Pl us Ul t rma:deGenome
Spati al Transcriptomic
with RNA seqFIl SH+

Thesis by
CheeHuat Linus Eng

In Partial Fulfillment of the Requirements for
the degree of

Doctor of Philosophy

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

PasadendaCalifornia

2021
DefendedMay 25, 2021



a 2021

CheeHuat Linus Eng
ORCID: 000000022521-9696



ii
ACKNOWLEDGEMENTS

I love to play roleplaying video game In the beginning of the journey, you are weak. But through
hard work, persistence, curiosity, and many other values (you name it!), you increase your level,
skills, and abilities, and after multiple attempts, stragghnd negiving-up, you beat the final

boss! Of course, it auld not be furat all if it werenot for the peopleyou metduring this entire
journeyand helped yothrough the mangbstaclesilt is the same in the PhD journexceptnot

with magic, but with science.

First, 1 would like to thank my PhD advisor, Long Gar being a great mentduring my graduate
school studies. You have been very motivating, encouraging, and patient during all the discussions
we had about failed experiments thghout the year You supported me when | was in doubt
aboutwhich directionto takeand provided helpful guidance likdantern in the dep darKyou

know why | said thi§. Thank you for toleratingy jokes all thigime- | am glad you are a

professor wit agreat sense of humaoiside from the scientific growth | gained from you, your
kindness towards people is a precious value tinalyladmire and appreciat@ndgreatly

influences me to be a better human being in my life!

Next, | would like to acknowledgmy thesis committeavhich includes Dr. Rustem Ismagilov, Dr.
Mitchell Guttman, and Dr. Matt Thomsgior their guidance and support these past years. Their
insightful suggestions have been very helpful to my project development.

During my time at Caltech decamegreatly indebted the past and current Cai lab members for
their helpand inputwith my projectsFirst, | would like to thank/odai Takej my fisenpad and

good friendwho joined the lalafew months earlier than mir being very accommodating during
my first arrival to the Cai lab. Thank you for driving me around LA tdasty Japanese ramen
despite that time yowerea newbie in driving and made me worried so much at the highway with
your driving skills (of course moyour driving skills leveddup!). | enjoy discussing a lot of
scientific ideas with you while walking to grab coffee on Lake Avenue even thowgh it
extremely hot that time. Your scientific accomplishrsérat’e been very inspiring, and | look
forward to moe great things in your future! Oh yeah, | hope you get married soonls\eatishin
Koul ena, mythefCai lab whaisiverg reliable mand dedicated in helping me with my
experiments for the longest time. Without you, | thimkoluld havespentweeksto generate those

probes! Aside from science, | especially enjoy the time chatting with you because of your sense of



humor, which makes the conversation lively and fun! I would also like to thank Jina Yun, tIP:/e
fisnack provider 0 i adingntewithlthask delicibus snatieforg @AYIDf or f e
time. In addition, thank you for your hard work in conjugating those readout probes which eequire

lots of efforts and precision. There are more current and past members who | would like to extend

my gratitude to such as Julian Thomassie, Sheel Shah, Mike Lawson, Nico Pi&asdong

Zhang, Elsy Buitrag®elgado, LincolrOmbédets, andSimone Schindlefior their help

computationally or experimentally in my projects. | would not have finished the projedidynoo

without great helffrom these people.

I met a lot of precious friends during the joey at Caltechl wish to thank Hyeong Chan, Wzy,

Marcus, Richard, and Karena for being such good friends ahéufiging out with meespite my

attendance scor®t being highl would also like to express my gratitude to the Malaysian friends

at CaltechincludingVoon, Ying Shi, CynthiaShu Fay, and Marcus for the gathering nights,

cooking Malaysian fogdand playing board games. | also enjoyed the time paatiogpin the
international studentsé events with you all/! R«
worry that it could just splash out during my drive? | would like to thank my prekimusemate

and good friendkai Chen, who has always beenyarspiring to me because of his passion and

dedication to sciencéwould also like to thank my current housemate and colleague, Carsten
Tischbirek for beingcaring and generous sharing withme lots of the cakes and ice cream that he

bought.By the way, he is my friend too! (requested by him to mention him as a friend).

Finally, | would love to thank my family back in Malaysia for their unconditional love and support
towards my dreanBefore | forget, | should thank myself too, for being fearless and persistent,
striving for what people deemed impossiblehatime.



ABSTRACT

Visualizing single cells anitheirorganization in intadissueis crucialto understandintheir
governing biological functiarEven though single cell RNA sequencing has provided many
insights iro the heterogeneity and gene expression profiles across many tissue types, the
dissociation process which loses the spatial information is tgdeour deeper
understanding fohow these transcriptional distinct cell types are orgaraneblinteracting

in their native tissue environment.

The thesis begins by giving a background on how single cell RNA sequencing has
transformed biologand he emergence of spatial technology such as sequérdrgscence

in situ hybridization (seiSH). While spatial methods are useful foappingthecell types

identified from single cell RNA sequencing, the need for turning spatial technology such as
sedrISH, which has high detection efficiency of the transcriptome with spatial information,

into anin situdiscovery tool is discussed as 8wentificc o mmuni t yds goal h e

building spatial atlasdsr every human tissues and organs such as #ie br

While seqgFISHas high detection efficienciy is still limited in thenumber of genesapable
of profiling at once The major obstacle is the optical crowding problems when more RNA
species are targetethd imaged using a fluorescence microscapeChapter 2, we first
investigated, if the RNA molecules are instead captured on a cowvemgliprofiled with
sequential barcoding strategthe FISHbased methodwill reliably characterize the

transcriptome when molecular crowding is not an issue

Finally, in Chapter 3, we demonstrale barcoding strategy to break throughrtiwecular
crowdinglimit of multiplexed FISH From being able to profile hundreds to a thousand genes

by various multiplexed FISH methods at that time in the [fieldsucceededh profiling

10,000 genes by RNA seqFISH+, an evolved version of seqFISH, in various intact tissue
sections turning seqFISH+ into a spatial discovery technology with its gefvaohe

coverage and high detection efficiendhe work described in thipart of the thesis is
highlighted i n Natur e Me 202® dSpasallyréseivech o d o f
Transcriptomiarticle.
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Chapter 1

Introduction
1.1 Transformative biology by single cell RNA sequencing

In the past decade, bulk RNA sequencing has been used to study gene expression in various
tissue samples at population level Despite the great resources provided by bulk
measurements, the lack of single cell resolution is limiting our understanding on biological
problems. It is the advent of gie-cell RNA sequencing (sScCRNAeq) by multiple groups

which enabled the studies of the transcriptome to dissect single cell heterogeneity and
discover unexpected biological insights relative to classical transcriptomic profiling methods
217 ScRNAseq was first applied to a foaell stage blastomere by Tang etimkvhich the
sequencing library preparations were performed manually in individual tubes, hindering the
single cellsthat could be studied at once. Subsequent years, multiple seBiNA
technologies were developed to assay many cells at once including single cell tagged reverse
transcription sequencing (STRSEqF, cell expression by linear amplification and
sequencing (CElseq)®, MARS-seq!®, SMART-seq*!, and many others. The invention of
droplet based sequencing such as Breg and IrDrop further outperformed the commonly

used platdbased sequencing platform Fluidigm C1 due to their capabilidgday tens of
thousands of cells as well as lower dést.

The unbiased genonweide profiling and high number of single cells assayed irNggeq

have allowed researchers to make biological discoveries in all fields such as in neuroscience
and developmental biology. For example, Tasic et al had used scRNAseq to characterize the
cortical cells in the primary visual cortex into distinct transanal types including 23
GABAergic, 19 glutamatergic, and 7 naruronal cells. The author further confirmed that

the transcriptomic states of these clusters could be associated with their electrophysiological
and axon projection propertié$ Later years, the author applied sScRNAseq to dissect the
similarity and differences of the 133 transcriptomic cell types between anterior lateral motor
cortex and primary visual cortér In developmental biology, multiple studies have used
scRNAseq to understand the developmental trajectories of cells and investigate the
transcriptional states of the cells and its descendants during development ancitiegener

For example, the development of-RNA_seq (Single cell Combinatorial Indexing RNA
sequencing) to profile almost 50,000 cells from the nem&@adaorhabditis elegarat the

L2 stage revealed some rare neuronal cell types which only exists esdee ar two cells

at that stage. Together with the defined 27 cell types, these data serve as a powerful resource
to the nematode communifyOn the other hand, Wagner et. al. used InDrop scRNAseq to
sequence more than 90,000 cells following the developmental stages of zebrafish embryos.
Their results uncover the progression of-stdite landscape across axis patterning, formation

of germ cell layers, and organogenesis. The authors further devalogpestSeq which
barcodes cell lineages during development. They found that the history of cell lineage does
not always follow or reflect the cedtate graph topology based on the profiled
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transcriptom&. Similar studies by Farrell et. al. which also applied scRNAse38,000
cells during early zebrafish embryogenesis revealed some interesting findings. Other than
characterizing these cells into distinct transcriptional clusters which represent the
developmental stages of the embryo, they identified modules of coexpressed genes by these
cells across the developmental time. In addition, they revealed that at some developmental
branches, multilineage priming exists in some of the cells basedexpossion of multiple
genes characteristic of downstream cell f&teMany more scRNAseq studies applied on
other model organisms such as planaBahmidtea mediterraned, the western claoed
Xenopus tropicalig® , and the house mou$dus musculug®?* all served as vahble
resources to the wide community. It is worthwhile to mention that in the studies conducted
by Cao et. al., the number of cells being assayed at once in sScCRNAseq is particularly
impressive with more than 2 millions single cells from 61 embryos wipah sicross
embryonic developmental stages of 9.5 to 13.5 are sequenced in a single experifheit
results demonstrate the global view of mouse organogenesis based on the transcriptome
profiled, as well as the dynamics of the gene expression within cell types and trajectories
across this critical developmental process. Finally, scRNAseq is also highly applied on
human samples to comparatively study the transcriptome between healthy and diseased
tissue® 3C. In particular, scRNAsehas also been applied to study the coronavirus disease
(COVID-19) pandemic to identify the immune response as well as the impact on various
tissue organs of pesgtfection which helps scientists to understand the disease’bétter

