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The RBPMSCreERT2-tdTomato mouse line for studying
retinal and vascular relevant diseases

Guilan Li,1,2 Yuanting Luo,1 Qikai Zhang,1 Wenfei Chen,1 Kunbei Lai,1 Yizhi Liu,1,2 and Yingfeng Zheng1,2,3,*

SUMMARY

RNA-binding protein with multiple splicing (RBPMS) plays a crucial role in cardiac mesoderm specification
and cardiovascular development, as well as being a typical marker for whole retinal ganglion cells (RGCs).
However, there is a lack of animal models to spatiotemporally trace the location and function of RBPMS-
expressing cells in vivo. In this study, we develop a tamoxifen-inducible RBPMS-tdTomato reporter mouse
line to track RBPMS-expressing cells during embryogenesis and adulthood. This mouse line allows us to
identify and locate RBPMS-tdTomato-positive cells among various tissues, especially in RGCs and smooth
muscle cells, which assist to simulate related retinal degenerative diseases, model and examine choroidal
neovascularization non-invasively in vivo. Our results show that the RBPMSCreERT2-tdTomato mouse line is a
valuable tool for lineage tracing, disease modeling, drug screening, as well as isolating specific target
cells.

INTRODUCTION

RBPMS (RNA-binding protein withmultiple splicing), also known as Hermes, is a member of the RNA recognitionmotif family of RNA-binding

proteins. These genes typically contain conserved RNA-binding motifs which play a crucial role in posttranscriptional gene expression regu-

lation.1,2 Previous research has shown that RBPMS is expressed in various organs such as the heart, muscle, vascular system, lung, kidney, liver,

and eye.3 However, most studies on RBPMS have focused on its role in the development and function of cardiomyocytes and vascular smooth

cells, specifically in mediating cardiomyocyte binucleation and the maturity of vascular smooth cells.4,5 Additionally, RBPMS has been identi-

fied as a typical marker of retinal ganglion cells (RGCs); however, there is currently a lack of definitive evidence for its functional role in RGCs.6,7

RGCs are specialized neurons that play a crucial role in the visual system by receiving and transmitting signals from the retina to the brain

through their optic nerve axons. RGCs are particularly vulnerable to a variety of sight-threatening diseases such as glaucoma, diabetic reti-

nopathy, optic neuritis, and optic nerve crush, which can result in the loss of RGCs and lead to blindness.8 To gain a better understanding of

the characteristics of RGCs and the underlying pathological mechanisms, researchers have developed various RGC-reporter knockin (KI) mice

models, such as Thy1 mice9,10 and Brn3/Pou4Fmice.11–14 Thy1 is a cell surface glycoprotein that was first discovered in mature T lymphocytes

inmice.15 It has also been found to be expressed in the central nervous system16 and RGCs.17 Transgenicmice lines expressing XFP (YFP, CFP,

GFP, and RFP) under the Thy1 promoter have shown that labeled cells are either not specific or only a subset of RGCs, with variable fluores-

cence intensity of somata and axons, even between lines.18 Brn3/Pou4F plays an important role in RGC development and type specification,

and established reporter knockin mice can be used for precise identification of RGCs, but they only represent a part of RGCs. One previous

study showed that nearly 96% RBPMS+ RGC cells were co-expressing with vesicular glutamate transporter 2 (VGLUT2)-tdTomato, which spec-

ulated that VGLUT2 might be a marker of RGC. However, they also showed small fraction of cones photoreceptors (cone arrestin+) and hor-

izontal expressed VGLUT2-tdTomato (calbindin+), which seemed to suggest that VGLUT2 might not be a specific RGC marker in retina.19 In

addition, another study showed various expression of VGLUT2 in rat and human by antibody staining. VGLUT2 was present in horizontal cells

and ganglion cells in rat and human retina, while it was also found in some amacrine cells in human retina.20 Recently, RBPMS has been

deemed as a whole RGC-specific marker, with one convincing reason being the almost complete colocalization of RBPMS+/FG+ after retro-

grade FG administration.7 However, there are no reports yet on generating RBPMS reporter knockin mice.

Reporter mice can be used to monitor the location and morphological changes of the reporter gene during development, as well as to

study disease models caused by various experimental perturbations. They can also be used to estimate the effects of drug interventions, and

as non-invasive imaging techniques for detecting pathological changes. Additionally, a naturally occurring Mgp reporter KI mouse has been

used to study angiogenesis and glaucoma in vivo, from which researchers can observe retinal angiogenesis longitudinally.21

RBPMS is expressed in smooth muscle cells (SMCs), within transcriptionally downregulated during SMC dedifferentiation, and can be as a

master regulator of alternative splicing in differentiated SMCs.22 Recent research suggests that vascular SMCs andmyofibroblasts control the
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pathobiology of arteriolar choroidal neovascularization (CNV), as these cells infiltrate the lesion sites and form a support scaffold for endo-

thelial cells, resulting in incomplete response to anti-VEGF therapy in neovascular age-relatedmacular degeneration (AMD).23 Therefore, it is

speculated that RBPMS is not only a marker of RGCs, but also a potential target for choroid and retinal vascular treatment.

Here, we have created a newmouse strain in which the Cre recombinase gene was inserted into the RBPMS locus using CRISPR-Cas9 tech-

nology; the mice were crossed with Ai9 tdTomato reporter mice, resulting in the creation of RBPMSCreERT2-tdTomato mice, within the tdTomato

protein fluorescence signals reflecting the endogenous expression of RBPMS accurately. We systematically examined the localization of

RBPMS-tdTomato fluorescence signals at embryonic day 17.5 (E17.5) and in adult tissues, which demonstrated various tissue containing

RBPMS-expressing cells. In addition, the tdTomato fluorescence signal was not only merely labeling RGCs, but also showed RBPMS protein

in optic nerve, ciliary body, and retinal/choroidal vasculature. Furthermore, the strong fluorescence of tdTomato allows for non-invasive live

imaging of RGCs and retinal/choroidal vasculature in vivo, providing a new tool for monitoring these cells and tissues over time.

