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ABSTRACT

Fluorescent reporters have been widely used in modern biology as a powerful tool in cell lineage tracing during develop-
ment and in studying the pathogenesis of diseases. RNAscope is a recently developed RNA in situ hybridization method
with high specificity and sensitivity. Combined application of these two techniques on skeletal tissue is technically challeng-
ing and has not been explored; the reporter fluorophores in the tissue specimen bleach quickly, and mRNAs degrade rap-
idly due to the decalcification process typically used in processing skeletal samples. Therefore, we developed a method
that can simultaneously detect and colocalize both the fluorescent lineage tracing reporter signal and the RNAscope signal
in the same skeletal section without compromising the fidelity, sensitivity, and specificity of lineage tracing and RNAscope.
This was achieved by cryosectioning bone and cartilage tissue without decalcification, thus allowing the fluorescent report-
er signal and RNA in the sections to be well-preserved so that RNAscope can be carried out in situ, and these two signals
can be colocalized. Our method of colocalization has versatile applications, for example, determination of gene knockout
efficacy at the mRNA level in a specific cell lineage in situ, detection of alterations in target gene transcripts in reporter-
positive cells caused by a specific gene mutation, and studies of the disease pathology by examining the transcript-level
expression of genes of interest in the cell lineage in vivo.
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INTRODUCTION Jolly et al. 2019). RNAscope has been extensively used
in studying developmental biology, oncology, neurosci-
ence, and infectious diseases (Grabinski et al. 2015;
Mirghani et al. 2016; Baltzarsen et al. 2020; Kiyama and
Mao 2020). However, RNAscope can only provide limited
information on cell lineage.

By combining lineage tracing and RNAscope tech-
niques for colocalization of the reporter signal and the
RNA signal, researchers can detect transcript-level alter-
ations in a specific cell lineage. Knowing how RNA and
proteins change in the specific cell lineage can provide a
better understanding of cell physiology and pathology.
Detecting specific protein changes in a cell lineage via
colocalization of the lineage tracing reporter signal and
the immunofluorescence (IF) signal is widely used. Howev-
er, colocalizing the lineage tracing reporter signal and the
RNA signal to detect specific RNA in a cell lineage remains
a problem, especially for skeletal tissue sections due to the

Fluorescent protein reporters have been extensively used
for cell lineage tracing in developmental biology and for
modeling cellular heterogeneity in cancer with minimal
changes to the properties of the marked cells and their ad-
jacent tissues (Kretzschmar and Watt 2012). Lineage trac-
ing is usually achieved by the expression of a fluorescent
reporter gene under the control of a tissue-specific pro-
moter. Lineage tracing provides information about all
founder cells and their progeny, including the location
and differentiation status. However, fluorescent reporters
are incapable of revealing the abundance of the transcripts
of the genes of interest.

RNAscope technology is a newly developed in situ hy-
bridization (ISH) technique (Wang et al. 2012). Compared
to traditional RNA ISH methods, RNAscope has higher
sensitivity and specificity, such that it can detect even a sin-
gle copy of RNA in a cell on paraffin or frozen tissue sec-

tions (Wang et al. 2012; Baena-Del Valle et al. 2017;
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decalcification and paraffin embedding processes com-
monly used for histological analysis of skeletal tissue. Tra-
ditional decalcification acids, such as nitric and formic
acids, reduce detectable mRNA by up to 50% (Walsh
et al. 1993). Ethylenediaminetetraacetic acid (EDTA)
decalcification can preserve >50% of MRNA within the tis-
sue (Walsh et al. 1993; Singh et al. 2013), but the process
requires 1-3 wk depending on the sample size and EDTA
concentration. Paraffin embedding causes significant loss
of fluorescence signal and has high levels of background
autofluorescence, especially in skeletal sections (Jiang
et al. 2005). For these reasons, a cryostat section of unde-
calcified skeletal tissue is required to colocalize the lineage
tracing reporter signal and the RNAscope signal. One ma-
jor challenge when sectioning undecalcified skeletal tissue
is to preserve the structural integrity of the tissue; however,
using Kawamoto's film when sectioning can solve this
problem (Kawamoto and Kawamoto 2014).