Indeed, scRNAsedias transformed how biological problems are studied nowadays,
transitioning from small numbers of cells to millions of cells with the unbiased discovery
power of genomavide transcriptome profiling. However, it is also known that sScCRNAseq
also suffers frmm multiple limitations. All scRNAseq libraries preparation requires the
dissociation of tissue into single cell suspension. This created a few problems. The most
precious spatial information of each single cell within its intact tissue is lost. Mordaser, i
known that transcriptom@ide changes can be induced by the dissociation process. Lastly,
different tissues have different dissociation efficiency and that certain cell populations could
be lost in detection by scRNgeq. This particular weakness hastivated scientists to
instead, isolate the nuclei of single cells for transcripts instead of isolating the whole
cytoplasmic RNA®3" Moreover, inefficient reverse transcription, amplificatioias of

library preparation and high dropout rate of scRNAseq caused the detection of lowly
expressed transcripts challenging, rendering a low detection efficiency2@¥o1of the
transcripts per single cell depending on the platform used. The detefibeeney further

drops when shallow depth of sequencing is performed in exchange for a higher cell number
profiled®®. In fact, all these problentsin be potentially solvealy the emergence of spatially
resolved transcriptomics profiling methods in recent years.
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1.2 The emergence of spatial transcriptomic technologies

It is crucial to understand single cells within their spatial organization in intact tissues as
neighboring cefcell interactons can govern the cell fate decisiéor instanceclassical
studieshowechow t he Aorganizero cells organize ¢t
the mesoderm into anteriposterior axis through series of inducfitf. Techniques such

asin situ hybridization (ISH) with colorimetric readout applied on mouse or human brain
slices, one gene at a time, by the Allen Brain Institute to create a reference map atlas has
been useful to the neurostt® community over the past year€ However, ISH does not
provide single cell resolution and the measurement is not quantitative. Current gold standard
measurement in absolute transcripts gtetion method is still the single molecule
fluorescence in situ hybridization (smFISH) technology developed by Raj et. al. which uses
multiple fluorophordabeled short oligonucleotides designed to bind to the same targeted
transcript, yielding diffracan-limited spots when imaged under a fluorescence microscope.
By counting these diffractielimited spots which each dot represent a single RNA transcript,

it allows the quantification of gene expression with near 100% detection effitiency

The limitation of smFISH technology is the number of fluorescence channels one can use in
microscopy, generally-8 fluorescence channels are available, which limits the scalability

of the number of genes onencprofile at once. In 2012, Lubeck and Cai scaled up the
measurement of smFISH to 32 genes through sw@setution imaging and combinatorial
spatial and spectral barcoding. However, supsolution is difficult to perform on a thicker
sample, as well abe gene throughput is limited by the number of fluorophores available to
perform superesolution imagintf. This motivates the development of sequential FISH
(seqFISH) which fundamentally works bgrgerating temporal barcodes on each transcript

by sequential rounds of FISH hybridization. They took advantage of the fact that since
transcripts are fixed in cells, and the corresponding fluorescent dots should remain in place
for multiple rounds of hybdization and by aligning these spots, one can identify the unique
fluorophore barcode designed for each gene. The advantage of seqFISH is that the number
of barcodes scales a¥ Fwhich F represents the number of fluorophores and N represents
the number isequential hybridization rounds performed. They further demonstrated that by
introducing a redundant round of hybridization, one can decode the barcode assigned to each
gene more robustly. It is sihce this exciting technology development, that subsequent years,
multiple spatial methods are developed. In particular, multiplex error robust (MERFISH)
expanded the error correction scheme in the original seqFISH demonstration by using a
Hamming distancef 4 based barcodes in the RNA detection in cell cuttirBespite the

highly quantitative power of smFISH, it is known to suffer from low signal to noise ratio. It
has then been shown by combinimgstie clearing technologies such as CLARITY and
PACT (Passive CARITY )*““8with FISH can improve the sigrtd-noise ratio in tissue
sections. Even so, smFISH signals could be further amplified by branched DNA or
hybridization chain reaction (HCR) For example, Shah et. glerformed up to 249 genes
HCR-seqFISH measurement in the tissue sections which robustly characterizes the dentate
gyrus spatial organization into distinct transcriptional clusters without any tissue clearing due
to the benefits of ~2@bld signal amplifcatior?®. A hybrid method which combines FISH

and in situ sequencing, STARmap (spatiaéigolved transcript amplicon readout mapping)
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wasdeveloped to detect up to 1000 genes in the mouse primaryoosiex tissue section.
STARmap begins by performing FISH using a pair of DNA probes which can be ligated
when hybridized in close proximity. Once ligated, enzymatic amplification by phi29 DNA
polymerase generates DNA nanoballs around the transcriptsartime is then embedded
in an acrylamide hydrogel to anchor the amplicons, followed by tissue digestion to improve
the tissue transparency and sigtwahoise ratio. Finally the tisstieydrogel hybrid can then
be sequenced oiit situfor the barcodes agned for each getle Around the same time as
multiplexed smFISH technologies are evolving, in situ sequencing of RNA in single cells
are also actively developing. To give an instance, fluorescesitinRNA sequencing
(FISSEQ) directly reverse transcribes the mRNA in intact cells, followed by amplicons
generations through rolling circle amplification, and finally sequdayel@ation to identify
the RNA sequences. Despite being an attractive coaoeptnethod, FISSEQ suffers from
very low detection efficiency (< 0.01% reported) , likely due to the inefficient reverse
transcription step as well as difficulties to ligate the complementary DNA (CONgiLP2.
Targeted in situ sequencing which involves reverse transcription step, followed by FISH,
improves the detection efficiency but it is still lower than direct FISH to RNA as conventional
SMFISH does.

Imagingbased spatially resolved multiplexed FISH measurements are highly quantitative
with high detection efficiency but have been limited to the hundreds of genes up to 1,000
genes. On the other hand, sholesed spatial sequencing tedogees such as Spatial
Transcriptomics (ST) technolotfycaptures spatial information by using spatially barcoded
and oligo(dT) probes printed as microarray spots on the surface of glass slides. Then,
cryosectioned tissue slices are placed on top and digested away enzymatically to release the
MRNA, allowing the mRNA molecules to be captured by the surface probes. Current
optimized version in 10x Genomics in Visium platform contains 5000 barcoded spoits w

are 55um in diameter yielding an average resolution-bd tells per spot. In order to
improve the spatial resolution, Slideq and HDST were developed. Differ from ST
technology, both Slidseq and HDST packed a monolayer of beads on a rebbes glass
coverslip with the former using 10um beads and the latter using 2um beads. Since these beads
are assembled with random barcodes, the spatial identity of the beads required either
sequencing by SOLID chemistry for Slideq or sequential hybridizati for HDST to
decodefollowed by matching the spatial barcodes to the sequenced amplitoBespite

the genomeavide profiling and high throughput measurement, these-bbded spatial
sequacing technologies have a few shortcomings. First of all, despite some of the methods
approaching singteell resolution, it is challenging to define a single cell boundary in the
sample and hence impossible to study subcellular localization of trans&sgtsnd, the

lateral diffusion of transcripts during dissociation of the tissue likely will cause the
intermixing of transcripts leaked from one cell to another. Lastly, the capture and detection
efficiency of transcripts are much lower than multiplext&sH= For example, the optimized
version of Slideseq V2 reported <50% of any conventional droplet based sequencing of
detection efficiency which has aboub% depending on sequencing depth
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1.3The need for spatial transcriptomics methods asliscovery tools

Each of the spatial technologiesshis strength and weakness. For example, $imted

spatial sequencing enables large numbers of cells to be profiled gendepat the cost of

low detection efficiency and not at singlell resolution. On the othdrand, targeted
approaches such as seqFISH have very high detection efficiency, however this high detection
efficiency is hindered by the molecular crowding as the number of genes profiled increases.
Till now, all spatial methods have been used for spatggdping of transcriptional clusters
identified from scRNAseq, demonstrating the complementary of both techndlG§é&°.
However, given cells function and interact with thesighbors, being able to study these
neighboring cell interactions in addition to their spatial organization is crucial in dissecting
the complex biological problems. If highly multiplexed FISH technology can only profile up

to 1,000 genes with higéfficiency,it is difficult to serve as am situ discovery tool with

such gene coverage. The major bottleneck of scaling up multiplexed FISH is because of the
molecular crowding as the number of genes targeted increases, rendering decoding
impossible. In factall spatial technologies can be benefited from expansion microscopy
which the hydrogeémbedded sample is homogenized through enzyme digestion, followed
by low osmolarity solution to physically expand the sample, thus pulling apart the cross
linked RNA mdecules, rendering supegsolutioli*-®2 However, expanded samples require
more technical attention to handle such as sample staging, prevention of molecules
movement during imaging, as well asuhatically increases the imaging time as the sample
volume increases. Hence, there is a need to scale up the number of genes detected by seqFISH
to tens othousands afjlenes efficiently with reasonable imaging time.

