
Published online 16 October 2022 Nucleic Acids Research, 2022, Vol. 50, No. 22 e130
https://doi.org/10.1093/nar/gkac869

HiFENS: high-throughput FISH detection of
endogenous pre-mRNA splicing isoforms
Asaf Shilo1, Gianluca Pegoraro2 and Tom Misteli 1,*

1Cell Biology of Genomes, Center for Cancer Research (CCR), National Cancer Institute, NIH, Bethesda, MD 20892,
USA and 2High-Throughput Imaging Facility (HiTIF), Center for Cancer Research (CCR), National Cancer Institute,
NIH, Bethesda, MD 20892, USA

Received April 19, 2022; Revised September 01, 2022; Editorial Decision September 23, 2022; Accepted September 27, 2022

ABSTRACT

Splicing factors play an essential role in regulation of
alternative pre-mRNA splicing. While much progress
has been made in delineating the mechanisms of
the splicing machinery, the identity of signal trans-
duction pathways and upstream factors that regu-
late splicing factor activity is largely unknown. A
major challenge in the discovery of upstream reg-
ulatory factors of pre-mRNA splicing is the scarcity
of functional genomics screening methods to mon-
itor splicing outcomes of endogenous genes. Here,
we have developed HiFENS (high throughput FISH
detection of endogenous splicing isoforms), a high-
throughput imaging assay based on hybridization
chain reaction (HCR) and used HiFENS to screen for
cellular factors that regulate alternative splicing of
endogenous genes. We demonstrate optimized de-
tection with high specificity of endogenous splic-
ing isoforms and multiplexing of probes for accurate
detection of splicing outcomes with single cell res-
olution. As proof-of-principle, we perform an RNAi
screen of 702 human kinases and identify potential
candidate upstream splicing regulators of the FGFR2
gene. HiFENS should be a useful tool for the un-
biased delineation of cellular pathways involved in
alternative splicing regulation.

INTRODUCTION

mRNA transcripts are extensively processed co- and post-
transcriptionally, including by polyadenylation at the 3′ end
and capping by methyl guanosine at the 5′ end (1–3). One of
the major maturation steps for most mRNAs is the excision
of non-coding introns during pre-mRNA splicing (4,5). In
this process, introns are recognized and marked for removal
by cis-acting factors and exons are joined together by the
spliceosome to form the mature mRNA.

In addition to the constitutive splicing process, pre-
mRNA splicing generates alternatively spliced transcripts
by combinatorial use of splice sites (5). Alternative use of
5′ or 3′ splice sites, alternative promoters or polyadenyla-
tion sites, or inclusions of introns generates distinct RNA
isoforms and leads to diversity at the level of mRNA and
ultimately in the proteome (6). One notable form of alter-
native splicing (AS) is mutually exclusive usage of multiple
exons (7,8). In this instance, two or more exons exist in the
pre-mRNA but only one of the two is included in the ma-
ture mRNA. AS is estimated to occur in more than 90% of
human genes and has been suggested to account for at least
10% of disease mutations (9).

Constitutive splicing and AS are tightly regulated, mul-
tistep processes (10). Extensive efforts in the past decades
have resulted in the detailed characterization of the splic-
ing machinery (10,11). Splicing outcomes are determined by
many factors, acting in both cis and trans (12). Much of the
regulatory information is encoded by the mRNA molecule
itself, which contains cis-acting regulatory elements within
its sequence and secondary structure. Short sequences and
motifs mark exon-intron boundaries and are directly recog-
nized by trans-acting components of the splicing machinery
(5). Additional exonic and intronic regulatory motifs serve
as binding sites for splicing factors, which in turn recruit
or repel the catalytic splicing machinery of the spliceosome
(13). Splicing factor abundance, localization, and activity
state are all fundamental for determining splicing outcomes
and are responsible for creating different splicing patterns in
different cells and tissues.

The activity of splicing factors is affected by post-
translational modifications (14). Several kinases that post-
translationally modify splicing factors have been identified
and include members of the SRPKs (SR protein kinases)
and CLKs (cdc2-like kinases) families as well as topoiso-
merase 1 (TOP1), PRP4 and AKT (15,16). Yet, relatively lit-
tle is known about other upstream regulatory mechanisms,
such as cellular signal transduction pathways, which control
the function of splicing factors and thus splicing outcomes
(17).
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A prominent model system for the study of alternative
splicing is the human FGFR2 (fibroblast growth factor re-
ceptor 2) gene (18–21). FGFR2 is a tyrosine kinase recep-
tor of the FGFR family and plays a key role in cell divi-
sion, differentiation, bone and blood vessel development,
wound healing, embryonic development, and cancer pro-
gression by contributing to epithelial to mesenchymal tran-
sition (EMT) (22). FGFR2 exhibits a prominent splicing
pattern depending on cell identity: epithelial cells solely ex-
press the FGFR2-IIIb isoform, while mesenchymal cells ex-
clusively express the FGFR2-IIIc isoform, differing by a mu-
tually exclusive exon in the IgIII loop (23,24) (Figure 1A).
The two FGFR2 receptor isoforms differ in ligand binding
affinity, which leads to discrete cellular signal transduction
events in their physiological context (23). Notably, FGFR2-
IIIc is associated with tumor progression and invasiveness,
while FGFR2-IIIb has anti-oncogenic activity in bladder
and prostate cancers (25,26). Several splicing factors have
been identified to play a role in regulation of the FGFR2
AS switch, including ESRP1/2 (Epithelial splicing regula-
tory protein 1/2) and the histone binding protein MRG15
(MORF-related gene 15) (27–30). In particular, inclusion of
FGFR2-IIIb is regulated by ESRP1/2 as demonstrated by
in vitro experiments, use of minigene systems, and analysis
of endogenous splicing (31). The identity of additional up-
stream regulatory factors and of the signaling pathways that
orchestrate this switch are largely unknown.

Traditional tools to study AS regulation often include
minigenes, which are artificial expression systems that seek
to recapitulate the specific AS event of interest. While
many insightful discoveries have been made using minigenes
(32,33), these systems often only partially recapitulate en-
dogenous splicing patterns (34). Alternatively, investigat-
ing AS regulation using endogenous RNAs can be done
using sequencing methods. However, these approaches are
generally not suitable for high throughput assays needed
to perform screens to identify novel regulatory factors in
a systematic and unbiased fashion. For this reason, high-
throughput quantitative assays are needed to measure en-
dogenous splicing outcomes in functional genomics screens.

High-throughput imaging (HTI) assays can be used to si-
multaneously perturb a large number of genes in parallel,
using small molecules, RNAi, or CRISPR/Cas9, offering
a potential mean to identify novel splicing regulators (35).
However, HTI-based minigene reporters to quantitatively
detect AS changes may not fully reflect in vivo behavior of
the full length endogenous pre-mRNA (36). Several HTI-
based methods such as single molecule RNA FISH (sm-
FISH) have emerged recently (37), yet smFISH is gener-
ally not sensitive enough to detect small mRNA targets (50
– 500 nt), such as small exons or specific splice junctions,
which is needed to measure changes in AS patterns. In addi-
tion, smFISH usually requires high magnification and high
NA objectives, which limit the size of each field of view im-
aged, and, as a consequence, reduce the throughput of the
assay.

