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The architecture of cells and the tissue they form within multicellular organisms are highly complex and
dynamic. Cells optimize their function within tissue microenvironments by expressing specific subsets of
RNAs. Advances in cell tagging methods enable spatial understanding of RNA expression when merged
with transcriptomics. However, these techniques are currently limited by the spatial resolution of the
tagging, the number of RNAs that can be sequenced, and multiplexing to isolate spatially-distinct cells
within the same tissue landscape. To address these limitations, we developed CrossSeq, which employs
photocrosslinking fluorescent probes and confocal microscopy activation to demarcate user-defined
regions of interest on fixed cells for multiplexed spatial transcriptomic analysis. We investigate phenyl
azide and diazirine crosslinking scaffolds and define their photoactivity profiles. We then deploy the aryl
azide scaffold with three fluorophores for multiplexing on glyoxal fixed cells and analyze the defined
populations using flow cytometry. Finally, we apply CrossSeq to investigate an in vitro MDA-MB-231-
LM2 metastatic cancer migration model to evaluate changes in gene expression at the migratory cell
front versus the exterior population. We anticipate this new technology will be a valuable tool addition
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Introduction

Multicellular organisms are composed of highly complex and
heterogeneous three-dimensional cellular structures that evolve
through molecular signaling within their microenvironment.
Each cell’s dynamic transcriptome collectively defines normal
tissue homeostasis as well as the aberrant formation of
disease." Understanding how the spatial organization of cells
defines RNA expression is essential for elucidations into the fields
of oncology, immunology, and neurobiology.” Advances in next-
generation sequencing (NGS) such as the development of single-
cell RNA sequencing (scRNA-seq) have allowed for unbiased,
transcriptome-wide analysis of thousands of individual cells from
a single sample.® Although scRNA-seq has proven to be a very
powerful technique, any spatial information is lost once the
multicellular sample is dissociated for analysis. To overcome this
limitation, there has been an emergence in the field of spatial
transcriptomics to develop methods for in situ genetic profiling.*
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conventional microscopy and analysis techniques.

Current in situ spatial transcriptomic techniques incorpo-
rate NGS or imaging-based approaches, each with its own
advantages and limitations.® In situ capture techniques®” posi-
tion a permeabilized tissue slice over mRNA capture probes
printed onto a microarray slide, each containing a barcoded
reverse transcription (RT) primer with unique positional tags.
Upon capture, mRNA is reverse transcribed into cDNA contain-
ing the spatial barcode, which can then be sequenced and
mapped back to its original location creating a gene expression
map. These methods provide unbiased transcriptome-wide
analysis but are limited in their detection efficiency due to
the size of the capture array. Fluorescence in situ hybridization
(FISH) methods®® use targeted fluorescent probes to identify
thousands of pre-selected mRNA sequences through rounds of
multiplex imaging to generate a gene abundance map.
Although these methods have high detection efficiency and
spatial resolution, they require costly, specialized equipment
and have low sample throughput.

Our lab has been focused on developing chemical
approaches to characterize the transcriptome. It would be
advantageous to develop a more streamlined approach to tag
cells with high spatial resolution and enable isolation through
conventional cell sorting techniques. Photoactivatable probes
can be used to selectively tag cells with fluorescent labeling to
record their spatial information, and samples can then be
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dissociated and analyzed with applicable NGS technologies to
generate RNA expression profiles. Such a method employs con-
ventional microscopy imaging to enable user-defined activation of
cell-permeable photocaged dyes'® or biotin-containing photocros-
slinking probes' to tag live cells or tissues for downstream
analyses. Cellular tagging is an exciting alternative as it can be
applied to any cell of interest. Additionally, conventional photo
sources and microscopes can be employed for tagging, and post-
tagging processes used are already adopted by many labs focused
on understanding gene expression and cellular heterogeneity.
Herein, we aimed to develop and improve methods of
tagging and analyzing cells with high spatial resolution. Our
approach allows the user to define regions of interest (ROIs) on
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cells and crosslink a chemical probe with a fluorophore of
choice to the ROI via near UV-light activation using confocal
microscopy. This technique ensures that ROIs are defined with
high resolution and does not require pre-target selection,
mRNA capture arrays, or cellular engineering. Once ROIs are
tagged, the sample is dissociated, sorted into the defined
regions using flow cytometry, and then processed for whole
transcriptome analysis with RNA-seq, as shown in (Fig. 1(A)).
We demonstrate our platform’s high-resolution multiplex cap-
abilities with various irradiated ROIs in different shapes and
sizes on assorted cell types. We also establish a simple, single-
day workflow to map gene expression in situ on glyoxal fixed
metastatic triple-negative breast cancer MDA-MB-231-LM2 cells
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Fig. 1