1.4 Towards spatial cell atlas

Over the past few years, the single cell spatial transcriptomics field has evolved so quickly
as seen by more and more studies applying spatial technologies to study complex biological
problems. In 2020Nature Methodhas recognized spatially resolved tiaiomics as the
method of the year, in which the thesis work described here is highfighteith huge
projects like the Human Cell Ati¥svhich requires loads of collaborative effort to define all
human cell types, spatial information becomes obviously indispensable. A comprehensive
reference atlas without spatial information is not an atlas, and with the improvement of these
spatial technologis, one should expect more and more spatial atlas covering tens of millions
of cells with genomavide measurement emerging in the near future.

Just like how scRNAseq changes biology, | believe spatial technology will transform
biology for the next decade
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2.1 Abstract

Single molecule FISH (smFISHhas been the gold standard in quantifying individual
transcripts abundanceslere, we demonstrate the scaling up of smFISH to the
transcriptome level by profiling of 10,212 different mMRNAs from mouse fibroblast and
embryonic stem cells. This metharlled RNA SPOTSs (Sequential Probing of Targets),
provides an accurate and lawst alternative to sequencing in profiling transcriptomes.

2.2 Introduction

RNA sequencing (RNAsetj has been a powerful method to quantify RNAs in a diverse
range of biologial samplesWhile RNAseq has replaced microarrays as thagiesur

method for genomics studies because of higher sensitivities and dynamic range, reverse
transcription and other steps needed to convert RNA to cDNA to sequencing libraries can
introduce lmses in the quantitation of MRNAs. Moreover, sequencing the RNAs at
nucleotide level is not necessary for counting the abundances of transcripts. Single
molecule fluorescence in situ hybridization (smFISHjvhich directly hybridize DNA
oligonucleotideprobes to transcripts in cells, is highly sensitive and accurate in
guantitating mRNA abundances.

Here, we demonstrate transcriptome level profiling of mRNAs with single molecule
sensitivity and high accuracy using a method based on sequential FtFH5(EE. We

had shown that seqFISH can be applied to image hundreds of transcripts in cells and
tissue§, image dynamics of chromosomasad allow lineage tracking with single cell
resolutio. However, the major limitation of seqFISH is that opticalreiftion limit
prevents many mRNAs from being resolved simultaneously in single telsinciple,
superresolution microscopdand expansion microscoffycan resolve the optical density
issuein situ. However, many applications quantify mRNAs that have been extracted
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from cells and tissuedn these cases, capturing transcripts onto an oligonucleotide dT

surface and adjusting the dilution factors can easily remove the optical crowding
problems andlkpw the transcriptome to be decoded by seqFISH.

2.3 Results

To distinguish thisn vitro application from then situseqFISH experiments, we call this
approach RNA SPOTs (Sequential Probing Of Targets). Extracted mRNAs were first
captured on a Lockeducleic Acid(LNA) poly(dT) functionalized coverslip (Fig 1a) and
then hybridized with a pool of 323,156 primary probes targeting the coding regions of
10,212 mRNAs with 28 to 32 probes each gdngure lab,Supplementary Table 1

and Online Methods) To barcode the 10,212 genes with sequential hybridization, we
used a XRoligprseeubdaosed scheme such that 4
cover the transcriptome (320,736) Supplementary Table 2) with an additional

round of error correction tcompensate for one drop in any round of barcduifig 1c-

d). The pseudeaolors design shortens the number of barcoding rounds, which reduces
the errors in reading out barcodes.
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Figure 1.RNA SPOTs profiles 10,212 mRNAs vitro. (a) mRNA is captured on a locked
nucleic acid (LNA) poly(dT¥unctionalized coverslip, and gespecific primary probes
(323,156 total) are then hybridized against the 10,212 targeted mRNAs. Each gene is
targeted by 2832 primary probesb{ Each 14t primary probe includes a 2& gene
specific sequence complementary to the mRNA, foemtd@arcodes (A,B,C, and B)each
encoding one of 12 'pseudocolors’) which are read out by fluorescent secondary readou
probes, single -hucleotide spacers between readout and-gpaeific regions, and two 20

nt PCR primer binding sites. Note that probes for each gene are divided into subsets in
which sites A, B, C, and D may correspond to round |, II, lll and IV or W, I, etc. to
ensure the gene is measured in every roapdgch of five barcoding rounds is based on
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Figure 1. (continued from above)2 pseudocolors, which are read out by four serial
hybridizations. In each serial hybridization, three readoutge@onjugated to Alexa 647,
Alexa 594, or Cy3b are hybridized to the primary probes, imaged, and extinguished.
Images from four serial hybridizations are then collapsed into a single compesite 12
pseudocolor image representing one round of barcodingoets serial hybridizations
are repeated for five barcoding rounds (I to V) for a total of 20 hybridizations. This
corresponds to £2 20,736 codes, with an extra round of barcoding to correct for
mishybridizations.d) Digitized composite images basaul actual experiments to decode
10,212 distinct mRNA. White dashed squamgsesentcorrectly identified barcodes; red
dashed squarespresentalse positives; yellow dashed squamggsresenbarcodes
identified despite mishybridization in one round of hybridization. Scale ®aesview, 10
em; rounds | to V barcoding, 1 &m.

To implement the pseudmlor scheme, we designed the primary probes to contain a 25
nt RNA binding sequence, as well as 4 overhang'$ttest can be bound by dyabeled
readout oligosKigure 1b). Each site has 12 possible sequences corresponding to the 12
pseudecolors. To readout the 12 pseudolors, three of the readout oligos were
hybridized at a time, imaged in the Cy3b, Alexa 589 Alexa 647 fluorescence

channels, and repeated 4 timestéoate through all 12 readout sequences, with disulfide
cleavagé '3in between the hybridizations to remove the fluorophdepplementary

Fig 1 and 2.

With 5 rounds of barcoding using the 12 pseuadtmr readouts scheme, a total of 60
readout oligosvere used to decode the 10,212 genes targ8tgzp(ementary Fig 4

and Supplementary Table 3. Each set of primary probes that target a specific gene
contairs 5 unique readout sequences that are spread out over the overhang sites (Fig
1b). A total of 20 rounds of hybridization, or 5 barcoding round each containing 4 serial
hybridization(Supplementary Fig 1)were performed A common sequence is present

in all primary probes and targeted by an oligo labeled with Alexa 488 to serve as an
alignment markethrough all 20 rounds of hybridizatioBpplementary Fig 28. Each
four rounds of serial hybridization were collapsed onto a single image with 12 pseudo
colors (Fig 1c).The barcodes were determined from aligning five barcoding rounds of
the pseudaolor images.The switching and rehybridization time is fast, with the overall
speed limited by imaging speedypically, 106200 fields of view containing more than
10° mRNAs can be imaged with 20 rounds of serial hybridization in-laclé period
throughan automated fluidics system. We use Spots per Millions (SPM) to normalize
spots counts for individual genes between experim&upglementary Table 4 and .



2z
The false positive rates of detection is low, with 0.72 £ 1.9 SPM per barcode, as
determined byhe remaining 238,620 ofarget barcodes.
To determine the accuracy of the transcriptome level measurements, we compare the
decoded RNA SPOTs data with RNAseq data in mouse fibroblasts (NIH/3T3) and mouse
embryonic stem cells (MESCs), and found that twyelated with R=0.86 and R=0.9
respectively Fig 2a,bandSupplementary Fig 5andSupplementary Table
4). Between two replicates of RNA SPOTs in fibroblasts, the results agree with R=0.94,
indicating that RNA SPOTSs is a highly robust and reproducibkesomement method
(Fig 2c, Supplementary Fig 57 ). Finally, RNA SPOTSs correlated with the gold
standard smFISH quantitation with a correlation of R=0.86 in MESCs ( 24 eamek)
R=0.88 in fibroblasts (7 gene$jig 2d andSupplementary Fig §.

C . ¢
10°4 27 10° 225 10 %
24
) , 20.0 &
1024 21 107 4 e ° 28
> g ’ g 1075 24
£ 10" 18 a 10'4 150, =
w 1] w = ) %)
o e g 1255 o 20g
3 1074 <) a2 10 <3 i
2 2d < 1009 o1 183
=z — 5
Z 0] 9 & 107 ] 75 2 12
6 Z 4o'J 8
102 102 5.0 g 10
3 2.5 4
T = T T T T - T T T T T T T
10' 10° 10° 10 10' 10° 10° 10 10' 10? 10° 10°
RNA SPOTs SPM RNA SPOTs SPM RNA SPQTs replicate 1
e Rex1
8-
- Esrrb '/
3 6 2 T i @ Top 100 significant
10° 4 I . 02 ed%e op significan
f .Z'Cf'\-: -: *d.."' é .‘/Sox2 differentially expressed genes
’% # <+ *% % 3% ® Pluripotency
8.5 o @ S 5] 1 f.35 Fibroblast marker
T 10°4 . s .
7] . oo 5 e
[ P s : 5 0+
5 ® o k!
o . ® o
® 10'4 e e 2 -2 . e 2
& . R=0.86 = POt S
o g - 1 ® LY =
z 41 Fon% 'jr;w-f. @
o Cotdar—> & e m
10 ' T ' =671 . <~ Timp3 ~
10' 10° 10° 10* Coléaz *——Timp2
RNA SPOTs SPM =8 H T T =
10 10 10 10

ES-E14 mean expression (SPM)

Figure 2. RNA SPOTs is highly accurate and efficigad. Transcriptomic profiling of

mouse NIH/3T3 cells by RNA SPOTSs correlates strongly with measurement from RNA
seq. SPM (spots per million) normalizes the number of each decoded mRNAspots (
581,772) by the total number of spots. FPKM, fragments per kilobase per million bads. (
RNA SPOTs profiling of mouse EE14 cell line strongly agrees with RN#eq
measurementn(= 1,688,747 spots)c( Comparison of two RNA SPOTS replicates

profiling NIH/3T3 cells illustrates that the method is highly reproducitle: 681,772
spots;n= 453,679 spots)dj Comparison of averaged smFISH copy numbers of 24 genes
in ESE14 cells with RNA SPOTs SPM verifies the higtcuracy measurement of SPOTSs.
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Figure 2. (continued from abovegrror bars represent s.e.m. across different
measurements in single cellg) Differential gene expression between NIH/3T3 and ES
E14 cellsP values smaller than 0.05 as determined fromttiled student-test and
log. fold change greater and less than +2, respectively, are used as a threshold for
significance. Magenta dots represent top 50 upregulated and top 50 downregulated genes
between the two cell lines. Blue dots represent thekmelvn genes involved in
pluripatency. Cyan dots represent the genes involved in maintenance of extracellular
matrix.