RESULTS

Design and generation of RBPMSCreERT2 knockin mouse line by CRISPR-Cas9 strategy

To create a mouse line with a knockin of the CreERT2-P2A element at the translation initiation site of the first exon of the RBPMS gene, we

used a CRISPR-Cas9 program without disrupting endogenous gene expression. This program involved the microinjection of sgRNA, a donor

vector, and Cas9 into zygotes, which were then transplanted into pseudopregnant female mice. The resulting founder (F0) mice had the

CreERT2-P2A sequence cassette inserted into exon 1 of RBPMS, as confirmed by the presence of homology arms (Figure 1A). These correctly

targeted F0 mice were then crossed with wild-type (WT) C57 mice to produce the F1 generation.

We designed three RBPMS PCR primers, which were used to clone the 50 arm, 30 arm, and WT genes. The homozygous genotype was

identified by the presence of only the two target fragments, while the heterozygous genotype was identified by the presence of both the

two target fragments and one WT fragment (Figure 1B). The PCR results for mice 21, 23, 25, 26, 29, 31, and 32 showed the presence of 50

arm, 30 arm, and WT fragments, confirming that they were heterozygous RBPMS CreERT2-KI mice (Figures 1C–1E). To further confirm the

insertion at the targeted site, the positive PCR products were analyzed by Sanger sequencing (Figure 1F).

The Ai9 reporter mouse used in this study contained a LoxP-flanked transcription termination cassette and expressed the tdTomato pro-

tein following Cre-mediated recombination (Figure S1A). This mouse was then crossed with RBPMSCreERT2mice, resulting in the creation of

double transgenic mice named RBPMSCreERT2-tdTomato mice, which will help to explore the endogenous RBPMS expression after tamoxifen

induction (Figures S2B and S2C). To confirm the genotype of the RBPMSCreERT2-tdTomato mice, PCR was performed using targeting

RBPMS-CreERT2 and CAG-tdTomato primers. The results showed that mice 107, 109, 111, and 112 were tdTomato homozygous and mouse

110 was tdTomato heterozygous, while all mice were CreERT2 heterozygous (Figures S2D and S2E).

Mapping of RBPMS expression in RBPMSCreERT2-tdTomato mouse embryo tissues

To evaluate the functionality of the RBPMS-CreERT2 and investigate RBPMS expression during embryonic development, we obtained double

transgenic offspring at embryonic day 17.5 (E17.5) from pregnancy mice that had been induced with tamoxifen for 4 days. We performed

immunofluorescent staining on embryo sections using an RBPMS antibody. The results showed that tdTomato fluorescence signals were

co-expressed with RBPMS antibody in various tissues during embryogenesis and distributed throughout all three germ layers (Figure 2A).

As RBPMS is known as a marker of RGC, we observed the location of tdTomato-positive cells in the eye, which originates from the ecto-

derm. As expected, the RBPMS-tdTomato cells were mainly located in basal side of retina in multilayer structures in E17.5 embryo, and were

co-located with the immunofluorescent staining signals. In addition, tdTomato fluorescence signals were also observed in the developing

ciliary body and choroid (Figure 2B). Furthermore, sections revealed that many tdTomato-positive cells were located in brain zones, which

are another ectoderm-originating tissue (Figure 2C). We observed strong fluorescence signals in mesoderm-derived tissues, including the

heart and smooth muscle of blood vessels (Figures 2D and 2E), as well as in certain endoderm-derived tissues, such as the liver (Figure 2F),

lung (Figure 2G), and intestine (Figure 2H). Our findings indicate that RBPMS is expressed in these tissue types.

RBPMS-tdTomato expression location in adult ocular tissue

In order to determine the expression pattern of the tdTomato protein in adult RBPMSCreERT2-tdTomato mice, the 3-months-old mice were

treated with tamoxifen for consecutive 5 days before sampling. The expression levels of tdTomato were found to be low before exposure

to tamoxifen-induced Cre recombinase; there were average less than 5% fluorescence leakage in retinal whole-mount and frozen sections,

while most of the leaked fluorescence signals were not located in the ganglion cell layer (GCL) and optic nerve (Figures S2A and S2B).

Retinal whole-mount staining showed strong tdTomato fluorescence signals in the somata of RGCs and in the retinal vasculature (Figure

S3A). Immunofluorescent staining showed that most of the tdTomato-positive RGCs colocalized with RBPMS (Figure S3B). The RBPMS-

tdTomato expression was also analysis from eyeball and optic nerve frozen sections. The typical RBPMS-tdTomato positive RGC somata

were arranged in a monolayer alignment in the basal retina, and significant tdTomato fluorescence signals were observed in the optic nerve,

which is consistent with previous reports.24,25 Additionally, some irregular shape tdTomato fluorescence signals were detected in the inner

plexiform layer (IPL) and inner nuclear layer (INL), which were speculated to the dendrites of intrinsically photosensitive retinal ganglion cells

according to literature reports.26,27 In addition, tdTomato fluorescence signals were also detected in the choroidal vasculature and ciliary

body, which has not been reported before (Figure 3A).
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Then, we observed the relationship between tdTomato fluorescence signals and a series of retinal makers using immunostaining analysis.

Previous studies have reported that displaced amacrine cells make up nearly half of the neurons in theGCL.28,29 Our analysis revealed that the

majority of tdTomato-positive cells were co-located with RBPMS+ and Tuj1+ cells, accounting for 51% and 55% of GCL cells, respectively
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Figure 1. Design and generation of RBPMSCreERT2 knockin mouse line using the CRISPR-Cas9 strategy

(A) Diagram of RBPMS-WT, RBPMS-CreERT2 KI alleles, donor, and CRISPR-Cas9 system. Sequences containing CrtERT2-P2A gene cassette were inserted

between the RBPMS translation initiation site ATG and the first exon coding region.

(B) The schematic of the PCR identification strategy. Primer 1 represents the WT allele, primer 2 represents the 50 arm, and primer 3 represents the 30 arm.