(A) CrossSeq schematic: Cells are tagged with fluorescence by activation of CrossSeq probes with near-UV light confocal microscopy on user-

defined regions of interest. Upon dissociation, tagged cells can be isolated by fluorescence-activated cell sorting and analyzed by RNA-seq, RT-gPCR, or
other methods to generate gene expression profiles. (B) CrossSeq probe scaffold: A bi-functional scaffold was designed to append a UV-active,
photocrosslinking handle to fluorophores with varying emission wavelengths for multiplexing. The phenyl azide and diazirine crosslinking handles, which
have different excitation maxima of 254-300 nm and 350 nm respectively, were selected to compare which would excite and react more quickly when
exposed to light in our system. (C) CrossSeq probe fluorophores: Three fluorophores with high quantum yields and distinct wavelengths were chosen to
provide multiplexing capability. Each fluorophore is linked to the phenyl azide or diazirine photocrosslinking handle to generate a set of six probes.
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in an in vitro wound healing model. We validated this system on
glyoxal fixed cells to enable a less toxic fixation method, preserve
samples for downstream processing, and produce high-integrity
extractable RNA for a more user-friendly workflow.'> We antici-
pate our approach, and its optimized RNA-friendly workflow, will
be adopted by many labs aiming to better understand RNA
expression with spatial resolution.

Results

We aimed to develop a set of photo-crosslinkers that were
relatively easy to synthesize, could be produced in high yield
and abundance, and would give us access to different fluorophore
wavelengths for cell sorting after tagging. Toward this goal, we
designed our bi-functional CrossSeq probes with common photo-
crosslinking handles attached to fluorophores with varying emis-
sion wavelengths for multiplexing.’® We chose both the phenyl
azide'* and diazirine'® crosslinking handles, which have different
excitation maxima, to compare which would excite and react more
quickly when exposed to light in our system. The three attached
fluorophore options, shown in Fig. 1(C), were chosen based on
their high quantum yield'®™® and distinct emission colors.

For ease of use, we aimed to synthesize all probes in scalable
parallel synthetic steps. Their syntheses are outlined in the ESL¥
Briefly, commercially-available (ESIt) carboxy-fluorophores were
first crosslinked to bi-functional amine linkers using carbodi-
imide amide coupling. The BOC-protected fluorophores were
subsequently deprotected and coupled with a phenyl azide or
diazirine to install UV-active cross-linkers. This straightforward
synthetic scheme with minimal steps enables easy access to our
CrossTag probes, furthering the user-friendliness of this platform.

First, we determined each probe’s photo-reactivity profile
with bovine serum albumin (BSA) as a model protein to
evaluate the required time and energy for binding.'* We
incubated BSA with each CrossSeq probe individually at
100 uM concentration and then performed an irradiation time
course with a 368 nm UV Crosslinker. The tagged BSA was then
precipitated in methanol to remove the unbound probe. Next,
crosslinking was resolved using denaturing gel electrophoresis,
representing fluorescent signal accumulation per probe.
As shown in Fig. 2(A), the phenyl azide probes react and bind
more quickly than the diazirine scaffolds. This was unexpected
as alkyl diazirines are known to excite with a longer UV
wavelength, 350 nm, as compared to simple phenyl azide,
254-300 nm.”® A low level of background labeling of BSA in
the absence of light was observed with the diazirine-containing
probes conjugated to both 5-carboxyfluorescein and sulforho-
damine B. Photoactivatable probes can produce spurious back-
ground due to ambient light exposure which can be difficult to
completely exclude during sample processing.’® The quantita-
tive representation shown in Fig. 2(B) confirms this result for
each photoactivatable handle-fluorophore pair.

