reacted for 1 hour with T4 DNA ligation mixture (6 U/ul T4 DNA ligase (Enzymatics, cat. no.
L6030-HC-L) and 1:40 diluted SOLiD sequencing oligos in 1X T4 DNA ligase buffer). The
specimen was then washed for 1 hour with 1X instrument buffer and imaged with SOLiD
imaging buffer. To acquire the next base a two-step cleave reaction was performed, first with
SOLiD buffer C for 30 min (part #4458932) and then SOLiD buffer B for 15 min (part
#4463021). The cleave reaction was followed by a 10 min wash with 1X instrument buffer, 1
hour with T4 DNA ligation mixture, 1 hour wash with 1X instrument buffer and finally imaging
with SOLiD imaging buffer (SOLiD buffer A, part #4463024). The cleave-ligation-wash-
imaging cycle was repeated 3 times for each one of the 5 sequencing primers. For the
hippocampal culture and the 50 micron thick hippocampal slice, a dephosphorylation reaction
was performed before each cleave reaction to reduce phasing. (The 15 micron slice experiment
was done earlier, before we realized that phasing could be an issue; we recommend the
phosphatase for routine work.) The reaction was for 30 min with 1:20 dilution of Quick CIP
(NEB, cat. no. M0O508L) in 1X CutSmart buffer. All reactions were done at room temperature;
the strip solution and the sequencing primers were kept at 80°C; the ligation mixture, the
imaging buffer, and SOLiD buffer B were kept at 4°C.

The following optical configuration was used for in situ sequencing: (a) laser lines - 150
mW solid state OPSL 488 laser, 100 mW solid state OPSL 560 laser, 100 mW solid state DPSS
594 laser, 110 mW solid state OPSL 642 laser; (b) emission filters - 525/50, 582/15, 624/40,
685/40; (c) camera: Zyla sCMOS plus 4.2 megapixel with 100 msec exposure time; (d)
objective: Nikon 40X CFI Apo, water immersion with long working distance, NA 1.15; (e) laser
power and resolution: for the 15 micron thick hippocampal slice 50% laser power was used for
all laser lines and the resolution was set to 0.5 microns in the Z axis and 0.17 microns in X & Y
axis. For the hippocampal culture and the 50 micron thick hippocampal slice 100% laser power
was used for all laser lines and the resolution was set to 0.4 microns in the Z axis and 0.17
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microns in X & Y axis. The imaging time for one 40X field of view with the above
configurations and 150 z-sections was ~7 min using a piezo stage. As SOLiD chemistry takes
~3.5 hours per sequenced base (see above), the chemistry+imaging time is ~Shours for 10 fields
of view per base and ~100hours for a 20 base long sequencing experiment. We note that total
experiment time scales with the number of bases sequenced, and therefore sequencing of short
barcodes is faster, see Methods section ‘Targeted ExSeq of Visual Cortex and Hippocampus’
below.

Morphology (Fig. 2F and Fig. 3)

Following in situ sequencing, the 50 micron thick hippocampal slice from the Thy1-YFP
mouse was first stripped for 30 min to remove the sequencing primer with strip solution. Next,
the specimen was washed with 1X instrument buffer for 10 min, and incubated for 50 min with
2.5 uM of hybridization probe in 4X SASC and 10% formamide. After a 10 min wash with 1X
instrument buffer, the specimen was treated with 10 pg/mL primary antibody against GFP
(Rabbit Anti-GFP, Invitrogen) in 5X SASC and 0.1% Triton-X for 24 hours. After a 3 hour wash
with 1X instrument buffer, the specimen was reacted with secondary antibody, 4 pg/mL donkey
anti-rabbit [gG CF®633 dye (Biotium) with 5X SASC and 0.1% Triton-X, for 24 hours. Finally,
after an additional 3 hour wash with 1X instrument buffer, the sample was imaged in an imaging
buffer. All reactions were done at room temperature, the strip solution was kept at 80°C, and the
imaging buffer was kept at 4°C.

Software overview and open source accessibility

The entire MATLARB library to process ExSeq datasets from the microscope to spatial
analysis of gene expression is publicly accessible at
http://www.github.com/dgoodwin208/ExSeqProcessing. Specifically, there is a tutorial wiki at
http://www.github.com/dgoodwin208/ExSeqProcessing which includes instructions how to run
the pipeline and a tutorial set of targeted ExSeq data from the visual cortex. Fig. S2 is an
illustrated overview of the pipeline.

Image processing - Deconvolution

Deconvolution was used in all imaging channels for the two untargeted ExSeq experiments
of the hippocampus (Fig. 2D,F) because the morphology signal was low, but was not used for
other experiments. Deconvolution was done with Huygens software from Scientific Volume
Imaging, using the CMLE mode with 10 iterations and a signal to noise ratio of 10.

Image processing - Color Correction

For color correction, each 3D image volume from a round of SOLiD sequencing was
acquired in four fluorescence channels. In the case of rigid offsets for the images between
fluorescence channels, which can occur depending on the acquisition order on the microscope,
color correction was done using the fluorescent beads as a reference (see Methods section
‘Automated in situ sequencing’). This function is included in the software pipeline repository
published with this paper (see Fig. S2).

Image processing - Feature-based 3D Registration
Feature-based registration pipelines have three fundamental parts: keypoint detection,
feature construction at a keypoint, and feature matching. Matched features then create
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corresponding points between different image volumes, which can then be used to calculate a
warp for one image into the coordinate space of another image. We implemented this pipeline, as
described below. We selected the round with the best signal to noise ratio (typically one of the
early SOLIiD sequencing rounds) as the reference round for registration, and warped the other
rounds of imaging to match the reference. The image data was downsampled for the first four
steps, providing matched features that were re-mapped into the original space for the warp
calculation. All code is included in the open source repository given with this paper.

(a) Normalization: The four fluorescence channels from the SOLiD chemistry were
combined into one 3D image before registration. Because each channel has a different
fluorescence distribution, quantile normalization was used to normalize each fluorescence image
and the adjusted color channels are then summed into one grayscale image.

(b) Calculation of 3D keypoints: The Harris Corner Detector (98), adapted to 3D as
previously applied to 3D hydrogel registration (99), identified candidate points in the image that
would be identifiable across all sequencing rounds.

(c) Calculation of 3D SIFT features: a feature vector was constructed at each keypoint to
describe the point and its local spatial context (/00). For a complete description, please refer to
(101); briefly, the image gradients were calculated in the immediate neighborhood of each
keypoint, at multiple scales and in multiple directions, and a vector was created from the polar
histograms of the various gradients.

(d) Matching of 3D keypoints: (/00) presented a matching algorithm for SIFT features in
2D which also is effective in the 3D SIFT features used here. To additionally filter the matches,
we applied a RANSAC operation to discard correspondences that are outliers to the resulting
affine warp estimated by the majority of keypoint correspondences.

(e) Warping to the reference round: once the quality correspondences were identified, a
warp was calculated and applied to all SOLiD sequencing channels of the original data. We
implemented both an affine transform (a global, linear operation) and a Thin Plate Spline (/02)
(which can produce much finer, localized adjustments at the cost of computational complexity),
and ultimately an affine transform was sufficient when used in combination with the second re-
embedding of the sample to the coverslip (see Methods section ‘Automated in situ sequencing’
above). For less than 1% of the fields of view, the affine transform was insufficient as
determined by visual inspection and the thin plate spline was then used to improve the
registration.

Image processing - Background Subtraction

When manual inspection using FIJI (/03) determined the presence of a non-uniform
background signal, a background subtraction was performed by applying a morphological
opening operation (of size 5 pixels, roughly the radius of an amplicon), then subtracting the
opened image from the original image and clamping any negative values at zero.

Image processing - Puncta segmentation

To identify and extract the pixels associated with each amplified cDNA, we utilized the
long-established methodology of a watershed transform. To increase the signal, we first summed
the registered image volumes (the grayscale 3D images from the combined normalized channel
volumes then applied a background subtraction method) of the in situ sequencing rounds into a
single volume. This composite image was then interpolated via a shape-preserving piecewise
cubic interpolation in Z to achieve isotropic voxel size and the punctate signal was amplified
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using a Difference of Gaussians filter (similar to the commonly used Laplacian of Gaussians,
used in (10, 104)). The filtered image was thresholded using the Otsu method, and the binarized
image was segmented using the watershed transform. After segmentation, the data was un-
interpolated in Z back into the original image size. We note that by design, this segmentation
strategy was less likely to generate false negatives (i.e. puncta without segmentation) and more
likely to generate false positives (i.e. not existing puncta); the latter are then removed by the
following quality control steps. The resulting sections were identified using connected
components, and candidate puncta that were too small or too large were removed, based on a
manually set threshold (less than 30 pixels, greater than 2000 pixels). Additionally, we enforced
the constraint that a puncta was present in all sequencing rounds; because the background
subtraction clamps pixel values at 0, the presence of fluorescent signal in any channel for a
particular in situ sequencing round was readily detected. If a puncta was missing a fluorescent
signal in any channel for more than one sequencing round, it was discarded from consideration.

Data Analysis - Basecalling

After cDNA amplicons were segmented using a 3D watershed approach, the pixels
comprising the amplicons were processed for base calling. For each sequencing round, the pixels
for the four color channels were quantile normalized to account for differences in fluorophore
characteristics. For each channel in each amplicon, the normalized intensities of the channels
were sorted and the average of the top 30 pixels were compared between channels, creating a
sorted vector V. The highest channel was selected, and the confidence calculation was calculated
as follows:

Chastity = (V1 - V4)/ [(V1-V4) + (V2-V4)]
Confidence = -10*log10(1-Chastity)

That is, the color intensities for each puncta were shifted to zero according to the dimmest
color channel, V4, then the chastity was calculated as the ratio of the brightest color to the sum of
the top two brightest colors. This is similar to Illumina’s chastity calculation, and the confidence,
in rough analogy to a Phred score, is scored logarithmically. We then applied a filter to the
candidate in situ reads, requiring that no more than 6 bases be called with a confidence less than
5.

Ex situ sequencing

The specimens were first stripped for 30 min to remove the sequencing primer with strip
solution, and washed with 1X instrument buffer for 10 min. The hydrogel was then digested with
20 mM sodium meta-periodate in 1X PBS pH 6 at 37°C for 12 hours, followed by 2 min of
vortexing. The DNA was extracted and purified from the digested hydrogel with Genomic DNA
Clean & Concentrator Kit (Zymo Research), and then the single stranded DNA was transformed
into dsDNA with NEBNext (New England Biolabs). After additional purification with the
Genomic DNA Clean & Concentrator Kit, the Nextera XT DNA Library Preparation Kit
(Ilumina) was used to simultaneously fragment and tag the dsDNA with the adapter sequences
required for the Illumina MiSeq/NextSeq in vitro sequencing. The Nextera XT Index Kit
(Illumina) was used to add Illumina sequencing barcodes during the PCR amplification of the
extracted DNA. For the 15 micron thick hippocampal slice a MiSeq instrument was used to
generate paired-end sequencing reads from the extracted DNA with MiSeq® Reagent Kit v3

10


https://doi.org/10.1101/2020.05.13.094268

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.13.094268; this version posted May 15, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(2X300 cycles; Illumina). For the hippocampal culture and the 50 micron thick hippocampal
slice a NextSeq instrument was used to generate paired-end sequencing reads from the extracted
DNA with NSQ® 500 Mid Output Kit v2 (2X150 cycles; Illumina).

Data Analysis - Annotation of the ex situ sequencing data

The paired-end reads from the ex situ sequencing were aligned against both the mouse
mRNA database (RefSeq genes, downloaded from the UCSC genome browser on 2018/08/14)
and the mouse genome (version GRCm38/mm10). In both cases local alignment was used with
Bowtie2 software (/05) using default settings, and the output format was converted into browser
extensible data (bed) format using the samtools package (/06). For alignment against the
genome, to avoid alignments in repetitive regions reads that were given a Bowtie mapping
quality score of 10 and below were filtered out. Minimum mapping quality was not set for the
alignment against mRNA to allow alignments against genes with several alternative splicing
isoforms. To unify the alignments against the mRNA and the genome, the alignment against the
mRNA was converted into genomic coordinates. This was done with a custom Perl script, using
the alignment of the RefSeq genes against the mouse genome in bed format (downloaded from
the UCSC genome browser on 2018/08/14). After converting all alignments to genomic
coordinates, reads aligned against genomic regions with low complexity, detected with the
WindowMasker software with SDust module (/07) (coordinates downloaded from the UCSC
genome browser on 2018/08/15), were filtered out using the intersect function of BEDTools
(108); default settings were used with ‘-f 0.2°, i.e. no more than 20% of the read was allowed to
overlap with the low complexity regions. In addition, reads aligned against mRNA regions that
couldn’t be mapped in the genome were discarded. The aligned reads that passed the above
mentioned filters were annotated using UCSC gene information to rRNA (28S and 18S), tRNA,
introns, exons of non-coding genes, and exons of coding genes. In addition, we detected all reads
that mapped to known alternative splicing events (UCSC alternative splicing events dataset). All
the gene information and the known alternative splicing events were downloaded in bed format
from the UCSC table browser (on 2018/08/22), and the intersection was determined with
BEDTools as described above. RefSeq annotations, i.e. transcripts names (NM and NR
accessions) and associated gene symbols, were downloaded from the NCBI website (on
2018/08/20). Cases in which the two mates of a paired-end read were aligned against two
different transcript names were allowed if they represented the same gene symbol (as in the case
of two splice variants of the same gene); however, paired-end reads were filtered if the two
mates were aligned against two different gene symbols.

Data Analysis - Ex situ and in situ sequence matching

The in situ-generated 20 base long sequences (see Data Analysis - Basecalling), in SOLiD
color space (henceforth referred to as in situ color vectors), and the annotated ex sifu sequences
were matched as follows; first, as the SOLiD sequencing started from the 5° of the sequencing
primer, this primer sequence was identified in the paired-end ex situ reads. The software
BLASTn using default settings and e-value cutoff of 0.05 was utilized for primer identification.
For each paired-end read, we required that at least one of the paired-end mates matched the
sequencing primer and that the match included the primer 5’ end. To generate 20 base long
fragments equivalent to the in sifu sequences, the 17 bases at the 5’ end of the sequencing primer
were then collected from the ex situ read, and combined with the three 5’ bases of the sequencing
primer, which are the first bases read in the SOLiD sequencing chemistry. To minimize
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sequencing errors, these 17 bases were collected only if each base had a Phred score of 30 or
above. Next, the resulting 20 base long sequences from the annotated ex situ reads were
converted into SOLiD color space (henceforth referred to as the ex situ library). We note that
converting sequences in base space to SOLiD color space is straightforward and direct,
especially as only bases with low probability of sequencing errors were used, and therefore the
ambiguity of converting SOLiD color space to base space was avoided (20, 109); for example, in
converting from SOLiD color space to base space, all bases after a sequencing error would be
converted incorrectly (/09). To avoid non-informative ex situ and in situ matching, a low-
complexity filter was applied both to the in situ color vectors and the ex sifu library, requiring a
minimum Shannon entropy of 1. Overall, the resulting annotated ex sifu library had 710,659
entries.

To match the in situ color vectors to the annotated ex situ library, we employed a
continuous distance function. Briefly, we reshaped each in situ color vector and ex situ library
entry into 68-length vectors (17 in situ sequencing rounds x 4 colors) and normalized each
sequencing round to 1 by dividing by the brightest channel’s value (setting the max value to one
every four entries in the 68-length vector). The ex situ library was transformed into a matrix of
size 710,659x68, termed G, and the in situ color vectors were transformed into a similar matrix
of size 394,957x68, termed C. All alignments were done independently for each one of the fields
of view. The alignment distance, A, is calculated by A = 17-CG™. Each row of A is the alignment
distance to each entry of G, so the column index for the minimum distance in each row of A is
the index for the matching ex sifu library entry. This distance calculation requires a threshold
under which a putative match could be considered an actual match, and that threshold was
determined by setting a target false positive rate. To quantify the false positive rate of the ex situ
and in situ sequence matching, we shuffled the order of all the in situ color vectors and re-
aligned using the same method as described above. Because there is a monotonic relationship
between threshold distance and the false positive rate, we can set the threshold distance based on
a desired false positive rate, which was set at 15%. We demanded that the in situ color vectors
will uniquely match the ex sifu library. This was achieved by removing all the entries in G (the
ex situ library) that were aligned to C (the in situ color vectors), producing G’. We then realigned
the in situ color vectors against G’, and counted any entries of C that align to G’ as a non-unique
alignment that will be removed. We determined that 92% of all alignments (including rRNA)
were unique, and importantly, 97% of the non-rRNA alignments were unique. As expected, this
uniqueness is dependent on the number of bases sequenced in sifu (Fig. S5C). All non-unique
matches were discarded from further analysis.

Overall, we matched 115,075, 15,709, and 35,835 in situ color vectors with a false
positive rate of 15%, 5%, and 15%, for the 50 micron thick hippocampal slice (Fig. 2E), 15
micron thick hippocampal slice (Fig. 2C), and the hippocampal culture (Fig. 2A), respectively.
We note that reducing the false positive rate (FDR) reduces the number of aligned reads; for
example, reducing the false positive rate to 10% and 5% for the 50 micron thick hippocampal
slice results in 96,857 and 63,306 aligned reads, respectively. However, reducing the FDR to
10% or even 5% doesn’t change the results presented in this paper. Qualitatively, expected
synaptic and cytoskeletal RNAs, such as Keng2 and Mapb, are still obtained, as well as almost
all the genes discussed in the main text: Map2, Sptbnl, Mga, Ptma, BC1, Malatl, Grik2, Gabrg2,
Nobl, Maplb, Grial, Eefla2, Calm3, Nobl, Rbfox1, Shtnl, Ddx5, Celf2, Sytl, Syp, Josd2,
Rps24 (with FDR of 10%), excluding only Cux1 and Foxgl. Quantitatively, the functional
enrichment groups in the lists of genes obtained with the different FDR are very similar to one
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another, and to the functional enrichment groups obtained with the RNAseq dataset (Table S6).
Moreover, the correlation between RNAseq and untargeted ExSeq with 10 volumes (Fig. 2Gv)
still holds with the different FDR: Pearson’s r of 0.41 (p-value 6.2 x 10%) and 0.39 (p-value 5 x
10-3%) with 10% and 5% FDR, respectively, compared to Pearson’s r of 0.47 (p-value 9 x 10716%)
with FDR of 15%. Finally, the agreement between untargeted ExSeq and targeted ExSeq (Fig.
S22D) still holds with the different FDR: Pearson’s r of 0.57 (p-value 4.1 x 10*#) and 0.53 (p-
value 1.4 x 10%) with 10% and 5% FDR, respectively, compared to Pearson’s r of 0.68 (p-value
=9.75 x 10°°) with FDR of 15%.

The expression levels of all RefSeq genes detected using ExSeq in all these conditions
are given in Table S2-S4. For the 50 micron thick hippocampal slice, the RNAseq is also
included in Table S2. All the raw Illumina sequencing data will be deposited to NCBI Sequence
Read Archive (SRA) upon publication.