The recent development of ultrasensitive in-situ detection
methods offers new opportunities for the single-cell analysis
of splicing isoforms (38). In particular, Hybridization Chain
Reaction (HCR) (39,40) has allowed detection of low ex-

pression genes or short RNA sequences using a signal am-
plification step via two sets of DNA hairpins (41). HCR of-
fers increased sensitivity and quantitative detection of RNA
molecules in situ, and it can be adapted to lower magni-
fication objectives making it compatible with HTI screen-
ing (41). Here, we have exploited HCR-mediated detection
of short RNA sequences to assess alternative splicing in
FGFR2. By integrating HCR into a HTI pipeline we have
developed HiFENS (high-throughput FFISH detection of
endogenous splicing isoforms), a method for the quanti-
tative detection of endogenous RNA splicing variants in
a high-throughput format and for the discovery of up-
stream regulators of alternative splicing. We optimize and
validate the method, and, using FGFR2 as a model sys-
tem, demonstrate proof-of-principle of its use in RNAi
screening.

MATERIALS AND METHODS

Cell culture and transfection conditions

MCF7 cells were cultured in EMEM (ATCC) supplemented
with 10% FBS (Sigma) and 0.01 mg/ml human recombi-
nant insulin (Life Technologies). T-47D and SN12C (NCI
Division of Cancer Treatment and Diagnosis Tumor Repos-
itory) cells were cultured in RPMI-1640 Medium (Life
Technologies) supplemented with 10% FBS (Sigma). AN3-
CA cells were cultured in MEM (Life Technologies) sup-
plemented with 10% FBS (Sigma). Normal human fibrob-
last cells (CRL-1474) were cultured in MEM (Life Tech-
nologies) supplemented with 15% FBS (Sigma). MCF-
10A and MCF-10AT1k.cl2 (MCF10AT) cells were pro-
vided by Dan Levy (University of Wyoming) and cultured
in DMEM/F12 (1:1) (Life Technologies), 1.05 mM CaCl2,
4.9% horse serum, 10 mM HEPES, 10 �g/ml insulin, 20
ng/ml EGF, and 0.5 �g/ml hydrocortisone and 0.1 �g/ml
cholera toxin. HEK293T and U2OS cells were cultured
in DMEM (Life Technologies) supplemented with 10%
FBS (Sigma). All cells were supplemented with 2 mM l-
glutamine, 1 mM sodium pyruvate, non-essential amino
acids, 100 U/ml penicillin and 100 �g/ml streptomycin
(Life Technologies) and cultured at 37◦C and 5% CO2.
Unless indicated otherwise, cell lines were purchased from
ATCC.

Plasmids and virus production

Mammalian expression vectors for FGFR2-IIIb (pBp-
FGFR2b-WT, Addgene plasmid # 45698), FGFR2-IIIc
(pBp-FGFR2c-WT, Addgene plasmid # 45699) and empty
vector (pBABE-puro, Addgene plasmid # 51070) were
used. To generate stable cell lines, HEK293T cells were
transfected using linear-polyethylenimine (Sigma) with
pBABE-puro retroviral vectors expressing the indicated cD-
NAs together with pGAGpol and VSV-G. Virus contain-
ing media was collected 48 h after transfection and filtered.
Polybrene (Sigma) was added to filtered virus media before
it was added to U2OS cells. Twenty-four hours later, U2OS
media was replaced with fresh media and 24 h later U2OS
infected cells were selected with 2 �g/ml of puromycin (In-
vivoGen) for 72 h.
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Figure 1. Quantitative Measurement of FGFR2 Isoforms by qRT-PCR and RNA-HCR-FISH. (A) Schematic representation of the mutually exclusive
FGFR2 splicing event and HCR probe pair location. Boxes indicate exons. Numbers and letters indicate exons number or name. Red boxes represent
exons located upstream and downstream of the splicing cassette. Grey boxes represent the constitutive flanking exons 7 and 10. Green and blue boxes
represent exon IIIb or exon IIIc, respectively, whose inclusion led to formation of the FGFR2-IIIb or FGFR2-IIIc isoforms, respectively. Triangles over
the boxes represents RNA-HCR-FISH probe locations. Green represents FGFR2-IIIb specific probes, red represents FGFR2-Full probes, blue represents
FGFR2-IIIc specific probe locations. (B) RNA-HCR-FISH. The black curved line represents the mRNA target molecule, Orange curved lines represent
split probes. The blue line represents the linker, while the blue dashed curved line represents the initiator. Black and red lines represent the fluorescently
labeled amplifiers in an open state. (C–E) Quantitative RT-PCR for FGFR2-Full (C), FGFR2-IIIb (D) and FGFR2-IIIc (E) isoforms from the indicated
cell lines. Expression levels are normalized to expression of TBP, and relative to the expression in AN3 CA cells which was arbitrarily set at one. Note
the differences in the scale of the Y axes. Values represent mean ± SEM of three replicates. (F–H) Representative fields of view of RNA-HCR-FISH for
FGFR2-Full (F), FGFR2-IIIb (G) and FGFR2-IIIc (H). Indicated cell lines were seed on 384-well plates and 24 h later were subjected to RNA-HCR-FISH
(Scale bar: 20 �m). (I–K) Histogram and density plot of RNA-HCR-FISH quantitative spot count measurements for FGFR2-Full (I), FGFR2-IIIb (J) and
FGFR2-IIIc (K) isoforms in the indicated cell lines. Values are generated from single cell data and are representative of four replicates. At least 700 cells
were analyzed per sample.
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siRNA transfection

3.5 × 105 T-47D cells were plated on a 6-well plate 24 h be-
fore transfection. Transfections were performed using
DharmaFECT1 transfection reagent (Horizon Discover-
ies), as per manufacturer instructions. Cell were incubated
for 72 h with a final siRNA oligo concentration of 25 nM.
The siRNA oligos used were Silencer Select negative con-
trol (Ambion, #4390846), Silencer Select ESRP1 siRNA
(Ambion, # 4392420, ID: s29570), Silencer Select ESRP2
siRNA (Ambion, # 4392420, ID: s228220). For screen vali-
dation, a custom siRNA library was purchased from Hori-
zon Discoveries. For each gene, four individuals OnTarget
Plus siRNAs were pooled.