(C–E) PCR was performed on genomic DNA from the knockin founders with the designed primers. Two pairs of primers were used to confirm the knockin allele.

WT: 379 bp, 50 arm: 2224 bp, 30 arm: 2542 bp.

(F) Sequences of the CrtERT2-P2A cassette boundaries. The green bar indicated the inserted CrtERT2 and the blue bar indicated the P2A.
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(Figures 3B–3E). Additionally, the immunostaining seemed to confirm that the majority of strong calretinin-positive fluorescence signals were

located in the IPL while the outer nuclear layer (ONL) and GCL were found to distribute Calretinin+ tdTomato-placed and displaced amacrine

cells, respectively. Additionally, there were nearly 20% of tdTomato-positive RGC expressing Calretinin in the GCL, as previously reported

(Figures 3F and 3G).30,31 The tdTomato fluorescence signals were also confirmed by immunofluorescent staining with tdTomato antibody

(Figure 3H). Another type of interneuron, bipolar cells, located in the INL and linking the outer and inner retina, was immunostained with

VSX2 and did not appear to co-locate with tdTomato fluorescence signals (Figure 3I). Photoreceptor cells, positive for the marker Recoverin,

were found in the ONL and had hardly any tdTomato fluorescence signals (Figure 3J).
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Figure 2. Mapping of RBPMS expression in RBPMSCreERT2-tdTomato mouse embryo tissues

(A) Images displaying tdTomato fluorescence signals and RBPMS immunofluorescence staining (GFP) of E17.5 embryo sections.

(B–H) Scale bar, 1 mm. Shown were representative images of tdTomato fluorescence signals from E17.5 embryo tissues within higher magnification in (B) eye,

(C) brain, (D) heart, (E) vascular, (F) liver, (G) lung, and (H) intestine.
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Figure 3. Expression of RBPMS in adult RBPMSCreERT2-tdTomato mouse ocular tissue

(A) Representative image of an adult mouse ocular frozen section after tamoxifen induction with strong tdTomato fluorescence signals present in the retinal

ganglion layer (RGL), optic nerve, choroid vasculature and ciliary body. Scale bar, 500 mm.
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RBPMS-tdTomato-positive RGCs degenerated after optic nerve crush

In order to evaluate the reliability of tdTomato fluorescence signals and the utility of RBPMSCreERT2-tdTomato mice in research, the mice were

subjected to an optic nerve crush procedure, which leads to degeneration of RGC soma and axons.32 In normal retinal wholemounts, strong

tdTomato fluorescence signals were observed in RGC cells and retinal blood vessels. However, nearly 70%–80% of the tdTomato-positive

RGC somata died after optic nerve crushing for 12 days, just only about 5% survived, which were also observed in the CTB injection exper-

iments (Figures 4A–4D). Additionally, frozen sections of the retina confirmed this phenomenon (Figure 4E). Immunofluorescent staining with

Tuj1 and calretinin revealed that while RGC cells underwent apoptosis, calretinin+ amacrine cells were preserved after ONC (Figures 4F and

4G). Additionally, tdTomato fluorescence signals in the optic nerve were also decreased following the ONC injury (Figure 4H). As expected,

retinal and choroidal vasculature choroidal blood vessels were not affected byONC injury and still had strong tdTomato fluorescence signals.

These findings demonstrate that BPMSCreERT2-tdTomato mice can serve as a credible animal model for studying optic nerve injury or RGC

degenerative diseases, such as glaucoma and optic neuropathy.

We also compared the efficiency of induction using tamoxifen before and after crushing the optic nerve. The results showed that there was

no significant difference between the two (Figures S4A and S4B). The long-lasting stability of tdTomato expression may be a useful applica-

tion for pregnant mice and disease models, as it avoids the negative effects of tamoxifen.

Laser-induced CNV in the RBPMSCreERT2-tdTomato mice

Previous study has established the relevance of the natural fluorescent properties of Mgp-tdTomato reporter mice in the detection of retinal

vascular beds.19 In a similar vein, we used OCT to examine the choroid and retinal vasculature of RBPMSCreERT2-tdTomato mice in vivo. The

strong OCT angiography was able to detect the natural RBPMS-tdTomato fluorescence signals following tamoxifen induction, while there

was no detectable signal without tamoxifen exposure (Figure 5A).

OCT angiography has been used to assess the status of CNV in clinical settings.33 Therefore, we aimed to investigate the feasibility of using

natural RBPMS-tdTomato fluorescence signals for longitudinal studies of the leakiness and proliferation of the choroidal bed in a non-invasive

manner. Two groups of old and young RBPMSCreERT2-tdTomato mice were subjected to laser-induced burns at the same time. Both OCT-IR and

fluorescein angiographymodewere used to examine the area of photocoagulation 3, 7, and 12 days post laser induction. The results revealed

prominent RBPMS-tdTomato fluorescence signals corresponding to the burns in old mice at 7 and 12 days in vivo, but no signals were

observed in adult mice in this study (Figure 5B).

Beyond that, the RBPMSCreERT2-tdTomato mice eyeball frozen sections helped to recognize RBPMS-tdTomato-positive cells in the choroid

vasculature, which were confirmed by immunostaining with a-SMA and PDGFR-b; the twomarkers were considered for labeling smoothmus-

cle cells and pericytes (Figure 5C). Furthermore, the tdTomato-positive choroid vascular walls become thicker in CNVmodel than the normal

choroid (Figure 5D). This phenomenonmay represent a new pathology pattern of CNV, referred to as neovascular remodeling,20 which could

aid in the exploration of new therapeutic methods for wet AMD.