Comparing genes that were differentially expressed in fibroblasts versus mESCs, we
observed the same trend as those detected by RNAseg@xample, pluripotency fac®
such aRRex1(also known aZfp42, Esrrb andSox2are highly expressed in mESBst

not expressed in fibroblasts as determined by RNA SPOTSs. Similarly, genes involved in
extracellular matrix maintenance, suchlasp2 Timp3and Collagen related genes such
asCol4al, Col6a3are upregulated in fibroblast cells compared to mESklg Reand
Supplementary Table §.

2.4 Discussion

Another advantage of RNA SPOTs compared to RNAseq is that specific sets of genes
can be profiled selectivelyin this fashion, ribosomal RNA and highly expressed
housekeeping genes can be avoided simphlinyinating those probes from the gene

set. As each dot detected in our assay corresponds to a single mMRNA, RNA SPOTs is
more efficient in term of imaging compared to RNAseq, where many sequencing reads
are needed to determine the abundance of a tratis€tip current barcoding space is
sufficient for the entire transcriptome, and noncoding RNAs and other RNAs without
polyA tails can be captured in hydroge®ipplementary Fig 9 rather than with dT

oligos.

SPOTSs is a significant improvement over &Rrig Nanostrings technologibecause of

the genome level coverage and the higher specificity due to the larger number of probes
used per gene. By incorporating amplification methods such as’MfC8POTSs signal

can potentially allow faster imaging with air objectives and higheutirput

comparable to RNAseq.

RNA SPOTs can be scaled down to single cell in combination with microfluidics tools to
trap and lyse celtdor with splitpool molecular indexing methotfs While SPOTs

cannot be used to discover new RNA sequences, idetiiin of new cell types only
requires quantifying the combinatorial expression patterns of gefass, there is no

need to resequence the mMRNAs at the nucleotide level just to count their
abundancesWith targeted RNA SPOTSs, we can choose to probefonlghe 2000
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transcription factor§ or 1000 landmark informative geriém single cells, instead of
profiling the transcriptome, to capture the essential information in cells and to increase
the number of cells sampled. As cost of sequencing is a tmajing factor in many
genomics experiments, SPOTs enable an accurate armbBiwlternative to sequencing
with many further applications beyond RNA to DNA and proteins.

2.4 Supplementary Data and Figures
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Collapse images
to form

Aligned to decode > 10,212 mRNA

Supplementary Figure 1.RNA SPOTs hipridization and barcoding scheme. To

implement transcriptome RNA SPOTS, 5 rounds of barcoding are needed to

generate >20,000 different unique eftolerant barcodes using a-base coding scheme

to code for the transcriptome. A round of barcoding invofvesrial hybridizations, each

of which uses three unique secondary readout probes fluorescently labeled to Alexa 647,
Alexa 594, and Cy3b dyes. The images from each 4 rounds of serial hybridizations are
collapsed to form each 4#&seudocolor composite imagvhichis aligned to decode for

the barcoded RNA species.
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Supplementary Figure Zprevious page)Fluorescent switching through cleavage of

disulfide conjugate dye on readout probes is highly efficient (a) 20 rounds of

hybridization are accomplished by extinguishing fluorescent signals through reduction of
disulfide conjugated dye to readout probesg3ICEP, followed by rénybridization of

thenext unique secondary readout prob@y. Both priming regions (grey in the probe
schematic) used in synthesizing gene specific primary probes are also used as a

registration marker through the hybridization of ¥de488 conjugated readout probes.

The majority of the fluorescent spots stay even after 20 rounds of hybridizaTioes.

amide bond between the Alexa 488 dye (shown in yellow) and primer readout probes

used as a registration marker is not affected by TCEPl. (8cab ar s : 2em. ) (c)
fluorescent signals in each channel after treatment of 50mM of TCEP for 5 minutes at

room temperaturarer educed to mini mal to none. (Scal



Supplementary Figure 3.Rawimages of 20 rounds of fluorescent switching in channel

647. Bright dots are the real targets while dim dots are due to nonspecific binding. The
switching between each round of hybridization is complete, with minimal retention of
fluorescent signals frotthep r evi ous round. (Scal e bar s: 2 ¢
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Supplementary Figure 4(previous page)Assessment of primaryr@bes norspecific
binding. (a) Raw images of 532 channel with the presence of mMRNA on coverslips
through LNA poly(d)T capturing. (b) No bright fluorescent signals is observed in the
absence of mMRNA on coverslips as a control. The left image has the @atnastcas (a)
while the right image contrast has been increased 4.5 fold to illustrate betterthe non
specific fluorescent signals. (c) Quantitative measurement of fluorescent intensity in
channel 647 with and without the presence of mMRNA. A thresholbe&aet to
distinguish between the two populations to identify the real signals. (d) & (e) same as (c)
but for channel 594 and channel 532.
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Supplementary Figure5. RNA SPOTSs at lower depth. (a) Correlation between RNA
seq FPKM and RNA SPOTs SPM from another replicalégis when a total of 376,781
spots are counted. SPM, spots per million; FPKM, fragments per kilobase per million
reads. (b) High reproducibility of RNA SPOTs between the two replicates in profiling
ESE14 cell gene expression (n1=376,781 spots, n2=1,6B8@ts).
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Supplementary Figure 6(previous page)Linear plots for Figure 2. (a) Correlation
between RNASPOTs and RNASeq for NIH/3T3 cells. (b) Zoomed boxed region in
(a). (c) Reproducibility between two SPOTSs replicates. The dashed line corresponds to
they = xline. (d) Zoomeedn boxed region in (c). (e) Correlation between RNA SPOTs
and RNASeq for ESE14 cells. (f) Zoomedh boxed region in (e).
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Supplementary Figure 7(previous page RNA SPOTSs has little bias in GC content
and transcript length. (a) Hexbin plot of NIH/3T3 mean SIR&2] shows no obvious
trend with transcript GC content. (b) Transcript length does not bias RNA SPOTs
detection. (c) Same as (a) but for genes with < 1 FP{dMsame as (b) but for genes
with < 1 FPKM. (e) Boxplots of different groups of genes with different expression levels
against transcript GC content= 1360, 2323, 1473, 2645 for each group from left to
right. Center line, median; box limits, uppeddower quartiles; whiskers, 1.5x
interquartile range; points, outlieréf) Boxplot of SPM against transcript lengt(g)
Replicate plot of SPOTs as shown in Fig Zb) Simulated replicates with Poisson
noise. The total number of simulated SPOTsH447,094 n,=448,249) was set to match
the experimental replicateg¢l). SPOTs data from two sets of field of views (FOVs) from
the E14 experiment 3;axis contains 25 FOV${=269,459 spots),-gxis contains
another 25 FOVs%=295,403 spots).
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SupplementaryFigure 8 (previous page)smFISHmeasurement in single cells
correlates with RNA SPOTs measurement in NIH/3T3 cells. (a) Raw images of the 7
genes measured by smFI SH in NIH/3T3 cell s.
smFISH counts agrees with RNA SPOTs SPM (spots per million)axt@arson
correlation coefficient of 0.88, indicating RNA SPOTs quantitation is accurate. Error bars
representhe standard error of the mean (SEM) across different single cells.
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SupplementaryFigure 9 (previous page)mRNA can be immobilized by
polyacrylamide hydrogel on a birsilane treated coverslips. (a) MRNA is trapped in the
hydrogel mesh once acrylamide and-d&isylamide monomers crosslink completely on
the coverslip. (b) smFISH detectionACTBonce the totaRNA is captured on a
coverslip through LNA poly(d)T capturing (left) or polyacrylamide hydrogel (right).
Negative control (channel 488) shows that the fluorescent signals are not coming from
nonspecific sources. (Scale bars: 5egm.)