Data Analysis - Ex situ sequencing data sampling

Sampling from the full ex sifu sequencing data, for Fig. 2G, was performed as follows:

(a) Paired-end reads were randomly selected from the full ex situ sequencing fastq file. The
number of lines selected was such that the total number of counts for all RefSeq genes in the
random set was 10 times that of the number in 10 FoVs, to simulate the datasets for 100 FoVs.

(b) The random set of paired-end reads was then analyzed similarly to the procedure
described in the Methods section ‘Annotation of the ex situ sequencing data’; briefly, the reads
were aligned against the mouse RefSeq genes using local alignment with Bowtie2 software
(105). The alignments against the mRNA were converted into genomic coordinates, and reads
aligned against genomic regions with low complexity were filtered out. Cases in which the two
mates of a paired-end read were aligned against two different transcript names were allowed if
they represented the same gene symbol (as in the case of two splice variants of the same gene);
however, paired-end reads were filtered if the two mates were aligned against two different gene
symbols.

(c) For each RefSeq gene, the number of aligned paired-end reads was counted, resulting in
an expression vector that was compared to the expression vector generated using the RNAseq
data; the Pearson’s correlation between the log-transformed expression vectors was calculated. In
addition, the fraction of RefSeq genes detected using the random set of paired-end reads,
compared to RNAseq, was calculated. (d) Steps (a-c) were repeated 10 times. Box plots are
presented in Fig. 2Gvi-vii.

Comparison of untargeted ExSeq to bulk RNAseq (Fig. 2G)

To perform a comparison of untargeted ExSeq to bulk RN Aseq of a matching tissue sample,
a coronal hippocampal slice was selected that was within 100 um of the original 50 micron thick
hippocampal slice (Fig. 2-3) along the antero-posterior axis. The coronal hippocampal slice was
fixed with 4% PFA in exactly the same way as the original slice, washed with 1X PBS and was
kept in 70% ethanol at 4°C until RNA extraction; throughout the experimental procedure of
sequencing the RNA from a matching sample, we followed the steps in the Methods section
‘Library preparation for in situ sequencing’ when possible. Accordingly, the DNA was removed
using DNase I (Roche). RNA was extracted from these slices using an RNeasy FFPE Kit
(Qiagen) following the “Deparaffinization using Melting” protocol indicated in the kit. The
extracted RNA was then reverse transcribed using SSIV reverse transcriptase with random
primers, following the manufacturer's protocol. The RNA was removed using RNase DNase-free
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(Roche) and RNase H. The single stranded cDNA was transformed into ds-cDNA with NEBNext
second strand synthesis (New England Biolabs). After purification with the Genomic DNA
Clean & Concentrator Kit (Zymo), the Nextera XT DNA Library Preparation Kit (Illumina) was
used to simultaneously fragment and tag the dsSDNA with the adapter sequences required for the
[llumina in vitro sequencing. The Nextera XT Index Kit (Illumina) was used to add Illumina
sequencing barcodes during the PCR amplification of the extracted DNA. The library was
sequenced using a MiSeq instrument to generate paired-end sequencing reads with the MiSeq®
Reagent Kit v3. The resulting sequencing reads were annotated as described in the Methods
section ‘Data Analysis - Annotation of the ex situ sequencing data’ above.

To perform the comparison of untargeted ExSeq to bulk RNAseq of a matching
hippocampal culture (Fig. S8), we followed the same steps as for the hippocampal slice above,
with the following differences: (1) whereas one coverslip with hippocampal neurons was used
for ExSeq, five such coverslips (cultured and fixed at the same time as the one used for ExSeq,
see Methods section ‘Fixation of hippocampal culture’) were used for the matching RNAseq
experiment, to compensate for the fact that the RNA is not RCA amplified in the RNAseq
experiment; (2) the neurons in the five matching coverslips were first treated with ProK to allow
detachment from the coverslips and collection in an eppendorf tube.

In FISSEQ, highly abundant genes, such as genes involved in translation and splicing, were
underrepresented (20). We examined if such a detection bias exists in the untargeted ExSeq
dataset by comparing it with the matching RNAseq dataset (Table S2). First, we detected genes
that were expressed in the RNAseq dataset but were not expressed in the untargeted ExSeq with
full ex situ sequencing data in a 50 micron thick hippocampus slice; three expression cutoffs
were used: 10, 20, or 50 counts, and for each cutoff genes with counts higher or equal to the
cutoff in the RN Aseq, but not in the untargeted ExSeq dataset (normalized to the RNAseq
dataset by the total number of reads), were detected. Gene ontology analysis using the software
package DAVID (110) was then performed on the detected genes with each cutoff, revealing
only 2, 0, and 0 enriched ontologies (Benjamini p-value<0.01) with the expression cutoffs of 10,
20, or 50 counts, respectively. Therefore the underrepresentation of highly expressed genes from
specific functional groups, reported in FISSEQ), is not observed with untargeted ExSeq. The two
functional enrichment groups (Benjamini p-value<0.01) as obtained by DAVID for the
expression cutoff of 10 counts are given below:

Category Term Benjamini p-value
GOTERM_CC DIRECT extracellular exosome 5.7E-3
UP_KEYWORDS Glycoprotein 6.1E-3

Image Processing - 3D Tracing (Fig. 3)

To be considered a read inside a cell, the pixels of an amplicon must overlap with the
annotated neuron morphology. The annotations were created by manually tracing Thy1-YFP
antibody signals using Vast Lite (//7). A cell was annotated as three parts: the soma, the
dendrites and the nucleus (visually determined by the high perinuclear density of amplicons, and
the reduction of puncta density inside the nucleus).

3D Viewer (Fig. 3)
In order to visualize the richness of the ExSeq information, we developed a 3D visualization

tool using OpenFrameworks (an open-source platform for graphics and interactivity, v.0.9.8,
(112)). Code is hosted on GitHub at https://github.com/dgoodwin208/ExSeqOF3DVisualizer.
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We used the cytoplasmic YFP antibody data to produce a 3D mesh of the exterior of the neuron.
We then loaded each in sifu read in space, along with its readtype (exon, intron, etc.) and gene
symbol (e.g, ‘Atp2c1’,’Camk2a’). Using the exportTo3DVisualizer.m function included in the
GitHub repository, the in situ reads were converted from MATLAB objects into a format
readable by ExSeq viewer for exploration.
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Targeted ExSeq of Visual Cortex and Hippocampus (Fig. 4-5)

Gene selection

For the mouse primary visual cortex, gene panels were selected using a combination of
manual and algorithm-based strategies, as described previously (//3) and below, and required a
reference single cell and single nucleus RNAseq data set from the same kind of tissue (in this
case, ~12,000 single cells in mouse primary visual cortex) (//4). First, cells were re-assigned to
a more refined set of 192 types, using the published types as a starting point and a consensus of
several computational methods to “over-split” the data. Second, an initial set of high-confidence
marker genes were selected through a combination of literature search and analysis of the
reference data. These genes were used as input for a greedy algorithm (detailed below). Third,
the reference RNAseq data set was filtered to only include genes compatible with smFISH.
Retained genes had to be: 1) long enough to allow probe design (> 960 base pairs); 2) expressed
highly enough to be detected (FPKM >= 10), but not so high as to overcrowd the signal of other
genes in a cell (FPKM < 500); 3) expressed with low expression in off-target cells (FPKM < 50
in non-neuronal cells); and 4) differentially expressed between cell types (top 1000 remaining
genes by marker score). To more evenly sample each cell type, the reference data set was also
filtered to include a maximum of 50 cells per cluster. We note that these genes were selected to
be compatible with both smFISH (//3) and ExSeq and therefore are more stringent than is
required for ExSeq alone.

The main step of gene selection used a greedy algorithm to iteratively add genes to the
initial set. To do this, each cell in the filtered reference data set was mapped to a cell type by
taking the Pearson’s correlation of its expression levels with each cluster median using the initial
gene set of size n, and the cluster corresponding to the maximum value was defined as the
“mapped cluster”. The “mapping distance” was then defined as the average cluster distance
between the mapped cluster and the originally assigned cluster for each cell. In this case a
weighted cluster distance, defined as one minus the Pearson’s correlation between cluster
medians calculated across all filtered genes, was used to penalize cases where cells are mapped
to very different types, but an unweighted distance, defined as the fraction of cells that are not
mapped to their assigned cluster, could also be used. This mapping step was repeated for every
possible n+1 gene set in the filtered reference data set, and the set with minimum cluster distance
was retained as the new gene set. These steps were repeated using the new gene set (of size n+1)
until a gene panel of 42 genes was attained. Code for reproducing this gene selection strategy is
available as part of the mfishtools R library (https://github.com/AllenInstitute/mfishtools).

For experiments on the hippocampus, 35 genes of interest that were highly expressed in the
synaptic neuropil in rats were selected from a prior study (64), and converted to their mouse
homologs.

Probe Design - Overview

For each gene selected to be interrogated in situ, a set of DNA oligonucleotide padlock
probes directly targeting the RNA transcript was designed. Each probe had four key parts: (1) a
32 nucleotide (nt) homology region (split into two 16 nt portions spanning the ligation junction
at the 5’ and 3’ ends of the padlock probe); (2) a constant backbone region for RCA initiation
and in situ sequencing primer binding; (3) a barcode 5’ to the constant region for SOLiD
sequencing readout; and (4) a barcode 3’ to the constant region for Illumina sequencing readout.
The homology regions were linked to the SOLiD and Illumina barcodes with a short linker
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sequence ‘AAA’. Transcripts were assigned barcodes in a logical barcode space (described
below), which was represented in sequence space by two nucleotide sequences, one for readout
using the SOLiD chemistry and the other for readout using the Illumina chemistry. This provided
flexibility, enabling either chemistry to be used to read out the sequences. A schematic of the
probe and amplicon product is shown in Fig. S12.

Probe Design - Homology and constant region

Sequences of interest were downloaded from RefSeq in GenBank format. A sliding-window
sequence walk was performed down the length of a transcript, in which 32-mer regions were
serially selected, and tested to identify regions passing our QC criterion. If the region passed, the
window was advanced to start 5 nt past the end of the current window. If the region did not pass,
the window was advanced 1 nt. As the 32-mer sequence was split between two 16-mer regions
on the 5” and 3’ ends of the probe, part of the QC screened each half individually. Our QC
criterion for homology regions excluded any homology region with: (1) repetitive sequences (>4
consecutive identical bases); (2) GC content for either 16-mer half < 40% or > 65%; (3) melting
temperature for both 16-mer halves > threshold (for visual cortex probes, the threshold was
originally 55°C, then subsequently lowered (to a minimum Tm of 52°C) if fewer than six probes
per gene were generated; for hippocampus probes, the threshold was fixed at 50°C); (4)
significant hairpin or dimer secondary structure; (5) a BLAST hit of the homology region against
the mouse transcriptome (excluding the gene of interest) of >12 nt in length, that spanned the
ligation junction by at least three nt on either side of the ligation junction. 32-mers passing the
QC criterion were saved.

The constant region on the probe backbone was TCT CGG GAA CGC TGA AGA CGG C,
a modified version of the universal primer sequence from FISSEQ (20), that was extended to
increase its melting temperature for compatibility with Illumina sequencing chemistry.

Probe Design - Barcode design

Transcript barcodes uniquely identifying transcripts were designed in a logical space,
consisting of four rounds of imaging, in which a logical 0, 1, 2, or 3 was decoded in each round
of imaging, i.e. 3021 corresponded to reading out a 3 on the first round of imaging, a 0 in the
second round of imaging, and so on. Each logical color corresponded to a physical color when
read out using SOLIiD or Illumina chemistries. Barcodes for transcripts were designed with the
first three rounds R1, R2, R3 being independent, and with the last round being a check-sum
round equal to R4 = (R1 + R2 + R3) (mod 4), i.e. 3021 is a valid barcode since 3 + 0 + 2 (mod 4)
=1, while 3022 is not a valid transcript barcode. For the hippocampus probeset, bulk expression
data (from the original study (64)) was used to assign barcodes such that the barcodes were more
evenly distributed in colorspace across all rounds of imaging. For the visual cortex dataset, the
barcode sequences were evenly distributed in colorspace without weighting by gene expression.

Probe Design - Barcode implementation in SOLiD and [llumina chemistry

SOLIiD barcodes were designed to be seven nt long, with two ligations on the first primer
(SegN), and two ligations on the second primer (SeqN-1). Dibase encodings correspond to
logical bases such that longer wavelengths correspond to higher logical bases, i.e. dibase
encodings for the lowest wavelength fluorophore corresponds to logical 0, while dibase
encodings for the longest wavelength fluorophore corresponds to logical 3, except in the first
ligation on the SeqN-1 primer, in which case the color-mapping is reversed (due to a technical
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error in one base of the barcode design; we note that since the Illumina chemistry was used with
these probes, this error has no effect on the result). All possible 7 nt barcode sequences were
interpreted, and formed a library of 64 sequences per 4-round barcode.

Illumina barcodes were designed to be seven nt long, with the first four bases synthesized
directly corresponding to the first four readout rounds, with the mapping between logical bases
and sequence bases being ({0, 1, 2, 3} -> {A, C, G, T}) (and with the shortest to longest
wavelength order being G, T, A, C). All possible 7 nt barcode sequences were interpreted, and
formed a library of 64 sequences per barcode.

Probe Design - Probe assembly, negative control probes, ordering and pooling

For the visual cortex probeset, a maximum of 8 probes per transcript were selected, and for
the hippocampus probeset, a maximum of 16 probes per transcript were selected (we expect that
using 16 probes per gene will result in higher yield and is recommended to the user). To
assemble probe sequences, the correct number of homology regions were randomly selected
from the set of acceptable homology regions for a particular transcript. Each homology sequence
was associated with a SOLiD and an Illumina barcode sequence that corresponds to the logical
barcode associated with the transcript. The construction of the probe is described above.
In parallel, three negative control probe sets targeting the mCherry-expressing plasmid
pMEXxt589 (115), the D. melanogaster gene Vg, and random barcodes from a transcriptome-
orthogonal barcode set (/76) were also designed as described above, with BLAST screening
against the both the human and mouse transcriptome. These probes were given distinct barcodes
from the transcript barcodes, enabling detection of these negative control probes.
Probes were ordered with 5 phosphate modifications in 96-well plate format from either
Integrated DNA Technologies (IDT) or Eurofins Genomics. Probes for each gene were pooled
together to form 100 uM or 200 pM subpool solutions. Subpools were pooled together to form
stock solutions containing all probes of a particular probeset. Visual cortex and hippocampus
barcodes are in Table S9, with probe sequences in Table S10. For the hippocampus probeset,
one gene, Rgs5, was assigned to a highly repetitive barcode (2222), and therefore was excluded
in silico (as it was difficult to distinguish this simple repeat from imaging artifacts) after the
sequencing data was collected by removing the entry from the barcode library used to match in
situ reads.

Tissue preparation

For experiments involving study of the visual cortex (Fig. 4), one seven week old C57BL/6
Thy1-YFP female mouse was terminally anesthetized with isoflurane and perfused transcardially
with ice-cold 4% paraformaldehyde. The brain was dissected out and left in 4%
paraformaldehyde at 4°C for 12-16 hrs. After briefly washing the brain with 1X PBS, 50 pm
slices were then prepared on a vibratome (Leica VT1000s) and stored in 70% ethanol at 4°C until
use. For experiments involving study of the hippocampus (Fig. 5), one 14 week old C57BL/6
Thy1-YFP male mouse was similarly utilized.

Targeted ExSeq library preparation

Brain sections stored in 70% ethanol were rehydrated with two 15 minute washes with
PBST (1X PBS, 0.1% Triton-X) at room temperature. A coronal slice was selected that
contained the primary visual cortex, and another coronal slice from a different mouse (see above)
was selected that contained the hippocampus. These were labeled with a primary antibody
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against GFP (which labels the YFP protein) at a concentration of 10 pg/mL Rabbit Anti-GFP
(Thermo Fisher, A-11122), in PBST overnight at 4°C followed by staining with a biotinylated
secondary antibody at 10 pg/mL (Thermofisher, B-2770), in PBST overnight at 4°C. We note
that antibody staining which is performed pre-expansion (as described in this section) results in a
better staining compared to antibody staining which is performed post-sequencing (as described
in the Methods section ‘Morphology’ above); however, in our hands, in situ sequencing with
SOLiD chemistry was not successful for slices that were antibody stained pre-expansion.
Therefore, for the samples described in this section, the Illumina chemistry was utilized for in
situ sequencing instead of the SOLiD chemistry (see Methods section ‘Targeted ExSeq in situ
sequencing by synthesis’ below).

To allow the retention of RNA, the sections were treated with 0.1 mg/mL LabelX overnight
in 1X MOPS buffer (20 mM MOPS pH 7.7), as previously described. Gelation and digestion
were performed as described above for untargeted ExSeq. Re-embedding was also performed as
described above except with the following re-embedding solution composition: Acrylamide and
N,N-Methylenebisacrylamide, (4% and 0.2% (w/v), respectively), S mM Tris base, 0.05% (w/v)
TEMED, 0.05% (w/v) APS. Passivation was carried out as described above.

Probes were pooled together to form 200 uM stock libraries for the visual cortex probeset
and 81 uM for the hippocampus probeset (these two probeset were purchased from different
vendors with different probe stock concentrations). The gelled and passivated samples were then
pre-incubated for 30 minutes at room temperature with wash buffer (20% formamide, 2X SSC
buffer), then incubated overnight at 37°C with the respective hybridization mix. For the visual
cortex experiments, the hybridization mix consisted of 54 pM pooled visual cortex library
probeset (total of 334 probes; ~162 nM each probe) in 20% formamide, 2X SSC buffer. For the
hippocampus experiments, the hybridization mix consisted of 54 uM pooled hippocampus
library probeset (total of 540 probes; 100 nM each probe), 4.4 uM negative control probes (total
of 44 probes; 100 nM each probe) in 20% formamide, 2X SSC buffer.

The samples were then washed twice with wash buffer at 37°C for 30 minutes each,
followed by a wash with 1X PBS at 37°C for 30 minutes, and a pre-incubation with 1X SplintR
Ligase Buffer for 30 minutes at room temperature. The samples were then incubated with 1250
U/mL SplintR ligase (NEB, cat. no. M0375L) in 1X SplintR ligase buffer at 4°C for 6 hours. The
samples were then incubated with a freshly prepared solution of 1250 U/mL SplintR ligase in 1X
SplintR ligase buffer overnight at 37°C. Following ligation, the samples were washed with 2X
SSC for 30 minutes at room temperature followed by a pre-hybridization with wash buffer for 15
minutes at room temperature.

The samples were then incubated with 500 nM rolling circle amplification primer (TCT
TCA GCG TTC CCG A*G*A, where * denotes phosphorothioate backbone modification) in
wash buffer for 2 hours at 37°C, followed by a 30 minute wash with wash buffer at 37°C, and
another wash with 1X PBS for 15 minutes at 37°C.