After validation that our CrossSeq probes crosslink to pro-
tein, we moved forward with evaluating our system on cells with
a confocal microscope. Most confocal microscopes only operate
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Fig. 2 (A) In-gel fluorescence activation time course: CrossSeq probes

were evaluated to determine the UV irradiation time required to activate the
photocrosslinking handles and insert into purified BSA protein for fluores-
cent tagging. 100 pM CrossSeq probes incubated with 200 ng of BSA were
irradiated for 0-300 seconds with a 368 nm UV crosslinker light source and
resolved by SDS-PAGE to determine bound probe by fluorescence. (B)
Fluorescence quantification: Fluorescence intensity per probe was plotted
over time for activation comparisons. Plotted results are an average from
three experiments. Probe legend (fluorophore-photocrosslinking handle):
F = 5-carboxyfluorescein, R = sulforhodhamine B, C = coumarin 460,
P = phenyl azide, D = diazirine. * = PageBlue™ protein stain loading control.

in the visible light range, so we began testing to determine if
the shortest wavelength option would activate our probes with
the same efficiency as the UV light source. Using the 405 nm
laser, we evaluated both the laser power and probe concen-
tration required to successfully activate a ROI on in vitro
cultured cells. In order to capture the RNA expression levels
at a specific biological state, we decided to work with fixed cells
to retain the biological relevance and limit the possibility of
RNA alteration due to stress or degradation. Fixed cells are also
more clinically relevant as pathologists will fix tissue for long-
term storage and evaluation.” Most researchers use a form of
formaldehyde for tissue fixation, but this reagent is known to
be detrimental to RNA retrieval and integrity as nucleic acids
become crosslinked to proteins through Schiff base adduct

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formation and are then lost during RNA isolation or become formed on the Watson-Crick face of guanine at the acidic
degraded through de-crosslinking thermal treatment.'” Therefore, pH required for glyoxal fixation, but this adduct is unstable
we decided to utilize glyoxal as a less toxic fixative that does at neutral pH or higher and will readily reverse to preserve
not crosslink nucleic acids to proteins. An adduct can be nucleosides.’
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Fig. 3 (A) CrossSeq probe multiplex tagging: Multiplex tagging with all three fluorescent phenyl azide probes was performed on fixed Hela cells. Each
region of interest (ROI) was defined and activated with varying 405 nm confocal laser power and activation time. (B) Sample map:ROls with about 3%
surface area were defined on a fixed Hela cell culture sample, one ROI per CrossSeq probe, for subsequent tagging. (C) Flow cytometry tagged
population analysis: The sample map ROIs were activated, using the same parameters as in A, with each CrossSeq probe sequentially. The cell sample was
then lifted and analyzed by flow cytometry to quantify each tagged ROI population.
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We optimized probe binding at low micromolar concentrations
to minimize background signal and with low laser power to
attenuate cellular degradation. Through this testing process we
determined that even if the probe’s crosslinking handle was the
same, the conjugated fluorophore was the determining factor for
how long and how much laser power was required to activate and
bind each probe successfully. We postulate this may be due to the
selected fluorophores’ xanthene scaffold and their ability to aggre-
gate, dimerize, and absorb the 405 nm activation energy due to
their blue-shifted absorption properties in these states.'®*"**
Thus, the more aromatic and electron-accepting the fluorophores
were, the more energy was required to efficiently activate
the crosslinking azide handle. As shown in Fig. 3(A), the time
and laser power required to activate a single ROI varies greatly per
probe with 100% 405 nm laser for almost 3 minutes required
for the sulforhodamine compared to 1% 405 nm laser for
30 seconds for the coumarin probe. Additionally, the concen-
tration of the probes depended on the fluorophores’ photostabil-
ity. For example, 5-carboxyfluorescein photobleaches readily*® and
therefore requires the highest concentration of the three probes,
200 pM, compared to sulforhodamine b which is the most stable
and only required 1 pM. Once the activation parameters were
determined, it was further confirmed that a longer excitation
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wavelength did not diminish the binding of the phenyl azide
probes, and tagged the cells more quickly than the diazirine.
Consequently, we moved forward with the phenyl azide probes
for multiplexing and flow cytometry evaluation.