The characteristic of RBPMS expression in adult heart and cardiovascular tissues

Previous studies have highlighted the important role of RBPMS in cardiac mesoderm specification and binucleation as well as cardiovascular

development, which confirmed that RBPMS not only showed high expression in the cardiomyocyte, but also mediated alternative mRNA

splicing.4,5 Bymeans of RBPMSCreERT2-tdTomato mice, we could resolve the location and identify cell type of RBPMS-expressing cells from heart

frozen sections and cultured heart cells/organoids. The frozen sections showed that RBPMS-tdTomato expression was widely distributed in

myocardial cells and together with tdTomato, a-actinin, and cTnT expression, while were co-localized expression with a-SMA in cardiovas-

cular smoothmuscle cells (Figures 6A and 6B). Semi-quantitative PCR results showed the relative expression level of three isoforms, isoform 1

had the highest expression level, followed by isoform 4, while isoform 3 had the lowest expression level (Figure 6C). Considering the roles of

RBPMS in heart development, we also explored whether the inserted CreER element could attenuate the downstream RBPMS expression;

both of the PCR and western blot results showed that RBPMS expression levels had no obvious influence after tamoxifen induction in heart

tissue (Figures 6D–6F).

As potential cardiac RBPMS+ cell model, the natural cardiac organoids were generated from primary heart tissue which displayed visible

tdTomato fluorescence (Figure 6G), and the organoid frozen sections showed that tdTomato fluorescence signals were co-expressed with

Figure 3. Continued

(B and C) Ocular frozen sections labeled with RBPMS by immunofluorescent staining (green), and the ratio of tdTomato+ and RBPMS+ cells. Data are represented

as mean G SEM. Scale bar, 100 mm.

(D and E) Ocular frozen sections labeled with Tuj-1 by immunofluorescent staining (green), and the ratio of tdTomato+ and Tuj-1+ cells. Data are represented as

mean G SEM. Scale bar, 100 mm.

(F and G) Ocular frozen sections labeled with Calretinin by immunofluorescent staining (green), and the ratio of tdTomato+ and Calretinin+ cells. Data are

represented as mean G SEM. Scale bar, 100 mm.

(H) The ocular frozen sections were labeled with tdTomato by immunofluorescent staining (green). The right images show a higher magnification of the

corresponding white box area. Scale bar, 100 mm.

(I) Ocular frozen sections were labeled with VSX2 by immunofluorescent staining (pseudo color green), Scale bar, 100 mm.

(J) The ocular frozen sections were labeled with Recoverin by immunofluorescent staining (green), Scale bar, 100 mm.
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Figure 4. The degeneration of RBPMS-tdTomato+ RGCs following optic nerve crush (ONC)

(A–C) Representative images from retinal wholemounts of normal adult mice after tamoxifen induction (A), mice within 12 days of an optic nerve crush (B), mice

within 4 weeks of an optic nerve crush (C). CTB, green. The right images show a higher magnification of the corresponding white box area. Scale bar, 500 mm.

(D) The ratio of tdTomato+ and CTB+ cells in normal and ONC retinal whole mounts. Data are represented as mean G SEM.
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cTnT (Figure 6H). We also obtained RBPMS-tdTomato+ cells by fluorescence-activated cell sorting; the adherent cultured live cells showed

tdTomato fluorescence in cytoplasm within heterogeneous morphology, while isoform 1 had the highest expression level (Figures 6I–6K).

Interestingly, the immunofluorescent staining showed that RBPMS were aggregating in the nucleus (Figure 6L).

Systematic analysis of the RBPMS expression in other adult tissues

Finally, we systematically examined the tdTomato fluorescence signals in various adult other tissues. The collected tissues were processed

using frozen sections and the results showed that the brain, liver, lung, spleen, kidney, intestine, and bladder displayed various degree

tdTomato fluorescence signals (Figures S5A–S5G). These various adult tissues frozen sections were also counterstaining with RBPMS and

tdTomato (Figures 7A–7G and S7). The results showed that RBPMS were extensive expression in liver, spleen, lung, and kidney, as well as

the smooth muscle cells enriching tissues, such as intestine and bladder which were counterstaining with a-SMA; while the brain had the few-

est RBPMS expression, the smooth muscle cells and pericyte of vascular were identified by a-SMA and PDGFR-b.

Then, we investigated the three RBPMS isoforms and protein expression levels among these tissues, bladder had the highest expression

level and brain expressing the lowest; lung, kidney, and liver also had relative high expression comparing to brain (Figures 7H–7J). In addition,

we also analyzed the RBPMS gene and protein expression levels before and after tamoxifen induction; the results showedmost of the tissues

had no or mild decreased expression, but the lung showed obvious decreased expression (Figures S6A–S6C).

DISCUSSION

In this study, we established a tamoxifen-inducible transgenic mouse model. The CreERT2 gene was inserted after the ATG signal of RBPMS,

enabling us to spatiotemporally monitor RBPMS expression in cells from embryogenesis to adulthood. To obtain specific RBPMS-tdTomato

fluorescence signals in vivo, we crossed the transgenicmice with Ai9mice that contain the Rosa-CAG-LSL-tdTomato-WPRE conditional allele.

The resulting double transgenicmice, named RBPMSCreERT2-tdTomato, could provide precise RBPMS expressing cell origin and lineage tracing,

aswell as serve as adiseasemodel for various interventions. Furthermore, thismodel allows for non-invasive assessmentof diseaseprogression

in vivo over a long period of time and isolation of specific RBPMS-tdTomato-positive cells for cell model or molecular bioinformatics analysis.