RNA isolation and qRT-PCR analysis

RNA was isolated from cell culture samples at 72 h post
transfection using NucleoSpin RNA Plus (Machery Nagel).
1 �g of each RNA sample was reverse transcribed to cDNA
using the iScript cDNA synthesis kit (Bio-Rad). Quantita-
tive PCR was performed on cDNA samples using the iQ
SYBRGreen Supermix (Bio-Rad) on a CFX96 Real Time
PCR System (Bio-Rad) to measure FGFR2-Full, FGFR2-
IIIb, FGFR2-IIIc and TATA-binding protein (TBP). The
qPCR protocol consisted of 3 min at 95◦C, 40 cycles of 20
s at 95◦C, and 30 s at 58◦C. Reactions were performed in
triplicate. Analysis was performed using the Bio-Rad CFX
Maestro Software. FGFR2-Full, FGFR2-IIIb, FGFR2-IIIc
expression levels were normalized to expression of TBP.
Data are displayed as mean expression values ± SEM.
Primers sequence are provided in Supplementary Table S1.

RNA-HCR probes and amplifiers

All HCR probes, amplifiers and buffers were purchased
form Molecular Instruments. Lot numbers for probes
used in this study: FGFR2-Full-2584/B531, FGFR2-
NTC-PRA272, FGFR2-3′-PRH048, FGFR2 5′-PRH047,
FGFR2-IIIb-PRA269, FGFR2-IIIc-PRA270, TBP-
PRB521, PGK1-3059/C021, ESRP1- PRD708, ESRP2-
PRD709. Probes for FGFR2-IIIb, FGFR2-IIIc, FGFR2-
D7-10, FGFR2-5′ and FGFR2-3′ were all custom designed
for this study. Unless specified, B1 probes were used with
amplifier B1-Alexa Flour 488 and B3 probes with B3-
Alexa Fluor 647 (Molecular Instruments). B2 probes were
custom designed for amplification with B2- Alexa Fluor
562 (Molecular Instruments). The amplification protocol
was performed according to manufacturer instructions.
FGFR2-IIIb/c probes were used at 10 nM final concen-
tration. FGFR2-Full and TBP probes at 2 nM. Amplifiers
were used at 60 nM for isoform detection and at 30 nM for
all other targets.

High throughput siRNA transfection in 384-well format

The Invitrogen™ Silencer™ Human Kinase siRNA Library
containing 2127 total siRNAs targeting 702 genes was used.
siRNAs were resuspended as 5 �M stock in ddH2O, di-
luted to 400 nM, and 150 nl of each diluted siRNA were
spotted at the bottom of 384-well CellCarrier Ultra imaging

plates (PerkinElmer, #6057300) using the ECHO525 acous-
tic liquid dispenser (Labcyte). For the entire library six 384-
well plates were spotted. 150 nl of 400 nM siRNA oligos
of a negative, nontargeting control siRNA (Silencer™ Se-
lect Negative Control No. 2 siRNA; Invitrogen), a posi-
tive control siRNA (Allstars Hs Cell Death Control siRNA,
QIAGEN, #1027298), and two positive biological controls
of siRNAs (ESRP1, ESRP2) were spotted in eight repli-
cates for each plate. The 384-well plates were air dried un-
der a sterile laminar flow for at least 30 min, sealed, and
then stored at − 30◦C until transfection. Reverse siRNA
transfections were carried out using DharmaFECT1 trans-
fection reagent (Horizon Discoveries) per the manufactur-
ers’ instructions. Transfection reagent and cells were added
robotically using a Multidrop Combi dispenser (Thermo
Scientific). Transfected cells were incubated for 72 h at 37◦C,
5% CO2.

High-throughput RNA-HCR-FISH in 384-well plates

Cells were treated per the instructions provided by Molec-
ular Instruments (https://files.molecularinstruments.com/
MI-Protocol-RNAFISH-MammalianCellSlide-Rev7.pdf)
with some modifications. Briefly, cells were fixed in 4%
PFA in PBS for 15 min, washed three times with PBS, and
permeabilized in 70% ethanol overnight at –20◦C using
a Blue-Washer dispenser (Blue cat-bio). 10 �l of a probe
mix in hybridization buffer (Molecular Instrument) was
added using the Mosquito dispenser (Sptlabtech) and left
to hybridize at 37◦C overnight. Plates were washed four
times with wash buffer (Molecular Instrument) at 37◦C
for 15 min using a Blue-Washer dispenser (Blue cat-bio).
10 �l of amplifiers mix in amplification buffer (Molecular
Instrument) was added using a Mosquito dispenser (Spt-
labtech) and left at RT for 45 min. Excess Amplifiers were
washed with a Blue-Washer five times with 5× SSC with
0.1% Tween-20 for 15 min. Cells were stained with DAPI
in PBS (5 ng/�l) before imaging.

High-throughput image acquisition and analysis

Fixed and stained cells were imaged in four channels (405,
488, 561 and 640 nm excitation lasers) in an automated
fashion using a dual spinning disk high-throughput confo-
cal microscope (Yokogawa CV7000) with a 40x air objec-
tive lens (NA 0.95) and two 16-bit sCMOS cameras with
binning set to 2 (Pixel size: 325 nm). We acquired 3D z-
stacks of 3-5 �m in each channel, at every 1 �m interval,
and maximally projected the images on the fly. 8–12 ran-
domly selected fields of view were imaged per well. Images
were corrected on the fly using a Yokogawa proprietary soft-
ware for correction of camera alignment, optical aberra-
tions, vignetting, and camera background. Maximally pro-
jected and corrected images were saved and stored as 16-bit
TIFF files.

Cell segmentation and counting

Images were analyzed using Columbus 2.8.1 (PerkinElmer).
Automated nucleus segmentation was based on the maxi-
mal projection of the DAPI signal (ex. 405 nm) using the
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following criteria: common threshold: 0.3, area: >50 �m2,
splitting coefficient: 7, individual threshold: 0.4, contrast:
>0.4. Automated cytoplasm detection was based on the
maximal projection of the weak cytoplasmic DAPI signal.
HCR-RNA-FISH spots within these cells were identified
in maximal projections using the green (ex. 488 nm), red
(ex. 561 nm) or far- red (ex. 640 nm) channels, using local
and global contrast with the following criteria: radius: <3
pixel, contrast: >0.1, uncorrected spot to region intensity:
>0.1, region intensity: >2, distance: >2 pixel, spot peak ra-
dius: 1 pixel. The radius and distance parameters increase
accuracy of detection in case of clusters of spots. Columbus
used a linear classifier algorithm that was trained to sepa-
rate between positive and negative (background) spots for
each channel. Only data for positive spots was used for anal-
ysis.

Image and data presentation

The original TIFF files were processed in FIJI/ImageJ
(NIH) by adjusting brightness and contrast settings over the
entire FOV, maintaining them constant across all images in
the same figure panel. For merged images, grayscale 16-bit
images from different channels were merged and converted
to 8-bit RGB format. All imaging and high-throughput
data calculations were performed using custom scripts in R
software. The R analysis scripts used to generate the plots
in the figures are deposited at https://github.com/CBIIT/
mistelilab-hifens. Diagrams were created with BioRender
(BioRender.com) or with Adobe Illustrator (Adobe). Plots,
images and diagrams were combined into figures using
Adobe Illustrator (Adobe).