Supplementary Table 1.Primary probe sequences for 10,212 genes (Provided as a
separate Excel file)

Supplementary Table 2.12-base code book for 10,212 genes (Provided as a separate
Excel file)

Supplementary Table 3 Readout probes sequences (Provided as a separate Excel file)

Supplementary Table 4.Spots per million in NIH/3T3 and EBE14 cells (Provided as a
separate Excel file)

Supplementary Table 5.Summary of experiments in RNA SPOTs

Experiment1 Experiment2 Experiment3 Experiment4

Cell lines NIH/3T3 NIH/3T3 ES-E14 ES-E14
mMRNA used 50ng 50ng 50ng 5ng
FOVs collected 125 202 134 143

Decoded spots 453,679 581,772 1,688,747 376,781

Supplementary Table 6 Differential gene expression between NIH/3T3 andE23
cells (Provided as a separate Excel)ile
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25 Methods

Primary probe design.Gene specific primary probes were designed as previously
described with some modifications [Shah 2016]. Probe sets were crafted separately for
each gene and then refined as a full set to mitigate-bygdsedization in the
experiment.Individual probe setwere first crafted using exons only from within the

CDS region of the gend-or genes that did not yield enough targeted probes from the
CDS region only, exons from both the CDS and 5' UTR regions were Tikednasked
genome and annotation databasenftJCSC were used to look up the gene sequences.
Consensus regions of all spliced isoforms were identifiecht 28quences of the gene
sequences were extracted from these exons, and their GC contents were calculated. Probe
sequences that fell outside betallowed GC range (4B80% in this case) were

immediately dropped. In addition, we dropped any probe sequences which contained 5 or
more consecutive nucleotide bases of the same kind. A local BLAST query was run on
each remaining probe against a BLASTatkatse that was constructed from GENCODE
reversed introns and mRNA sequences. BLAST hits on any sequences other than the
target gene with a 1Bt match were considered d@#rget hits. We compiled a collection

of RNA-seq data from ENCODE and computed a copmber table for all the genes
across different samples. This off target copy number table was used to evaluate the off
target hits. Any probe that hit an expected totataffet copy number exceeding 10,000
FPKM was dropped. Probes were sequentialbppded from genes until any efirget

gene was hit by no more than 6 probes from entire pool. At this stage, all of the viable
probes for the gene had been identifi€dr the final probe set, the best possible subset
from the viable probes was selectedisthat none of the final probes were within 2
nucleotide bases of each other on the target sequence. The overlapping probes were
grouped and sorted by distance from the target GC content (55% in this
case).Overlapping probes were removed in order cfiogeding distance from target

GC, starting from the probe with the greatest distance, until no overlaps remained. To
minimize cross hybridization between probe sets, a local BLAST database was
constructed from all the viable probe sequences, and the prebesjueried against it.

All matches of 17t or longer between probes were removed by dropping the matched
probe from the larger probe sdtor this experiment, the targeted probe set size range
was set to 282 probes. Any probe set with more than B2oes was trimmed down by
removing probes with the farthest GC content from 55%. To design ther2@dout
sequences, a set of probe sequences were randomly generated with the 4 bases
nucleotides. Readout probe sequences with rang®%bGC were seleale We used
BLAST to eliminate any sequences that matched with any contiguous homology
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sequences longer than-b#ito the mouse transcriptome. The reverse complements of
these readout sequences were included in the primary probes according to the designed
barcodes.

Primary probe construction. Primary probes were ordered as an oligoarray complex
pools from Twist Bioscience and were constructed as previously described [Beliveau,
2012,Engreitz 2013]Briefly, a 2step limited PCR cycles were used to amplify th
designated probe sequences from the oligo complex tool. Then, the amplified products
were purified using QIAquick PCR Purification Kit (28104; Qiagen) according to the
manufacturerodds instructions. The PCR produ
transcription (E2040S; NEB) followed by reverse transcription (EP7051; Thermo
Fischer) with the forward primerAfter alkaline hydrolysis, the single stranded DNA
(ssDNA) probes were purified by ethanol precipitation and resuspend in primary probe
hybridization buffer comprising of 30% formamide (F9037; Sigma), 2x SSC (15557036;
Thermo Fischer) , and 10% (w/v) Dextran Sulfate (D8906; Sigma). The probes were
stored at20°C.

Readout probe synthesis20-nt readout probes were ordered from Integrated DNA

Techrol ogi es (I DT) as 306 thiol modi fied at it
(A30679; Invitrogen) and Alexa Fluor 594 Cadaverine (A30678; Invitrogen) were

reacted witiN-Succinimidyl 3(2-pyridyldithio)propionate, SPDP (P3415; Sigma) at 1.:

100 ratioin 1x PBS (AM9624, Ambion) at room temperature for at least 4 hours on a

shaker. Then, the mixture was purified using PD MiniTrap0328918010; GE

Healthcare), and was evaporated in a vacuum concentrator. Tialdyrantermediate
product was keptta2 0 AC until the conjugation with 306
10mM TCEP (77720; Thermo Scientific) was u
37°C for 30 minutes. Then the oligonucleotides were purified using illustraiNAP

columns (17085302; GEHealthcare), and the oligonucleotides were directly eluted in

1x PBS with 10mM EDTA (15575020; Thermo Fischer) and were mixed with the dye

linker intermediate product. The reaction was allowed to proceed at room temperature for

2 hours. Then, the mixtukgas ethanol precipitated, HPLC purified, resuspend into

500nM concentration in 1x THEDTA buffer (93283; Sigma) and was kept20°C. To
conjugate Cy3B fluorophore (PA63101; GE He
a (3-(2-pyridyldithio)propiony hydrazide), PDPH (22301; Thermo Scientific) was used

instead of the SPDP linker.

Coverslips functionalization. Coverslips were functionalized as previously described
[Bose 2015] with some modifications. Briefly, coverslips (3421; Thermo Scientific) were
sonicated in 100% ethanol for 20 minutes. After drying, the coverslips were cleaned with
a plasma cleaner at HIGH (PBBD1, Harrick Plasma) for 5 minutes. Then, the coverslips
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were immediately immersed in a 2% (v/v) trimethoxysilane aldehyde (PSX1050; UCT
Specialties) solution made in pH 3.5 10% (v/v) acidic ethanol solution for 15 minutes at
room temperature. After triple rinsing of the coverslips with ethanol, the coverslips were
heatcured at 90°C for 10 minutes. Then an oligonucleotide reaction mouataining
2. 5 eaMinated LNAoligo(dT) (30010602; Exigon), cyanoborohydride coupling
buffer (C4187; Sigma), and 1M sodium chloride (AM9759; Thermo Fischer) was
sandwiched between two coverslips at room temperature in a humid hybridization
chamber fo hours. The coverslips were then rinsed with Millipore water and dried with
compressed air. A quenching reaction mixture made from 10%(v/v) 100mM pH7-5 Tris
HCI (15567027; Thermo Fischer) buffer in cyanoborohydride coupling buffer was added
to the entiresilanized surface of the coverslips to quench the remaining aldehyde
functional groups at room temperature for 30 minutes. Finally, the coverslips were rinsed
with water and dried with compressed air. All coverslips were made fresh before SPOTs
experiment

Cell cultures and RNA Preparation.ES-E14 cells were cultured as previously

described[Singer 2014]. NIH/3T3 cells (ATCC) were cultured in DMEM (10569044;

Gibco) supplemented with 10% FBS (S11150; Atlanta biologicals) and 1% penicillin
(10378016; Gibco)Once the cell confluency reached &8s, the total RNA was
extracted using RNeasy MiniKit4 1 04; Qi agen) according to t
instructions.

Hydrogel immobilization. Coverslips were first sonicated at 100% ethanol for 20
minutes, followed by lasma cleaning with a plasma cleaner at HIGH for 5 minutes. The
coverslips were then immersed in the 2% PlusOne-$&ilade(171330-01) solution

made in ethanol for 30 minutes at room temperature. After rinsing the coverslips with
ethanol for several timethe coverslips were dried at 90°C for 30 minutes. Purified total
RNA was mixed in 4% acrylamide/bis solution (1610147;-Bax) with fresh 25mM
VA-044 initiator (2777681-2; Wako Chemical) and the solution was degassed for 10
minutes on ice. A 12mm squacoverslip (47001800; VWR) was functionalized with
GelSlick (Lonza; 50640). 1uL of the RNA hydrogel solution was added to thestam
functionalized coverslip and was spread out using the GelSlick functionalized square
coverslip. The thickness oféthydrogel formed can be controlled by manipulating the
volume added. The polymerization happened in a humid hybridization at 37°C for 2
hours. After polymerizatiowascomplete, the coverslips were immersed in 2x SSC for
an hour or more to facilitate themoval of the top coverslips. SmFISH measurement was
then performed according to standard protocol.

Primary probe hybridization. A custom Secure Seal Flowcell, 2 x 28mm 3mm ID, 35
x 15 OD, 0.25mm thick (RD47868%; Grace Bioelabs) was applied on the
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functionalized poly(dT) coverslips. For NIH/3T3 cells experiments, 50 ng of total RNA
in RNA binding buffer comprising of 1M LiCl (L9650; Sigma), 40mM pH7.5 THiSI ,
2mM EDTA, 0.1% Triton X100 (93443; Sigma), and 20U of SUPERase IN RNase
Inhibitor (AM2694, Ambion) was allowed to be captured at room temperature for 1 hour.
For ESE14 experiment 1 and 2, the amount of total RNA used was 50 ng and 5 ng
respectively. Once the mRNA is immobilized on the coverslip, 20 uL of 1 nM/probe for a
total of 323,156 probdsa hybridization buffer containing 30% formamide (F9037;
Sigma), 2x SSC (15557036; Thermo Fischer) , and 10% (w/v) Dextran Sulfate (D8906;
Sigma) was hybridized to the targeted mRNA at 37°C for 24 hours in a humid
hybridization chamber. After hybridizatipthe sample was washed for 30 minutes at
room temperature with wash buffer containing 40% formamide, 2x SSC, and 0.1% Triton
X-100 to remove nospecific binding of the primary probes. The sample preparation of
primary probe hybridization ended with ai®¢s washes with 2x SSC and was kept in 2x
SSC until the next step.