After a pre-incubation with 1X Phi29 buffer for 15 minutes at room temperature, the
samples were incubated with 1000 U/mL Phi29 polymerase (Enzymatics) in 1X Phi29 buffer for
6 hours at 4°C. Following this step, the samples were incubated with 1000 U/mL Phi29
polymerase, 250 uM dNTP, 40 uM aminoallyl dUTP in 1X Phi29 buffer at 30°C overnight. The
next day, the samples were washed once with 1X PBS at room temperature for 30 minutes, and
then treated with 5 mM BS(PEG)9 (ThermoFisher, cat. no. 21582) in 1X PBS for 2 hours at
room temperature. The samples were then again washed with 1X PBS for 15 minutes at room
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temperature followed by another wash with 1 M Tris, pH 8 for 15 minutes at room temperature.
After this step, the samples were then washed once with 1X PBS.

Targeted ExSeq in situ sequencing by synthesis

For the stable, multi-round imaging required for in situ sequencing, samples were
immobilized to the bottom of a 24-well glass-bottom plate. To prepare the plate, wells were
treated with Bind-silane (GE17-1330-01, GE Healthcare) as described previously (24).
Subsequently, the gelled samples were re-embedded in individual wells within a re-embedding
gel (Acrylamide and N,N-Methylenebisacrylamide (4% and 0.2% (w/v), respectively), 5 mM
Tris base, 0.05% (w/v) TEMED, 0.05% (w/v) APS) along with 0.2 um TetraSpeck beads (Life
Technologies, cat. no. T7280), which were diluted 1:100 in the re-embedding solution. A droplet
of the re-embedding solution was transferred to a well of a bind-silane treated plate. The gel
containing the sample was placed on top of the drop, and oriented so that the tissue was on the
top of the sample (farthest from the glass). Another droplet of the re-embedding solution was
added on top of the sample, and a 10 mm circular coverglass was placed on top. The remaining
volume underneath the coverglass and around the gel was back-filled. The plate was placed into
a Tupperware container which was purged with nitrogen gas for 5 min, then gelled at 37°C for
1.5 hours. Following gelation, the sample was washed with 1X PBS for 1 hour at room
temperature.

To prevent background from base addition to exposed 3° DNA ends of cellular DNA during
sequencing, the surface-attached samples were blocked with dideoxynucleotides using Terminal
deoxynucleotidyl transferase (TdT, New England Biolabs, cat. no. M0315L). First the samples
were pre-incubated with 50 uM ddNTP, 250 uM CoCly, in 1X TdT buffer for 20 minute at room
temperature. Then, the samples were incubated with 400 U/mL, 50 uM ddNTP, 250 uM CoCl: in
1X TdT buffer for 90 minutes at 37°C. After TdT treatment, the samples were washed with 1X
PBS for 30 minutes at room temperature, followed by a wash with 4X SSC for 20 minutes at
room temperature. The [llumina sequencing primer (TCT CGG GAA CGC TGA AGA CGG C)
was then hybridized to the amplicons at 2.5 uM sequencing primer in 4X SSC at 37°C for one
hour. The samples were then washed four times with 4X SSC for 10 minutes each wash at 37°C.

At this step, the samples were ready for in situ sequencing via Illumina Sequencing-by-
Synthesis. For this purpose, we collected the incorporation mix buffer (IMT), imaging buffer
(SRE), and cleavage buffer (EMS) solutions from a MiSeq V2 kit, and aliquoted and stored them
at -20°C. Each round of sequencing involves a step of base addition, imaging, and cleavage. For
adding a base, samples were first washed three times for 10 minutes at room temperature with
PR2 buffer (part of the MiSeq V2 kit), and then treated with MiSeq V2 IMT buffer for 20
minutes at room temperature, followed by another wash with IMT for 10 minutes at room
temperature. Then, the plates with the re-embedded samples incubating in IMT were transferred
to an incubator heated to 60°C for 10 minutes. Following this step, the samples were washed
three times, 15 minutes per wash, with PR2 buffer at 60°C.

After base addition, samples were ready for imaging. The samples were stained with DAPI
(1 mg/L) in PR2 buffer, and washed twice for 15 minutes at room temperature with the MiSeq
V2 SRE imaging buffer. The samples were washed again with SRE imaging buffer, and were
then imaged on an Andor Dragonfly Spinning Disk confocal with laser lines 100 mW solid state
405 laser, 150 mW solid state 488 laser 150 mW solid state 561 laser, 160 mW solid state 633
laser; emission filters, 450/50, 540/30, 631/36, 676/37, 775/140; Andor Zyla sCMOS 4.2 plus
with 200 msec exposure time; and a Nikon 40X CFI Apo, water immersion with long working
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distance, NA 1.15 objective. Tiled images of the entire primary visual cortex and the
hippocampus were acquired using the Andor Fusion software. For each tile, 151 Z-sections were
imaged at a spacing of 0.4 pm.

After imaging, samples were then incubated with the Illumina cleavage buffer, first with
two washes each for 10 minutes at room temperature, and then finally with an incubation with
the cleavage buffer at 60°C for 20 minutes. Following this step, the samples were washed three
times for 10 minutes with PR2 buffer. At this point, the cleavage step is complete and the
process was repeated starting from the base addition step. A total of four rounds of base addition,
imaging, and cleavage were performed for the visual cortex and hippocampus samples, though
cleavage was not performed after the final round of sequencing in order to retain the signal from
the final base addition. After the final round of sequencing was imaged, the samples were
washed with PR2 buffer for 30 minutes at room temperature, followed by an overnight
incubation at 4°C with 10 pg/mL Alexa 488-labeled streptavidin (ThermoFisher, cat. no.
S11223) in PR2 to visualize YFP immunostaining. The samples were washed three times for 30
minutes with PR2 at room temperature, and stained with DAPI and imaging buffer (as described
above for sequencing). Afterwards, all the fields of view in the samples were imaged including
the streptavidin staining marking YFP as well as the signal from the final round of sequencing.
By imaging the YFP morphology along with the final round of sequencing, the YFP protein
signal was co-registered to the sequencing data.

Image Processing - Color correction, registration, segmentation

Color correction, registration and segmentation were all done as described in the Methods
sections ‘Image processing’ above, with the sole exception that background subtraction was not
used because it was not deemed necessary by manual inspection.

Image Processing - Basecalling and alignment to barcodes

Basecalling was done as described for the untargeted ExSeq (see Methods section “Data
Analysis - Basecalling”) with one exception that candidate puncta were not filtered by
confidence. Instead of filtering on confidence as was done in longer reads of untargeted ExSeq,
puncta for targeted ExSeq were required to have at least one color channel “present” per
sequencing round, where presence for a channel is defined as a signal above a channel’s median
value across all puncta in a sequencing round. Puncta that did not have a present signal for each
round were discarded. Alignment was done by determining the base for each amplicon per
round, then calculating the Hamming distance of that sequence to the list of barcodes in the
probeset. Only perfect matches (agreements across all four bases) were kept.

Image Processing - Visual cortex cell segmentation

Using the DAPI nuclear stain, 3D centroids of each neuron were determined via a
thresholding of the nuclear stain. Briefly, each volumetric image had outlier pixel intensities
removed by setting a maximum value at the 99% percentile of nuclear stain values. The image
was then blurred to account for nonuniformity of nuclear structure, and then a threshold value
was determined using Otsu’s method of all non-zero voxels in the image. This threshold value
was then used to binarize the image, and connected components was used to filter out putative
nuclear images of insufficient size (set as 50000 voxels, corresponding to a volume of 15.5 um?).
As some nuclei were erroneously split, nuclei with centroids within a distance of 5 microns of
each other were merged into a single object (shown in Fig. S14A). The final set of nuclei then
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had their centroids calculated, which then were used to estimate each cell as a sphere of radius
12.5 um. ExSeq reads within a cell’s volume were assigned to that cell. If a read was within the
volume of multiple cells, it was assigned to the cell with the closest nuclear centroid (shown in
Fig. S14B). This segmentation was repeated with a radius of 7.5 um for the robustness analysis
(Fig. S18).

Image Processing - Localization of reads within spines, dendrites, and cell bodies of the
hippocampus (Fig. 5)

The locations of spine heads were identified using the commercially available software,
MBF Neurolucida 360. Fields of view of interest were first loaded into the software one at a
time. Dendrites of YFP expressing neurons were traced using the software’s semi-automated
tracing modality. Following this step, spines on traced dendrites were automatically identified.
The output of the software consists of the coordinate of spine heads as well as other physical
characteristics which were used for subsequent analysis. Axons were traced using the software’s
semi-automated tracing modality.

To localize reads within spine heads, a threshold was applied to the deconvolved images of YFP
expressing cells to generate a binary mask. Reads were attributed to spine heads if the centroid of
the transcript resided within a positive region of the mask and within 250 nm from the centroid
of a spinehead.

Similarly, to localize reads within dendrites, a threshold was applied to the deconvolved
images to generate a binary mask to be applied to the sequencing data. To identify dendrites in
different regions of the hippocampus, the software VAST was used to annotate regions of the
hippocampus on Z-projected stitched images of the entire dataset. Reads were then assigned to
dendrites within annotated regions of the hippocampus depending on whether their centroid
resided within dendrites. To identify reads within YFP cell bodies, VAST was used to manually
create masks for YFP neuronal cell bodies within CA1 and the dentate gyrus. VAST was also
used to segment the neuropil region of CA1 into 50 micron segments (Fig. SE).

Data Analysis - EXFISH and ExSeq comparison in cultured cells (Fig. 4B)

HeLa cells were cultured on CultureWell Chambered Coverglasses (Thermo Scientific,
C37000) in D10 medium (Cellgro) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen), 1% penicillin—streptomycin (Cellgro), and 1% sodium pyruvate (BioWhittaker).
Cultured cells were washed once with DPBS (Cellgro), fixed with 10% formalin for 10 min, and
washed twice with 1X PBS. Fixed cells were then stored in 70% ethanol at 4°C until use.
Cultured cells were treated with LabelX (0.01 mg/mL), and expanded, as described previously
following the tissue gelation/expansion protocol (24). Samples were subsequently re-embedded
and passivated as described above in the targeted ExSeq library preparation protocol.

A direct comparison of EXFISH to targeted ExSeq was performed by carrying out these
processes sequentially within the same expanded cells. HCRv3.0-amplified ExFISH (HCRv3.0-
ExFISH) was performed using a modified EXFISH protocol (as described below), with HCRv3.0
probes and reagents (Molecular Instruments) (24, 55). Modifications to the original protocol
were designed to avoid using dextran sulfate in hybridization/amplification steps, as it was found
to partly inhibit downstream enzymatic reactions. All steps were performed with gels in PCR
strips, with 200 pL liquid volumes unless otherwise noted. To perform HCRv3.0 labeling,
samples were pre-incubated with HCRv3.0 Wash Buffer for 30 minutes at room temperature.
Samples were then hybridized with HCRv3.0 probes targeting a single gene that were diluted in
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HCRv3.0 Wash Buffer (8 nM total final probe concentration; 1.6 pmol probes into 200 pL total
volume) at 37°C overnight. Four samples were prepared, using HCRv3.0 probes against one of
GAPDH, EEF2, TFRC, VIM (Tables S9, S10). Samples were washed with HCRv3.0 Wash
Buffer four times for 30 minutes at 37°C, followed by four 15 minute washes with 5X SSCT (5X
SSC buffer with 0.1% Tween-20) at RT. HCR amplification was carried out with the
corresponding HCR amplifiers (hairpins) labeled with Alexa 546. Briefly, a pair of HCR
amplifiers (i.e. BxH1 and BxH2, where x denotes the initiator type; stock solution 3 uM) were
individually snap cooled by heating to 95°C for 90 seconds, then annealed at room temperature
for 30 minutes in a dark drawer. The amplification buffer was prepared by mixing 2 uL of each
snap cooled HCR amplifier with 96 pL of 5X SSCT, forming a total volume of 100 uL with final
concentration 60 nM each hairpin. Samples were incubated in the amplification buffer for four
hours at room temperature. After washing four times with 5X SSCT for 30 minutes each, gels
were transferred to individual wells of a 24-well glass-bottomed plate. Gels were stained with
DAPI (1 mg/L) in 5X SSCT for 10 minutes at room temperature. After staining, samples were
imaged using a spinning-disc confocal microscope (see ‘Automated in situ sequencing’ above)
above with a Z-step of 0.5 pm.

Following imaging, HCRv3.0 probes and amplifiers were stripped, and a targeted ExSeq
library was prepared. To strip HCR reagents, samples were pre-incubated with 500 uL strip
buffer (80% formamide, 20% water (v/v)) for 15 minutes at RT in the 24-well plate. Samples
were then washed with 500 pL of strip buffer, and incubated at 37°C for 2 hours, followed by six
20 minute washes with 500 pL strip buffer at 37°C. After stripping, samples were transferred
back to PCR tubes. Targeted ExSeq library preparation was then performed for the same gene
that was interrogated with HCRv3.0-ExFISH. The library preparation was carried out as
described above, using 8 padlock probes per transcript, at a concentration of 100 nM for each
probe. After library preparation (ending with washing with PBS after BS-PEG9 cross-linking),
amplicons were visualized by hybridizing an Alexa 546-labeled detection oligo
(/5Alex546N/TCTCGGGAACGCTGAAGA, where /5Alex546N/ is the Alexa 546 modification)
at 100 nM in 2X SSC with 10% formamide at 37°C for 1 hour. Samples were then washed twice
with 2X SSC, 10% formamide for 15 minutes each at 37°C. Finally, the samples were washed
with 1X PBS for 15 minutes at RT, transferred to individual wells of a glass-bottom 24-well
plate, and stained with DAPI (1 mg/L). The same regions that were previously imaged were
identified and imaged again on the same spinning disk confocal microscope, with a Z-step of 0.5
pm.

Analysis for each cell was spot-counting quantification for EXFISH amplicons and for
targeted ExSeq amplicons for the same gene in the same cell. Using a custom spot-counting
MATLAB code developed by the Raj lab (complete source code and instructions can be found at
https://bitbucket.org/arjunrajlaboratory/rajlabimagetools/wiki/Home), spots were identified using
manual thresholding, counted, and extracted from pairs of image stacks corresponding to
ExFISH and targeted ExSeq for the same gene in the same cell. Pearson’s correlation was
computed for the logl0-transformed data.

Data Analysis - Clustering and t-SNE embedding (Fig. 4D)

Analysis was performed using a custom MATLAB script. Segmented cells (as described
previously) with greater than 50 ascribed reads were retained for subsequent analysis. The gene
expression profiles of the cells were standardized using the Z-transform. Z-score values were
used for subsequent analysis unless explicitly noted. K-means clustering was performed on the
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expression profiles using K=15 clusters. Briefly, K=15 was selected based on a prior study (58);
the 49 clusters of the original paper were grouped into 15 groups: (1, 2) two groups of non-SST,
VIP, PVALB GABAergic neurons; (3, 4) two groups of VIP neurons; (5, 6) two groups of SST
neurons; (7, 8) two groups of PV neurons; (9) L2/3 neurons; (10) L4 neurons; (11, 12) two
groups of L5 neurons; (13, 14) two groups of L6 neurons; (15) glia. The cells were embedded
into a two-dimensional space using t-distributed stochastic neighbor embedding (t-SNE) directly
on their gene expression profiles, with coloring of points in the t-SNE plot corresponding to their
K-means cluster.

Clusters were annotated based on the expression of known and novel marker genes (using
the dataset from a prior paper (58) or the Allen Mouse Brain ISH Atlas), and physical location of
cells in the ExSeq dataset. Excitatory clusters (those with an annotation ending in “Ex”’) were
identified as those highly expressing at least one of the following marker genes (for
corresponding cortical layer(s) indicated in parenthesis): Foxp2 (L6), Sez6 (L5, L6), Galnt14
(LS, L6), Fezf2 (LS), Kenk2 (L5), Rorb (L4, LS), Lingo2 (L2/3), Cux2 (L2/3), or Pcdh8 (L2).
Excitatory clusters were ordered and named based on the physical ordering of the layers, and the
known expression patterns of the marker genes. This resulted in the nine ExSeq clusters L6 Ex,
Lé6a Ex, L5b Ex, L5/L5a Ex, L5 Ex, L4 Ex, L2/3 + L4 Ex, L2/3 Ex, and L2 Ex. Inhibitory
clusters were identified by their low expression of the marker genes for excitatory neurons listed
above. Of these six clusters, five had clear and unique marker genes. The cluster strongly
expressing Pvalb was annotated as PV. The four clusters with marker genes Unc13c, Chodl, Nts,
and Tnni3k were annotated as SST Unc13c, SST Chodl, SST Nts, and SST Tnni3k respectively
based on the the specific expression of the marker genes in minimally-overlapping subsets of
SST neurons in the prior study. The remaining cluster, ultimately annotated as GABAergic (-
PV), indicating non-PV GABAergic neurons, expressed a number of marker genes including
Gad2, Prox1, Npasl, and Nr2f2. These genes were studied in prior work (58). Gad2 was strongly
expressed in nearly all interneuron types, Prox1 in VIP interneurons, Npas] in a subset of VIP
interneurons and a subset of non-PV/SST/VIP GABAergic neurons, and Nr2f2 in subsets of VIP
interneurons and non-PV/SST/VIP GABAergic neurons (that did not overlap with those
expressing Npasl). As Pvalb (and strongly correlated markers Ank1, Slc32al, Lhx6, Kcnmb?2)
were not strongly expressed in this ExSeq cluster, the cluster was annotated as GABAergic (-PV)
to denote the mixed GABAergic neuron composition, excluding Pvalb* interneurons.

Annotation of the clusters for the robustness analysis was performed similarly. The same set of
marker genes as above was used to identify excitatory clusters, which were named and ordered
based on the physical ordering of the layers in space and the known expression patterns of the
marker genes, resulting in the eight ExSeq clusters L6 Ex, L6a Ex, L5b Ex, L5/5a Ex, L4 Ex,
L2/3 Ex, L2/3 + L4 Ex, L2/3 + L5b Ex. The latter two clusters included cells from multiple
cortical layers. Annotation of the seven remaining clusters was performed similarly as above. Six
of the seven clusters had strong marker genes. The cluster expressing Pvalb was annotated as
PV, and clusters expressing Grin3a, Tnni3k, Unc13c, Chodl, and Nts were annotated as SST
Grin3a, SST Tnni3k, SST Uncl3c, SST Chodl, and SST Nits, respectively, based on the specific
expression of the marker genes in minimally overlapping subsets of SST neurons in the prior
study. The remaining cluster expressed a number of marker genes including Gad2, Prox1, and
Nr2f2. As described above, these encompass multiple interneuron types. As markers of PV
neurons (Pvalb, and strongly correlated markers Ank1, Slc32al, Lhx6, Kcnmb2) and SST
neurons (correlated markers Chodl, Cdh9, Thsd7a, Tnni3k, Nts) were not highly expressed in
this cluster, the cluster was annotated as GABAergic (-PV, SST).
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Image Processing - Making multicolor images of reads in space (Fig. 4C, 4E)

Raw images were generated using a custom MATLAB script and merged using FIJI (103).
For images showing reads, the relevant set of reads was loaded into a custom MATLAB script
that Z-projected the reads into a 2D image, with centroids rounded to the nearest pixel
(corresponding to 50 nm pre-expansion). For each read, a 2D circle with radius corresponding to
0.5 microns (pre-expansion) was drawn at the centroid location in the relevant color. The script
produced three images representing RGB channels. Images were downsampled by a factor of 2
before saving. For Fig. 4C, all reads were used and colored identically; for Figs. 4E, S14C-D,
S18B, reads were colored depending on the cluster assignment of the cell or randomly by cell as
indicated. Images of the YFP morphology across the entire dataset were maximum intensity Z-
projected and stitched together. The RGB images and YFP morphology images were merged in
FIJI, with the YFP morphology shown in grey.