Statistical analysis

Single cell results generated in Columbus were exported
into R software (4.1, R Core Team) and RStudio Desk-
top (RStudio) and analyzed using custom scripts. Statistical
tests and p-values were calculated using the Kruskal-Wallis
test, which extends the Mann-Whitney test to multiple sam-
ples followed by a post-hoc Dunn test, to compare the dif-
ferent cell lines between each other or by a Spearman cor-
relation coefficient test for scatter plots. Typically, no fewer
than 500 cells were analyzed per sample. qRT-PCR analysis
was performed using the Bio-Rad CFX Maestro Software
and Prism8 (GraphPad).

RESULTS

FGFR2 splice variant isoform detection by HCR-RNA-FISH

We sought to design HCR-RNA-FISH probes to detect
the two mutually exclusive (ME) FGFR2 isoforms, FGFR2-
IIIb and FGFR2-IIIc, quantitatively and with high sensitiv-
ity and specificity in intact cells. Pairs of HCR oligo DNA
probes (39) were designed to hybridize to the interior of
each FGFR2 exon and at splice junctions (Figure 1A; see
Materials and Methods). Each probe consists of 50 nt com-
plementary to the FGFR2 target sequence and a split syn-
thetic initiator sequence (Figure 1B). Only when both split
probes bind to adjacent regions of the target mRNA is the

full initiator sequence formed (Figure 1B). The assembly
of the initiator sequence then triggers the unfolding and
sequential local oligomerization of fluorescently labelled
oligo DNA amplifiers, which when unbound are present in
metastable hairpins that can be washed away (39). Limited
by the short length of the ME exons (148 nt for FGFR2-IIIb,
and 145 nt for FGFR2-IIIc) and the length of the probes (50
nt per probe), we were only able to design 4 probe pairs for
each ME exon variant (Figure 1A). In addition, to detect
total FGFR2 RNA, a set of 18 probe pairs spanning the en-
tire length of the FGFR2 RNA was generated (Figure 1A).

We first validated the specificity of these probes by com-
paring measurements of FGFR2 expression and isoform
ratios obtained with qRT-PCR or HCR imaging in mul-
tiple cell lines. When analyzed by qRT-PCR, three breast
cancer cell lines (MCF7, MCF10A, MCF10AT) exhibited
low to moderate expression of full length FGFR2 mRNA,
whereas the breast cancer cell line T-47D showed high ex-
pression (Figure 1C). hTERT-immortalized CRL-1474 hu-
man fibroblasts did not express FGFR2 at all, and the ade-
nocarcinoma cell line AN3-CA expressed the highest levels
of FGFR2 of all cell lines tested (Figure 1C). All four breast
cancer cell lines (MCF7, MCF10A, MCF10AT and T-47D)
are epithelial and, as expected, express only the FGFR2-
IIIb isoform with T-47D cells containing the highest lev-
els, in line with high levels of total FGFR2 in these cells
(Figure 1D). The FGFR2-IIIb isoform was not detectable
in CRL-1474 cells (Figure 1C), while FGFR2-IIIc was de-
tectable only in AN3-CA (Figure 1E). AN3-CA cells also
express some FGFR2-IIIb (Figure 1D).

To quantify in parallel RNA abundance by HCR-RNA-
FISH, we typically imaged at least 500 cells per well in a 384-
well plate format using a fully automated high-throughput
microscope (see Materials and Methods). RNA levels were
measured by spot counting in individual cells. Spot count-
ing was used because it was more robust than spot in-
tensity measurements, and both methods showed indistin-
guishable patterns for all measured genes (Figure 1F-H;
Supplementary Figure S1; see Materials and Methods). Re-
assuringly, the HCR-RNA-FISH imaging data matched
well the qRT-PCR measurements. Total FGFR2 spot count
was highest in AN3-CA cells (Figure 1F, I) and the spot
count in T-47D cells was lower than in AN3-CA, but higher
than in MCF7, MCF10A, MCF10AT, and CRL-1474 as
observed by qRT-PCR (Figure 1F, I). Similarly, FGFR2-
IIIb displayed the highest spot count in T-47D cells (Fig-
ure 1G, J) and FGFR2-IIIc was detected only in AN3-
CA cells (Figure 1H, K). These results indicate that qRT-
PCR and imaging-based HCR-RNA-FISH measurements
for FGFR2 full length and for its AS isoforms accurately re-
flect the abundance of isoforms in multiple cell lines across
a wide range of expression levels of these mRNA species.

Spot count detection optimization

The probe set for each FGFR2 isoform consists of four in-
dividual probes (Figure 2A; see Materials and Methods).
One probe pair is designed to bind to the junction of exon
7 and the ME specific exon (PB1 for FGFR2-IIIb, PC1 for
FGFR2-IIIc) (Figure 2A) and another binds the ME spe-
cific exon (PB2 and PB3 for FGFR2-IIIb, PC2 and PC3 for
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Figure 2. Effect of probe numbers on spot count. (A) Schematic representation of FGFR2 isoform-specific probe locations. Boxes indicate exons. Black
lines between boxes indicated introns. Numbers and letters insides boxes indicate exon number or name. Green and blue lines represent exon IIIb or exon
IIIc probe locations, respectively. Dashed lines indicate split HCR probes pairs. (B, C, F, G) Violin and box plots for spot count measurements for FGFR2-
IIIb in T-47D cells (B), FGFR2-IIIc in AN3-CA cells (C), FGFR2-IIIc in T-47D cells (F), or FGFR2-IIIb in AN3-CA cells (G) in different combination of
probe sets (x-axis). Box plot inside each violin plot indicate the 25th, 50th (median) and 75th percentile of the distributions and whiskers extend to 1.5X
the inter-quantile range (IQR). Numbers in legend indicate number of probes per setting. Values are generated from single cell data and are representative
of 4 replicates. At least 1000 cells were analyzed per sample. (D, E) Representative fields of view of RNA-HCR-FISH for FGFR2-IIIb in T-47D cells (F)
and FGFR2-IIIc in AN3-CA cells (G) (scale bar: 20 �m).
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FGFR2-IIIc). Each probe set also contains an additional
probe pair designed to bind to the junction of the ME
specific exon and exon 10 (PB4 for FGFR2-IIIb, PC4 for
FGFR2-IIIc) (Figure 2A). To achieve optimal spot count
detection, we compared different combinations of sets of
probes. As a control, cells were exposed to buffer only with-
out any probes (‘None’). FGFR2-IIIb probes were tested in
T-47D cells and FGFR2-IIIc probe were tested in AN3-CA
cells, each of which robustly express either of the two iso-
forms (Figure 1D, E). Increasing the number of probe pairs
in the probe set resulted in higher HCR spot counts in both
cases (Figure 2B, C). For T-47D cells, all combinations of
three probes were as effective as all four probes combined
(Figure 2B). The triplet probe mixtures either lacked the
first exonic probe (PB1) or the first junction (PB2) probe
(Figure 2B). For AN3-CA cells, only the mixture of three
probes without the first junction (PC1) probe was as effec-
tive as all 4 probes in combination (Figure 2C). As a control
for non-specific detection, FGFR2-IIIc probes were tested
in FGFR2-IIIb expressing T-47D cells and no significant
spot count above background was observed (Figure 2D).
In line with robust specificity and sensitivity, FGFR2-IIIb
probes detected this isoform in AN3-CA cells which express
only low levels of FGFR2-IIIb (Figure 2E). In this case, spot
count was also correlated with the number of probes used
(Figure 2E). In both T-47D and AN3-CA cells total spot
area was correlated with the number of spots, however, spot
size was not affected by probe number (Supplementary Fig-
ure S2).