Here, we report a method that combines the technolog-
ical merits of both fluorescent lineage tracing and
RNAscope and successfully detects and colocalizes the
fluorescent reporter signal with the RNAscope signal on
the same skeletal section.

RESULTS

Colocalization of lineage tracing reporter signal
with RNAscope signal in situ

Our goal was to develop an efficient and effective tech-
nique for visualizing both the lineage tracing reporter
and RNA in the same cell of a skeletal section, using the
cell lineage fluorescent reporter (ZsG) signal and the
RNAscope signal, respectively. With the use of Sox9, Ihh,
and Col10al probes as well as the RNAscope 2.5HD
Assay Red Detection Kit, RNAscope assay was applied to
tibial frozen sections from 6-wk-old Tg(Agc1-CreER;
R26°°) mice. AgcT gene is mainly expressed in chondro-
cytes and encodes aggrecan, which is a major proteogly-
can in the extracellular matrix of cartilage, including
articular cartilage and growth plates. The dye formed by
the detection kit produced pseudored autofluorescence
in situ, which is identical to the RNAscope signal under
white light (Supplemental Fig. 1). As shown in Figure 1A,
all Agc1™ cells are marked by the R26“° green fluorescent
reporter protein and are presumed to be either epiphyseal
chondroid cells or growth plate chondrocytes. The green
reporter signal is weak in hypertrophic chondrocytes of
growth plates because ZsG becomes diluted from the
large cytoplasm volume of all the hypertrophic chondro-
cytes and some ZsG protein may have leaked from the sec-
tion due to the multiple processing steps involved in
RNAscope.

Sox9, Ihh, and Col10a1 probes were used in this exper-
iment because they are known to be expressed specifically
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FIGURE 1. Colocalization of lineage tracing reporter signal and
RNAscope signal on the same skeletal section. Tibial bones of 6-wk-
old SHP2CTRA9VER mice were used. (A) DAP1 (blue) and ZsG (green)
reporter images of growth plate chondrocytes exhibited strong ZsG
reporter signals due to Agc1-Cre. (B) Sox9, lhh, and Col10aT mRNA
(red) were respectively expressed in the proliferating, prehypertro-
phic, and hypertrophic chondrocytes of growth plates. (C) Each
merged figure displays the colocalization of the ZsG reporter signal
and the Sox9, Ihh, or Col10al mRNA signal. The borders of the
RNAscope signal-positive regions are outlined with dashed lines.
The length of the scale bar represents 50 um.

in proliferating, prehypertrophic, and hypertrophic chon-
drocytes, respectively, in developing growth plates. As ex-
pected, Sox9, lhh, and Col10a1 transcripts were detected
in their respective type of chondrocytes in the growth plate
(Fig. 1B). Next, we merged the images of the cell lineage
reporter signal (Fig. 1A) and the RNAscope signal (Fig.
1B) to generate Figure 1C, which allowed us to simultane-
ously detect and colocalize the lineage reporter signal and
the RNAscope signal on the same skeletal section. We ap-
plied our method to measure transcript-level expression of
genes of interest in specific cell lineages for studying
developmental and pathological issues in skeletal tissue.

Determining knockout efficiency of the target gene
at the mRNA level in reporter-positive cells in vivo

Western blot and gPCR are widely used for determining
knockout efficiency of target genes in a specific cell popu-
lation from a mouse model. However, both assays are in vi-
tro experiments. Our method can determine knockout
efficiency of the target gene at the transcriptional level in
specific cells in situ. We used 10-wk-old SHP2CTRAS</ER
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FIGURE 2. Detection of knockout efficiency of the target gene at the
mRNA level in reporter-positive cells in vivo. Tibial bones from 10-wk-
old mice were used. (A) DAPI, ZsG, and Shp2 mRNAs are indicated by
the blue, green, and red dots, respectively. A single red dot repre-
sents at least one Shp2 mRNA. (B) There was a significant reduction
(=77%) in the number of the red dots in 100 R26%®* chondrocytes
from the middle region of growth plates in SHP2KO*9<"ER mice com-
pared to the controls (n=5, [***] P<0.0001). Enlarged views of the
boxed areas were shown at the bottom left corner of each image.
Shp2 mRNAs are represented as small red dots marked by white ar-
rows in the enlarged views. The length of the scale bar represents
50 pm.