Therewere several advantages of using our conditionally induced RBPMSCreERT2-tdTomatomice. First, CreER2 is a fusion protein of Cre and a

modified estrogen receptor, which prevents Cre from entering the nucleus until tamoxifen induction is applied. This switch element is

commonly used for lineage tracing, conditional gene knockout, and functional studies of lethal genes. However, some issues with this tech-

nique include reporter background leakage that is not dependent on tamoxifen and variations amongdifferent reporters.34 Second, we chose

to cross the Ai9 mouse line to screen for RBPMSCreERT2-tdTomato mice. The Ai9 line is considered a valuable tool for specifically labeling target

cells, as it is more specific than other reporter lines such as Ai14.35We also checked for fluorescent signal background leakage in ocular tissues

without administering tamoxifen and found that there were only a few sporadic tdTomato fluorescent signals in the retina, with hardly any

signals in the retinal/choroid vasculature and ciliary body. The RBPMS-expressing cells showed a significant difference in tdTomato fluores-

cent signals with and without tamoxifen administration (Figure S1). Third, the Ai9 line has an att site-flanked neo selection cassette at the 30

end of the targeted allele. RBPMSCreERT2-tdTomato mice can be used as a donor line to generate new transgenic mice when crossed with flox

mice containing loxP sites flanking the essential exons of the target genes, allowing for time-controlled conditional knockout for loss-of-func-

tion studies.36

In order to confirm the validity of lineage tracing CreERT2-labeled populations, we examined the RBPMS-tdTomato fluorescent signals in

embryos. Tamoxifen has been known to have negative effects on placental and embryonic development, making the timing and dosage of

exposure crucial. Previous studies have shown that administering tamoxifen earlier than E8.5 or at a dosage greater than 50mg/kg can lead to

embryotoxicity and birth defects.37,38 Taking these findings into consideration, we chose a dosage of 75mg/kg for inducing Cre activity39 and

began tamoxifen exposure at E10.5. This strategy allowed us to obtain embryonic tissues with strong and clear RBPMS-tdTomato fluorescent

signals without causing abortion or embryotoxicity.

The sections of the entire embryo, akin to a valuable library, contain a wealth of information on the distribution of RBPMS-tdTomato-pos-

itive cells across triploblastic tissues. Of particular interest was the ocular tissue, as the embryonic sections of the eyeball accurately depicted

multilayer RBPMS-tdTomato-positive RGCs distributed in the basal retina. Additionally, strong tdTomato fluorescent signals were observed

in the ciliary body, choroidal vessels, and the periphery of the lens vesicle, which had not been reported previously. As RBPMS can serve as a

marker of SMC, the presence of these signals in these areas can likely be explained by the lack of suitable models for research. However,

further verification is needed to determine the specific cell type and function of RBPMS-expressing cells in the ciliary body and lens vesicle.

Non-ocular tissues were also examined for tdTomato fluorescent signals. Immunohistochemical staining revealed the presence of tdTomato-

positive cells in the brain, heart, lung, liver, and intestine, with co-localization with RBPMS.

The most important finding of this study is that we have proven that the GCL tdTomato-positive cells are indeed RGCs. The GCL layer is

composed of over 90% RGCs and displaced amacrine cells, which are highly interconnected synaptically.29 Our results from section analysis

Figure 4. Continued

(E) Representative image of an ONC adult mouse ocular frozen section. Scale bar, 100 mm.

(F–G) (F) ONC retina frozen sections labeled with calretinin (green) and Tuj-1 (yellow) by immunofluorescent staining, and (G) ratio of tdTomato+, calretinin+, and

Tuj-1+ cells. Data are represented as mean G SEM. Scale bar, 100 mm.

(H) Optic nerves frozen sections of normal and ONC adult mice. Scale bar, 200 mm.
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showed that nearly all of the tdTomato-positive cells co-localized with RBPMS by immunohistochemical staining. Additionally, while the

stained RBPMS were mainly distributed in the GCL layer, RBPMS-tdTomato fluorescent signals were also seen in dendrites extending into

the IPL and nerve fiber layer. This suggests that the natural RBPMS-tdTomato indicator may provide more information than indirect staining

methods. To eliminate confusion with displaced amacrine cells, we analyzed the location and proportion of tdTomato and calretinin-positive

cells. The immunoreactive results showed that almost all of them did not co-localize, with less than 20% of double-positive cells being consid-

ered calretinin-positive RGCs.40 As expected, there were strong tdTomato fluorescent signals in the optic nerve, which helps to establish an

RGC/optic nerve injury disease model. Previous studies have shown that approximately 80% of RGCs die within 2 weeks, within one slower

speed degeneration subsequent time.41,42 RBPMSCreERT2-tdTomato mice were operated on for an optic nerve crush operation, and both the

whole retina and sections revealed that more than 90% of RGCs somas and axons disappeared after 4 weeks. However, calretinin-positive

amacrine cells seemed to have not been affected, which is consistent with previous reports. This may be another piece of evidence for

RGC authentication.

The development of reporter mice and the ability to image the dynamics of individual cell and tissue processes in living animals has

sparked great interest in the field. These techniques have been applied to observe astrogliosis, microglial activation, endoplasmic reticulum

stress, and retinal angiogenesis.43–46 Compared to traditional measurement methods, the new model overcomes defects such as repeated

fluorescein dye injection, short circulation time, and discreteness, and improves experimental repeatability and the ability to acquire identical,

long-term data without causing stress to animals. The use of tdTomato-positive SMCs in the retinal and choroidal vasculature has been deter-

mined as a way to monitor the progress and outcome of AMD in vivo, which addresses the shortage of fluorescent vascular retina. In addition

to capillary neovascularization, arteriolarization and perivascular fibrosis may also be risk factors for intraocular pressure elevation and poor

outcomes in AMD. The term ‘‘neovascular remodeling’’ illustrates that SMCs and myofibroblasts control the pathological mechanism and

result in an incomplete response to anti-VEGF therapy.20 Live-imaging of RBPMS-tdTomato+ SMCs provides new targets for pathological

exploration and drug screening.

Our research revealed that RBPMS-tdTomato fluorescent signals are present in various adult organs, including the brain, heart, lung,

kidney, liver, and spleen. The distribution of these signals varies among the organs, with a dispersed and widespread pattern in the heart

and spleen, a concentrated distribution around tubular structures in the lung and liver, and strong fluorescent signals in the glomerulus.

Although we have not yet fully understood the characteristics of RBPMS+ cells in these non-ocular tissues, we believe that these organs

provide a wealth of cell models for exploring the function of RBPMS in different physical environments. To further investigate this, we es-

tablished 2D monolayer and 3D organoids culture systems using primary heart, lung, kidney, and spleen cells/tissues. We observed that

RBPMS proteins are located in the nucleus, perinuclear region, and cytoplasm in various types of cells. Together with the various subcel-

lular localization and morphology observed in whole embryo sections, we speculate that these different patterns may represent specific

molecular functions.