HCR-RNA-FISH uses fluorescently labelled hairpin
DNA oligos to amplify the FISH signal (39). To optimize
the sensitivity of detection, we tested DNA oligo hairpins
labelled either with Alexa Flour 488 (green channel) or with
Alexa Flour 647 (far red channel), respectively, to detect the
same isoform probe sets. Using FGFR2-IIIb or FGFR2-IIIc
specific probes in T-47D cells (Supplementary Figure S3A)
or AN3-CA cells (Supplementary Figure S3B), respectively,
we found that HCR with Alexa Flour 647-labelled hairpins
consistently yielded higher spot counts in our experimental
conditions. This discrepancy may be due to higher autoflu-
orescence background signal in the green channel.

Isoform specific HCR-RNA-FISH probes specificity

Next, we determined the specificity of the HCR FGFR2
isoform probe sets. Plasmids expressing FGFR2-IIIb or
FGFR2-IIIc mRNA were transfected in U2OS cells, and
an empty plasmid vector (EV) was used as a negative con-
trol. qRT-PCR for total FGFR2 mRNA and spliced variant
isoforms confirmed low endogenous expression of FGFR2-
IIIc in U2OS cells and exogenous expression with FGFR2-
IIIb overexpression being more pronounced than FGFR2-
IIIc (Supplementary Figure S4). As a control for FGFR2-
IIIb specific probes, we used MCF7 cells which endoge-
nously express only FGFR2-IIIb. mRNA expression lev-
els measured by qRT-PCR (Supplementary Figure S4) cor-
responded well with mRNA spot counts by HCR-RNA-
FISH (Figure 3A–C). Total FGFR2 expression was higher
in MCF7 cells than in U2OS EV cells (Figure 3A, D).
U2OS cells overexpressing FGFR2-IIIb showed higher spot
count for both FGFR2-full and FGFR2-IIIb compared to

MCF7, or U2OS expressing FGFR2-IIIc or the control
EV (Figure 3A, B and D). As expected, FGFR2-IIIb spe-
cific probes showed no signal in U2OS cells with FGFR2-
IIIc overexpression or in EV controls (Figure 3B, D). As
a control, PGK1, a house-keeping gene, had the same ex-
pression levels across U2OS cells transfected with the var-
ious expression plasmids, demonstrating that changes in
FGFR2 HCR spot counts are due to FGFR2 overexpres-
sion rather than to global changes in gene expression trig-
gered by transfection (Figure 3C, D). Probe specificity was
also tested by overexpressing FGFR2-IIIb or -IIIc in hu-
man kidney renal cell carcinoma SN12C cells, which do not
express any endogenous FGFR2 (CellMinerCDB database
(https://discover.nci.nih.gov/rsconnect/cellminercdb). qRT-
PCR for total FGFR2 mRNA and spliced variant iso-
forms confirmed exogenous expression of FGFR2-IIIb or
FGFR2-IIIc with FGFR2-IIIb overexpression being more
pronounced than FGFR2-IIIc (Supplementary Figure S5).
Once again, HCR spot count data show similar pat-
terns to expression levels measured by qRT-PCR (Supple-
mentary Figure S6). Altogether, these results show that
HCR-RNA-FISH probes for isoform-specific detection of
FGFR2 mRNA are highly specific.

Multiplexing probes for FGFR2 detection

The calculation of expression ratios for the two isoforms
of FGFR2 as a proxy measurement for AS isoform ratios
requires the simultaneous detection of the isoform of inter-
est and the full-length RNA in the same cell using different
spectral channels. We were able to use the probe sets for de-
tection of each isoform and total FGFR2 RNA in a pooled
fashion, since each of the three different probes sets carry
a different initiator sequence, each of which specifically
triggers the polymerization of a cognate pair of hairpins,
which are themselves labelled with fluorophores that can
be simultaneously imaged in different spectral channels. To
optimize multi-channel detection, and to include a house-
keeping gene as an internal control, we multiplexed HCR
probe sets and their cognate hairpins for detection of total-
FGFR2, FGFR2-IIIb or PGK1. A total-FGFR2/FGFR2-
IIIb combination probe rather than a FGFR2-IIIb/FGFR2-
IIIc probe was used because it gives information as to
whether changes in isoform detection are due to changes
in FGFR2 RNA expression or stability, which is not possible
using the isoforms ratio. In addition, we wanted to exclude
any probe interference between FGFR2-IIIb and FGFR2-
IIIc probes which may reduce spot number detection. Since
the previously used total-FGFR2 probes also hybridize to
the ME spliced exons, we used a new probe set, FGFR2-
D7-10, that binds upstream and downstream of the splic-
ing event, thus precluding any potential interference with
isoform-specific FGFR2 probe sets. FGFR2-D7-10 probes
behaved indistinguishably from total-FGFR2 probes in mul-
tiple cell lines (Supplementary Figure S7). In multiplexing
experiments, the HCR spot counts for FGFR2 (Figure 4A),
FGFR2-IIIb (Figure 4B), and PGK1 (Figure 4C) were sim-
ilar to when the probe sets were used in separate wells.
Accurate detection in a multiplexed format was confirmed
by strong correlation (r = 0.87) between FGFR2-IIIb and
FGFR2-D7-10 HCR spot counts in individual U2OS cells
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Figure 3. Specific detection of FGFR2 isoforms. (A–C) Violin and box plots for single cell RNA-HCR-FISH spot count measurements for FGFR2-Full
(A), FGFR2-IIIb (B) and PGK1 (C) of each indicated cell line. U2OS cells were infected with virus to overexpress FGFR2-IIIb, FGFR2-IIIc or empty vector
(EV). MCF7 and the above-mentioned cells were fixed and stained with RNA-HCR-FISH. Boxes inside violin plot indicate the 25th, 50th (median) and
75th percentile of the distributions and whiskers extend to 1.5X inter-quantile range (IQR). *P < 0.05, ***P < 0.001, ****P < 0.0001. P-values are from
a Kruskal–Wallis test, which extends the Mann–Whitney test to multiple samples followed by a post-hoc Dunn test, to compare the different cell lines
between each other. Values are generated from single cell data and are representative of three replicates. At least, 500 cells were analyzed per sample. (D)
Representative field of view of RNA-HCR-FISH spots for FGFR2-Full, FGFR2-IIIb and PGK1 in cell lines described in A–C. Scale bar: 20 �m.
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Figure 4. Multiplexing of RNA-HCR-FISH probes. (A–C) Box plot for RNA-HCR-FISH spot count measurements for multiplexed probes for FGFR2-
D7-10 (A), FGFR2-IIIb (B) and PGK1 (C) in cells described in Figure 3. X-axes indicate probe combinations. Boxes show the 25th, 50th (median) and 75th
percentile of the distributions and whiskers extend to 1.5X inter-quantile range (IQR), outliers are represented as dots. Values are generated from single
cell data and are representative of three replicates. At least 500 cells were analyzed per sample (none: no probes. All: multiplexed probes for FGFR2-D7-
10, FGFR2-IIIb and PGK1). (D) Representative field of view of RNA-HCR-FISH for FGFR2-Full, FGFR2-IIIb and PGK1 in U2OS cell overexpressing
FGFR2-IIIb. Scale bar: 20 �m. (E) Scatter plot of RNA-HCR-FISH spot count measurements for FGFR2-D7-10 (x-axis) and FGFR2-IIIb (y-axis) in
U2OS cells over expressing FGFR2-IIIb. Correlation coefficient (r = 0.87) and P-value (P < 2.2e–16) are from a Spearman correlation coefficient test.
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overexpressing FGFR2-IIIb (Figure 4D, E). These results
demonstrate that multiplexed HCR measurements serve as
a robust indicator of total-FGFR2 and FGFR2-IIIb expres-
sion in single cells.