Data Analysis - Correlation to previously known cortical cell types (Fig. 4F)

Data from a previous study was downloaded and RPKM data was imported into a custom
MATLAB script (58). The 42 genes in the visual cortex dataset were identified and used for
subsequent clustering analysis. Gene expression profiles for each cell were standardized using
the Z-transform, and clustered using K-means with K=15 clusters. Clusters identified by
performing k-means clustering on the previous dataset were annotated by examining the
correlation of cells within the cluster to the 49 clusters previously identified. Clusters
corresponding to excitatory neurons were annotated by their layer (L6 Ex; L6a Ex; L5b Ex;
L5/L5a Ex; L4, LS Ex; L2/3, L4 Ex; and L2/3 Ex). A glia cluster (annotated Glia) was also
identified. The remaining clusters were identified as interneuron clusters. Four clusters had
strong marker genes, and were clearly attributable to classical interneuron types, and were
annotated by their classical type and marker gene: PV Ank1, PV Thsd7a, SST Unc13c, SST
Chodl. Of the three remaining clusters, two corresponded to classical types: VIP (annotated
without a marker gene as it was the only strongly VIP-correlated cluster), and PV (annotated
without a marker gene as a strong subtype marker gene was not identified. The remaining cluster
strongly correlated to non-PV/SST/VIP GABAergic neurons and was annotated as GABAergic
(-PV/SST/VIP).

The mean expression profile for each cluster was computed. Mean expression profiles were
also computed for clusters in the targeted ExSeq dataset, and the Pearson’s correlation matrix
between mean cluster expression profiles was computed. This was also performed for the
segmentation robustness analysis in Fig. S18.

The data from the prior study was also clustered using the variable genes within the 24,057
genes in the original dataset (58) (Fig. S17), instead of clustering using the 42 genes interrogated
by ExSeq. First, genes that exceeded a minimal level of expression were selected by summing
the genes’ RPKM values across all cells, and selecting genes with a sum greater than 1000,
resulting in a subset of 13,392 genes. Coefficients of variance (CV) were computed for each one
of these genes, and genes with a CV greater than 0.75 were retained, resulting in a final subset of
12,604 genes. Downstream analysis was performed as described above, with a similar annotation
approach. Six clusters corresponding to excitatory neurons were annotated by their layer(s) (L6a
Ex, L5b Ex, L5a + L6b Ex, L4 Ex(1), L4 Ex(2), L2/3 Ex). The L5a + L6b Ex cluster spanned
multiple cortical layers, and two similar L4 clusters were identified (L4 Ex(1) and L4 Ex(2)).
Seven interneuron clusters were identified and annotated by the expression of marker genes (VIP
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Nr2f2, VIP DIx4, VIP Kcnip4, PV, SST Npasl, SST Thsd7a, SST Chodl). The remaining
interneuron cluster corresponded to a mix of non-PV/VIP/SST interneuron types, and was
annotated GABAergic (-PV/VIP/SST). Finally, a cluster corresponding to glial cells was
annotated as Glia.

Data Analysis - Distribution of cell types across cortical layers (Fig. 4G)

Images of the transcriptomically-defined clusters corresponding to excitatory neurons (from
the clustering analysis) were exported into RGB images using custom MATLAB scripts and
FIJI, as described above. The images were partitioned into layers with VAST (/11), using the
DAPI nuclear staining and coronal section images from the Allen Reference Atlas
(https://mouse.brain-map.org/static/atlas)(60) to guide the segmentation boundaries. Seven
compartments were identified: (1) external capsule (corresponding to white matter below the
visual cortex); (2) L6/L6a; (3) L5b; (4) L5/L5a; (5) L4; (6); L2/3; and (7) L1. The layer
segmentations were exported as images and loaded into a custom MATLAB script, which first
computed the centroids of cells as the mean of the reads ascribed to a cell, and then assigned
cells to layers according to the location of the centroid. Bar plots of the cluster distribution by
physical layer and the physical layer distribution by cluster were subsequently generated.

Data Analysis - Comparison of targeted ExSeq to ex situ sequencing and bulk RNAseq

To perform comparison of targeted ExSeq to ex situ sequencing of libraries, the expanded
hippocampal slice processed with targeted ExSeq was processed for ex situ sequencing via
digestion, DNA fragmentation, amplification, and MiSeq Illumina sequencing as described
above in the Methods section, “Ex situ sequencing”. The resulting sequencing reads were aligned
against the probe sequences using Bowtie2 (/05) with local alignment and default settings. The
output of Bowtie2 was parsed to calculate the number of sequencing reads aligned against each
probe sequence, and this information was then merged to give the number of sequencing reads
aligned against each targeted gene (as several probes were used for each targeted gene).

To perform a comparison of targeted ExSeq to bulk RNAseq of a matching tissue
sample, two coronal hippocampal slices, from the same mouse, were selected that were within
100 pm of the hippocampal slice along the coronal axis. RNA was extracted from these slices
using an RNeasy FFPE Kit (Qiagen) following the “Deparaffinization using Melting” protocol
indicated in the kit. The extracted RNA was then reverse transcribed and PCR amplified using
the NEBNext Ultra I RNA Library Prep Kit using the universal PCR primers of the kit. The
amplified cDNA was then sequenced on a MiSeq system following the instructions for a “4 nM
library”. The resulting sequencing reads were aligned against mouse mRNA (RefSeq genes,
downloaded from the UCSC genome browser on 2018/08/14), using Bowtie2 (/05) with local
alignment and default settings. The output of Bowtie2 was parsed to calculate the number of
sequencing reads aligned against each mouse mRNA.
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Targeted ExSeq of Metastatic Breast Tumor Sample (Fig. 6)

Gene selection and probe design

To select a set of 300 genes for spatial profiling in metastatic breast cancer (MBC) samples,
a preliminary list of ~ 600 potentially relevant genes was first assembled based on prior
knowledge and literature, as well as MBC single cell and single nucleus datasets (in preparation).
Genes were chosen to represent various aspects of breast cancer biology, metastasis, and the
tumor-immune-microenvironment, as well as cell types and programs discovered from the single
cell and single nucleus RNAseq data. The preliminary list was then filtered down to 300 genes
based on expression statistics as measured in the MBC single cell RNAseq data set. During
probe design, three of the selected 300 genes were excluded as they did not meet technical
criteria (specifically all three transcripts were too short), reducing the final gene set to 297 genes.
For each selected gene we designed up to 16 probes and no less than 9 probes. The design of the
probes was as described in the Methods section ‘Targeted ExSeq of Visual Cortex and
Hippocampus’ above, with the following two exceptions: (a) the barcodes were generated using
the R package DNABarcodes (/77); we used barcodes of length 7 that had a hamming distance
of 3 between them (with the following command: create.dnabarcodes(7, dist=3,
heuristic="ashlock",cores=12, filter.gc=FALSE,population=500, iterations=500), therefore
allowing correction of one substitution error in the in sifu sequencing step; (b) we followed the
design in Fig. S12, with the SOLiD and Illumina barcodes having the same sequence; the SOLiD
one was encoded in color space and the Illumina one is in base space. Accession numbers and
probe sequences are in Tables S9 and S10, respectively.

Tissue preparation

As part of an ongoing research study on metastatic breast cancer, biopsies are collected
from patients at Dana Farber Cancer Institute. Prior to any study procedures, the patients provide
written informed consent for a research biopsy and subsequent analysis of tumor and normal
samples, as approved by the Dana-Farber/Harvard Cancer Center Institutional Review Board
(DF/HCC Protocol 05-246). For this study, we used an 18-gauge core needle biopsy (~6x0.8
mm) of a liver metastasis obtained from a 66-year-old woman with a known diagnosis of
hormone receptor positive metastatic breast cancer. Surgically dissected metastatic tumor
samples were quickly washed with 1X PBS and placed into a cryomold with OCT. The cryomold
was then placed in a dry ice/isopentane bath. 8 pum slices were prepared on a Cryotome (Leica)
and adhered to Superfrost Plus glass sides, which were then immediately fixed with ice cold 10%
formalin in 1X PBS for 12 min. Slices were washed 3 times for 5 minutes each with ice cold 1X
PBS and finally stored at 4°C in 70% ethanol until use.

Targeted ExSeq library preparation

To allow the retention of RNA, tumor sections were treated with 0.1 mg/mL LabelX
overnight in 1X MOPS buffer (20 mM MOPS pH 7.7). Gelation was performed as described
above for untargeted ExSeq of brain slices. A modified Proteinase-K digestion protocol was
used, consisting of 1 hour of digestion at 60°C, followed by 24 hours of digestion at 37°C, until
the gel came off the glass slide. The digestion buffer was modified to include guanidine
hydrochloride; final composition 50 mM Tris pH 8.0, 1 mM EDTA, 0.5% Triton X-100, 0.8 M
guanidine hydrochloride, 8 U/mL Proteinase-K (NEB). Re-embedding and passivation were
performed as described above for targeted ExSeq of the mouse visual cortex and hippocampus.
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Probes were pooled together to form 200 uM libraries for the MBC probeset. The gelled and
passivated samples were pre-incubated for 30 minutes at room temperature with wash buffer
(20% formamide, 2X SSC), then incubated overnight at 37°C with the hybridization mix,
consisting of 140 uM pooled library probeset (total of 4353 probes; ~32 nM each probe) in 20%
formamide, 2X SSC buffer. The samples were then washed three times with wash buffer at 37°C
for 30 minutes each wash, followed by one wash with 1X PBS for 30 minutes at 37°C. The
samples were then pre-incubated with 1X SplintR ligase buffer for 30 minutes at room
temperature. The samples were then incubated with 1250 U/mL SplintR ligase in 1X SplintR
ligase buffer at 4°C for 3 hours. The samples were then incubated with a freshly prepared
solution of 1250 U/mL SplintR ligase (NEB) in 1X SplintR ligase buffer overnight at 37°C.
Following ligation, the samples were washed with 2X SSC for 30 minutes at room temperature
followed by a pre-hybridization with wash buffer for 15 minutes at room temperature. The
samples were then incubated with 500 nM rolling circle amplification primer (TCT TCA GCG
TTC CCG A*G*A, where * denotes phosphorothioate backbone modification) in wash buffer
for 2 hours at 37°C, followed by a 30 minute wash with wash buffer at 37°C, and another wash
with 1X PBS for 15 minutes at 37°C. After a pre-incubation with 1X Phi29 buffer for 15 minutes
at room temperature, the samples were incubated with 1000U/mL Phi29 polymerase
(Enzymatics) in 1X Phi29 buffer for 3 hours at 4°C. Following this step, the samples were
incubated with 1000 U/mL Phi29 polymerase, 250 uM dNTP, 40 uM aminoallyl dUTP in 1X
Phi29 buffer at 30 °C overnight. The next day, the samples were washed once with 1X PBS at
room temperature for 30 minutes, and then treated with 5 mM BS(PEG)9 in 1X PBS for 2 hours
at room temperature. The samples were then again washed with 1X PBS for 15 minutes at room
temperature followed by another wash with 1 M Tris, pH 8 for 15 minutes at room temperature.
After this step, the samples were then washed once with 1X PBS.

Targeted ExSeq in situ SOLiD sequencing

To enable stable, multi-round imaging, gelled samples were re-embedded in individual
wells of a 24-well glass-bottom plate as described above for targeted ExSeq of mouse visual
cortex and hippocampus.

For SOLiD sequencing by ligation chemistry, for each one of the 5 sequencing primers, the
specimen was first stripped for 30 min to remove the hybridization probe or the previous
sequencing primer with strip solution (80% formamide and 0.01% Triton-X in water). Next, the
specimen was washed with 1X instrument buffer (SOLiD Buffer F, 1:10 diluted) for 10 min, and
incubated for 20 min with 2.5 uM of sequencing primer in 5X SASC (0.75 M sodium acetate, 75
mM tri-sodium citrate, pH 7.5). After two washes for 5 min total with 1X instrument buffer, the
specimen was reacted for 1 hour with T4 DNA ligation mixture (6 U/ul T4 DNA ligase
(Enzymatics) and 1:40 diluted SOLiD sequencing oligos in 1X T4 DNA ligase buffer). The
specimen was then washed 4 times for 3 hours overall with 1X instrument buffer and imaged
with SOLiD imaging buffer (the extended wash was needed since we didn’t use the flowcell but
rather did manual sequencing).

After each ligation, samples were ready for imaging. The samples were stained with DAPI
(1 mg/L) in 1X instrument buffer, and washed twice with an imaging buffer. The samples were
then imaged on an Andor Dragonfly Spinning Disk confocal with laser lines 100 mW solid state
405 laser, 150 mW solid state 488 laser 150 mW solid state 561 laser, 160 mW solid state 633
laser; emission filters, 525/50, 582/15, 624/40, 685/40; Andor Zyla sCMOS 4.2 plus with 200
msec exposure time; and a Nikon 40X CFI Apo, water immersion with long working distance,

28


https://doi.org/10.1101/2020.05.13.094268

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.13.094268; this version posted May 15, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

NA 1.15 objective. Tiled images of the sample were acquired using the Andor Fusion software.
For each tile, 151 Z-sections were imaged at a spacing of 0.4 um.

Following each imaging round, a dephosphorylation reaction was performed before each cleave
reaction to reduce phasing. The reaction was for 30 min with 1:20 dilution of Quick CIP (NEB,
MO0508L) in 1X CutSmart buffer. To acquire the next base, a two-step cleave reaction was
performed, first with SOLiD buffer C twice for 30 min total (part #4458932) and then SOLiD
buffer B twice for 15 min total (part #4463021). The cleave reaction was followed by three
washes for 20 min total with 1X instrument buffer, 1 hour with T4 DNA ligation mixture, 4
washes for 3 hours total with 1X instrument buffer, and finally washing with SOLiD imaging
buffer (SOLiD buffer A, part #4463024) before imaging. The cleave-ligation-wash-imaging
cycle was done once for each one of the 5 sequencing primers. All reactions were done at room
temperature. During the in sifu sequencing reactions the strip solution and the sequencing
primers were kept at 80°C while the ligation mixture, the imaging buffer, and SOLiD buffer B
were kept at 4°C.

Image Processing - Color correction, registration, segmentation, basecalling and alignment

Color correction, registration, segmentation basecalling were done as described for the
targeted hippocampus and visual cortex experiments with two modifications. Background
subtraction, as described in the untargeted hippocampus Methods sections, was performed. The
second modification is that alignment allowed up to one mismatch in the 7-base barcodes, due to
the barcode design (described in the Methods section ‘Gene selection and probe design’ above)
which allows correction of one substitution error.

Image Processing - Cell segmentation (Fig. 6)

Because of the high density of cells of the tumor biopsy, the automated cell segmentation
was unreliable. We utilized VAST (/17) to implement a 2D manual segmentation on a stitched
image of maximum intensity projections of the DAPI stain for the 78 fields of view. A single
person was able to annotate the cells in one day by utilizing the “conditional” feature of VAST,
allowing only pixels of a trained intensity regime to be annotated, which accelerates the speed of
annotation. Additionally, because MATLAB’s ‘bwlabel’ function can ascribe unique values to
all non-touching binary objects, the speed of manual annotation was increased by only using a
single annotation color in VAST, and therefore the manual task was mainly to remove touching
annotations of neighboring cells. With this pipeline, we segmented 5,862 cells containing at least
one ExSeq read, and retained 2,395 cells with >100 ExSeq reads, containing a total of 771,904
reads. For an ExSeq read to be counted as within a cell, given the sample is 8 microns thick
(comparable to the cell size), we demanded that the XY portion of the 3D centroid of the ExSeq
read would be within the segmented nucleus of a cell.

Nuclear structures (possibly nucleoplasmic bridges) (Fig. S25) were manually identified in
2D using VAST and then extended into 3D using the DAPI stain, creating a 3D mask of the
nuclear structures. For an ExSeq read to be considered inside the nuclear structure, we enforced
that at least 10% of the puncta voxels overlapped with the 3D mask. We note that the relatively
small number of reads (516) obtained in these nanoscale regions limited our ability to
systematically classify these reads into specific cell types.
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Data Analysis - Expression clustering (Fig. 6B and 6C)

In order to identify and cluster the 2,395 cells according to their expression pattern, we
utilized the R toolkit Seurat (74, 118). Following (/19), we used a supervised approach of using
selected genes for dimension reduction (instead of choosing the genes with the highest
variability). These genes were: non-tumor marker genes (//9)- CD3G, CD68, FOXP3, CD4
,CD8A, CD3D, CD3E, HLA-DRA; tumor marker genes (//9)- EGFR, GRB7, ERBB2, PGR,
CD44, CD24, ALDHI1A3, EPCAM, KRT19, KRT18, CDH1; B-cells- IGHG1, IGHG4, IGKC,
IGHM; Fibroblast- HSPG2. The rest of the analysis was according to the Seurat analysis
pipeline, i.e. creating a K-nearest neighbor graph based on the euclidean distance in PCA space,
and then finding clusters in the PCA space using the Louvain algorithm. Genes that can ‘mark’
each cluster (i.e. with an expression level which is higher in a given cluster compared to the
other clusters) were discovered using the Seurat ‘FindAllMarkers’ function. The
‘FindAllMarkers’ function reports a p-value for each putative gene marker in each cluster; for
putative gene markers with p-values less than 1E-10, we assigned the cluster with the known
annotation of the marker gene, otherwise we marked the cluster as “unknown”.

Data Analysis - Determining adjacent cell clusters (Fig. 6D)

For all 2,395 cells classified by Seurat, cell centroids were calculated as the average
position of the reads inside that cell. An adjacency graph was then calculated by counting all
instances of two cell centroids, from two different cell clusters, being within 20 microns of each
other. Cluster labels were shuffled and the adjacency graph of cell clusters was recalculated
500,000 times. From this bootstrapped data, p-values were calculated for each pair of cell
clusters as (1+x)/500,000 where x=number of bootstrapped iterations in which the randomized
adjacency graph for a given pair exceeded that of the original adjacency graph. The distance of
20 microns was empirically chosen, and 10 microns and 40 microns (39 microns was used in
(119)) were also computed at 10,000 iterations each, producing a similar adjacency graph
structure (Fig. S26).