RBPMS, or RNA-binding proteins with multiple splicing, have been shown to play a role as a splicing regulator and can affect the expres-

sion of certain actively transcribed genes. Their functions vary depending on their subcellular localization; for example, in the cytoplasm, they

are responsible for stability and transport,47 while in themitochondria and nucleus they play a role in the selection of germline RNAs for local-

ization in the germplasm.48 The splicing regulation provided by RBPMS has been found tomodulate the phenotypic switch between constric-

tion and proliferation in SMCs.49 Additionally, RBPMS have been shown to balance synaptogenesis and axon arborization in RGCs by inter-

acting with other RNA-binding proteins, and to negatively control the translation of the guidance cue receptor Neuropolin-1 in RGCs using a

zebrafish model.50,51 However, research on the role of RBPMS in the regulation of retinal development and RGC axon topology construction

in mammals is limited. Our RBPMSCreERT2-tdTomato mice will provide one animal model to fill this gap in understanding.

In summary, we present amousemodel, the RBPMS-Cre knockinmouse, which when crossed with a tdTomato reporter strain results in the

RBPMSCreERT2-tdTomatomice. Thesemice allow for the identification of RBPMS-positive cells in ocular and non-ocular tissues throughout devel-

opment, from embryo to adulthood. Our model not only accurately labels RGCs, but also reveals new RBPMS-expressing cells in the ciliary

body and retinal/choroid vasculature. This mouse model has several potential future applications, including the isolation of RBPMS+ cells for

use in cell models, the exploration of endogenous RGC regeneration factors, the screening of new therapeuticmethods for wet AMD, and the

investigation of the mechanism of RBPMS splicing regulation in retinal development and disease.

Limitations of the study

We just uncovered part of the RBPMS-tdTomato cell types, such as RGC, myocardium, pericytes, vascular smooth muscle cells, and smooth

muscle-enriched tissues; there were also some other RBPMS+ cell types in liver, lung, and so on, that would be worthwhile to be investigated

in further studies. Although RBPMSCreERT2-tdTomato mouse line can trace and identify RGCs clearly, we have not established a protocol to

digest the tdTomato-based RBPMS+ RGCs in the current study.

Figure 5. Laser-induced CNV in the RBPMSCreERT2-tdTomato mice

(A) Noninvasive images of the retinal/choroid vasculature with and without tamoxifen induction.

(B)OCT-IR and FFA photomode taken from livemice at 3, 7, and 12 days post laser photocoagulation. These representative images were captured from the same

eye of a single mouse. FFA images dipict the natural tdTomato fluorescence signals, with the focus on the vessel wall. Red arrow indicates the presence of

tdTomato-labeled neovascularization after CNV has occurred.

(C) The normal ocular frozen sections were labeled with a-SMA and PDGFR-b by immunofluorescent staining (green), respectively. Scale bars, 50 mm.

(D) The CNV model ocular frozen sections were labeled with a-SMA and PDGFR-b by immunofluorescent staining (green). Scale bars, 50 mm.
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Figure 6. The characteristic of RBPMS in adult heart and cardiovascular

(A) Representative images of adult heart frozen sections for immunofluorescence staining with RBPMS (green), tdTomato (green), a-actinin (green), cTnT (green),

and a-SMA (green) (B) show a higher magnification of the corresponding white box area in (A). Scale bar, 500 mm.

(C) qRT-PCR analysis of RBPMS-isoform1, isoform3, and isoform4 expression in adult heart tissues. Data are represented as mean G SEM.

(D) qRT-PCR analysis of RBPMS expression levels after TAM induction in adult heart tissues. Data are represented as mean G SEM.

(E and F) WB analysis of RBPMS expression levels after TAM induction in adult heart tissues. Data are represented as mean G SEM.

(G) Images of cultured live cells from primary heart tissues. Scale bar, 200 mm.

(H) Immunofluorescent staining performed on heart organoids cTnT (green). Scale bar, 200 mm.

(I) FACS-based cell sorting by tdTomato fluorescence signal.

(J) Representative image of cultured live cells from primary heart tissues. Scale bar, 200 mm.

(K) qRT-PCR analysis of RBPMS-isoform1, isoform3, and isoform4 expression in cultured heart cells. Data are represented as mean G SEM.

(L) Immunofluorescent staining of adherent heart cells using RBPMS (green). The right images show a higher magnification of the corresponding white box area.

Scale bar, 200 mm.
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Figure 7. Systematic analysis the RBPMS expression in adult other tissues

(A–G) The representative RBPMS and tdTomato counterstaining images of adult tissues: (A) liver, (B) spleen, (C) lung, (D) kidney, (E) brain, the sections were also

immunofluorescence staining with a-SMA (green) and PDGFR-b (green), (F) intestine, the sections were also immunofluorescence staining with a-SMA (green)

(G) bladder, the sections were also immunofluorescence staining with a-SMA (green). Scale bars, 100 mm.

(H) qRT-PCR analysis of RBPMS-isoform1, isoform3, and isoform4 expression levels among the various tissues, comparing to the brain.