To further confirm the multiplexing ability of the de-
tection approach, we split FGFR2-D7-10 probes into two
parts and measured total FGFR2 levels with two probe sets
(Supplementary Figure S8). One set was designed to hy-
bridize to exon 1 to 6 of FGFR2 (FGFR2 5′), and its probes
contained a split B2 initiator sequence. FGFR2 5′ was de-
tected using HCR B2 hairpin oligos with Alexa Fluor 568
that were imaged in the red channel (Supplementary Figure
S8A). Another probe set was designed to hybridize to ex-
ons 11–18 (FGFR2 3′). The probes for this set contained the
split B3 initiator sequence that triggers the oligomerization
of HCR B3 hairpin oligos labelled with Alexa Fluor 647,
which can then be imaged in the far-red channel (Supple-
mentary Figure S8A). HCR spot counts for FGFR2 5′ and
FGFR2 3′ were similar regardless of whether the target gene
was probed with only one set or with both probe sets in a
multiplexed format (Supplementary Figure S8B, C). Single
cell data from the multiplexed probes sets show high cor-
relation between FGFR2 5′ spot count and FGFR2 3′ spot
count (r = 0.72), suggesting that both probe sets indeed de-
tect the same molecule (Supplementary Figure S8D). In ad-
dition, no signal was observed in the red channel for the
FGFR2 3′ detected with the Alexa Fluor 568 or in the far-
red channel for FGFR2 5′ with the Alexa Fluor 647 indica-
tive of high specificity for RNA-HCR-FISH (Supplemen-
tary Figure S8E).

Taken together, these results demonstrate accurate detec-
tion of specific RNA isoforms with high sensitivity in a mul-
tiplexed format using HCR-RNA-FISH on a 384-well high-
throughput platform. We refer to this detection pipeline as
HiFENS.

Biological controls for FGFR2 splicing

To validate the specificity of isoform detection by HiFENS
in a biologically relevant context, we sought to moni-
tor changes of endogenous RNA spliced variant isoforms
in response to known biological effectors of FGFR2 splic-
ing. Splicing of FGFR2 is known to be regulated, in part,
by the ESRP proteins and knock down of ESRP1 and
ESRP2 in epithelial cells decreases FGFR2-IIIb levels while
increasing FGFR2-IIIc (31). To test for an effect of loss of
ESRP1 and ESRP2 on FGFR2 isoform detection by HCR-
RNA-FISH, MCF-7 cells were treated with siRNAs tar-
geting ESRP1 and ESRP2 for 72 h, and efficient knock
down was confirmed by PCR (Supplementary Figure S9)
and HCR-RNA-FISH (Supplementary Figure S10). Sin-
gle cell data from treated versus untreated cells indicates
correlated knock downs of ESRP1 and ESRP2 in individ-
ual cells (Supplementary Figure S10). While no changes
were observed for total FGFR2 (Figure 5A, D), FGFR2-IIIb
HCR spot counts were reduced in concomitant ESRP1 and
ESRP2 knock down cells (Figure 5B, D). No change was
observed in the levels of the control housekeeping gene TBP
(Figure 5C, D). Single cell HCR spot count data for total-
FGFR2 and FGFR2-IIIb indicates that while the expres-
sion of FGFR2-IIIb decreased, the expression pattern of to-

tal FGFR2 remained unchanged between treated and un-
treated cells (Figure 5E). This observation reinforces the no-
tion that changes in FGFR2-IIIb spot count in treated cells
are due to changes in FGFR2 splicing but not to changes in
FGFR2 transcription. In addition, no change was observed
between untreated and treated cells for total FGFR2 and
TBP spot counts (Figure 5F). These observations demon-
strate the ability of HiFENS to accurately detect changes in
splicing isoforms in response to experimental perturbations,
which are known to lead to changes in AS outcomes for
FGFR2. This makes the method suitable for targeted mech-
anistic studies of splicing isoforms.

HCR-RNA-FISH for high throughput screens

A major potential application for isoform-specific HCR-
RNA-FISH is in imaging-based functional genomics
screens for the discovery of new AS regulators using the de-
tection of endogenous mRNA isoforms as a read-out. To
test the suitability of HiFENS for such screens, we used an
siRNA library targeting 702 human kinases (Figure 6A). 72
h after siRNA transfection, cells were subjected to HCR-
RNA-FISH using probes to detect total FGFR2 (FGFR2-
D7-10), FGFR2-IIIb and TBP in a multiplexed format.
Each library gene was targeted by three separate siRNAs
which were tested in individual wells. At least 700 cells were
imaged per siRNA. TBP served as a house-keeping con-
trol gene and total FGFR2 served to distinguish changes in
transcription from changes in splicing. As a quality control
step, we surveyed spot counts across six imaging plates and
spot counts for FGFR2-D7-10 (Figure 6B) and FGFR2-IIIb
(Figure 6C) were found to show very little variation across
plates and wells (Figure 6B, C).