Data Analysis - Detecting upregulated genes (Fig. 6E)

Using the cell clusters and adjacency matrix as described above, for any pair of cell clusters
A and B, cluster A was partitioned into two subsets: a subset of A cells that are adjacent to B
cells, and a subset of A cells that are not adjacent to B cells. Gene expression change (fold
change) per gene was then calculated as the ratio of the median expression in the subset of A
near B and the median expression in the subset of A not near B, ignoring any genes with median
value of zero. To calculate statistical significance, the A cells were randomly partitioned into two
subsets, of the same size as the two original subsets, and the fold changes of all genes between
the two subsets were recalculated 100,000 times as described above. From this bootstrapped
data, p-values were calculated for each gene as (1+x)/100,000 where x=number of bootstrapped
iterations in which the fold-change for any gene exceeded that of the original detected gene.

We note that a discontinuity is clear in the right image in panel Fig. 6Ei -- an horizontal line
is evident in the top part of this image; this is a result of imperfect stitching between two fields of
view. This discontinuity should not have any effect on the data presented or the analysis of the
data.
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Fig. S1.

In vitro experiments demonstrating that polyacrylic acid, very similar to the polymer used in
ExM, inhibits both the reverse transcription step and the rolling circle amplification step, two key
enzymatic reactions of FISSEQ, but that the enzymatic activity can be restored with a
passivation reaction that cancels out the charge of moieties on the polymer backbone. The
passivation reaction (95), in which ethanolamine is reacted with carboxylic groups and converts
them to amides with no charge (A), restores reverse transcription activity (B) and rolling circle
amplification activity (C). These in vitro experiments were performed with 0.1-0.5% (w/v)
polyacrylic acid, to mimic the concentration inside the expanded gel which is ~0.2% (8.625%
(w/v) sodium acrylate before expansion corresponds to 8.625/3.5"3 or ~0.2% with expansion
factor ~3.5, and between ~0.1% to ~0.5% with expansion factors between 2.5 to 4). The
passivation protocol was performed as in Methods section ‘Passivation’. We validated the
passivation with a range of EDC concentrations, 50-150mM, that are higher than the polyacrylic
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acid concentration of ~30mM (~0.2% polyacrylic acid); however, we didn't want the EDC
concentration to be more than a few fold higher than the polyacrylic acid concentration as EDC
can react with guanine in RNA (96), and therefore high concentrations of EDC may have
undesired side effects. The reverse transcription reaction was performed with M-MuLV
(enzymatics) according to the manufacturer’s protocol, with 1.2kb Kanamycin Positive Control
RNA (Promega) as a template, and random primers. The rolling circle amplification reaction was
performed with phi29 (enzymatics) according to the manufacturer’s protocol. The template used
was the 55-base long CircLigase I ssDNA Control Oligo, after circularization with CircLigase 11
(epicentre) according to the manufacturer’s protocol.
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Schematic, for a single field of view, of the multi-step image processing pipeline that
automatically processed 362 fields of view, across 6 ExSeq experiments (three untargeted,
including 50 and 15 micron thick hippocampal slices, and one hippocampal culture, and three
targeted, listed in Table S5), from volumetric images to spatially localized RNA reads. Each
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volumetric image for a given sequencing round is first rigidly color corrected to account for
piezo stage drift and optical differences between color channels (1). Then (2), a precise
registration (Fig. S3) is performed by detecting salient keypoints, describing each keypoint using
a 3D SIFT descriptor, and discovering correspondences between keypoints in different
sequencing rounds using the SIFT matching algorithm followed by RANSAC. The
correspondences are then used to calculate an affine transformation. All the registered images are
then combined to detect the amplicons; this puncta segmentation task is performed using
watersheding (3). Next, each amplicon is described as a sequence of colors across rounds, by
identifying the dominant color channel per round (4). These sequences are then aligned to either
an ex situ library (untargeted ExSeq) or known barcode library (targeted ExSeq) to convert the
color sequence into a gene identity. (5) The reads are then studied in space with the registered
morphology or nuclear stain. In (5), all analyses were done in 3D, except for the 8 micron thick
tumor tissue (Fig. 6), in which the reads were further studied in 2D. The entire MATLAB library
to process ExSeq datasets from the microscope to spatial analysis of gene expression is publicly
accessible at http://www.github.com/dgoodwin208/ExSeqProcessing. Specifically, the link
includes a tutorial wiki with step-by-step instructions on how to run the pipeline and a tutorial set
of targeted ExSeq data from the mouse visual cortex.
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Fig. S3.

Image registration aligns puncta across 20 in situ sequencing rounds for untargeted ExSeq to
within 1 pixel on average. Using a sparse neuron culture for demonstration purposes, a single
round of sequencing is shown in (A1), with the four SOLiD sequencing fluorescence channels
shown (blue, green, red, magenta). Yellow box, region explored in depth in Aii. (Aii) Combined
fluorescence channels of four sequencing rounds, for a set of cultured neurons, are shown as
orthogonal views in four different colors: red, green, blue and yellow. Color indicates sequencing
round, by summing all fluorescence channels in a given round, and white indicates overlap
between all rounds. The image data is not registered. Features (3D SIFT descriptors, see
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Methods) are then calculated in each round and the correspondences to a reference round (the
first sequencing round beyond the primer, chosen for its high image quality) are discovered via
SIFT matching. (Aiii) 3,311 correspondence points between the reference round (shown in blue)
and one of the 19 non-reference rounds (red) were calculated, with the specific neuron shown in
(A1) and (Aii) highlighted in the orange square. Axis labels are pre-expansion distances. (Aiv)
After the affine warp is applied, the four sequencing rounds are in high agreement: colors are as
in (Aii). (Bi) An example field of view from the intact mouse hippocampus showing six rounds
(red, blue, green, cyan, magenta, yellow; all bases are given the same color so that the reader can
focus on alignment) without registration, with zoomed in region showing approximately three
cell bodies (Bii). White indicates overlap between rounds. (Biii-iv) The same regions as in Bi-ii,
after registration. (C-D) To quantify the quality of registration, we calculated a normalized cross
correlation of 15,943 subvolumes (each of size 41x41x19 pixels), randomly chosen across the
imaged field of view (350x350x100 microns in size, post-expansion). (C) shows the maximum
offsets, after registration, across the sequencing rounds for each subvolume in each dimension.
The average of these maximum offsets per subvolume was 0.19 + 1.52 pixels in X, 0.24 + 1.62
pixels in Y and 0.16 + 0.81 pixels in Z (mean =+ standard deviation)). (D) Histograms of the
maximum offsets shown in euclidean distance, with an average distance of 0.10 + 0.5 microns
(SD). Scale bars: (Ai,Bi-Biv) 13pum pre-expansion, (Aii, Aiv) 3um pre-expansion.
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Fig. S4.

Anchoring of cDNA ensures precise spatial capture of cDNA location. In principle, without
cDNA anchoring, the cDNA can move after the RNase digestion, as they are no longer linked to
the gel in any way. To quantify this effect, we measured the location of the cDNA before the
RNase digestion, and then 12 hours after RNase digestion, to create an extreme scenario in
which the cDNA could, in principle, move quite a bit. The experiment was done both with and
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without cDNA anchoring, and performed in cultured hippocampal neurons. (A) BrdU antibody
(see Methods at end of the figure caption, below) against cDNA before the RNAse step (green)
and 12 hours after the RNase step (red), registered together (yellow overlap). (B) Same as (A),
but the cDNA are anchored to the gel before the RNase step. Focusing just on a single soma, (C)
and (D), a normalized cross-correlation method using 21x21x13pixel subvolumes from random
locations within the volume shown was used to calculate cDNA drifts between the two imaging
times. The locations of the 10,000 21x21x13pixel subvolumes were randomly chosen and
required to have a minimum signal intensity to ensure sufficient signal-to-noise ratio for the
autocorrelation calculation to calculate a correct offset. As shown in Cii and Dii, the direction
and magnitude of the offsets are encoded in an RGB image. For each subvolume, the offset of
the peak of the normalized cross-correlation is displayed in red for the X-direction offset
(black=zero offset, bright red = offset of 10 pixels or 1.7um), green for Y-direction offset
(black=zero offset, bright green = offset of 10 pixels or 1.7um) and blue for Z-direction offset
(black=zero offset, bright blue = offset of 5 pixels or 2.0um). (E) Only 52% of the subvolumes
for the without-cDNA-anchoring condition are within 0.5pum, whereas 99% of the subvolumes
match that criteria when cDNA anchoring was used (F). Scale bar: (A, B) 13um pre-expansion,
(C, D) 3um pre-expansion.

The BrdU staining protocol was performed as follows: 5-bromo-2'-deoxyuridine triphosphate
was mixed with G, A, C to a concentration of SmM. This mix was used instead of ANTPs in the
reverse transcription reaction with final concentration of 0.25mM. After the reverse transcription,
the RNase treatment, and the 12 hour wash in PBS, 5pg/ml anti-BrdU mouse antibody (Anti-
Bromodeoxyuridine from mouse IgG1; Roche) in 1x PBS was incubated for 1 hour at room
temperature. After washing with 1x PBS, 10pg/ml of goat anti-mouse cy5 antibody (abcam) in
Ix PBS was incubated for 1 hour at room temperature. Finally the sample was washed again with
Ix PBS. The cDNA anchoring was done as described in the Methods section ‘Library
preparation for in situ sequencing’.
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Fig. S5.

Ex situ library construction and in situ matching. (A) The random nature of untargeted reverse
transcription priming, the cDNA size restriction, and the circularization of the cDNA, create
unique molecular identifiers in the in sifu sequenced region of the amplified cDNA, thus
enabling later matching to ex situ reads. One sequenced region of the gene Neuronal Pentraxin 1
(Nptx1) is presented as an example. First, the cDNA is generated using random priming; the
exact location of priming was reconstructed from the actual ex sifu reads presented below.
Inosine is included in the reverse transcription process, allowing generation of ~100 base long
cDNA fragments following Endonuclease V treatment. Next, RNase treatment and Endonuclease
V cutting (at inosine) create cDNA fragments which are 95 bases long in this specific example,
not including the constant region of the reverse transcription (RT) primer (the exact location of
the cDNA 3’ end, reconstructed from the actual ex situ reads, is shown). cDNA circularization
allows rolling circle amplification (RCA) with a RCA primer which is complementary to the
constant region of the RT primer. Note that the cDNA anchoring to the hydrogel is not
illustrated, for simplicity. After in situ sequencing, the amplified cDNA is extracted from the gel,
the ss-cDNA is converted to ds-cDNA, and the ds-cDNA is tagmented and sequenced ex situ.
The actual resulting ex sifu reads are presented — note that in this case the paired-end reads give
identical reverse complement sequences. To allow in situ and ex situ sequencing reads to be
matched, we reconstruct the in situ read from the ex situ sequence; first we identify the
sequencing primer sequence in the ex situ read, and then we convert the bases at the 5’ end of the
sequencing primer to SOLiD color space according to the SOLiD 2 base encoding diagram
(lower left). The sequences of colors resulting from the ex situ information (‘ex situ library’) are
then used as a dictionary to align and directly match the in sifu sequencing reads. (B) The
sequences of colors resulting from the ex situ information (panel A) has one perfect match to the
in situ sequencing of the gene Nptx1, sequenced in a dentate gyrus neuron in a 50 micron mouse
hippocampus slice and shown on the left side of Fig. 1Giii. (C) The matching of the in situ reads
to the ex situ library is detailed in the Methods section ‘Data Analysis - Ex situ and in situ
sequence matching’. Overall, 92% of the matches, and 97% of the non-rRNA matches, are
strictly unique in the sense that if a matching ex situ read is removed from ex situ library, the in
situ read does not match to another ex situ read. Importantly, all in situ reads that are not strictly
unique are removed (see Methods section ‘Data Analysis - Ex situ and in situ sequence
matching’). This allows to explore sequence variations in mRNA, such as alternative splicing,
using the longer ex sifu matched reads.
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Histogram of cDNA amplicon lengths. The average cDNA amplicon length was 76.6 bases, with
standard deviation of 36.6 bases, and maximal length of 397 bases.

Methods used to generate this figure:

The Illumina reads generated from ex situ sequencing typically contain several repeats of
the cDNA fragment, as the size of the cDNA fragments was restricted to be ~100 bases long (see
Methods) and the Illumina reads were 300-600 bases long. To calculate the length of the cDNA
fragments, the 300x2 paired-end reads from the 15 micron thick mouse hippocampal slice were
merged using the software Pear (/26) with default settings, resulting in the successful merge of
92.7% of the paired-end reads. The cDNA fragment repeats are flanked by the sequencing primer
(introduced during reverse transcription), and therefore nucleotide-nucleotide BLAST version
2.8.1+ was used to detect all the sequencing primer locations in the merged reads. Default
settings were used, with no limit on the number of possible matches. We note that setting a more
stringent e-value compared to the default value of 10, for example an e-value of 0.05 which
corresponds to a perfect match against the primer, had a minor effect on the resulting cDNA
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amplicon length distribution. The cDNA amplicon length was defined as the distance between
two sequencing primer matches, using all the merged reads that contained more than one
sequencing primer match; if more than two sequencing primer matches were present in a merged
read, the average distance was calculated. Overall, 23.7% of the merged reads contained more
than one sequencing primer match, and therefore were used in the calculation of the cDNA
amplicon lengths.

The calculation of the cDNA fragment lengths was also performed on the 150x2 paired-
end reads from the 50 micron thick mouse hippocampal slice; however, because the [llumina
reads were shorter, the merging of the paired-end reads was less successful (only 76.3% of the
reads could be merged), and the number of merged reads with more than one sequencing primer
match was only 2.2% of the merged reads. Therefore, the cDNA fragment length distribution
from the ex situ sequencing of the 50 micron thick mouse hippocampal slice is not as
representative as the data presented for the 15 micron thick mouse hippocampal slice.
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Fig. S7.

Demonstration of untargeted ExSeq with C. elegans (A), a Drosophila embryo (B) and the HeLa
human cell line (C). The first in situ sequencing round is shown and the different colors (blue,
magenta, green, and red) reveal the current base of the amplified cDNA (SOLiD sequencing was
used). Scale bars: 20, 10 and 30 microns for panels A, B and C, respectively, in post-expansion
(e.g., actual size) units.

Methods used to generate this figure:

Worm fixation and cuticle reduction was adopted from the published Bouin’s tube
fixation protocol (/27). The strain used in the figure was CZ1632: juls76 [unc-25p::GFP + lin-
15(+)] II. The strain was maintained at 20°C under standard conditions (/28). The worms were
collected from agar plates with M9 buffer (3g KH2PO4, 6g NaHPO4, 5g NaCl, Iml 1M MgSOu,
water to 1 liter, sterilized by autoclaving) into a 15 mL tube. The tube was spun down at 1000g
for 2 min, and the supernatant was replaced with 10 mL of fresh M9. The M9 wash step was
repeated 2 more times. The worms were then transferred to a 1.5 mL tube and spun down to
remove as much supernatant as possible without disturbing the worm pellet. The worms were
placed on ice for 5 min. 1 mL of Bouin’s Fixative (0.46% picric acid, 4.4% paraformaldehyde,
2.4% acetic acid, 50% methanol, 1.2% 2-mercaptoethanol; as prepared in the published
protocol), prepared fresh and pre-chilled to 4°C, was then added. The pellet was resuspended and
mixed well. The sample was then placed on a tube rotator and mixed vigorously for 30 min at
25°C, followed by 4 hours of incubation at 4°C. The sample was then washed 3 times with ImL
Borate Triton f-mercaptoethanol solution (BTB; see recipe below); each time the sample was
spun down, the supernatant was removed, the buffer was added and the sample was mixed
thoroughly. BTB was prepared fresh using 1 mL 40x Borate Buffer Stock (3.1g boric acid, 1g
NaOH, water to 50 mL), 1 mL 20% Triton X-100, 0.8 mL 2-mercaptoethanol, and 37.2 mL
water. The sample was then further incubated three times, for 1 hour each, in 1 mL fresh BTB on
a tube rotator at 25°C. Finally, the sample was washed six times: twice with 1 mL BT (1 mL 40x
Borate Buffer Stock, 1 mL 20% Triton X-100, 38 mL water), twice with 1 mL 1x PBST (1x
PBS, 0.5% Triton X-100), and twice with 1x PBS. The worms were permeabilized for 1 hour
with 0.25% Triton X-100 in 1X PBS at 25°C.
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Drosophila larvae w1118 (BL#5905) were kindly provided by the lab of Aravinthan DT
Samuel (Harvard University). Drosophila were raised in vials or bottles with standard yeast-
containing medium at 22°C with alternating 12-h cycles of dark and light.

HeLa (ATCC CCL-2) cells were cultured on CultureWell Chambered 16 wells
Coverglass (Invitrogen) in D10 medium (Cellgro) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen), 1% penicillin—streptomycin (Cellgro), and 1% sodium pyruvate
(BioWhittaker). Cultured cells were washed once with DPBS (Cellgro), fixed with 10% formalin
in PBS for 15 min at 25°C, and washed three times with 1x PBS. Fixed cells were then stored in
70% ethanol at 4°C until use.

ExSeq experimental procedures for the worms, Drosophila and HeLa cells were
performed according to the following Methods sections: ‘RNA anchoring’, ‘Gelling, digestion
and expansion’, ‘Re-embedding’, ‘Passivation’, and ‘Library preparation for in sifu sequencing’.
For the reverse transcription, instead of SSIV, M-MuLV (10U/ul; Enzymatics, cat. no. P7040L)
was used for the worms and HeLa cells, whereas Maxima (10U/ul; Thermo Scientific, cat. no.
EP(0741) was used for Drosophila. Aminoallyl-dUTP was not included in the reverse
transcription mix (and therefore the cDNA were not formalin-fixed), and the following primer
sequence was used: /SPhos/ ACTTCAGCTGCCCCGGGTGAAGANNNNNNNN. For the worms
and HeLa cells, 2U/ul CircLigase II were used for circularization. To account for possible self-
circularization of the primers, control samples with no reverse transcription enzyme were also
processed for the worms, Drosophila, and HeLa cells, and as expected produced only a weak
signal with hybridization probe after the library preparation. /n situ sequencing was performed
manually using the reagents and the enzymatic reactions outlined in the Methods section
‘Automated in situ sequencing’. Imaging was performed on a Zeiss Laser Scanning Confocal
(LSM710) with Nikon 40X CFI Apo, water immersion with long working distance, NA 1.15
objective, and excitation light sources and emission filters as in (23).
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Fig. S8.