(I and J) WB analysis of RBPMS protein expression levels among the various tissues. Data are represented as mean G SEM.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-RBPMS Thermo Fisher Scientific Cat# PA5-31231; RRID: AB_2548705

Mouse monoclonal anti- beta III Tubulin (Tuj-1) Abcam Cat# ab78078; RRID: AB_3064854

Rabbit polyclonal anti-Calretinin Abcam Cat# ab702; RRID: AB_305702

Sheep polyclonal anti-Chx10 (VSX2) Sigma-Aldrich Cat# AB9016; RRID: AB_3064860

Rabbit polyclonal anti-Recoverin Sigma-Aldrich Cat# AB5585; RRID: AB_3064861

Rabbit polyclonal anti-alpha smooth muscle Actin Abcam Cat# ab5694; RRID: AB_2223021

Goat polyclonal anti-tdTomato arigo Cat# ARG55724; RRID: AB_3064862

Rabbit monoclonal anti-alpha Actinin Abcam Cat# ab68194; RRID: AB_3064857

Rabbit monoclonal anti-Cardiac Troponin T (cTnT) Abcam Cat# ab209813; RRID: AB_2938619

Rabbit monoclonal anti-PDGFR alpha+PDGFR beta Abcam Cat# ab32570; RRID: AB_777165

Rabbit monoclonal anti-GAPDH Cell Signaling Technology Cat#2118S; RRID: AB_3064901

Alexa Fluor 488 Donkey Anti-Mouse IgG (H + L) Thermo Fisher Scientific Cat# A-21202; RRID: AB_141607

Alexa Fluor 555 Donkey Anti-Mouse IgG (H + L) Thermo Fisher Scientific Cat# A-31570; RRID: AB_2536180

Alexa Fluor 488 Donkey Anti-Rabbit IgG (H + L) Thermo Fisher Scientific Cat# A-21206; RRID: AB_2535792

Alexa Fluor 555 Donkey Anti-Rabbit IgG (H + L) Thermo Fisher Scientific Cat# A-31572; RRID: AB_162543

Alexa Fluor 647 Donkey Anti-sheep IgG (H + L) Abcam Cat# ab150179; RRID: AB_2884038

Alexa Fluor 488 Donkey Anti-Goat IgG (H + L) Thermo Fisher Scientific Cat# A-11055; RRID: AB_2534102

Chemicals, peptides, and recombinant proteins

Donkey serum Solarbio Cat# SL050

MEM Non-Essential Amino Acids Gibco Cat# 11140050

RIPA lysis buffer Beyotime Cat# P0013B

Tamoxifen Sigma-Aldrich Cat# T5648

Trizol Reagent Thermo Fisher Scientific Cat# 15596026

Protease inhibitor mixture Beyotime Cat# P1045-2

DNA ladder Solarbio Cat# M1100

SDS-PAGE Sample Loading Buffer Beyotime Cat# P0015

Antifade Mounting Medium Beyotime Cat# P0126

4% Paraformaldehyde Fix Solution Beyotime Cat# P0099

Critical commercial assays

BCA quantitative kit Beyotime Cat# P0012S

Chemiluminescent HRP Substrate Millipore Cat# WBKLS0500

2 3 Taq Master Mix (Dye Plus) Vazyme Cat# P112-03

TIANamp genomic DNA kit TIANGEN Cat# DP304

ChamQ SYBR Color qPCR Master Mix Vazyme Cat# Q431-02

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory RRID: IMSR_JAX:000664

Mouse: B6; 129S6-Gt (ROSA)26Sortm9(CAG-tdTomato)Hze/J The Jackson Laboratory RRID: IMSR_JAX:007905

Mouse: B6/JGpt-Rbpmsem1Cin (CreERT2-P2A)/Gpt This paper N/A

Mouse: RBPMSCreERT2�tdTomato This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yingfeng Zheng

(zhyfeng@mail.sysu.edu.cn).

Materials availability

Murine models generated in this study, namely RBPMS CreERT2�tdTomato mice. Materials generated in this study are available from the lead

contact’s laboratory upon request.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request (zhyfeng@mail.sysu.edu.cn).

� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation of mouse line

All mice were conducted with the approval of the animal ethics committees of Zhongshan Ophthalmic Center and SUN YAT-SEN University,

and in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The animals were kept under a 12-h

light/dark cycle alternating schedule.

The RBPMS knock-in protocol was designed based on RBPMS-CCDS40318 (Gene ID:19663, NCBI), which have seven exons within encod-

ing 1039 bp transcripts and 220 amino acids. The CRISPR/Cas9 method employed three key components: gRNAs (50-3’: AGGACCGG

GAAGATGAACGG and CGAAGGACCGGGAAGATGAA), the Cas9 protein to create double-stranded DNA breaks in the genome, and

the ssDNA donor vector (pMD-18T) as a template for repairing the breaks. The three ribonucleoprotein complexes (gRNA, Cas9, and donor

vector) were microinjected into mouse zygotes. Living gene-edited zygotes were selected and implanted into pseudo-pregnant mice, result-

ing in the first generation (F0) of offspring. F0 founders with confirmed genotypes were then bred with wild-type (WT) mice to generate the F1

animal generation, producing RBPMSCreERT2 mice. RBPMSCreERT2 mice were crossed with Ai9 tdTomato reporter mice (B6; 129S6-Gt

(ROSA)26Sortm9(CAG-tdTomato)Hze/J),52 resulting in the generation of RBPMSCreERT2-tdTomatomice. Male and female RBPMSKI/+mice, except

when indicated, were used in the study.

Optic nerve crush (ONC)

The 4–8 weeks adult RBPMSCreERT2�tdTomato mice underwent an optic nerve crush procedure after being induced with tamoxifen. The mice

were first anesthetized using isoflurane, and then the surrounding conjunctiva was incised to expose the optic nerve. The optic nerve was

crushed 1 mm away from the optic disc using reverse-action forceps for 10 s. The ONC mice model were euthanized and enucleated the

eyeball for frozen sections and retinal wholemount analysis.

Laser-induced choroidal neovascularization (CNV) and OCT-angiography

The 4–8 weeks adult RBPMSCreERT2�tdTomato micemice were anesthetized with isoflurane and their pupils were dilated three times using com-

pound tropicamide eye drops. Laser burns were then induced under a red fluorescence filter using an ophthalmic therapy laser (Zeiss,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

RBPMS gRNAs AGGACCGGGAAGATGAACGG CGAAGGACCGGGAAGATGAA

See Table S1 for primer sequences This paper N/A

Recombinant DNA

Plasmid: pMD-18T This paper N/A

Software and algorithms

Fiji/ImageJ National Institutes of Health (NIH) https://fiji.sc/

FlowJoTM v10.8 Becton, Dickinson and Company (BD) https://www.flowjo.com

Photoshop Adobe N/A

TissueFAXS Viewer 7.1 TissueGnostics https://tissuegnostics.com/products/scanning-

and-viewing-software/tissuefaxs-viewer
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Germany) with a sliding glass contact lens. Four laser burns (532 nm wavelength, 200 mW output energy, 50 ms duration and 50 mm hole size)

were applied to each eye, surrounding the optic disc and intervascular areas. Images were taken at days 3, 7, and 12 following the laser-

inducedburns, based on the natural tdTomato fluorescence signal.Optical coherence tomography (OCT, Heidelberg Engineering, Germany)

was used to image the fundus and to perform tdTomato-based fluorescence angiography.