We used a median per gene threshold z-score of 1.5 (i.e. at
least two out of the three siRNA oligos with a z-score > 1.5
or z-score < 1.5) to identify potential hits (Supplementary
Table S2). At this threshold, we found that knockdown
of five genes (COL4A3BP, STK36, EIF2AK1, SMG1 and
SCGB2A1) significantly reduced FGFR2-IIIb levels (Fig-
ure 6D, Table 1) as indicated by lower HCR spot
count for FGFR2-IIIb while the total FGFR2 HCR spot
count was unaffected. siRNA oligos against SCGB2A1 re-
duced both FGFR2-IIIb and TBP levels (Table 1).
For 13 knock down target genes, HCR spot count was
lower for both FGFR2-IIIb and total FGFR2, suggest-
ing that the targets are transcriptional repressors of
FGFR2, rather than changes in regulation of splicing
(Figure 6D). Conversely, siRNA oligos against five genes
(CAMK1D, MAP2K3, MAP3K11, VRK1 and WEE1) had
median z-scores > 1.5 for FGFR2-IIIb HCR spot count
but not for total FGFR2, indicating an increase in the lev-
els of the FGFR2-IIIb isoform (Figure 6E, Table 2). Knock
down of nine genes had median z-scores >1.5 for both to-
tal and FGFR2-IIIb, suggesting an activation role for these
in the regulation of FGFR2 transcription (Figure 6E). Tak-
ing advantage of the fact that the FGFR proteins are recep-
tor kinases themselves, and that siRNA oligos against their
genes were present in the kinome library, we checked the ef-
fect of knocking down the expression of FGFR family mem-
bers in the screen. Reassuringly, only FGFR2 turned out to
be a transcriptional hit according to our criteria, since its
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Figure 5. Detection of changes in endogenous FGFR2 isoforms. (A–C) Violin and box plots for RNA-HCR-FISH spot count measurements for multiplexed
probes for FGFR2-D7-10 (A), FGFR2-IIIb (B) and TBP (C) in MCF-7 cells. MCF-7 cells were treated with siRNAs against ESRP1 and ESRP2 (si-ESRP-
1-2) or scrambled siRNA (si-Control). Cells were fixed 72 h post transfection. Boxes show the 25th, 50th (median) and 75th percentile of the distributions
and whiskers extend to 1.5X inter-quantile range (IQR). Values are generated from single cell data and are representative of four replicates. At least, 500
cells were analyzed per sample. (D) Representative field of view of RNA-HCR-FISH for FGFR2-Full, FGFR2-IIIb and TBP in treated (si-ESRP-1-2)
and control (si-Control) MCF-7 cells. White arrows indicate FGFR2-IIIb spots. Scale bar: 20 �m. (E, F) Scatter plots of RNA-HCR-FISH spot count
measurements for FGFR2-D7-10 (x-axis) and FGFR2-IIIb (y-axis) (E) and for FGFR2-D7-10 (x-axis) and TBP (y-axis) (F) in cells described in (A–C).
Number of cells in each plot area is color coded (see legend). Values are generated from single cell data and are representative of four replicates. At least 500
cells were analyzed per sample.
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Figure 6. Isoform specific probes for use in high throughput screen. (A) Outline of HiFENS pipeline in MCF-7 cells. Reverse siRNA transfection and RNA-
HCR-FISH protocols are performed in a 384-well format in a fully automated manner followed by automated image acquisition by high-throughput
microscopy. Image analysis is performed using Columbus to identify nuclei, cytoplasm, and spots in each cell (see Materials and Methods for details).
(B, C) Spot count for FGFR2-Full (B) and FGFR2-IIIb (C) across all six screen plates (plate index) by well position (well index). (D, E) Venn diagram
representation for number of genes that decreased (D) or increased (E) spot counts by 1.5 z-score units. (F) Scatter plot for mean z-scores for FGFRF2-Full
(y-axis) and FGFR2-IIIb (x-axis). Shaded area highlights plot region in which both FGFR2-Full and FGFR2-IIIb are lower than 1.5 z-score units. Results
from all three siRNAs against FGFR family members are indicated. (G) Representative maximum projection images for FGFR2-IIIb in control siRNA
well (Si-Control) and siRNA against FGFR2 (Si-FGFR2). Scale bar: 10 �m. (H) Quantitative RT-PCR for FGFR2-Full and for the FGFR2-IIIb isoform.
MCF7 cells were treated with the indicated siRNAs. RNA was harvest ed 72 h post transfection. Expression levels are normalized to expression of TBP,
and relative to the expression of Scramble siRNA which was arbitrarily set at one. Values represent mean ± SEM of three experiments.
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Table 1. Screen Hits for decrease in FGFR2-Full and FGFR2-IIIb levels

FGFR2-IIIb Screen Hits FGFR2-Full Screen Hits
1 Gene Symbol Median Z-Score Gene Symbol Median Z-Score
2 CDKL3 -1.7 CDKL3 -1.67
3 COL4A3BP -1.53 DMPK -1.77
4 DMPK -1.56 FGFR2 -4.04
5 EIF2AK1 -1.63 FGGY -2.04
6 FGFR2 -2.76 GSK3A -1.74
7 HIPK1 -1.97 HIPK1 -2.4
8 IRAK1 -2.87 IRAK1 -3.18
9 KSR1 -1.75 KSR1 -2.06

10 MAP4K3 -2.15 MAP2K4 -1.62
11 PKN2 -1.75 MAP4K3 -1.83
12 PLK2 -1.74 MPP6 -1.66
13 PLK4 -1.8 PKN2 -2.33
14 PLXNA3 -2.01 PLK2 -1.81
15 PLXNB2 -1.72 PLK4 -1.84
16 SCGB2A1 -1.69 PLXNA3 -1.68
17 SMG1 -1.79 PLXNB2 -2.32
18 STK36 -1.63 RIPK3 -1.56
19 STK38 -1.94 SBK1 -1.97
20 SCYL1 -1.58
21 STK38 -2.11
22 TAF1L -1.71
23 WNK2 -1.78

Specific Hit
FGFR2-Full + FGFR2-IIIb

FGFR2-IIIb + TBP

knockdown led to a concomitant reduction of HCR spot
counts for both FGFR2-D7-10 and FGFR2-IIIb (Figure
6F, G).

To validate the hits identified in the screen,
we tested by qRT-PCR four specific siRNA hits
(COL4A3BP, STK36, EIF2AK1, and SCGB2A1)
which reduced FGFR2-IIIb HCR spot counts, along
with five siRNA treatments against other genes
(IRAK1, PKN2, PLXNA3, PLXNB3, and GSK3A)
which led to reduced total FGFR2 (Table 2). siRNA oligos
against ESRP1 and ESRP2 served as positive controls
and a scrambled siRNA oligo as the negative control.
Knock-down of all four specific hits caused a decrease in
FGFR2-IIIb levels but not it total FGFR2 levels, similar
to the expression pattern observed in the concomitant
knock-down of ESRP1 and ESRP2 (Figure 6H). Together,
these results are proof-of-principle for the use of HiFENS
for the identification of novel AS regulators in unbiased
high-throughput screens.

