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One-sentence description of our article: 

We present a CRISPR-Cas9 mediated gene perturbation system in mouse embryonic salivary 

epithelial organoid cultures and use it to demonstrate a critical role for β1 integrin in branching 

morphogenesis. 
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ABSTRACT 

We have developed methods to achieve efficient CRISPR-Cas9 mediated gene 

knockout in ex vivo mouse embryonic salivary epithelial organoids. Salivary epithelial organoids 

provide a valuable model for characterizing cell signaling, differentiation, and epithelial 

morphogenesis, but research has been limited by a paucity of efficient gene perturbation 

methods. Here, we demonstrate highly efficient gene perturbation by transient transduction of 

guide RNA-expressing lentiviruses into Cas9-expressing salivary epithelial buds isolated from 

Cas9 transgenic mice. We first show that salivary epithelial buds can be cultured in low-

concentration, non-solidified Matrigel suspensions in 96-well plates, which greatly increases 

sample throughput compared to conventional cultures embedded in solidified Matrigel. We then 

describe an efficient workflow to produce experiment-ready, high-titer lentiviruses within 1 week 

after molecular cloning. To track transduced cells, we designed the lentiviral vector to co-

express a nuclear fluorescent reporter with the guide RNA. We routinely achieve 50-80% 

transduction efficiency as indicated by the fluorescent reporter. Importantly, we detected robust 

loss of targeted protein products when testing 8 guide RNAs for 3 different genes. Moreover, 

targeting the β1 integrin gene (Itgb1) inhibited branching morphogenesis, which supports the 

importance of cell-matrix adhesion in driving branching morphogenesis. In summary, we have 

established a lentivirus-based method that can efficiently perturb genes of interest in salivary 

epithelial organoids, which will greatly facilitate studies of specific gene functions using this 

system. 
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INTRODUCTION 

The mouse salivary gland is an excellent model for studying mammalian organ 

development. During mouse embryogenesis, an epithelial bud bulges from the oral epidermis to 

become surrounded by neural crest-derived mesenchyme to form the primordial salivary gland 

(Jaskoll et al. 2001). Between the epithelium and mesenchyme is a dense, thin layer of 

extracellular matrix, the basement membrane (Sekiguchi and Yamada 2018). The initial 

epithelial bud grows and repetitively splits into numerous buds arranged in a “bunch of grapes” 

appearance through branching morphogenesis, while epithelial cells differentiate into ductal, 

acinar, or myoepithelial cells, whose concerted actions enable saliva secretion in matured 

organs (Patel et al. 2006; Tucker 2007; Wang et al. 2017). 

Salivary gland research has been advanced by a combination of in vivo and ex vivo 

approaches. Mouse gene knockout studies definitively established the importance of various 

signaling pathways, transcriptional factors, and extracellular matrix regulation in salivary gland 

development (Patel et al. 2006; Knosp et al. 2015; Chatzeli et al. 2017; Emmerson et al. 2017; 

Szymaniak et al. 2017; Athwal et al. 2019). On the other hand, the ex vivo organotypic culture of 

mouse embryonic salivary glands enabled characterizations and manipulations that are only 

possible outside embryos (Borghese 1950). For example, live imaging of ex vivo cultured 

salivary glands revealed extensive dynamics of epithelial cells and the basement membrane 

matrix, which catalyzed the discovery that a combination of strong cell-matrix and weak cell-cell 

adhesions in surface epithelial cells drives branching morphogenesis of salivary glands (Larsen 

et al. 2006; J.C. Hsu et al. 2013; Harunaga et al. 2014; Wang et al. 2021). Furthermore, the 

mesenchyme encapsulating the salivary epithelium can be surgically removed to allow 

mesenchyme-free culture of the salivary epithelium in the presence of basement membrane 

extract and certain growth factors (Nogawa and Takahashi 1991). These salivary epithelial 

organoids enabled analysis of how different growth factors affect their growth, morphogenesis, 

or differentiation (Steinberg et al. 2005; Nakao et al. 2017). 
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Small-molecule inhibitors, blocking antibodies, soluble dominant-negative receptors, and 

small interfering RNA (siRNA) have all been used to perturb gene functions in ex vivo cultures 

of salivary glands (Sakai et al. 2003; Steinberg et al. 2005; J.C. Hsu et al. 2013), although each 

has some limitations. Small-molecule inhibitors can be effective to perturb certain signaling 

pathways or enzymatic activities, but their performance varies depending on their efficacy and 

specificity. Blocking antibodies or soluble dominant-negative receptors can selectively inhibit 

ligand binding to surface receptors, but they are only available for a small number of targets. 