In vitro cultured, glyoxal fixed HeLa cells were exposed to all
three fluorophore-phenyl azide probes sequentially and were
activated to achieve multiplexed ROIs, as shown in Fig. 3(A). We
next used these same activation parameters to tag equal-sized
ROIs within a single well on an ibidi 8-well optical p-slide
confluent with fixed HeLa cells. We defined ROIs in the navigator
mode which creates a map of the sample with square tiles. This
sample tile map is shown in Fig. 3(B), where each highlighted
ROI occupies about 3% of the overall well surface area. Using the
20x water objective, each ROI was excited sequentially with each
phenyl azide-fluorophore probe. The sample was then incubated
in the gentle cell detachment solution, Accumax, for 10 minutes at
37 °C, resuspended in the same solution, and flown on an Agilent
Novocyte Quanteon flow cytometer containing violet, blue, yellow,
and red lasers. As seen in Fig. 3(C), each CrossSeq probe-tagged
population was clearly defined and detected. The gated, fluores-
cent populations compose slightly higher than 2% of the overall
sample population per probe type showing consistent tagging
capability with minimal fluorescent cross talk.

405 nm fluorescence, brightfield, and overlay of TO migration front cell tagging
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Fig. 4 (A) Cell migration assay sample map: A cell migration was carried out using metastatic MDA-MB-231-LM2 cells where a 920 um wound was

inflicted down the length of the sample. Using confocal microscopy, a region of interest (ROI) was defined along the marked scratch wound for
subsequent tagging to evaluate changes in gene expression at 0, 24, and 48 hours after. (B) Migration front tagging: The coumarin 460 — phenyl azide
probe (CP) was used to tag the scratch wound and immediate exterior on each time point sample analyzed post wounding. The tagged O hour post
wound sample (TO0) is displayed here. (C) Flow cytometry tagged population sorting: The tagged samples from each time point were sorted on a BD
FACSAria fusion sorter by fluorescence, isolating the tagged population from non-tagged. 10 000 events were recorded at the beginning of sorting. (D)
and (E) RNA-seq analysis of differentially expressed genes per time point: Volcano plot analyses comparing the genes that were statistically up- or down-
regulated at the tagged migration front for samples 0 versus 24 hours (D) and O versus 48 hours (E).
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Next, to demonstrate the utility of the CrossSeq platform to
characterize gene expression within a specific population, we
conducted an in vitro cell migration assay to investigate the
highly metastatic triple-negative breast cancer cell line, MDA-
MB-231-LM2 (MDA-LM2). This wound-healing model provides
a standardized technique to measure cellular migration in a
two-dimensional in vitro environment.>* The MDA-LM2 cell line
was derived from the parent human triple-negative breast
cancer line, MDA-MB-231, by selecting for cancer cell popula-
tions that successfully migrated from the primary tumor
to form lung metastases in a xenograft mouse model.”> We
specifically aimed to elucidate changes in gene expression for
the cells that migrated into the wound gap versus the exterior
static cell population over 48 hours, just before the complete
closure of an inflicted wound (Fig. S3, ESIt).

A 920 pm wound with clearly marked boundaries was
created on confluent MDA-LM2 cultures. Then the growth
media was replaced with a low percent serum to promote
migration, instead of proliferation, into the gap. The cells were
then allowed to migrate for 0, 24, and 48 hours before being
fixed with glyoxal, and were then examined via confocal micro-
scopy. A map of each sample was then created in navigator
mode (Fig. 4(A)) and the cells along the border and within the
wound were tagged by 405 nm laser activation of the coumarin
CrossTag probe with a 10x air objective (Fig. 4(B)). The cou-
marin CrossTag probe was chosen for this tagging application
as it has a quick activation time and requires the least laser
power. After the cells were dissociated with Accumax, samples
were sorted by fluorescence-activated cell sorting (FACS) by
their coumarin-tagged fluorescent label (Fig. 4(C)) and sub-
jected to SMARTer Stranded Total RNA-Seq.>®

Our overall goal was to develop a workflow for the analysis of
RNA isolated from tagged cells. We aimed to test this directly by
using probes in a cell-based workflow for RNA isolation and
analysis. The methods used for the analysis are described in the
supplementary information file. Briefly, cDNA reads were pseu-
doaligned using kallisto 0.48.0%” to a GENCODE v29. Following
alignment, differentially expressed RNAs were determined
using DESeq2 1.31.16.>® GO term analysis was performed using
statistical overrepresentation tests against Biological Process
GO terms through PANTHER 17.0.>° GO term network analysis
was performed using the EnrichmentMap 3.3.4 plugin®’ in
Cytoscape 3.8.2.%"