Untargeted ExSeq of hippocampal neurons in culture. (A) Maximum intensity projection of the
first in situ sequencing round in a hippocampal culture. The different colors (blue, magenta,
green, and red) reveal the current base of the amplified cDNA, in a SOLiD sequencing step. (B)
Gene ontology analysis using the software DAVID (/10) on all 127 expressed genes detected
with ExSeq using 10 acquired FoVs (each of the size shown in A), in a hippocampal culture.
Ontologies with low p-values are presented, revealing the expected functional enrichments for
hippocampal neurons. See below the list of enriched GO terms as obtained by DAVID. (C)
Agreement between the normalized expression levels of all well-annotated genes (RefSeq genes)
using RNAseq, and ExSeq with full ex situ sequencing data, from the same hippocampal culture.
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The Pearson’s correlation between the log-transformed expression of RefSeq genes using ExSeq
and using RNAseq is 0.621. Scale bar: (A) 13um, pre-expansion.

For panel (B), the first few functional enrichment groups (i.e. the functions with the lowest p-
values) as obtained by DAVID are given below.

Category Term Benjamini p-value
UP_TISSUE Brain 3.8E-10
UP_TISSUE Brain cortex 9.2E-7
SP PIR KEYWORDS acetylation 5.5E-6
GOTERM_CC FAT neuron projection 1.1E-5
SP PIR KEYWORDS phosphoprotein 6.4E-6
GOTERM_CC FAT presynaptic membrane 9.5E-5
GOTERM_CC FAT cell projection 2.5E-4
GOTERM_CC FAT synapse 3.3E-4
GOTERM_CC FAT dendrite 2.9E4
GOTERM_CC FAT cell projection part 4.9E-4
GOTERM_CC FAT dendritic spine 7.9E-4
UP_TISSUE Hippocampus 1.6E-3
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Fig. S9.

Gene ontology analysis using the software package DAVID (/10) on the highly expressed genes
detected with RNAseq, untargeted ExSeq with full ex situ sequencing data, and untargeted
ExSeq using the ex situ data corresponding to the 10 acquired FoVs, in a 50 micron thick
hippocampus slice. 3,039 genes were detected via ExSeq using the 10 acquired FoVs, and
therefore the top 3,039 genes (sorted according to expression level) were analyzed in each one of
the three analysis styles shown. Ontologies with low p-values are presented, revealing the
expected functional enrichments for the hippocampus region. Importantly, the functionally
enriched groups are common to the three tested conditions. The full list of the first 25 functional
enrichment groups (i.e. the functions with the lowest p-values) as obtained by DAVID for each
dataset is given in Table S6.
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Neuron 1: (392 RNA reads, 59 mRNA reads, 55 different genes)

ReadType Gene Name Gene Desc Cell Loc Cell Dist

exon Keng2 potassium voltage-gated channel subfamily Q member 2 (Keng2) nucleus 0.9

mrna-tf Mapk1 mitogen-activated protein kinase 1 (Mapk1) nucleus 14

intron Camtal calmodulin binding transcription activator 1 (Camta1) nucleus 18

exon Scamp5 secretory carrier membrane protein 5 (Scamp5) nucleus 2

intron Grin2b glutamate receptor ionotropic NMDA2B (epsilon 2) (Grin2b) nucleus 2

mrna-tf Hivep2 human i iciency virus type | binding protein 2 (Hivep2) nucleus 2.2

exon Spinl spindlin 1 (Spin1) nucleus 24

intron Cenpp centromere protein P (Cenpp) nucleus 24

intron Wdr55 WD repeat domain 55 (Wdr55) nucleus 2.7

exon Eml6 echinoderm microtubule associated protein like 6 (EmI6) nucleus 3.1

exon Keng2 potassium voltage-gated channel subfamily Q member 2 (Kenq2) nucleus Bl

exon Acox1 acyl-Coenzyme A oxidase 1 palmitoyl (Acox1) nucleus 33

exon Taokl TAO kinase 1 (Taok1) nucleus 35

exon Plxnd1 plexin D1 (Plxnd1) nucleus 35

exon Glg1 golgi apparatus protein 1 (Glg1) nucleus 3.7 Eefla2

exon Sh3gl2 SH3-domain GRB2-like 2 (Sh3gl2) nucleus 39

exon Hnrnpul2 nuclear U-like 2 ({ 2) nucleus 4

intron Josd2 Josephin domain containing 2 (Josd2) soma 4.2

mrna-tf Carml arginine t 1(Carm1) soma 43

exon Tro trophinin (Tro) soma 45

exon Ncald neurocalcin delta (Ncald) nucleus 4.6

intron Dazapl DAZ associated protein 1 (Dazapl) soma 46

intron Rbfox1 RNA binding protein fox-1 homolog (C. elegans) 1 (Rbfox1) soma 4.6

intron Rbfox1 RNA binding protein fox-1 homolog (C. elegans) 1 (Rbfox1) soma 4.6

exon Rps16 ribosomal protein S16 (Rps16) soma 5

ncRNA Snrnp70 small nuclear ribonucleoprotein 70 (U1) (Snrnp70) soma 5

intron Glis3 GLIS family zinc finger 3 (Glis3) soma 5.1

intron Dock2 dedicator of cyto-kinesis 2 (Dock2) soma 53

intron Kenh?7 potassium voltage-gated channel subfamily H (eag-related) member 7 (Kcnh7) soma 54

exon Maplb microtubule-associated protein 1B (Map1b) soma 5.4

intron Arl3 ADP-ribosylation factor-like 3 (Arl3) soma 58

mrna-tf Hivep3 human immunodeficiency virus type | enhancer binding protein 3 (Hivep3) soma 59

exon Msi2 musashi RNA-binding protein 2 (Msi2) soma 5.9

exon Sparcll SPARC-like 1 (Sparcl1) soma 59

exon Socs7 suppressor of cytokine signaling 7 (Socs7) soma 6

exon Encl ectodermal-neural cortex 1 (Encl) soma 6.1 ¥
intron Nell1 NEL-like 1 (Nell1) soma 6.1 %

intron Kenipd Kv channel interacting protein 4 (Kcnip4) soma 6.3 .
exon Tmx3 lated protein 3 (Tmx3) soma 6.3 8
intron Lrpprc leucine-rich PPR-motif containing (Lrpprc) soma 6.3 omdl
exon Chmp1lb charged multivesicular body protein 18 (Chmp1b) nucleus 6.4 q
exon Abr active BCR-related gene (Abr) soma 6.4 - ‘
exon Gpdl gly I-3. 1 (soluble) (Gpd1) soma 6.4 Grikz
exon Fbxo22 F-box protein 22 (Fbxo22) soma 6.7

exon Eml6 protein like 6 (Eml6) soma 6.8 .
intron Grik4 glutamate receptor ionotropic kainate 4 (Grik4) soma 6.9 g
intron Camk2a calcium/calmodulin-dependent protein kinase Il alpha (Camk2a) soma 6.9 8
exon Sparcll SPARC-like 1 (Sparcl1) soma 7.2

intron Mast4 ine/t kinase family member 4 (Mast4) soma 73

exon Heatr3 HEAT repeat containing 3 (Heatr3) soma 7.4

intron Dlgap2 DLG associated protein 2 (Dlgap2) soma 74

exon Slc1a2 solute carrier family 1 (glial high affinity glutamate transporter) member 2 (Slc1a2) soma 7.4

exon Lmo3 LIM domain only 3 (Lmo3) soma 75

exon Zfp62 zinc finger protein 62 (Zfp62) soma 8.4

intron Rock1 Rho-associated coiled-coil containing protein kinase 1 (Rock1) soma 9.1

exon Eefla2 eukaryotic translation elongation factor 1 alpha 2 (Eef1a2) dendrite 16.9

exon Calm3 calmodulin 3 (Calm3) dendrite 234

intron Csmdl CUB and Sushi multiple domains 1 (Csmd1) dendrite 549

intron Grik2 glutamate receptor ionotropic kainate 2 (beta 2) (Grik2) dendrite 59.7

49


https://doi.org/10.1101/2020.05.13.094268

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.13.094268; this version posted May 15, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Neuron 2: (317 RNA reads, 43 mRNA reads, 42 different genes)

ReadType Gene Name Gene Desc Cell Loc Cell Dist

intron CntnapSb contactin associated protein-like 5B (Cntnap5b) nucleus 11

intron Ctnnd2 catenin (cadherin associated protein) delta 2 (Ctnnd2) nucleus 2

nNcRNA 1600010MO7Rik  RIKEN cDNA 7 gene ( 7Rik) nucleus 24

exon Lgals! lectin galactoside binding-like (Lgalsl) nucleus 2.7

intron Tbeldl TBC1 domain family member 1 (Tbe1d1) nucleus 28

exon Atp2b2 ATPase Ca++ transporting plasma membrane 2 (Atp2b2) nucleus 3

exon Prickle2 prickle planar cell polarity protein 2 (Prickle2) nucleus 39

exon Nisch nischarin (Nisch) soma 4

exon Syt7 synaptotagmin VI (Syt7) soma 41

intron B230303A05Rik  RIKEN cDNA B 05 gene (B 0SRik) soma 4.2

exon Cepl10 centriolar coiled coil protein 110 (Ccp110) soma 42

exon Add2 adducin 2 (beta) (Add2) soma 4.5

intron Epha7 Eph receptor A7 (Epha7) soma 49

exon Sorbs1 sorbin and SH3 domain containing 1 (Sorbs1) soma 5

exon Pten phosphatase and tensin homolog (Pten) soma 51

intron Ank3 ankyrin 3 epithelial (Ank3) soma 5.2

exon Pnn pinin (Pnn) soma 5.2

exon Ntrk2 neurotrophic tyrosine kinase receptor type 2 (Ntrk2) soma 53

intron Kihi32 kelch-like 32 (KIhI32) soma 55

intron Spockl sparc/c tin cwev and kazal-like domains lycan 1 (Spock1) soma 5.7

intron Prkeb protein kinase C beta (Prkcb) soma 5.9

exon Calm3 calmodulin 3 (Calm3) soma 6.1

exon Cnp 2'3"-cyclic nucleotide 3' phosphodiesterase (Cnp) soma 6.1

exon Tmem254c transmembrane protein 254c¢ (Tmem254c) soma 6.4

exon Sle35ba solute carrier family 35 member B4 (Slc35b4) soma 6.6

exon Dst dystonin (Dst) soma 6.7

intron Celf2 CUGBP Elav-like family member 2 (Celf2) soma 6.9

intron Clvs2 clavesin 2 (Clvs2) soma 7

mrna-tf EIf1 E74-like factor 1 (EIf1) soma 7

mrna-tf Hivep3 human immunodeficiency virus type | enhancer binding protein 3 (Hivep3) soma 7.2

exon Slc1a2 solute carrier family 1 (glial high affinity glutamate transporter) member 2 (Slc1a2) soma 73

exon Numbl numb-like (Numbl) soma 75

mrna-tf Nfat5 nuclear factor of activated T cells 5 (NfatS) soma 8.1

exon Prpfé pre-mRNA splicing factor 6 (Prpf6) soma 9.2

exon Rebtb2 regulator of chromosome condensation (RCC1) and BTB (POZ) domain containing  soma 9.4

exon 2fp646 zinc‘ ﬁng;;;rote‘i‘r; 646 (Zfp646) soma 10.1

ncRNA Snord15b small nucleolar RNA C/D box 14B (Snord15b) dendrite 13

mrna-tf Prox1 prospero homeobox 1 (Prox1) dendrite 133 b

exon Gabrg2 ‘gamma-aminobutyric acid (GABA) A receptor subunit gamma 2 (Gabrg2) dendrite 141 E)

exon Rab6b RABBB member RAS oncogene family (Rab6b) dendrite 573

exon Rabéb RAB6B member RAS oncogene family (Rab6b) dendrite 57:5] $€b b

intron Psd3 pleckstrin and Sec7 domain containing 3 (Psd3) dendrite 61.4

intron Cblb Casitas B-lineage lymphoma b (Cblb) dendrite 63 L ]
O

Q
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Neuron 3: (239 RNA reads, 30 mRNA reads, 29 different genes)

ReadType Gene Name Gene Desc Cell Loc Cell Dist

intron Tmem229b Mus musculus transmembrane protein 2298 (Tmem229b) nucleus 118

intron Atplic ATPase class VI type 11C (Atp11c) nucleus 17

intron Tdrkh tudor and KH domain containing protein (Tdrkh) nucleus 2

intron Tanc2 tetratricopeptide repeat ankyrin repeat and coiled-coil containing 2 (Tanc2) nucleus 21

intron Josd2 Josephin domain containing 2 (Josd2) nucleus 24

exon Gnaol guanine nucleotide binding protein alpha O (Gnao1) nucleus 24

exon Tpil triosephosphate isomerase 1 (Tpil) nucleus 25

intron Cntnd contactin 4 (Cntnd) nucleus 25

intron Pedh9 protocadherin 9 (Pcdh9) nucleus 27

intron Cacnalc calcium channel voltage-dependent L type alpha 1C subunit (Cacnalc) nucleus 2.8

intron Mttp microsomal triglyceride transfer protein (Mttp) nucleus 29

exon Sptbn4 spectrin beta non-erythrocytic 4 (Sptbnd) nucleus 3

intron Plxnad plexin A4 (Plxnad) nucleus 33

intron Spockl sparc/osteonectin cwev and kazal-like domains proteoglycan 1 (Spock1) nucleus 33

exon Ppp2rSc protein phosphatase 2 regulatory subunit B' gamma (Ppp2r5c) nucleus 38

exon 2Zfp865 zinc finger protein 865 (2fp865) nucleus 3.8

exon Trmt2b TRM2 tRNA methyltransferase 2B (Trmt2b) soma 4.1

exon Ralgapa2 Ral GTPase activating protein alpha subunit 2 (catalytic) (Ralgapa2) nucleus 41

intron Ngef neuronal guanine nucleotide exchange factor (Ngef) nucleus 4.1

exon Trmt10a tRNA methyltransferase 10A (Trmt10a) nucleus 4.2

exon Trmt10a tRNA methyltransferase 10A (Trmt10a) nucleus 4.2

intron Pik3c2b phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 beta (Pik3c2b) soma 44 ® ®

exon Oazl ornithine decarboxylase antizyme 1 (Oaz1) soma 4.4

exon Camtal calmodulin binding transcription activator 1 (Camtal) soma 48

exon Mrrf mitochondrial ribosome recycling factor (Mrrf) soma 5 4 ?.

exon Ctdsp2 CTD (carboxy-terminal domain RNA Il pols ide A) small 2 (Cdsp2) soma 5.2 ®

exon Clstn1 calsyntenin 1 (Clstn1) soma 6.2

exon Dynli2 dynein light chain LC8-type 2 (Dynli2) soma 7.4

intron Ctnna3 catenin (cadherin associated protein) alpha 3 (Ctnna3) soma 9.2

intron Rasgefla RasGEF domain family member 1A (Rasgefla) dendrite 115 g '
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Neuron 4: (128 RNA reads, 10 mRNA reads, 9 different genes)

/Arhgap 32

ReadType Gene Name  Gene Desc Cell Loc Cell Dist

mrna-tf Rora RAR-related orphan receptor alpha (Rora) nucleus 1.6
intron Fam168a family with sequence similarity 168 member A (Fam168a) nucleus 25
mrna-tf Ep300 E1A binding protein p300 (Ep300) nucleus 31
exon Fam168a family with sequence similarity 168 member A (Fam168a) nucleus 42
intron Xkrd X-linked Kx blood group related 4 (Xkrd) soma 5.5
exon Gm20594 predicted gene 20594 (Gm20594) soma 5.7
exon Scd2 stearoyl-Coenzyme A desaturase 2 (Scd2) soma 5.7
intron Grik3 glutamate receptor ionotropic kainate 3 (Grik3) soma 6.3
exon Numb NUMB endocytic adaptor protein (Numb) dendrite 13.2
exon Arhgap32 Rho GTPase activating protein 32 (Arhgap32) dendrite 17.6
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Neuron 5: (186 RNA reads, 28 mRNA reads, 26 different genes)

ReadType Gene Name Gene Desc Cell Loc Cell Dist

exon Atp9a ATPase class Il type 9A (Atp9a) soma 39

exon Tgoln2 trans-golgi network protein 2 (Tgoln2) soma 45

exon Sytl synaptotagmin | (Syt1) soma 5|

exon Hpca hippocalcin (Hpca) soma 53

exon Rab6b RAB6B member RAS oncogene family (Rab6b) soma 5.6

intron Camk2b calcium/calmodulin-dependent protein kinase Il beta soma 6.1

exon Ppp1rSb i:;ote‘iv; .p.hosphabase 1 regulatory subunit 98 (Ppp1r9b) soma 6.4

exon Camk2b calcium/calmodulin-dependent protein kinase Il beta soma 6.8

ncRNA 1600010MO7Rik RIKEN cDNA 1600010MO07 gene (1600010MO7Rik) soma 69

exon Vxn vexin (Vxn) soma 71

exon 4921524)17Rik RIKEN cDNA 4921524)17 gene (4921524)17Rik) soma 7.6

exon Calbl calbindin 1 (Calb1) soma 76

intron Inppda inositol polyphosphate-4-phosphatase type | (Inpp4a) soma 7.9

exon Ftsj3 Fts) RNA methyltransferase homolog 3 (E. coli) (Ftsj3) soma 8.1

intron Lsamp limbic system-associated membrane protein (Lsamp) soma 87

exon Aakl AP2 associated kinase 1 (Aak1) soma 9.3

exon Dopeyl dopey family member 1 (Dopey1) dendrite 9.6

exon Sphkap SPHK1 interactor AKAP domain containing (Sphkap) soma 9.6

exon Sphkap SPHK1 interactor AKAP domain containing (Sphkap) soma 9.7

exon Top2b topoisomerase (DNA) Il beta (Top2b) soma 11.2

intron Cntnap4 contactin associated protein-like 4 (Cntnap4) soma il ’

exon Dgki diacylglycerol kinase iota (Dgki) dendrite 218

exon Sh3gl1 SH3-domain GRB2-like 1 (Sh3gl1) dendrite 225 VNO b1
exon Nob1 NIN1/RPN12 binding protein 1 homolog (Nob1) dendrite 312

ncRNA Bcl brain cytoplasmic RNA 1 (Bcl) dendrite 35 c1
intron Rbfox1 RNA binding protein fox-1 homolog (C. elegans) 1 (Rbfox1) dendrite 433 ./E.
intron Mgrnl mahogunin ring finger 1 (Mgrn1) dendrite 50.8 ()
intron Shtnl shootin 1 (Shtn1) dendrite 66.8 .
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Neuron 6: (151 RNA reads, 13 mRNA reads, 13 different genes)

ReadType Gene Name Gene Desc Cell Loc Cell Dist

exon Lsm7 LSM7 homolog U6 small nuclear RNA and mRNA degradation associated (Lsm7) nucleus 1

exon Snap25 synaptosomal-associated protein 25 (Snap25) nucleus 1.2

exon Tomm20 of outer mif i 20 (Tomm20) nucleus 43 biexf
intron Kalrn kalirin RhoGEF kinase (Kalrn) soma 59

exon Diexf digestive organ expansion factor homolog (zebrafish) (Diexf) soma 1227

mrna-tf Prkarla protein kinase cAMP dependent regulatory type | alpha (Prkarla) soma 7.7 Rasal2
intron Ankrd45 ankyrin repeat domain 45 (Ankrd45) soma 7.8 ®

exon Fry FRY microtubule binding protein (Fry) soma 83

exon Tufm Tu i ion factor mi ial (Tufm) dendrite 84 .