While siRNA-mediated gene knockdown can generalize to most genes, it comes with many 

disadvantages including transient inhibition, unpredictable knockdown levels, and significant off-

target effects. 

Compared to siRNA-mediated gene knockdown, CRISPR-Cas9 mediated gene 

knockout offers persistent disruption and better specificity (Boettcher and McManus 2015). 

CRISPR-Cas9 is an RNA-guided DNA endonuclease that can make site-specific double-

stranded DNA breaks in mammalian cells (Jinek et al. 2012; Cong et al. 2013). These DNA 

breaks trigger endogenous DNA repair machinery to catalyze non-homologous end joining 

(NHEJ) or homology-directed repair (HDR), which can be leveraged for various purposes of 

genome editing. Notably, knockout of protein coding genes can be readily achieved by 

frameshift mutations introduced by error-prone NHEJ repair. CRISPR-Cas9 has not been used 

in ex vivo salivary gland cultures, partly due to a lack of an efficient delivery system for the 

single guide RNA (sgRNA) needed to target a specific gene. 

Here, we demonstrate highly efficient CRISPR-Cas9 mediated gene knockout in ex vivo 

cultures of mouse embryonic salivary epithelial organoids, which was achieved by transient 

transduction of sgRNA-expressing high-titer lentiviruses into Cas9-expressing salivary epithelial 

buds isolated from Cas9 transgenic mice (Platt et al. 2014). To facilitate application of this 

method, we developed new isolation and culture techniques for salivary epithelial organoids that 

greatly improved sample throughput, and an efficient workflow to produce experiment-ready, 
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high-titer lentiviruses within 1 week after molecular cloning. Importantly, we showed that 

branching morphogenesis was inhibited when the β1 integrin gene (Itgb1) was targeted, 

indicating our lentiviral delivery system is efficient enough to produce loss-of-function 

phenotypes at the tissue level. This approach has broad applications to test the roles of genes 

that may contribute to salivary gland development or disease. 

 

MATERIALS AND METHODS 

Mouse strains 

Mouse experiments were approved by the NIDCR Animal Care and Use Committee 

(Animal Study Protocols 17-845 and 20-1040). Timed pregnant ICR (CD-1) outbred mice were 

obtained from Envigo to get wildtype embryos. The Cas9 transgenic mice (Platt et al. 2014) 

were obtained from the Jackson Laboratory (JAX, 026558). To generate embryos at specific 

gestational stages, transgenic mice 8-16 weeks old were bred, where the next day after a 

vaginal plug was found was counted as embryonic day 1. 

 

sgRNA design 

The first half of the coding sequence of a target gene was used for sgRNA design using 

CRISPOR (http://crispor.tefor.net/) (Concordet and Haeussler 2018) with the UCSC mm10 

mouse reference genome and the NGG protospacer adjacent motif. Two or three sgRNAs with 

both high specificity and efficiency scores were selected for each target gene (P.D. Hsu et al. 

2013; Bae et al. 2014; Doench et al. 2016; Chen et al. 2019). sgRNAs with motifs predicted to 

lower gene knockout efficiencies were avoided (Graf et al. 2019). An extra G was added to the 

5’-end if the sequence did not begin with G to facilitate transcription by the U6 promoter. 

 

Plasmids 
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The parental lentiviral vector (pW212; Addgene, 170810) co-expressing sgRNA with an 

red nuclear fluorescent reporter (NLS-mScarlet-I) and a blasticidin resistance gene was 

previously generated by our group (Wang et al. 2021). To make the parental vector (pW299; 

Addgene, TBD) with a blue nuclear fluorescent reporter (NLS-tagBFP), mScarlet-I in pW212 

was replaced with tagBFP using Gibson Assembly (Gibson et al. 2009). Two synonymous 

mutations were introduced to tagBFP to remove an Esp3I site. For cloning of lenti-sgRNA 

plasmids, a pair of oligos with the desired sgRNA sequence (see sgRNA design) plus a 4-bp 

5’-extension (“cacc” for the forward oligo and “aaac” for the reverse complementary oligo) were 

annealed, and the resulting oligo duplex and lentiviral vectors (pW212 or pW299) digested by 

Esp3I (NEB, R0734S) were ligated using a 1:2 mixture of T4 ligase (NEB, M0202L) and T4 

polynucleotide kinase (NEB, M0236L) in T4 ligase buffer. The ligation mix was transformed 

using NEB stable competent cells (NEB, C3040). Correct insertion of sgRNA sequence was 

confirmed by Sanger sequencing. 