and SHP2KO9<"ER mice to measure SHP2 (Src homology
region 2-containing protein tyrosine phosphatase 2)
knockout efficiency in Agc1™ cells from tibial growth
plates. SHP2, encoded by Ptpn11, is a ubiquitously ex-
pressed protein tyrosine phosphatase. The red dots de-
tected via RNAscope in the green cells of the growth
plates represent Shp2 mRNAs (Fig. 2A). Due to the low ex-
pression of the endogenous Ptpn 11 gene in chondrocytes,
only a few small red dots were seen in the green cells.
Counting the number of red dots in 100 green R26%°¢*
chondrocytes from the middle region of the growth plate
revealed that the relative abundance of Shp2 mRNA in
the cell population decreased by 77% for knockout mice
compared to control mice (Fig. 2B, P<0.001, n=>5). This
suggested that the SHP2 knockout efficiency was 77% at
the transcriptional level in SHP2-deficient chondrocytes
in growth plates.

In this way, our method can be used to detect the knock-
out efficiency of the target gene at the RNA level in vivo
without time-consuming and complicated multistep pro-
cesses, such as primary cell culture, cell purification based
on the cell lineage reporter, and protein or RNA extraction.

Studying the alterations in transcripts of target
genes caused by a specific gene mutation

Colocalization of the lineage tracing reporter signal and
the IF signal is widely used to study the effect of a mutant

gene on reporter-positive cells in vivo at the protein level.
However, very few methods can detect alterations in tran-
script levels caused by a mutant gene in specific cells in
vivo. Our method can be used to detect the effects of
the target gene mutation on the transcripts of the genes
of interest in specific cells in vivo by colocalizing the report-
er signal and the RNAscope signal. Tibial bones from
10-wk-old SHP2CTRA9VER and SHP2KO"9“*R  mice
were used to identify Thh mRNA in Agc1™ chondrocytes
in growth plates (Fig. 3). The red fluorescence indicated
Ihh mRNAs (Fig. 3A). The thickness of the lhh-expressing
cell layerin the middle region of the growth plate was mea-
sured. There was a significant increase in thickness for
SHP2KOAER mice compared to the controls (Fig. 3B,
P<0.001, n=5). Thus, our method can be used to detect
transcript-level alterations of target genes caused by a
specific gene mutation, and the results can be analyzed us-
ing semi-quantitative analysis.

Studying the pathology of diseases by analyzing
the expression of the genes of interest
in a specific cell lineage

There are limited methods for identifying transcript chang-
es of the genes of interest in specific cells to study the pa-
thology of skeletal diseases. Our method offers the ability
to detect changes in the transcripts of the genes of interest
in a specific cell lineage of skeletal lesions in vivo in order
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FIGURE 3. The effect of SHP2 deletion on growth plate develop-
ment. (A) Colocalization of the lineage tracing reporter signal and
the RNAscope signal identified the lhh (red) mRNA expressed in the
prehypertrophic zone of growth plates of tibias from 10-wk-old
SHP2CTRAYCVER and SHP2KOAYSVER mice. (B) Measurement of the
thickness of Ihh-expressing cell layer (indicated by the double-headed
arrow) in the middle region of the growth plates demonstrated signifi-
cant increase in Thh mRNA expression in the growth plates of mutant
mice compared to those of the controls (n=5) (***) P<0.001). The
borders of the RNAscope signal-positive region were outlined with
dashed lines. The length of the scale bar represents 50 um.
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to study their pathological changes. Exostoses on the artic-
ular surface of tibial bones from 10-wk-old SHP2KO*
mice were used to identify mMRNAs of Sox9, Col2a1, Ihh,
and Col10a1 genes. These four genes are known biomark-
ers for proliferating, prehypertrophic, and hypertrophic
chondrocytes, respectively, in growth plates. Therefore,
they were used to examine the differentiation status of
the cells in the lesions. Ctsk (Cathepsin K) is expressed in
osteoclasts and the perichondral grooves of Ranvier cells.
The merged images showing the colocalization of the lin-
eage tracing reporter signal and the RNAscope signal re-
vealed that the cells in the exostoses originated from
Ctsk™ cells and expressed Sox9, Col2al, lhh, and
Col10a1 mRNA in their respective regions of the lesions
(Fig. 4), indicating a benign ecchondroma. This experi-
ment showed that our method can be used to study the
pathology of skeletal diseases by analyzing the tran-
script-level expression of the genes of interest in a specific
cell lineage.