RNA SPOTs imaging.Each readout probes hybridization mixture contained 10nM each
for three unique readout probes either conjugated to Alexa 647, Alexar3943b in
hybridization buffer omprising 10% formamide, 2x SSC, and 10% (w/v) Dextran

Sulfate (D4911; Sigma). Each serial hybridization takes 15 minutes to achieve optimal
fluorescent signals, followed by ainutes high stringency wash containing 20%
formamide and 2x SSC to remove rgpecific binding of probes. Once the first
hybridization is complete, the flow cell was connected to an automated fluidics delivery
system made from two multichannel fluidics valves (EZ18234; IDEX Health &
Science)and a peristaltic pump (NEOOOGUP, New Era Pump Systems Inc.). The
integration of the fluidics valves, peristaltic pump, and microscope imaging were
controlled through a custom script written in Micromanager software. Once the flow cell
is connected, ~100 to ~200 frame of views (FOVsewmaged at 64nm, 594nm,

532nm, and 488 1m channels with 500 ms exposure time underlaatching buffer
containing 20mM TriHCI pH 8 (15568025; Thermo Fischer), 50mM NaCl, 3mM

Trolox (238813; Sigma), 0.8% glucose ( G7528; Sigma), 3U/mL pyranodasexi

(P4234; Sigma) or 50U/mL of glucose oxidase (G2133; Sigma), and 20 U/mL SUPERase
IN RNase Inhibitor. The anbleaching buffer was stored under a layer of mineral oil
(M5904; Sigma) throughout the whole experimemaging was done using a standard
epifluorescence microscope (Nikon Ti Eclipse with custom built laser assembly), a Nikon
60x oil objective and a sSCMOS camera (Zyla 4.2; Andor). Nikon Ti Eclipse PFS
autofocus was activated to keep the plane focused during imaging. Once the imaging is
complde, reduction buffer made from 50mM TCEP (646547; Sigma), 2x SSC, and 0.1%
Triton X-100 was flowed into the flow cells and the solution was allowed to incubate for
5 minutes. Then, 2x SSC buffer supplemented with 20U/mL SUPERase IN RNase
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Inhibitor was floned into the flow cell in excess for 4minutes to completely remove the
TCEP solutions. As our flow cell only takes ~22uL of solution, 200uL of subsequent
serial hybridization solutions was flowed into the flow cell each time to ensure
hybridization. The whie process was repeated until 20 rounds of hybridizations were
imaged. Generally, a SPOTs experiment takes ~14 hours for imagirfDQFOVs.
After the SPOTSs imaging is complete, a few FOVs were imaged to use for threshold and
illumination background coections in image analysis. A multispectral beads slide was
imaged at the end of experiment for chromatic aberration corrections.

Image Processing.To remove the effects of chromatic aberration, multispectral beads
were first used to create geometric tfansis to align all fluorescence channels. Next,

the background illumination profile of every fluorescence channel was mapped using a
morphological image opening with a large structuring element. These illumination profile
maps were used to flatten the iination in posfrocessingresulting in relatively

uniform background intensity and preservation of the intensity profile of fluorescent
points. The background signal was then subtracted using the imagej rolling ball
background subtraction algorithm wahradius of 3 pixels. Finally, the calculated
geometric transforms were applied to each channel respectively.

Image Registration.As the Alexa 488 channel labeled all the spots in the field of view,
this channel was used to align all sets of imarggsg a normalized 2D image cress
correlation.

Barcode calling.The potential RNA signals were then found by finding local maxima in

the image above a predetermined pixel threshold in the registered images. Once all
potential points in all channels all hybridizations were obtained, dots were matched to
potential barcode partners in all other channels of all other hybridizations usiiged 1
search radius to find symmetric nearest neighbors. Point combinations that constructed
only a single barcodeere immediately matched to the-tamget barcode set. For points

that matched to construct multiple barcodes, first the point sets were filtered by
calculating the residual spatial distance of each potential barcode point set and only the
point sets givig the minimum residuals were used to match to a barcode. If multiple
barcodes were still possible, the point was matched to its clos&styat barcode with a
hamming distance of 1. If multiple on target barcodes were still possible, then the point
wasdropped from the analysis as an ambiguous barcode. This procedure was repeated
using each hybridization as a seed for barcode finding and only barcodes that were called
similarly in at least 4 out of 5 rounds were used in the analysis. The number of each
barcode was then counted and transcript numbers were assigned based on the number of
on-target barcodes present. The remaining barcodes were used to assess the false
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positives rate by running through the same proddssnage processing and image
analysiscode can be obtained upon request.

smMFISH. Unless stated, all smFISH measurements were conducted with 1nM/probe
concentration with a total number of 24 probes targeting a gene in hybridization buffer
comprisingl0% formamide ,2x SSC and 10% (w/v) dartsulfate at 37°C. The probes

were conjugated to either Alexa 647, Alexa 594, or Cy3b dyes. NIH/3t3 cells were fixed
with 4% paraformaldehyde (28908; Sigma) in 1x PBS at room temperature for 10
minutes. After washes with 1x PBS, the cells were permeadilising 70% ethanol and

kept in-20°C. The probe sequences for each gene were designed using Stellaris

Bi osearch Technologies and the probes were
modifications. The probes were conjugated to dye as previously describetkLub

2014]. After hybridization, the sample was washed with wash buffer supplemented with
30% formamide and 2x SSC at room temperature for 30 minutes. The samples were then
stained with DAPI (D1306; Thermo Fischer) in 2x SSC, followed by imaging under anti
bleaching buffer. The cells were segmented and the copy numbers for each gene were
counted using a custom Matlab script.

RNA-Seq.RNA-seq data were obtained from Gene Expression OmniG&O) with an

accession number of GSE98674. Briefly, the total RNA was purified using RNeasy Mini

Kit following the manufacturerds instruct.i
ultra RNAseq( E7 530 ; NEB) according to the manuf a
on lllumina HiSeq2500. Base calls were performed with RTA 1.13.48.0 followed by

conversion to FASTQ with bcl2fastq 1.8.4. Alignment was performed using TopHat

algorithm. Transcript &mbly and FPKM estimates were done using Cufflinks

algorithm.

Statistics and reproducibility. The technical replicates for RNA SPOTs of NIH/3T3 and
ESE14 are two in both cell cultures. TRevalues in the plots of technical replicates and
SPOTs versusRA-seq are Pearson'sorrelation coefficient. For smFISH average
measurements, the error bars represent the s.e.m. For differential gene expression
analysis, twetailed student-test is carried out with = 2 for mean SPM for both

NIH/3T3 and ESE14.P values smaller than 0.05 and idgld change greater and less
than +2 are used as a threshold for significance.

A Life Sciences Reporting Summdny this publication is available.

Data and software availability. The raw data for one field of view used to
generatdeigure 2are available afenodo.org
doi:https://doi.org/10.5281/zenodo.103023@lditional raw data from this study are
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https://www.nature.com/articles/nmeth.4500#Fig2
http://zenodo.org/
https://zenodo.org/record/1030239
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available from the corresponding author upon reasonable request. Gustiam
scripts used in this study are availablé@tps://github.com/CaiGroup/RNSPOTsand
asSupplementary Software



https://github.com/CaiGroup/RNA-SPOTs
https://www.nature.com/articles/nmeth.4500#MOESM9
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Chapter 3
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3.1 Abstract

Imaging the transcriptomia situ with high accuracy has been a major challenge in single
cell biology, particularly hindered by the limits of optical resolution and the density of
transcripts in single celi$. Here, we demonstrate seqFISkhich can image the mRNAs

for 10,000 genes in single cells with high accuracy anedgtction-limit resolution, in

the mouse brain cortex, subventricular zone, and the olfactory bulb, using a standard confocal
microscopeThe transcriptome level profiling of seqFISH+ allows unbiased identification of
cell classes and their spatial organization in tissues. In addition, seqFISH+ reveals subcellular
MRNA localization patterns in cells and ligarateptor pairs across neighiogr cells. This
technology demonstrates the ability to generate spatial cell atlases and to perform discovery
driven studies of biological processesitu

3.2 Introduction

Spatial genomics, the analysis of the transcriptome and other genomic infordiedizily

in the native context of tissues, is crucial to many fields in biology, including neuroscience
and developmental biology. Pioneering work in single moledtil@orescencen situ
Hybridization (smFISH) showed that individual mMRNA molecules cdddaccurately
detected in celfs’. Development of sequential FISH (seqFISH) to impart a temporal
barcode on RNAs through multiple rounds of hybridization allowed many molecules to be
multiplexed™3. Recently, we showed that seqFISH scales to the genomenaited® and

for nascent transcription active sites

However, the major challenge preventing global profiling mRNA in cells is the optical
density of transcripts in cells: each mRNA occupies a diffractioitddhspot in the image

and there are tens to hundreds of thousands of mMRNAs per cell depending on the cell type.
Thus, optical crowding prevents mRNAs from being resolved and has bottlenecked all
implementations of spatial profiling experimertd For examplejn situ sequencing
methods, detected only ~5a@anscripts per cétPi? because of the lower efficiency and
larger dot size of rolling circle amplification, whereas seqFISH detected thousands of
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transcripts per ceéll We have previously proposed to combine supsolutin
microscopy with FISH to overcome this crowding problem. However, existing super
resolution localization microscof¥t3relies on detectioof single dye molecules, which
emit a limited number of photons and only work robustly in optically thin (<1 pm)
samples.

To enable discovergriven approache#n sity, it is essential to scale up the spatial
multiplexed methods to the genome level. To date, spatial methods have always relied on
existing genomics methods, such as scRNAseq, to identify target genes, and serve to only
map cell types identified from scRNég. At the level of hundreds and even a thousand
genes, spatial methods cannot be usedkasovodiscoverydriven tool, which is a major
drawback of the technology. In addition, many genes are expressed in a spatially dependent
fashion independent of cdylpes? that is not recovered in the dissociated cell analysis.