METHOD DETAILS

Genotyping verification by PCR and DNA sequence

Genomic DNA was extracted from the tails of 3-week-old mice, and PCR and DNA sequencing were performed for genotype identification.

The tail DNA extraction and amplification were conducted using the TIANamp genomic DNA kit (TIANGEN, China) and Vazyme-P222 rapid

taq master mix (Vazyme, China) according to the manufacturer’s specifications. In brief, a 2-3 mm piece of the mouse tail was placed in 200ul

extraction buffer and incubated at 55�C for 12 h. Double the volume of ethanol was then added and the mixture was centrifuged. The DNA

precipitation was dissolved in deionized water. For the PCR procedure, 20 ng of DNA extract was added to 12.5mL of 23taqmix and 10 pmol/

mL primers. PCR amplification conditions for RBPMS Cre/WT alleles were 95�C for 30 s for 35 cycles, ending at 72�C for 5 min (ABI, America).

The amplified products were separated on a 1–3% agarose gel and photographed. The gel-purified amplicons were then subjected to

sequencing using PCR primers and/or internal primers. The primers are listed in Table S1.

Tamoxifen induction

Tamoxifen (Sigma) was dissolved in corn oil at a concentration of 20 mg/ml by shaking overnight in the absence of light. Adult mice were

administered a dose of approximately 75 mg/kg body weight via intraperitoneal injection once every 24 h for five consecutive days. There

was a seven-day waiting period between the final injection and histological analysis. Pregnant mice were exposed to four consecutive doses

of 75 mg/kg body weight tamoxifen starting at E10.5 and were sampled four days after the final exposure.

Tissue preparation and immunohistochemistry fluorescence staining

For preparing cultured cells for analysis, cells were fixed with 4% paraformaldehyde (PFA) (Beyotime) for 10 min. The cells were then washed

twice with 0.01 M PBS. For organoid frozen sections, the organoids were collected, washed with 0.01 M PBS, and fixed with 4% PFA for 30 min

at room temperature. The fixed organoids were then subjected to a sucrose gradient dehydration process, with concentrations increasing

from 6.25% to 12.5%–25%. In the case of frozen tissue sections, eyeballs were collected, washed with 0.01M PBS, fixed with 4% PFA overnight

at 4�C, and dehydrated with 30% sucrose overnight at 4�C. Both the organoids and tissues were then sliced into 8–10 mm sections using a

Leica microtome (Leica CM 1950).

Cells or sections were incubated in a blocking solution containing 10% donkey serum (Solarbio) only or 10% donkey serum with 0.25%

Triton X-100 for 1 h at room temperature. The primary antibodies were then added at an appropriate dilution in PBS and incubated overnight

at 4�C. Following the primary antibody incubation, the cells or sections were washed three times with 0.01 M PBS and incubated with sec-

ondary antibodies for 1 h at room temperature. Nuclear counterstaining was performed using DAPI (40,6-diamidino-2-phenylindole)

(Sigma-Aldrich). Images were captured using a Zeiss fluorescence microscope (Axio Observer 7) and whole tissue images were obtained us-

ing the Tissue fax confocal imaging system (Zeiss, Germany). Information on the antibodies used can be found in Table S2.

The primary heart cells culture and tdTomato-based FACS sorting

The biopsies of heart were dissected and mechanically cut into 2-3 mm pieces in a basic culture medium containing 10% antibiotics (Gibco).

The primary tissue explants were then cultured in six well plates with added medium containing 10% FBS (Gibco) and 1% NEAA (Gibco). The

monolayer cells were observed to crawl out from the adherent explants, while others remained suspended and were isolated for culture in

low-attachment dishes, forming organoids. The primary heart cells were digested into single cells for FACS sorting basing tdTomato fluores-

cence signals, the collected tdTomato positive cells were culture on six well plates.

qRT-PCR

The tissues and cells were collected and RNAextractionwas performedusing TRIzol Reagent (ThermoFisher) according to themanufacturer’s

instructions. One microgram of RNA was then reverse transcribed using random primers. Quantitative Real-Time PCR (qRT-PCR) was con-

ducted using an SYBR Green reaction mixture (Vazyme) on a Quant Studio 7 Flex system (Applied Biosystems). The levels of target gene

expressionwere determined using the comparative cycle threshold (Ct) method and normalized toGAPDH. The fold changeswere calculated

using the formula 2�DDCt. The primer sequences can be found in Table S1.

Western blot

The tissues were cut into pieces and added the 200mL RIPA lysis buffer (Beyotime) per 25 mg tissue sample, and supplemented with 1x pro-

tease inhibitor mixture (Beyotime). The lysates were centrifuged at 13000 RPM for 15 min and collected the supernatant. The protein concen-

tration was examined by BCAquantitative kit. Immunoblotting was performed by standard protocols with 5 mg protein lysate per well. Primary

antibodies used were RBPMS (1:1000, Invitrogen) andGAPDH (1:1000, CST) incubation for overnight at 4�C, and HRP-linked second antibody
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was incubation for 2 h at room temperature, and the blots were developed using Western Chemiluminescent HRP substrate reagent

(Millipore).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the mean G standard error of the mean (SEM). For qRT-PCR assay, data were collected from at least three technical

replicates, and DDCt method was used for computing the relative expression level. For Western blot assay, the gray values of protein bands

were measured by ImageJ and the protein expression were calibrated by internal reference GAPDH.
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