DISCUSSION

Both lineage tracing and RNAscope have shortcomings
despite their popularity in biological research. Lineage
tracing cannot detect the transcripts of the genes of inter-
est in reporter-positive cells, and RNAscope can only pro-
vide limited information on cell lineage. To overcome the
limitation of each technique, a method that combines
these two techniques in the same tissue section, especially
for skeletal tissue, needs to be developed.

Despite the challenges in histological techniques, we
successfully developed a method to colocalize the lineage
tracing reporter signal and the RNAscope signal on the

Sox9

Col2al

FIGURE 4. Pathology of the tibial exostoses from SHP2KO®®™* mice.
(A) Safranin O and Fast Green staining of the tibias from
SHP2KO“* mice indicated cartilaginous exostoses. (B) RNAscope im-
ages of the magnified area (black box in A) revealed that the exostoses
originated from Ctsk™ cells and expressed Sox9, Col2a1, Ihh, and
Col10a1 in different regions of the exostoses. This suggested that
the exostoses were benign ecchondromas. The length of the scale
bar represents 50 um.
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same murine skeletal section. Kawamoto's film was used
to section undecalcified skeletal tissue to maintain its mor-
phology. A commercially available RNAscope was used to
detect transcripts of the genes of interest due to its high
specificity and sensitivity (Wang et al. 2012). ZsG was
used as the lineage fluorescent reporter protein. Our
method has broad application prospects, including deter-
mining knockout efficiency of a target gene at the mRNA
level in reporter-positive cells in situ, detecting tran-
script-level alterations of the genes of interest caused by
a specific gene mutation, and studying the pathology of
diseases by analyzing the transcript-level expression of
the genes of interest in a specific cell lineage.

Unlike PCR, ISH is a technique that integrates histology
and molecular biology to precisely locate specific seg-
ments of nucleic acids within a histologic section.
RNAscope is a recently developed RNA ISH technique
(Wang et al. 2012) that is used in soft tissue samples, but
itis not commonly used in skeletal samples due to techni-
cal difficulties. Decalcification is commonly used for histo-
logical analysis of skeletal tissue. However, there are
disadvantages of decalcification, such as its lengthy pro-
cess as well as significant RNA degradation in the tissue
sample (Walsh et al. 1993; Belluoccio et al. 2013).
Therefore, decalcification should not be recommended
for preparing skeletal samples used in RNAscope.

Due to various technical difficulties, RNAscope is rarely
used for the histological analysis of skeletal samples. To
date, no method has been developed to colocalize the lin-
eage tracing reporter signal and the RNAscope signal on
the same skeletal section. Nonetheless, colocalization of
these signals is useful in histological analysis because it
can provide information about the founder cells and their
progeny, such as location, differentiation status, and tran-
script changes of the genes of interest in vivo. In the liter-
ature, there have been reports of the combined use of
RNAscope and immunohistochemistry (IHC) to detect
transcripts of the genes of interest in specific cell popula-
tions that express certain proteins in soft tissue (Grabinski
et al. 2015); however, this combination lacks the ability
to precisely trace founder cells and all of their progeny
since they express different proteins at various stages of
differentiation. Therefore, it would be advantageous to
use lineage tracing, instead of IHC, with RNAscope.

Paraffin embedding is commonly used for histological
analysis of skeletal samples, but it results in high back-
ground autofluorescence as well as significant loss of the
lineage tracing fluorescent signal (Jiang et al. 2005).
Instead, optimal cutting temperature compound (OCT)-
embedding should be used in skeletal samples to maintain
the lineage tracing reporter signal and prevent back-
ground autofluorescence.

Furthermore, it is challenging to preserve the morphol-
ogy of undecalcified skeletal tissues when sectioning.
Kawamoto’s film was developed to maintain tissue
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morphology and facilitate the process of preparing cryo-
stat sections of OCT-embedded undecalcified skeletal
samples (Kawamoto and Kawamoto 2014). The usage of
this film does not require decalcification; therefore, the
preparation process is shortened, and a substantial
amount of RNA is preserved (Belluoccio et al. 2013).
Kawamoto's film prevents skeletal tissue from falling off
the slides during RNAscope and remains transparent after
it is treated with RNAscope reagents, thus reducing back-
ground noise when capturing fluorescent images.