3.3 Results

Here, we demonstrate seqFISH+, which achieves sgegetution imaging and
multiplexing of 10,000 genes in single cells gssequential hybridizations and imaging

with a standard confocal microscope. The key to seqFISH+ is expanding the barcode base
palette from 45 colors, as used in seqFI8#+andin situ sequencingexperiment$®, to a

mu c h | arger pal ette o f Apseudocol or so
hybridization. By using 60 pseudocolor channels, we effectively dilute mMRNA molecules
into 60 separatamages and allows each mRNA dot to be localized below the diffraction
limit121518hefore recombining the images to reconstruct a stgsiution image.We
separate the 60 pseudocolor®if fluorescent channels (Alexa 488, Cy3b and Alexa 647)
and generate barcodes only within each channel to avoid chromatic aberrations between
channels. 288000 genes can be barcoded in each channel for a total of 24,000 genes by
repeating this pseudo@slimaging 4 times with one round used for ewgorrectior.

As imaging time is the main bottleneck in spatial transcriptomics experiments, seqFISH+
is &fold faster in imaging time compared to implertieg seqFISH with expansion
microscopy (Figure 1b). An equivalent 6fld expansion of the sample would require 4
colors x 8 barcoding rounds x 60 volume expansion = 1920 images per field of view (FOV)
to cover 4=16,384 genes. In contrast, seqFISH+ acquires 60 pseudocolors x 4 barcoding
rouncs = 240 images per FOV to cover 24,000 genes,-foid8reduction in imaging

time. Furthermore, a large number of pseudocolors and a shorter barcode (4 units)
decreases the errors that accumulate over barcode rounds.
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Figure 1. seqFISH+ resolves opticatrowding and enables transcriptome profilingin

situ. a, Schematics of seqFISH+. Primary probes (24 per gene) against 10,000 genes are
hybridized in cells. Overhang sequence$V(l on the primary probes correspond to 4
barcoding rounds (orange panelplp1/20th of the total genes in each fluorescent channel
are labeled by readout probes in each pseudocolor readout round, lowering the density of
transcripts in each imagenRNA dots in each pseudocolor can then be localized by
Gaussian fitting and colfsed into a supeesolved image (blue panellzach gene is
barcoded within only one fluorescent channel (MethdasCompared to seqFISH with
expansion microscopy (seqFISEkpansion, green line) in covering 24,000 genes,
seqFISH+ with 60 pseudocolordyb line) is 8 fold faster in imaging time. (Methods,).

Image of a NIH3T3 cell from one round of hybridization (n = 227 cells; scale bar = 10
em)2oomed in inset shows individual mRNASs
decoded within a diffractio limited region, magnified from the inset (scale bar = 100
nm). The number in each panel corresponds to the pseudocolor round that each mRNA
was detected, with no dots detected during the other pseudocolor rounds in this channel
(640 nm).
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To demonstrat transcriptome level profiling in cells, we first applied segFISH+ to
cleared NIH3T3 fibroblast cells (Figure 1c, Extended Data Figuré¥#2)We randomly
selected 10,000 genes while avaomglihighly abundant housekeeping genes, such as
ribosomal proteins. These 10,000 genes add up to a total of >125,000 FPKM values with a
wide range of expression levels from 0 to 995.1 FPKM. All 24,000 genes in the fibroblast
transcriptome add up to ~420,06BKM2L, only a 3 fold higher density from the 10,000
gene experiment, which can be accommodated with the current scheme, or with more
channels or pseudocolors.

Overall, 35,492+12,222 (meanz9.dranscripts are detected per cell (Figure 2a). The
10,000 seqFISH+ data are highly reproducible and strongly correlated withsB&HNA
(R=0.80%!, RNA SPOTs (R=0.88) and smFISH (R=0.87) (Figure 2 Extended Data
Figure 3a,b). Each of the three fluorescent channels was decoded independently and
correlated well with RNAseq and smFISH (Extended Data Figure 3a b false positive

rate per cell is0.22+0.07 (meanzts.d.) per barcode (Extended Data Figure 3d,e).
Comparison with 60 genes from smFISH showed that the seqFISH+ detection efficiency
is 49%, which is highly sensitive compared to single cell RNAseq.

seqFISH+ allows us to visualize the suhdar localization patterns for tens of thousands
of RNA moleculesin situ in single cells. Three major clusters were observed to be
nuclear/pernuclear, cytoplasmic and protrusion enriched. Many new protrusion localized
genes are found in addition teetbnes identified previousé?s. We further observed three
distinct subclusters in the perinuclear/nuclear localized transcripts with genes iof each
these subclusters enriched in distinct functional roles (Extended Data Figure 3f
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Figure 2 seqFISH+ profiles 10,000 genes in cells with high efficiency Approximately

47,000 mRNAs (colored dots) were identified in a NIH3T3 cell from a singkection
(scale bar = 10 &em). l nset shows the trans
scale bar = 100 nmb, seqFISH+ replicates in NIH3T3 cells are highly reproducible (n

103 cells; a= 124 cells). segFISH+ correlates well wit) RNA-seq (n = 9875 genes)
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Figure 2 (continued from above)and () single molecule FISH (n= 60 genesygue
= 2.26 x 10%). The efficiency of seqFISH+ is about 49% compared to SmFISH. Error bars
in (d) represents standard error of the mebrd,(p-values< 0. 0001, tMoear s on
tailed p values).

To demonstrate seqFISH+ works robustly in tissues, we used the same 10,000 gene probe
set to image cells in the mouse brain cortex, thevemltricular zone (SVZ) (Figure 3a),

and the olfactory bulb in tweeparate brain sections. We collected 10.§8@eprofiles

for 2963 cells (Figure 3B), covering an area of approximately 0.5 fnin the cortex,

cells contained on average 5615+3307 (meants.d.) transcripts from 3338+1489
(meanzts.d.) detected genes (Exieth Data Figure 4a,b). We imaged only a single z optical
plane (0.75 em) to save imaging time. Ful/l
for510x fAdeeper o sampling of the transcripto

With an unsupervised clustering anal¥ishe seqFISH+ cell clusters show clear layer
structures (Figure 3h) and are strongly correlated to the clusters in a scRNdaget
(Methods, Extended Data Figute-f, 5). Similar layer patterns are observed with Hidden
Markov Random Field (HMRF) analy$fsvhere the expression patterns of neighboring
cells were taken into account (Extended Data Figu+ie @g

With the seqFISH+ data, we can explore the subcellular localization patterns of 10,000
MRNAs directly in the brain in a cell type specific fashion (Supplementary Table 3). In
many cells types, the transcripts inrnp70Q a small nuclear riboproteinnd Nr4al, a
nuclear receptor, are found in the nuclear/perinuclear regibmgontrast,Atplb2 a
Na+/K+ ATPase, anKif5a, a kinesin, are observed to be near the cell peripheries in many
cell types including excitatory, inhibitory neurons as well ag gdills. In addition, many
transcripts in astrocytes, such @gal and Htral, localize to the cell periphery and
processes, which we confirmed by smFISH (Figure 3f,g, Extended Data Figure 7).
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We next explored the spatial organization of the SVZ. We identified neural stem cells
(NSCs, Clusters 8,16) expressing astrocyte mar&gd and Htral, transitamplifying
progenitors (TAPs, Cluster 15) expressisgll,Mcm5andMki67,and neuroblasts (NS
expressingDIx1 and Sp9 consistent with previous stud#s We further quantified the
spatial organization of the different cell types in the SVZ (Figure 4a, Extended Data Figure
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8), and found thatlass 12 and 17 neuroblasts are preferentially in contact, whereas TAP
cells tend to associate with other TAP cells. It would be exciting to further investigate the
RNA velocity trajectoried of these ells in situ with intron seqFISH as well as their
lineage relationships with MEMORR

Next, we examined the spatial organization of the olfactoty. lfdur clustering analysis
revealed distinct classes of GABAergic interneurons, olfactory ensheathing cells (OECs),
astrocytes, microglia, and endothelial cells (Figure 4b,c), consistent with litéfakutee
granule cell layer (GCL) at the center of the olfactory bulb, several cell classes are
observed, with an interior core consisting of immature neurclkascells expressing

DIx1 and DIx2 encased by a distinct outer layer of the GCL composedasé mature
interneurons (Figure 4b and Extended Data Figure 9,Af)excitatory cluster of cells
expressingreln Sicl7a7are observed in the mitral cell layer (MCL) as mitral cells and in
the external plexiform layer (EPL) and glomerulus as tufteld.céle also found several
clusters ofTh+ dopaminergic neurons (Figure-db Supplementary Table 2) which were
previously not known. For example, Cluster 1 cells express\égtha neuropeptide, as

well as tyrosine hydroxylas@l(), and are distributed boin the glomerulus and the GCL.
Similarly, Trhis enriched in a distinct set of+ cells (Cluster 3), which are predominantly

in the glomerulus, whereas Clusters 5 and 22 dopaminergic neurons are in the GCL. We
validated these clusters by smFISH imagiigure 4d, Extended Data Figure 9,10).