Analysis of the differentially expressed transcripts revealed
changes in gene expression when comparing the migrated cell
front at 24 and 48 hours post wounding to the migration front
at 0 hours when the cells had not yet migrated and the wound
was first inflicted. Some key upregulated genes were identified
as having known roles in proliferation and tumor cell migration.
For example, Small Cajal body-associated RNA 2 (scaRNA2) reg-
ulates DNA repair pathway choice by inhibiting DNA-PK and
increased expression of scaRNA2 also promotes cell proliferation,
migration, and invasion in cancer cells.**** Another example,
tumor necrosis factor receptor superfamily member 6b (TNFRSF6B
or DcR3) plays an important role in cancer progression and
immunosuppression.>® TNFRSF6B has also been demonstrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to be highly overexpressed in more aggressive metastatic cancers
and also is a strong prognosticator for cancer metastasis
when taken into account with other features of human sera.*
Also, chondroadherin (CHAD), an extracellular matrix protein,
showed increased expression and is known to be correlated with
increased tumor size and metastasis.’*>® Additionally, several
long non-coding RNA genes, MIR210HG and PPP1R26-AS1, were
upregulated which have been proven to be oncogenic in breast
cancer.**** Conversely, a down-regulation in known tumor
suppressors, sodium/calcium exchanger 2 (SLC8A2) and aryl
hydrocarbon receptor repressor (AHRR), were observed in cells at
the migration front, aiding in invasion.*>™*® These changes in gene
expression were seen in both the 24 and 48-hour migration front
cells. Interestingly, expression of C-X-C chemokine receptor type 5
(CXCR5) was shown to be downregulated at 24 hours but upregu-
lated at 48 hours. This receptor is known to aid in signaling for
tumor cell development and migration, suggesting a longer time-
line from wounding is required for increased expression.’’*°
Overall, these data support the development of a robust protocol
to tag cells with high resolution, sort the cells, and isolate the RNA
for downstream bioinformatic analyses.

Conclusion

Herein we report the development of novel chemical reagents
that enable high-resolution imaging and cell sorting of distinct
populations of cells in 2-dimensional culture conditions.
We demonstrate the utility of an efficient synthetic scheme to
derive three-colored crosslinking reagents which can be acti-
vated by exposure to UV light.

In vitro crosslinking with BSA demonstrated similar yield
and kinetics of UV-induced adduct formation. We also reveal
that phenyl azide crosslinking reagents have higher yield of
crosslinking than diazirine-containing reagents in our hands.
Using a confocal microscope, we were able to use our novel
reagents to rapidly and clearly define cellular boundaries for cell
tagging with fluorophores representing three different and dis-
tinguishable wavelengths. Cells tagged with these probes were
efficiently sorted with high accuracy, demonstrating the ease of
our approach to analyze specific cell populations after tagging.

We finally demonstrated the utility of our approach in a meta-
static MDA-LM2 cell migration assay where we used one of our
probes to tag migrating cells for cell sorting and analysis by RNA
sequencing. To enable RNA sequencing experiments we optimized a
glyoxal preservation protocol, moving away from paraformaldehyde
(PFA) and formalin-fixed paraffin-embedded (FFPE) tissues addi-
tives, which are known to reduce RNA integrity and introduce issues
with ‘omic measurements of RNA expression, such as RNA sequen-
cing. Using our approach we were able to profile changes in gene
expression of migrating cells in the migration assay and identify
differences in migrating cells by RNA sequencing. This overall
demonstrates a full workflow for analysis of cells by gene expression
using photo-activated cell tagging with high resolution.

We anticipate that the application of the CrossSeq platform
will be very useful for identifying differences in RNA expression
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depending on cellular orientation or organization in space.
Such processes as development, organ organization, or conditions
where cells are moving through structured tissues (in vivo migra-
tion and metastasis) would benefit from spatial resolution and
analysis to better understand how cell organization contributes to
RNA expression programs. With improved RNA integrity, glyoxal
fixation allows for theoretical compatibility with many next-
generation sequencing (NGS) methods, such as scRNA-seq® and
slam-seq-total,>® which provide RNAome analysis from a single
cell. This stringent sequencing coupled with three-dimensional
tissue profiling can help to further elucidate the biological con-
tribution of RNA, both coding and non-coding, to disease devel-
opment. We envision that the introduction of this innovative
technology will enhance the accessibility of spatial transcriptomic
analysis for the scientific community by integrating seamlessly
with traditional microscopy and analysis methods. These
approaches and extending this method to tissue samples is
currently underway in our lab and will be reported in due course.
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