In this article, we report three applications of our
method. First, we detected the SHP2-knockout effi-
ciency in Agc1* chondrocytes using SHP2CTRA9<VER and
SHP2KO"9"ER mice. Only a few small red dots (indicating
Shp2 mRNA) were seen in the green chondrocytes due to
the low expression of the endogenous Ptpn11 gene. Some
large red dots were observed in the chondrocytes, likely
caused by aggregation of Shp2 transcripts. We counted
the number of the red dots in 100 green R26%*S* chondro-
cytes in growth plates, and there was a 77% decrease in
the relative abundance of Shp2 mRNA in the growth plates
of mutant mice. The lack of 100% knockout efficiency
could be explained by the size of DNA between the two
LoxP sites (Zheng et al. 2000), the mosaic expression of
Cre-ER (Sandlesh et al. 2018), the incomplete excision of
the floxed loci (Bao et al. 2013), and transcription of the
Ptpn11 gene before Tamoxifen injection and Cre recombi-
nase induction. Secondly, we discovered that there was a
significant increase in the thickness of the lhh-expressing
cell layer in the middle region of tibial growth plates
from SHP2KO"9"ER mice compared to that of the control
mice. Our finding is consistent with a previous publication
that claimed that SHP2 deficiency increases the amount of
Ihh mRNA transcripts in chondrocytes (Bowen et al. 2014).
Lastly, we found that the exostoses on the tibial bones of
SHP2KO** mice expressed different biomarkers at vari-
ous differentiation stages of chondrocytes. Our findings
were consistent with a prior report of these lesions by
Yang et al. (2013). In addition to our three applications,
there may be other potential applications of our method
that have yet to be investigated.

A potential limitation of our method is the use of Fast
Red. During the signal detection procedure, Fast Red is a
chromogenic substrate that is catalyzed by alkaline phos-
phatase (ALP), which is labeled on the probes. Fast Red en-
ables RNA molecules to be visualized as red chromogenic
dots under white light. On the other hand, under fluores-
cent light, Fast Red will be visualized as red pseudofluores-
cence (Supplemental Fig. 1), which, when in excess, can
partially mask other fluorescence. Therefore, when there
is too much Fast Red deposit in the cell due to an abun-
dance of target RNAs, the lineage tracing reporter signal
will be partially masked. There are ways to overcome this
limitation. One method is to conduct RNAscope after cap-
turing the image of the DAPI signal and the lineage tracing

reporter signal. An easier method is to dilute the probe sol-
ution or reduce the reaction time for the last step of
RNAscope.

In summary, our method offers the ability to colocalize
the lineage tracing reporter signal and the RNA signal on
the same skeletal tissue section. Our unique method al-
lows researchers to detect transcripts of the genes of inter-
estin reporter-positive cells in vivo, even one RNA per cell.
There are also three applications of our method, for exam-
ple, to determine knockout efficiency of the target gene at
the mRNA level in a specific cell lineage, to investigate the
alterations in transcripts of the genes of interest caused by
a specific gene mutation in vivo, and to study the patholo-
gy of diseases by analyzing the transcript-level expression
of the genes of interest in a specific cell lineage. Further
experiments should be done to investigate additional ap-
plications of our method.