Finally, we analyzed liganteceptor pairs that are enriched in neighboring cells, which are

not available in the dissociated cell analysis. These proposed potentc|ciiteractions

are hypothesized on thmsis of mMRNA and not protein. In endothelial cells adjacent to
microglia in the olfactory bulb, Endoglic(ig atype Il TGFb r ecept or )- and A
receptor Acvrll or Alkl, atype | TGFb r ecept or) mRNAs afre exp
ligand (Tgfbl)) mMRNA expressed by the microglia. Microgkandothelial neighbor cells
expresslrpl (Tgfbr5)andPdgfb,in the cortexindicating that signaling pathways may be

used in a tissue specific fashion. Beyond ligand receptor interactions, we found broadly

that gene expression patterns in a particular cell tyeehighly dependent on the local

tissue context of neighboring cells (Figure 4e,f, Supplementary Table 4).
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Figure 4 (previous page seqFISH+ reveals ligand receptor repertoires in
neighboring cellsand spatial organization in tissuesa, Spatial organization of distinct
cell clusters in the SVZb, Spatiallyresolved cell cluster maps of the mitral cell
layer(MCL), granule cell layer(GCL), amd gl omer ul ar | ayer ( GL) (s
Remaining ©Vs are shown in Extended Data Figure 10. The cluster numbers in the SVZ
and OB are different (Supplementary Table #). Distinct populations of Th+
dopaminergic neurons in the OB with differential expressiodgand Trh, shown with
smFISH, confirmingseqFISH+ clustering analysis, Schematic showing liganekceptor
pairs in neighboring microghandothelial cells.In microglia next to endothelial cells,
certain genes, such apd52 are enriched compared to microglia neighboring other cell
types.f, MRNAs ofTgfblligand andAcvrllreceptor are visualized in adjacent microglia
endothelial cells by smFISHd&f, n = 10 FOVs, 40x objective,;

3.4 Discussions

These experiments demonstrate that seqfFI8ENn robustly profile transcriptomes in
tissues, overcoming optical crowding and removing the last conceptual roadblock in
generating spatial single cell atlases in tissues. seqFISH+ providiedd10r more
improvement over existing methods in the nunddenRNAs profiled and the total number

of RNA barcodes detected per cell. seqFISH+ also allows sapelved imaging with
commercial confocal microscopes and can be generalized to chroni®smmeprogin
imaging.

With the genome coverage and spatial resolution of seqFISH+, it is how possible to
perform discovendriven studies directlyin situ. In particular, elucidating signaling
interactions between cells is a crucial first step towards undersgaddivelopmental
processes and cell fate decisions, along with explorations of the combinatorial signaling
logicL. Lastly, the genomics coverage of seqFISH+ will allow discovery of novel targets
that arecell type specific in disease samples as well as enable precise-gpatalics and
singlecell based diagnostics test.
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Extended Data Figure 2(previous pagg Clearing removes background nonspecific
bound dots.a, Raw images of a NIH3T3 cell before and after cleari@gnificant
decrease in background is observed in cleared sarmpége is acquired on a spinning
disk confocal microscopehb, In each round of hybridization for the 10,000 gene
experiment, diffratton limited dots are clearly separated, indicating the pseudocolor
scheme effectively dilutes the density of the samflignal is completely removed
bet ween different roundd adfk ohylen iwkienattihen,
pseudocolors Stripping isaccomplished by 55% formamide wash, which is highly
efficient. c, After the completion of each seqFISH+ experiment, readout probes used in
hyb1 is rehybridized in round 81The colocalization rates between Hybl and 81 are
76% (647 channel), 73% (561 ctmeel) and 80% (488 channel) within g&el radius.
The colocalization between the two images indicates that most of the primary probes
remain bound through 80 rounds of hybridization and imaging, although some loss of
RNA and signal is seen across 80mrdsi of hybridizationd-c, n = 227 cells).
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Extended Data Figure 3. seqFISH+ works efficiently across all three fluorescent

channels and identifies localization patterns of transcripts in NIH3T3 agl®rrelation

plots between seqFISH+ and bulk RMNfsin three fluorescent channeBarcodes are

coded entirely within each channel, with n = 3334, 3333, and 3333 barcodes in each
channel respectivelyBarcodes in all channels are decoded and called out efficidmtly.
seqFISH+ result correlates striymgvith RNA SPOTs measurement in NIH3T3 cells.

SPM= Spots Per Millionc, Correlation between seqFISH+ and smFISH for each
fluorescent channel (from left to right: n = 24, 18, 18 genes). All correlations were
computed by Pear s on owthtwo-taded gvalties epoegeddtThec or r e |
callout frequency of otiarget 10,000 barcodes versus the remaining 14,000 off target
barcodes. Off target barcodes are called out at a rate of 0.22+0.07 (meanzs.d) per
barcode. e, Histogram of the total numbef mRNAs detected per NIH3T3 celOn

average, 35,492+12,222 transcripts are detected perfc@lenes are clustered based on

their cooccurrence in 10x10 pixel windowl hree major clusters are nuclear/perinuclear,
cytoplasmi¢ and protrusions.g, mRNAs show preferential spatial localization patterns:
nuclear, cytoplasm and protrusion (n =227 celBh e i mage i s binned ir
wi ndows and colored based on the geimnes eni
Example of genes enriched iaah spatial clusteri, Genes in the subclusters within the

nuclear localized groupSubcluster 1 contains genes encode for extracellular matrix
proteins. Subcluster 2 genes are involved in actin cytoskeleton while subcluster 3 genes

are involved in mimtubule networksj, Representative smFISH image (singlslize) of

three genes in subcluster 1 shows nuclear/perinuclear localization ( n = 20 FOVs, 40x
objective).Scal e bar : 10¢em.
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Extended Data Figure 4. scRNAseccomparison with seqFISH+, bootstrand

HMRF analysis.a, Histogram of the number of genes dndotal RNA barcodes

detected per cell by seqFISH+ in the corensupervised clustering of seqFISH+
correlates well with scRNAseq. (n = 1857 genes;leear® s r coef fi ci ent
correlation) d, Supervised mapping of seqFISH+ analyzed cortex cell clusters with those
from single cell RNAseq clusters. (n = 1253 genesiglue < 0.005)e, The number of

genes were downsampled from the 2511 genes that expressast &tcopies in a

cell. For each downsampled dataset, the-twetiell correlation matrix is calculated and
correlated with the cetio-cell correlation matrix for the 2511 gene datagetrials are
simulated for each downsampled gene le¥ator bars denote mean-tgtandard

deviation. Even when downsampled to 100 genes, about 40% of the cell to cell
correlation is retained, because the expression pattern of manyigeoeslated.f,
Scatterplots of seqFISH+ with scRNAseq in different cqlety Each dot represents a

gene and their mean expressiescpre values in either seqFISH+ or scRNAseq in
astrocytes, oligodendrocytes and excitatory neurons. In general, seqFISH+ and
scRNAseq are in good agreement (n = 598 genes epth)IRF detects sutial domains

that contain cells with similar expression patterns regardless of cell type. Domain specific
genes are showrh, Spatial domains in the cortex. Mapping of the hierarchical

clusters onto the cortexX-Y coordinates are in pixels (1@8n per pixel). Each camera

field of view is 2000 pixels.
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Extended Data Figure 5(previous pagg Differential gene expressions between the
cell type clusters in botha) seqFISH+ andh) scRNAseq. The expression patterns of
seqFISH+ clusters are silai to SCRNA-seq clusters (n = 143 genes)
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Extended Data Figure §previous page Comparison of the spatial expression patterns
across the primary motor cortex in ti@ $eqFISH+ data versus thH® @Allen Brain Atlas.
X-Y coordinates are in pixels (3m per pixel). LayersVI are shown from left to right.
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Extended Data Figure 7(previous pagge Additional analysis of cortex and
subcellular localization patterns in different cell typasSlide explorer image of the
cortex and SVZ FOVs imaged in the first brain slice (n=913 cells). Schematic is shown in
Fig 3a. b, UMAP representation of cortex and SVZ cetisMapping of the choroid
plexus cells, which are exclusively present in the naat(n =109 cells).d, Frequency
of contacts between the different cell class in the cortex, normalized for the abundances
of cells in each clusterse, Each strip represents cells that cluster together, which breaks
into layers in the cortex, consiatevith expectation, as cells within a layer preferential
interact with each other (n = 523 cellg) Htral transcripts are preferentially localized to
the periphery of the astrocytes in the cortegft panel shows a reconstructed image
from the 10,00@ene seqFISH+ experimeritltral transcripts are shown in cyan, and all
other transcripts are shown in black.c a | e b aviddle ad rigte panels show
single zslice of smFISH images éftral in cortical astrocytes (Scale bar:
5¢& mg, Atplb2loc al i zati on in seqFl SH+ {sliceft; scal
smFI SH i mages ( mi ddl e MamyHtral angAtplh2trasscriptt e b ar
are localized to astrocytic processkg, (h= 62 astrocytes). SmFISH images were
background subtractddr better display of RNA molecules (n= 10 FOVs, 40x objective).
h, Nr4allocalization patterns are distinct frddtral andAtplb2and are more nuclear
localized across different cell type&n excitatory neuron is shown from the seqFISH+
reconstructon§ n = 337 excitat or yi Kfeaparkioesis, alsoscal e b
exhibits periphery and process localizations in different cell types (n = 60 interneurons;
scale bar: 2&gm).
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Extended Data Figure 8(previous page Additional analysis of th subventricular
zone (SVZ)a, Expression of individual genes in the SVZ in the UMAP representation (n
= 281 cells).b, Violin plots denotes-acored gene expression patterns for Louvain
clusters corresponding to NSC to neuroblasts in the SVZ, (n =28). ¢, Spatial
proximity analysis of the cell clusters in the mouse subventricular zone(SVZ). Frequency
of contacts between the different cell class in the SVZ, normalized for the abundances of
cells in each clustersd, Neural progenitors appear to be in spatial proximity with each
other.e, Two neuroblasts cell clusters are found to be in spatial proximity in the SVZ (
d, n = 281 cells), Subclusters of type 7 cells in the cortex (left). Medium spiny neurons
that expessedddora2, Pdel0OasandRasd2marker genes form a separate clusterithat
detected only in the striatum (right) (n = 42 cells in cluster 7).