exon Kmt2e lysine (K)-specific methyltransferase 2€E (Kmt2e) soma 9.2 %
exon Rasal2 RAS protein activator like 2 (Rasal2) dendrite 9.8

intron Btbd9 BTB (POZ) domain containing 9 (Btbd9) dendrite 224 <
mrna-tf Mga MAX gene associated (Mga) dendrite 53.1
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Neuron 7: (209 RNA reads, 32 mRNA reads, 32 different genes)

ReadType GeneName  Gene Desc Cell Loc Cell Dist
exon Ywhaq tyrosine 3 yptophan 5 activation protein theta (Ywhaq) nucleus 16

exon Mdm2 transformed mouse 3T3 cell double minute 2 (Mdm2) nucleus 27

exon Eefla2 eukaryotic translation elongation factor 1 alpha 2 (Eef1a2) nucleus 31

intron Ppp3ca protein phosphatase 3 catalytic subunit alpha isoform (Ppp3ca) nucleus 36

intron Fam155a family with sequence similarity 155 member A (Fam155a) nucleus 38

intron Tnik TRAF2 and NCK interacting kinase (Tnik) nucleus 41

intron Atp2b1 ATPase Ca++ transporting plasma membrane 1 (Atp2b1) nucleus. a7

mrna-tf Prkarla protein kinase cAMP dependent regulatory type | alpha (Prkar1a) soma 5.1

intron Tox thymocyte selection-associated high mobility group box (Tox) nucleus 5.6

exon Cux1 cut-like homeobox 1 (Cux1) soma 59

exon Reep2 receptor accessory protein 2 (Reep2) soma 6

exon Vangl2 VANGL planar cell polarity 2 (Vangl2) soma 6.2

intron Cabpl calcium binding protein 1 (Cabp1) soma 6.5

intron Mir3473a microRNA 3473a (Mir3473a) soma 6.7

intron Igflr insulin-like growth factor | receptor (lgf1r) soma 6.8

mrna-tf Rfx3 regulatory factor X 3 (influences HLA class Il expression) (Rfx3) soma 6.9

exon H3f3b H3 histone family 38 (H3f3b) soma 7.2

exon Islr2 i ing leucine-rich repeat 2 (Islr2) soma 7.2

intron Crebrf CREBS3 regulatory factor (Crebrf) soma 8.1 Y
intron Grm1 glutamate receptor metabotropic 1 (Grm1) soma 8.1 * b
mrna-tf. TrpS3bpl transformation related protein 53 binding protein 1 (Trp53bp1) soma 83

intron Kend2 Itage-gated channel Shal-related family member 2 (Kcnd2) soma 8.4

exon Top2b topoisomerase (DNA) Il beta (Top2b) soma 8.4 e
exon Dopey2 dopey family member 2 (Dopey2) soma 8.4

exon Mpc2 mitochondrial pyruvate carrier 2 (Mpc2) soma 89

exon Runx1tl runt-related transcription factor 1; translocated to 1 (cyclin D-related) (Runx1t1) soma 9.4 ®
exon Plppra phospholipid phosphatase related 4 (Plpprd) soma 9.8

intron Celf2 CUGBP Elav-like family member 2 (Celf2) soma 10.1 ®
exon ufil UFM1 specific ligase 1 (Ufl1) soma 10.2

intron Oxrl oxidation resistance 1 (Oxr1) dendrite 124

intron Tra2b transformer 2 beta (Tra2b) dendrite 64.5

exon Cadm1 cell adhesion molecule 1 (Cadm1) dendrite 64.8
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Neuron 8: (212 RNA reads, 37 mRNA reads, 37 different genes)

ReadType Gene Name Gene Desc Cell Loc Cell Dist
exon Grin2b glutamate receptor ionotropic NMDA2B (epsilon 2) (Grin2b) nucleus 21
intron Sorll sortilin-related receptor LDLR class A repeats-containing (Sorl1) nucleus 26
exon Gm20594 predicted gene 20594 (Gm20594) nucleus 26
intron Cnksr2 connector enhancer of kinase suppressor of Ras 2 (Cnksr2) nucleus 33
intron Adcy5 adenylate cyclase 5 (Adcy5) nucleus 3.7
exon NfL neurofibromin 1 (Nf1) nucleus 4
intron Phf21a PHD finger protein 21A (Phf21a) soma 4.4
exon Gukl guanylate kinase 1 (Gukl) nucleus 48 9 °
exon Hspa8 heat shock protein 8 (Hspa8) soma 49 @
intron Zhx2 zinc fingers and homeoboxes 2 (Zhx2) nucleus 5 o
exon Kbtbd11 kelch repeat and BTB (POZ) domain containing 11 (Kbtbd11) soma 5.1 alatl
mrna-tf Mapk1 mitogen-activated protein kinase 1 (Mapk1) soma 5.5 &
intron 2700049A03Rik RIKEN cDNA 2700049A03 gene (2700049A03Rik) soma 5.6
exon Kene3 potassium voltage gated channel Shaw-related subfamily member 3 (Kcnc3) soma 5.7
intron Ppib peptidylprolyl isomerase B (Ppib) soma 5]
exon Dusp3 dual specificity 3 (vaccinia virus VHl-related) (Dusp3)  soma 6.3
intron Kenipl Kv channel-interacting protein 1 (Kcnip1) soma 6.6 m
exon Ppplrda protein phosphatase 1 regulatory subunit 9A (Ppp1r9a) nucleus 6.8
intron Grin2a glutamate receptor ionotropic NMDA2A (epsilon 1) (Grin2a) dendrite 7 O
intron Ical islet cell autoantigen 1 (Ical) soma 7 .6 Zbth20
exon Msl1 male specific lethal 1 (Msl1) soma 7.4 (0]
intron Stap2 signal transducing adaptor family member 2 (Stap2) soma 7.4 ® s
exon Rnf157 ring finger protein 157 (Rnf157) dendrite 7.9 “3
mrna-tf st18 suppression of tumorigenicity 18 (St18) soma 7.9 o
exon Dsel dermatan sulfate epimerase-like (Dsel) soma 83 ’ @® ®
intron 2fp512 zinc finger protein 512 (Zfp512) soma 9
mrna-tf Foxgl forkhead box G1 (Foxgl) dendrite 293 ©
intron Zbtb20 zinc finger and BTB domain containing 20 (Zbtb20) dendrite 322
exon Ddx5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 (Ddx5) dendrite 35.5 @ Celf2
intron Ccelf2 CUGBP Elav-like family member 2 (Celf2) dendrite 458 o ./O/SF’“’”z
exon Sptbn2 spectrin beta non-erythrocytic 2 (Sptbn2) dendrite 472
exon Sh3gll SH3-domain GRB2-like 1 (Sh3gl1) dendrite 50.7 e sh3gl1
intron Ino80d INO80 complex subunit D (Ino80d) dendrite 52.2 ‘./I nogod
intron Frmdda FERM domain containing 4A (Frmd4a) dendrite 723 Q @®
exon Itsn1 intersectin 1 (SH3 domain protein 1A) (Itsn1) dendrite 726 .
exon Chil cell adhesion molecule L1-like (Chi1) dendrite 731 L
exon Nrip3 nuclear receptor interacting protein 3 (Nrip3) dendrite 89.9 ‘
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Neuron 9: (208 RNA reads, 27 mRNA reads, 25 different genes)

ReadType Gene Name Gene Desc Cell Loc Cell Dist
intron Plxna2 plexin A2 (PIxna2) nucleus 24
intron Pitpncl phosphatidylinositol transfer protein cytoplasmic 1 (Pitpncl) nucleus 3
exon Maplb microtubule-associated protein 1B (Map1b) nucleus 33
intron Pdead phosphodiesterase 4D cAMP specific (Pdedd) soma 4.7
exon Fam131b family with sequence similarity 131 member B (Fam131b) soma 4.7
exon Kenk9 potassium channel subfamily K member 9 (Kcnk9) nucleus 4.7
exon Cul3 cullin 3 (Cul3) soma 4.8
exon Map2 microtubule-associated protein 2 (Map2) soma 48
ncRNA 2900060B14Rik  RIKEN cDNA 2900060814 gene (2900060B14Rik) soma 48
exon Map2 microtubule-associated protein 2 (Map2) soma 49
exon Prkaa2 protein kinase AMP-activated alpha 2 catalytic subunit (Prkaa2) soma b
exon Dynclhl dynein cytoplasmic 1 heavy chain 1 (Dync1h1) soma 53
mrna-tf Teergl transcription elongation regulator 1 (CA150) (Tcergl) soma 53
exon Prrc2c proline-rich coiled-coil 2C (Prrc2c) soma 53
intron Dnah7b dynein axonemal heavy chain 78 (Dnah7b) soma 56
intron Copg2 coatomer protein complex subunit gamma 2 (Copg2) soma 6
intron Mvb12b multivesicular body subunit 128 (Mvb12b) soma 6.4 8)
exon Adar adenosine deaminase RNA-specific (Adar) soma 6.5
intron Erc2 ELKS/RABG6-interacting/CAST family member 2 (Erc2) soma 6.7 @
exon Neol neogenin (Neo1) soma 6.7 q
exon Lsm7 LSM7 homolog U6 small nuclear RNA and mRNA degradation associated (Lsm7) soma 6.9
exon Uchil ubiquitin carboxy-terminal hydrolase L1 (Uchl1) soma 7.2
exon Supt6 suppressor of Ty 6 (Supt6) dendrite 15.7
exon Arl8b ADP-ribosylation factor-like 88 (Arl8b) dendrite 216
exon Arl8b ADP-ribosylation factor-like 88 (Arl8b) dendrite 219
exon Inpp5a inositol polyphosphate-5-phosphatase A (Inpp5a) dendrite 245
intron Cdh9 cadherin 9 (Cdh9) dendrite 715
@
@
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Neuron 10: (358 RNA reads, 58 mRNA reads, 56 different genes)

ReadType Gene Name Gene Desc Cell Loc Cell Dist

ncRNA RIKEN cDNA gene ( nucleus 18

intron Ampd3 adenosine monophosphate deaminase 3 (Ampd3) nucleus 27

exon Matr3 matrin 3 (Matr3) nucleus 3

intron Stx7 syntaxin 7 (Stx7) nucleus 31

intron Dec deleted in colorectal carcinoma (Dcc) nucleus 32

exon Sphkap SPHK1 interactor AKAP domain containing (Sphkap) nucleus 33

exon Camk2a calcium/calmodulin-dependent protein kinase Il alpha (Camk2a) nucleus 33

exon Unc13b unc-13 homolog B (Unc13b) nucleus 34

mrna-tf Foxo3 forkhead box 03 (Foxo3) soma 36

exon Ryr2 ryanodine receptor 2 cardiac (Ryr2) soma 4

exon Hsp90abl heat shock protein 90 alpha (cytosolic) class B member 1 (Hsp90ab1) soma 43

intron Ankrd33b ankyrin repeat domain 338 (Ankrd33b) nucleus 43

exon Prdm2 PR domain containing 2 with ZNF domain (Prdm2) soma a5

ncRNA Malatl i i lung i transcript 1 (non-coding RNA) (Malat1) nucleus 4.7

exon Arfip2 ADP-ribosylation factor interacting protein 2 (Arfip2) soma 48

intron Pppér3 protein phosphatase 6 regulatory subunit 3 (Ppp6r3) soma 5.5

intron Nin ninein (Nin) soma 5.6

intron Kihi12 kelch-like 12 (KIhI12) soma 5.8

intron Rock1 Rho-associated coiled-coil containing protein kinase 1 (Rock1) soma S

exon Fyn Fyn proto-oncogene (Fyn) soma 5.9

mrna-tf Snapcd small nuclear RNA activating complex polypeptide 4 (Snapc4) soma 6

intron H2afy H2A histone family member Y (H2afy) soma 6.1

exon Zmynd8 zinc finger MYND-type containing 8 (Zmynd8) soma 6.1

exon D430042009Rik ~ RIKEN cDNA D430042009 gene (D430042009Rik) soma 6.7

exon Rev3| REV3 like DNA directed polymerase zeta catalytic subunit (Rev3l) soma 71

exon Celf2 CUGBP Elav-like family member 2 (Celf2) soma 7.2

exon Scamp4 secretory carrier membrane protein 4 (Scamp4) soma 77

mrna-tf Ncor2 nuclear receptor co-repressor 2 (Ncor2) soma 7.9

exon Sephsl selenophosphate synthetase 1 (Sephs1) soma 9.9

exon Pclo piccolo (presynaptic cytomatrix protein) (Pclo) soma 108

intron Shisab shisa family member 6 (Shisa6) dendrite 113

intron Dgkh diacylglycerol kinase eta (Dgkh) dendrite 123

exon Slc2a3 solute carrier family 2 (facilitated glucose transporter) member 3 (Slc2a3) dendrite 125

intron Prkce protein kinase C epsilon (Prkce) dendrite 135

exon Map1ib microtubule-associated protein 18 (Map1b) dendrite 14.8

exon Grial glutamate receptor ionotropic AMPAL (alpha 1) (Grial) dendrite 16.1

intron Ksr1 kinase suppressor of ras 1 (Ksr1) dendrite 184

intron Mdn1 midasin AAA ATPase 1 (Mdn1) dendrite 19.7

mrna-tf Ank2 ankyrin 2 brain (Ank2) dendrite 20.5 & pitpnct
exon Serincl serine incorporator 1 (Serinc1) dendrite 227

intron Epc2 eenhancer of polycomb homolog 2 (Epc2) dendrite 229 ® !
exon Serincl serine incorporator 1 (Serinc1) dendrite 229 T08a
exon Slc1a2 solute carrier family 1 (glial high affinity glutamate transporter) member 2 (Slc1a2) dendrite 229 ﬁ‘“
exon Slc25a4 solute carrier family 25 (mi ial carrier adenine i ) member 4 (Slc25a4) dendrite 25.6

intron Tomm?70a of outer 70A (Tomm70a) dendrite 285 L] %.
mrna-tf Ssbp2 single-stranded DNA binding protein 2 (Ssbp2) dendrite 29

exon Wipil WD repeat domain phosphoinositide interacting 1 (Wipi1) dendrite 333 «®
exon Nuakl NUAK family SNF1-like kinase 1 (Nuak1) dendrite 348 e} ®
intron Kalrn kalirin RhoGEF kinase (Kalrn) dendrite 36.3

exon Fancm Fanconi anemia complementation group M (Fancm) dendrite 38.7

mrna-tf Lmo4 LIM domain only 4 (Lmo4) nucleus 46.4

mrna-tf Ep300 E1A binding protein p300 (Ep300) nucleus 493

intron Pitpncl transfer proteis 1 (Pitpncl) dendrite 52

intron Dnah7b dynein axonemal heavy chain 78 (Dnah7b) nucleus 54.1

exon Trmt10a tRNA methyltransferase 10A (Trmt10a) dendrite 54.9 KIf§
intron Josd2 Josephin domain containing 2 (Josd2) dendrite 55.5 ('
exon Trmt10a tRNA methyltransferase 10A (Trmt10a) dendrite 55.6

intron KIf8 Kruppel-like factor 8 (KIf8) dendrite 763
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Neuron 11: (121 RNA reads, 18 mRNA reads, 18 different genes)

ReadType Gene Name Gene Desc CellLoc  Cell Dist
mrna-tf Sin3b transcriptional regulator SIN3B (yeast) (Sin3b) soma 3.8
exon Gdapl ioside-induced di iati i protein 1 (Gdap1) soma 41
exon Pfkp phosphofructokinase platelet (Pfkp) soma 5
exon Tagap T cell activation Rho GTPase activating protein (Tagap) soma 5.5
intron Naa30 N(alpha)-acetyltransferase 30 NatC catalytic subunit (Naa30) soma 5.8
exon Zfp558 zinc finger protein 558 (Zfp558) soma 7
exon Lrp4 low density lipoprotein receptor-related protein 4 (Lrp4) soma 83
exon Add2 adducin 2 (beta) (Add2) dendrite 115
intron Ryr2 ryanodine receptor 2 cardiac (Ryr2) dendrite 14.1
exon Lyst lysosomal trafficking regulator (Lyst) dendrite 145
exon Serincl serine incorporator 1 (Serinc1) dendrite 22.2
mrna-tf Zfp39 zinc finger protein 39 (Zfp39) dendrite 234
intron Arhgap29 Rho GTPase activating protein 29 (Arhgap29) dendrite 28.7
exon Sf3b2 splicing factor 3b subunit 2 (Sf3b2) dendrite 30.5
intron Adarb2 adenosine deaminase RNA-specific B2 (Adarb2) dendrite 30.7
exon Sytl synaptotagmin | (Syt1) dendrite 329 qsenncl
intron Nup93 nucleoporin 93 (Nup93) dendrite 52.6 5/8 9
intron Prkab2 protein kinase AMP-activated beta 2 non-catalytic subunit (Prkab2) = dendrite 69.4 @ Y
Arhgap2
b
O farb2

o
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Neuron 12: (314 RNA reads, 24 mRNA reads, 21 different genes)

ReadType Gene Name  Gene Desc Cell Loc Cell Dist

intron Dmtn dematin actin binding protein (Dmtn) nucleus 2.4

ncRNA Meg3 maternally expressed 3 (Meg3) nucleus 32

intron Clvs2 clavesin 2 (Clvs2) nucleus 41

ncRNA Malatl metastasis associated lung adenocarcinoma transcript 1 (non-coding RNA) (Malat1) soma 43

intron Stap2 signal transducing adaptor family member 2 (Stap2) soma a5

intron Mob2 MOB kinase activator 2 (Mob2) soma a7

intron KIhi32 kelch-like 32 (KIhi32) soma 4.7

intron Adoral adenosine Al receptor (Adoral) soma 5.1

exon Pedhge5 gamma cs 1gc5) soma 51

exon Tspan5 tetraspanin 5 (Tspan5) soma 5.1

exon Calnl calneuron 1 (Caln1) soma 5.2

exon Eifl eukaryotic translation initiation factor 1 (Eif1) soma 53

intron Opeml opioid binding protein/cell adhesion molecule-like (Opcml) soma 5.6

exon Setd2 SET domain containing 2 (Setd2) dendrite 12.8

intron Cecr2 CECR2 histone acetyl-lysine reader (Cecr2) dendrite 283

mrna-tf 2fp592 zinc finger protein 592 (Zfp592) dendrite 318

intron Kenipl Kv channel-interacting protein 1 (Kenip1) dendrite 42.7

mrna-tf Ptma prothymosin alpha (Ptma) dendrite 439

intron Fam155a family with sequence similarity 155 member A (Fam155a) dendrite 447

exon Tubbda tubulin beta 4A class IVA (Tubb4a) dendrite 475

exon Dopey2 dopey family member 2 (Dopey2) dendrite 51.4

intron Stap2 signal transducing adaptor family member 2 (Stap2) dendrite 58.6

intron Stap2 signal transducing adaptor family member 2 (Stap2) dendrite 58.8 Q

ncRNA Malatl metastasis associated lung adenocarcinoma transcript 1 (non-coding RNA) (Malat1) dendrite 76.1 (o
©

L] 55a
® O ./.rmgﬂ e Tubbda
&DopeyZ
C %
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Neuron 13: (160 RNA reads, 10 mRNA reads, 10 different genes)

ReadType
exon
mrna-tf
exon
exon
intron
exon
intron
intron
intron

exon

Gene Name
Nckap1
Dazap2
Dynclhl
Slcla2
Dpp6
Gotl

Kiz
Map7
Cntnd
Syp

Gene Desc

NCK-associated protein 1 (Nckap1)

DAZ associated protein 2 (Dazap2)

dynein cytoplasmic 1 heavy chain 1 (Dynclh1)
solute carrier family 1 (glial high affinity glutamate transporter) member 2 (Slc1a2)
dipeptidylpeptidase 6 (Dpp6)

glutamic-oxaloacetic transaminase 1 soluble (Got1)
kizuna centrosomal protein (Kiz)
microtubule-associated protein 7 (Map7)
contactin 4 (Cntn4)

synaptophysin (Syp)

Cell Loc
nucleus
nucleus
nucleus
nucleus
nucleus
soma
soma
soma
soma

dendrite

Cell Dist
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Fig. S10.