DISCUSSION

Alternative splicing (AS) is regulated at different levels, in-
cluding cis-regulatory sequence elements and trans-acting
splicing factors (42,43). In addition, the activity of splic-
ing factors is regulated by post-translational modifications,
in particular phosphorylation (44–46). Changes in splicing

factor phosphorylation can influence their localization and
binding activity, ultimately affecting splicing outcome (16).
Several downstream protein kinase families that use splic-
ing factors as substrates have been characterized and are
the targets for therapeutic treatment for different diseases,
including cancer (47–49). Yet, the identity and role of up-
stream kinases and cellular signal transduction pathways in
splicing regulation and control of AS are relatively poorly
characterized. A major reason for the limited understand-
ing of cellular signaling pathways in AS regulation is the
lack of suitable experimental assays to identify relevant sig-
naling components in a systematic fashion, including in un-
biased cell-based screens and using endogenous genes as
targets. We have developed such a tool in this study.

We have taken advantage of the high sensitivity of HCR
to establish an imaging-based pipeline, HiFENS, for quan-
titative detection of RNA isoforms in a 384-well format
using multiplexed HCR probe sets. Our approach is a
microscopy-based method that produces single cell data.
Importantly, the use of HCR fluorescence signal amplifi-
cation overcomes the two major limitations of traditional
FISH methods for the sensitive detection of endogenous
splicing isoforms. First, the use of signal amplification
makes it feasible to use lower magnification objectives (such
as 40X or 20X), which allow imaging of a large numbers
of cells per field of view, an essential condition for high-
throughput experiments. Second, while traditional smFISH
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Table 2. Screen Hits for increase in FGFR2-Full and FGFR2-IIIb levels

FGFR2-IIIb Screen Hits FGFR2-Full Screen Hits
1 Gene Symbol Median Z-Score Gene Symbol Median Z-Score
2 AK8 1.89 AK8 2.48
3 AURKA 5.97 AURKA 8.63
4 AURKB 6.33 AURKB 6.75
5 BUB1B 26.33 BUB1B 20.32
6 CDC2 13.57 CAMK1D 1.57
7 CDC2L5 1.77 CDC2 11.3
8 CDK11B 4.93 CDC2L5 1.53
9 CSNK1A1 1.9 CDC7 1.87

10 DCLK3 1.58 CDK11B 4.01
11 EPHB1 2.15 CRKRS 2.13
12 GAK 1.86 CSNK1A1 3.76
13 GUK1 1.52 MAP2K3 2.09
14 MPP2 1.68 MAP3K11 1.6
15 NME3 2.16 PACSIN1 1.62
16 PACSIN1 1.63 PASK 3.01
17 PASK 1.99 PHKG2 1.82
18 PDXK 2.23 PLK1 11.64
19 PHKG2 2.24 SCYL3 2.52
20 PLK1 11.06 SPHK2 3
21 PRPS1 1.8 SRPK1 1.82
22 RPS6KB2 1.72 TTK 17.43
23 SCYL3 2.39 UCK2 1.99
24 SPHK2 1.58 VRK1 1.77
25 SRPK1 2.4 WEE1 1.99
26 TTK 22.2
27
28 Specific Hit
29 FGFR2-Full + FGFR2-IIIb
30 FGFR2-IIIb + TBP
31 FGFR2-Full + FGFR2-IIIb + TBP

is limited by the fluorescence signal generated by the num-
ber of directly labelled probes that can hybridize to short
or rare sequences such as splice junctions or short exons,
HCR enables detection of very short target sequences. We
demonstrate here that use of HCR provides sensitive and
highly specific detection of splicing isoforms in situ (50–53).
We used HCR-RNA-FISH to amplify fluorescent signal
without sacrificing single molecule resolution. This allows
detection of unique sequences for each of the FGRF2 iso-
forms. Importantly, the signal obtained from HCR-RNA-
FISH depends on the number of probes used. We find that
use of as few as 3-4 probe pairs allows accurate quantitative
detection of specific FGFR2 isoforms. The weaker signal of
fewer probes is compensated by the reduced background re-
sulting in high signal to noise ratios, especially in the far-red
channel. Importantly, HiFENS can be used in a fully auto-

mated fashion which is a requirement for high-throughput
screens. The routine use of a 384-well plate format enables
screening of relatively large libraries. For example, screening
of 702 genes as performed in this study could be completed
on 6 plates per screening replicate with a total imaging time
of ∼30 h.

An important advantage of HiFENS is its ability to de-
tect and probe the behavior of endogenous RNAs rather
than artificial reporter genes. The use of endogenous genes
as a screening readout eliminates possible artifacts cre-
ated by reporters and ensures probing of physiological lev-
els of splicing isoforms. We demonstrate the usefulness
of hiFENS for discovery of novel splicing regulators in a
proof-of-principle screen of an siRNA library of 702 cel-
lular signaling factors. Reassuringly, we find FGFR2 itself
as one of our top hits and PCR validation suggest accu-
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rate detection of hits. In addition, we identify and vali-
date several novel potential regulators of FGFR2 AS, in-
cluding STK36, a ser/thr kinase involved in ciliary and
flagellar motility (54) and SCGB2A1, a putative marker of
chemoresistance in colon cancer (55). Detailed character-
ization of the identified hits will be the subject of future
studies.

HiFENS has limitations. In particular, thedetection of
very short or rare RNA sequences remains challenging.
In our study, three or four probes were typically sufficient
for detection of desired target sequences. While unique se-
quences of about 200 nt were sufficient for specific detec-
tion, isoform probes yielded lower spot count compared to
the full-length probes. As a result, our method provides rel-
ative, but not absolute, information on isoform levels, and
detection of a splicing event involving a cassette exon, which
would require detection of a skipped isoform using only
one probe spanning the junction of the flanking exons, may
therefore be challenging. Consequently, empirical testing
for probes combination may be required for each splicing
event to get optimal results. Furthermore, while HiFENS is
robust, it is anticipated the assay conditions for new targets
and cell types may differ considerably requiring in depth as-
say development and optimization for each target. Finally,
while imaging-based approaches are complementary to se-
quencing based methods to study AS mechanisms, they are
limited by the need for a pre-selected RNA target, whereas
NGS methods have the potential to discover new RNA
transcripts and splice variants. hiFENS does not report on
gene activity since spot intensity measurements in the pop-
ulation are too noisy for accurate determination of over-
all cellular expression levels of the target gene. HCR based
approaches also rely on fixed cells and cannot be used for
live cell imaging and they can therefore not provide any di-
rect information about expression dynamics, including gene
bursting.

Taken together, we report here the development of a novel
approach to study AS and to discover novel AS regulators
and as such represents a useful tool in understanding the
role of AS in physiological and pathological settings.
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