MATERIALS AND METHODS

Animals

Tg(Ptpn11"7) (Yang et al. 2013), Tg(Rosa26“°®) (Madisen et al.
2010), Tg(Agc1-CreER) (Henry et al. 2009), and Tg(Ctsk-Cre)
(Nakamura et al. 2007) mice and genotyping conditions were pre-
viously described in the literature. Ptpn11 is a ubiquitously ex-
pressed gene encoding a protein tyrosine phosphatase, SHP2.
Agcl (Aggrecan) is a proteoglycan expressed and secreted by
chondrocytes from articular cartilage and growth plates. Ctsk
(Cathepsin K) is a lysosomal cysteine protease expressed in oste-
oclasts and the perichondral grooves of Ranvier cells. Mice with
Pton11 floxed alleles were bred to Tg(Agc1-CreER) or Tg(Ctsk-
Cre) mice to generate control offspring and mutant offspring in
which SHP2 was deleted in Agc1- or Ctsk-expressing cells. Tg
(Rosa26%*°) served as a reporter for Cre expression and activa-
tion. The genotypes and shorthand nomenclature of these mice
are listed in Supplemental Figure 2. To induce Tg(Agc1-CreER)
activity, 4-OH Tamoxifen (TM; Sigma, MO) was dissolved in
dimethyl sulfoxide (DMSO)-ethanol-corn oil mixture (4:6:90) at
a concentration of 10 mg/mL and intraperitoneally injected into
SHP2CTRAIVER and SHP2KOAYVER mice (1 mg/mouse/dose,
3 doses at 2-wk-old, 1 dose/2 d). Control and SHP2 mutant
mice were sacrificed at 6-wk-old or 10-wk-old for the study. All
mice were maintained on a C57BL/&J background. This study
was reviewed and approved by the Rhode Island Hospital
Institutional Animal Care and Use Committee.

Preparing frozen sections of skeletal tissues
without decalcification

The mice were sacrificed at 6-wk-old or 10-wk-old. Their tibial
bones were collected and fixed in 4% formaldehyde overight
and were then dehydrated in 30% sucrose solution overnight.
Finally, they were embedded in OCT compound for cryostat sec-
tion. Frozen sections were cut into 7 um sections using a freezing
stage and sliding microtome (Leica CM1950). During the process
of sectioning samples, Kawamoto's film (SECTION-LAB Co. Ltd.)
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was used to preserve the morphology of the skeletal sections.
Sections were immediately transferred to a —80°C freezer and
were stored for no more than 6 mo. The key steps for cutting skel-
etal frozen sections on Kawamoto's film include film preparation,
film adhesion, tissue sectioning, and film transferring onto glass
slides (Supplemental Fig. 3). The combined use of the cryostat
section of undecalcified skeletal tissue and Kawamoto's film can
maximize the preservation of mRNA integrity and tissue morphol-
ogy for RNAscope ISH assays and reduce tissue autofluorescence
while retaining the fluorescent reporter signal.

RNAscope procedures

Customized and commercially available RNA probes (Pton11,
Sox9, Col2al, Ihh, and Col10al) were purchased from
Advanced Cell Diagnostics (ACD), and detailed information
about the probes was provided in Supplemental Figure 4.
RNAscope signal was detected using RNAscope 2.5HD Assay
Red Kit per the manufacturer’s instructions available online at:
https://acdbio.com/documents/product-documents. Some steps
of the protocol were modified to save reagents and to prevent the
tissue from falling off from the slide. The sections were boiled in
Pretreatment 2 solution at 80°C-85°C, not 100°C, in order to pre-
vent tissue from falling off. The protocol recommends preparing a
700 mL Pretreatment 2 solution; however, it is not necessary to
use so much. Less volume can be used as long as all of the slides
can be fully immersed in the Pretreatment 2 solution. The proto-
col also recommends using four drops of the following solutions:
probe solution, signal amplification solution, and signal detection
solution. However, less drops can be used as long as the entire
section is covered by those solutions.

Image analysis

Phase contrast and fluorescent images were acquired using the
Nikon Eclipse E800 microscope system at 200x (10x eyepiece
and 20x objective) magnification and were analyzed with the
NIH ImageJ software. Blue, green, and red fluorescence repre-
sent nuclei stained with DAPI, the R26%°C reporter, and the
RNAscope signal, respectively. To determine knockout efficiency
of Ptpn11 at the mRNA level, the number of red dots was counted
in 100 R26%C* cells from the middle region of proximal tibial
growth plates of SHP2CTRA9<VER and SHP2KO"9<VER mice. To
study the effect of SHP2 deletion on growth plate development,
we measured the thickness of the Ihh-expressing cell layer in the
middle region of the growth plates of SHP2CTRA9<"ER and
SHP2KOAVER mice.

Statistical analysis

Statistical analysis comparing the two groups was performed us-
ing Student t-test. A P-value <0.05 was considered to be signifi-
cant. Data analysis was performed using Prism 3.0 (GraphPad)
and Excel (Microsoft).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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