Complete list of the transcripts detected in each hand-traced neuron, not including rRNA. Each
neuron is presented separately, numbered from left to right. For each neuron, the transcripts are
listed according to their position from top (soma) to bottom (end of dendrites). Each ExSeq read
is assigned (‘Cell Loc’ below) into the dendrite, soma, or nucleus (see Methods section ‘Image
Processing - 3D Tracing’), and an Euclidean distance (‘Cell Dist” below) is measured from the
centroid of the nucleus (in microns, pre-expansion).
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Fig. S11.

Untargeted ExSeq mapping of alternative splicing events in neurons. (A) ExSeq resolves
alternative splicing isoforms with high correlation to those seen with standard RNAseq. For each
RefSeq gene identified in untargeted ExSeq, the counts of the highest frequency isoform divided
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by the counts of the second highest frequency isoform are calculated for ExSeq (y-axis) and for
RNAseq of the adjacent slice (x-axis). (B) Examples of alternative splice events detected in situ,
shown for the genes Microtubule Associated Protein 2 (Map2) (i), Cut Like Homeobox 1 (Cuxl)
(i1), Spectrin Beta, Non-Erythrocytic 1 (Sptbnl) (iii) and Ribosomal Protein S24 (Rps24) (iv).
For each sub-figure the genomic coordinates are displayed at the bottom, the known gene
isoforms (RefSeq annotations) that align to that genomic region are in the middle (one row for
each isoform), and the aligned in situ reads are at the top (each row corresponds to one
sequenced puncta). For each sub-figure, the relative position of one of the exons is displayed in
the following format: x/y, i.e. exon number (starting from the 5’ of the mRNA) / total number of
exons. Thick lines for the known gene isoforms and in situ reads represent the sequences
matching to the genomic coordinates at the bottom, whereas thin lines represent gaps in the
alignment due to intronic regions. For the mRNA, thin lines represent introns, medium-thick
lines represent untranslated regions, and fully thick lines represent coding regions. For all four
genes, the in situ reads are matching the structure of specific mRNA isoforms (shown in green)
and not other isoforms (grey), therefore revealing the expressed alternative splicing isoforms. In
addition, for Sptbnl, the top in situ read possibly reveals a previously uncharacterized exon
skipping splicing event, as the exon marked in a circle is not present in the read whereas the two
flanking exons are present.
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Fig. S12.

Architecture of padlock probes for targeted ExSeq. Targeted ExSeq padlock probes consist of
four key elements: (1) a 32 nt homology region, split into two 16 nt halves (H1, H2) on the 5’
and 3’ ends of the padlock probe; (2) a constant RCA/Sequencing primer site on the backbone;
(3) abarcode (‘BC’) sequence for readout with SOLiD sequencing chemistry; and (4) a barcode
sequence for readout with Illumina chemistry. After ligation and rolling circle amplification, the
amplicon concatamer is formed.
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Fig. S13.

Comparison between targeted ExSeq and Allen Institute ISH atlas (https://mouse.brain-map.org/)
for selected marker genes in the primary visual cortex. Scale bars: targeted ExSeq, 200 microns
pre-expansion; Allen Institute ISH, 200 microns.
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Fig. S14.

Cell and layer segmentation in the visual cortex. (A) DAPI staining marks putative nuclei
objects, which were merged together if the centroids of the objects were within a radius of 5
microns (pre-expansion, 100 px) (shown). (B) Reads within 12.5 microns (pre-expansion) of a
centroid were ascribed to that cell; if two centroids were within 12.5 microns of a read (as
shown), the reads were ascribed to their nearest neighbor. (C) Demonstration of the cell
segmentation pipeline by coloring all reads assigned to an individual cell with a random color.
(D) The segmentation of the visual cortex into layers. The excitatory neuron clusters from Fig.
4D-E are shown, alongside the layer segmentation in gradations of grey.
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Fig. S15.

Expression of marker genes in the visual cortex clusters. (A) Violin plots of markers for
excitatory neurons in Fig. 4D, showing the number of reads for each marker gene in each cell
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within a cluster. (B) Violin plots of markers for inhibitory neurons identified in Fig. 4D, showing
the number of reads for each marker gene in each cell within a cluster. These results are
consistent with previous studies (including (58)). For example: Foxp2 in layer 6 excitatory
neurons (L6 Ex) (129), Sez6 in layer 5 and 6 excitatory neurons (L6 Ex, L6a Ex, L5b Ex, L5/L5a
Ex, L5 Ex) (130, 131); Kenk2 in layer 5 excitatory neurons (L5/L5a Ex, L5 Ex) (132, 133);
Lingo?2 in layer 2/3 excitatory neurons (L2 Ex, L2/3 Ex, L2/3 + L4 Ex) (58); Cux2 in layer 2/3
excitatory neurons (L2/3 Ex, L2 Ex) (38); Pvalb in PV inhibitory neurons (PV) (1/34); Prox1 in
VIP inhibitory neurons (GABAergic (-PV)) (58); and Chodl in a subset of SST neurons (SST
Chodl) (58).
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Spatial organization of clusters in the visual cortex. (A) The reads corresponding to the
excitatory neuron clusters are colored by their cluster identity and plotted in their spatial
locations in the visual cortex slice. (B) Reads corresponding to inhibitory neurons are colored by
their cluster identity and plotted in their spatial locations in the visual cortex slice. (C) Reads
within cells of each cluster are shown independently, plotted in their spatial locations in the

visual cortex slice.
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Fig. S17.

Additional validation of single-cell clustering approach. (A) t-SNE plot of the scRNA-Seq
single-cell dataset used in the clustering analysis (58), restricted to the 42 genes utilized for the
targeted ExSeq of visual cortex. (B) Heatmap showing Pearson's correlation between pairs of
single-cell clusters from A. (C) Heatmap showing Pearson's correlation between pairs of ExSeq
clusters. (D) t-SNE plot of the scRNA-Seq single-cell dataset used in the clustering analysis,
clustered using variable genes (see Methods). (E) Heatmap showing Pearson's correlation
between ExSeq clusters and single-cell clusters generated using variable genes. (F) Heatmap
showing Pearson's correlation between pairs of sScCRNA-Seq single-cell clusters, when they are
clustered using highly variable genes, in D.
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Fig. S18.

Robustness of cell segmentation. (A) t-SNE plot of targeted ExSeq gene expression profiles
when cells were processed with a segmentation radius of 7.5 microns (compared to 12.5 microns
in Fig. 4D). (B) Spatial organization of cell types identified in (A). Cell-segmented reads are
shown, colored by cluster assignment, and overlaid on the YFP morphology (white). (C)
Heatmap of Pearson's correlation between targeted ExSeq clusters with physical radius 7.5
microns, as in A, and clusters identified in the single-cell RNA-Seq dataset (58). (D) Heatmap of
Pearson's correlation between targeted ExSeq clusters using a physical radius of 12.5 microns for
cell segmentation (as in Fig. 4D-G) and targeted ExSeq clusters using a radius of 7.5 microns for
cell segmentation, as in A.
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Fig. S19.

Organization of cell type clusters into layers. (A) Physical layer distribution of clusters by
absolute number of cells. (B) Fractional layer distribution of clusters. (C) Cell type counts by
physical layer. Whereas the excitatory neuron clusters are each preferentially found in one layer
(not surprisingly, because these clusters define the layers), the inhibitory neuron clusters
(‘GABAergic (-PV)’, ’PV’, ’SST Uncl13c’, ’SST Chodl’, ‘SST Nts’, ‘SST Tnni3k’) are more
evenly distributed. For example, cells in the “GABAergic (-PV)” cluster were relatively evenly
distributed across layers L2-L6.
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Fig. S20.

Gene expression patterns in the mouse hippocampus identified via targeted ExSeq are similar to
those observed in the Allen Institute Brain Atlas (https://mouse.brain-map.org/). These series of
images show transcript localization in the hippocampus via targeted ExSeq (left), comparing
them to their respective coronal slice images in the Allen Institute Brain Atlas in situ
hybridization dataset (right).
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Fig. S21.

Analysis of amplicon formation density and volume, in the hippocampus targeted ExSeq dataset.
(A) Histogram showing measured pairwise distances between targeted ExSeq amplicons in the
hippocampal dataset (green) (associated with Fig. 5), and histogram showing the distribution of
pairwise distances when the same amplicons were randomly placed within the same volume
(red). The inability of amplicons to form close to one another (e.g., if forming one amplicon
“laterally inhibits” the formation of a nearby amplicon) would have resulted in the measured
pairwise distances tapering off quickly closer to 0, which we do not see here. (B) Histograms
showing the distribution of volumes for spine heads (green) in the hippocampal dataset (Fig. 5)
and amplicons (red). Based on these volumes, it is possible for multiple amplicons to occupy the
same spine head, indicating that our observation of one amplicon per spine reflects the infrequent
presence of the transcripts studied here within spines.
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Fig. S22.

Targeted ExSeq reads are highly correlated with ex situ amplicon sequencing, RNAseq, and
untargeted ExSeq datasets. (A) Scatterplot showing targeted ExSeq counts for transcripts studied
in Fig. 4 (mouse visual cortex tissue) along with their abundance upon ex situ extraction and
barcode sequencing of amplicons from the same sample (see Methods section ‘Comparison of
targeted ExSeq to ex situ sequencing and bulk RNAseq’). Each point is a gene among the 42
genes examined in the visual cortex dataset (Pearson’s r = 0.94, p-value = 8.68 x 10!; counts in
Table S12). (B) Scatterplot showing targeted ExSeq counts for transcripts studied in Fig. §
(mouse hippocampus tissue) along with their abundance upon ex situ extraction and barcode
sequencing of amplicons from the same sample. Each point is a gene among the 34 genes
examined in the hippocampal dataset (Pearson’s r = 0.95, p-value = 2.85 x 107!8; counts in Table
S13). (C) Scatter plot showing targeted ExSeq counts for transcripts studied in Fig. 5 against
their expression with RNAseq using a paired (i.e., adjacent) hippocampal slice (Pearson’s r =
0.86, p-value = 9.38 x 10°!!; counts in Table S13) . (D) Scatter plot showing targeted vs
untargeted ExSeq counts for the genes studied in Fig. S in the mouse hippocampus, taken from
two different mice but from identical coordinates (Pearson’s r = 0.68, p-value = 9.75 x 10%;
counts in Table S13).
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Fig. S23.

High correlation between the dendritic expression of genes for granule cells of the dentate gyrus
(DG) vs. pyramidal neurons of CA1 (Pearson’s r 0.91; p-value 1.2 x 107!%). Scatter plot showing
the ‘dendritic transcript fraction’, defined as the number of reads of a given gene that are located
in the dendrites divided by the total number of reads found in dendrites (for all examined genes
combined), in the dentate gyrus vs CA1 for the genes studied in Fig. 5 using targeted ExSeq.
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Fig. S24.

Heatmaps showing the density of transcripts in the dendrites (A,B) and spines (C,D) of CAl
pyramidal neurons corresponding to Fig. SE along the apical-basal axis (Euclidean distance) of
hippocampal area CA1, normalized by either the total transcript counts per gene (for A and C),
or by the total transcript counts at a given distance from the cell body layer (for B and D).
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Fig. S25.

Targeted ExSeq of a human metastatic breast tumor biopsy reveals transcripts within nuclear
structures (possibly nucleoplasmic bridges) that are under one micron in size. (A,B) 3D renders
showing ExSeq reads (red) localized within the volumes of the nuclear structures overlaid on a
confocal image of DAPI nuclear staining. Arrows show the nuclear structures and their width.
(C) Bar plot showing the abundance of genes localized within the nuclear structures. A total of
516 reads were identified in 83 nuclear structures. We note that the relatively small number of
reads obtained in these nanoscale regions limited our ability to systematically classify these reads
into specific cell types.
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Fig. S26.

The cell clusters in metastatic breast cancer tissue exhibit robust, non-random spatial
colocalizations. The adjacency matrix text values indicate the number of cell pairs across
different clusters that are in close proximity as determined by a Euclidean distance threshold
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between cell centroids of 10 (A), 20 (B) and 40 (C) microns. The adjacency matrix heatmap
shows the p-value (10,000 bootstrapping iterations) relative to obtaining the same or higher
number of cells in close proximity by chance. All adjacency matrix entries with text values are
statistically significant (Bejamini Hochberg false-discovery rate of 1.5%). Note that the structure
of the matrix is preserved across the different thresholds.
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Table S7.

Evaluation of highly multiplexed targeted transcriptomic technologies for various criteria.
Highlighted in green are the technologies with the best result for each examined criterion. Not
shown in this table are untargeted ExSeq, FISSEQ (23) and INSTA-seq (50) which are
untargeted technologies (as defined by their use of random primers to initialize their library
preparation for in situ sequencing).

Multiplexing
Maximum with
tissue Resolution Axial antibody Demonstrated
thickness  demonstrated in  optical stains in human
Technology  demonstrated’ tissue sectioning’  shown?? tissue?' Ref.
0.12
100 nm x 100 nm microns/ This
Targeted ExSeq 50 microns* x 300 nm’ section yes yes paper
0.3
diffraction microns/
STARMAP 8 microns limited section no no (10)
(30,
diffraction 1.5 microns 120,
Nilsson ISS 10 microns limited /section no yes 121)
diffraction 0.3 microns
BOLARAMIS N/A® limited /section no no (59
0.3
diffraction microns/
osmFISH 10 microns limited section yes no (122)
1.5 (8, 25,
diffraction microns/ 123,
MERFISH’ 10 microns limited section yes no 124)
diffraction
SeqFISH 15 microns limited unreported no no )
diffraction 5 microns
SeqFISH+ 5 microns limited® /section no no (18
Spatial 100 micron
transcriptomics spacing of RNA
(ST) 16 microns capture spots N/A no yes (7D
2 micron wells
High Definition containing
ST (HDST) 16 microns  oligonucleotides N/A no yes (125)
Slide-Seq 10 microns 10 micron beads N/A no no (72)
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"Demonstrated for multiplexed, single-molecule-identified experiments.

27-step length between adjacent optical sections (in pre-expansion coordinates, if applicable). To
fully reconstruct volumetric information, axial sectioning must be less than half of Z-resolution
(Nyquist criterion).

3Demonstrated with at least one antibody and multiple RNA targets in the same experiment.
4Shown in Fig. 3 using untargeted ExSeq.

SPre-expansion units (diffraction limit divided by 3.3x expansion factor).

®The authors demonstrate library preparation of an intact tissue specimen but do not perform a
multiplexed experiment on the intact tissue.

"Expansion MERFISH allows 2X expansion in cultured cells, however, it was not demonstrated
in tissues and therefore is not listed in this table.

8 Although seqFISH+ allows high resolution localization of RNA molecules using Gaussian
centroid fitting and rounds of barcode stratification, the detailed tissue context, i.e. the protein
and morphological information, is not nanoscale-resolved.
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Table S8.

Comparison of yield, i.e. percent of molecules detected compared to single-molecule FISH
(smFISH), and methods of determining yield for highly multiplexed, targeted, RNA localization

technologies.
Yield (percent of molecules detected compared to smFISH)
Targeted ExSeq 62% in cultured HeLa cells'
STARMAP not reported”
Nilsson ISS estimated at ~5%’
BOLARAMIS not reported
osmFISH Estimated to be similar to smFISH in mouse brain tissue*
MERFISH Measured ~21-94% in U-2 OS cells
This technology was not demonstrated in tissues yet.
Expansion MERFISH Measured ~105% in expanded U-2 OS cells’
SeqFISH Measured 71-84% in mouse brain tissue®
SeqFISH+ Measured 49% in cultured NIH/3T3 cells’
Spatial transcriptomics 6.9% in mouse brain tissue®

High Definition Spatial
Transcriptomics (HDST) 1.3% in mouse brain tissue’

SlideSeq 1% in mouse brain tissue'

Yield determined by performing HCR-EXFISH, followed by targeted ExSeq, for the same gene
in the same expanded HeLa cells, and comparing HCR-EXFISH spot counts with targeted ExSeq
spot counts.

2Estimated to be comparable to scRNA-Seq by Rank-Sum test average expression of 151 genes
across cells in mouse brain tissue; this estimation was done by computing mean counts per cell
for genes targeted with STARMAP, and with scRNA-Seq of similar brain region, and showing
similarity of overall distribution. No calculation of the yield (as defined here) was performed.
3Not directly measured against smFISH; yield estimated to be 5% in (6).

“No direct measurement was performed.

3Yield determined by comparing mean expansion MERFISH spot counts to mean smFISH spot
counts in non-expanded U-2 OS cells. The value is greater than 100% due to decrowding of
high-expression genes. Expansion MERFISH has not been demonstrated in tissue.

®Yield determined by sequentially performing SeqFISH, followed by HCR-amplified smFISH
for a subset of genes in the same cells in the same section, and comparing spot counts (71% -
84%).
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’Yield determined by comparing mean SeqFISH+ spot counts to mean smFISH spot counts in
NIH/3T3 cells.

8Yield determined by performing smFISH in a paired mouse brain slice, and comparing spatially
binned spot counts to spatial transcriptomics detection events.

Yield determined by using the smFISH dataset from (7/) on a similar mouse brain slice, and
comparing spatially binned spot counts to HDST detection events.

19Yield determined by performing HCR-amplified smFISH in a paired mouse brain section, and
comparing spot counts to Slide-Seq detection events.

Tables S1-S6 and S9-S14 are in a separate excel spreadsheet
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