 

Lentivirus packaging 

Lentivirus packaging was performed as previously described (Wang et al. 2021). Briefly, 

lenti-sgRNA plasmids were co-transfected with psPAX2 (Addgene, 12260) and pMD2.G 

(Addgene, 12259) into HEK293T cells by calcium co-precipitation to produce infectious lentiviral 

particles. Pooled lentivirus-containing media collected at 36- and 60-hours post transfection 

were passed through a 0.45 µm filter (MilliporeSigma, SE1M003M00), and concentrated using 

PEG (System Biosciences, LV825A-1) following the manufacturer’s instructions. Virus titer was 

estimated using Lenti-X GoStix Plus (Takara, 631281) after 100x dilution following the 

manufacturer’s instructions. Concentrated lentiviruses were stored at -80°C. 

 

Salivary epithelial bud isolation 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted March 3, 2022. ; https://doi.org/10.1101/2022.02.28.482127doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.28.482127


 7

Mouse submandibular salivary glands were isolated from 13 or 13.5 day embryos as 

previously described (Sequeira et al. 2013). The attached sublingual gland was removed by 

dissection after each gland was isolated to ensure all epithelial buds were from submandibular 

glands. Glands were treated with 2 units/mL dispase (Thermo Fisher, 17105041; diluted in 

DMEM/F-12) in a Pyrex spot plate (Fisher Scientific 13-748B; 6-10 glands per well) for 15 min at 

37°C. To quench dispase activity, glands were washed twice with 5% BSA (MilliporeSigma, 

A8577; diluted in DMEM/F-12). While being monitored under a dissecting microscope, glands 

were repetitively triturated using a 200 µL pipettor set at 100 µL with a low-retention tip (Rainin, 

30389187), until the mesenchyme was dissociated into single cells while epithelial buds 

remained intact. Salivary epithelial buds were rinsed 3 times by being transferred to new wells 

of the spot plate prefilled with 150 µL 5% BSA in DMEM/F-12 using a 20 µL pipettor with a low-

retention pipette tip (Rainin, 30389190). Care was taken during transfer to minimize carryover of 

mesenchymal cells. To prevent evaporation, the well was covered with a glass coverslip during 

preparation of lentivirus transduction (see Lentivirus transduction of salivary epithelial 

buds) and organoid culture media (see Organoid culture). Before the next steps, epithelial 

buds were further rinsed twice in DMEM/F-12 without BSA. 

 

Lentivirus transduction of salivary epithelial buds 

Lentivirus transduction was performed in the wells of an ultra-low attachment 96-well V-

bottom plate (S-bio, MS-9096VZ). Each epithelial bud was transferred into one well in precisely 

5 µL medium. A 15 µL lentivirus treatment mixture containing 10 µL lentivirus stock, 4 µL 

DMEM/F-12 and 1 µL 160 µg/mL polybrene (MilliporeSigma, H9268) was added to each well. 

The plate was incubated in a humidified 37°C incubator for 1-2 hours. Each bud was washed 3 

times in DMEM/F-12 before culture (see Organoid culture). 

 

Organoid culture 
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Before salivary gland dissections, aliquots of growth factor-reduced Matrigel (Corning, 

356231; stock 9-10 mg/mL) were thawed at 4°C or on ice. The volume was calculated as 5 µL 

per organoid with 1 or 2 µL extra to compensate for pipetting errors. The base medium for 

culture was DMEM/F-12 (Thermo Fisher, 11039047) supplemented with 1x PenStrep (100 

units/mL penicillin, 100 µg/mL streptomycin; Thermo Fisher, 15140163), hereafter referred to as 

DMEM/F-12-PS. 

Epithelial buds were cultured in ultra-low attachment 96-well V-bottom plates (S-bio, MS-

9096VZ) as previously described (Wang et al. 2021). Briefly, one bud was cultured in each well 

in the organoid culture media with 0.5 mg/mL growth factor-reduced Matrigel (Corning, 356231; 

stock 9-10 mg/mL), 200 ng/mL FGF7 (R&D Systems, 5028-KG-025), and 1x ITS supplement 

(10 mg/L insulin, 5.5 mg/L transferrin, 6.7 µg/L selenium; Thermo Fisher, 41400045) in 

DMEM/F-12-PS. 10 ng/mL NRG1 (R&D Systems, 9875-NR-050) was included in some testing 

culture conditions. In practice, the organoid culture media was prepared at 2x concentration with 

a total volume of (n + 2) x 50 µL, where n is the sample number. The wells for organoid culture 

were pre-filled with 47 µL DMEM/F-12-PS, and one bud was transferred into each well in 

precisely 3 µL medium using a low-retention pipette tip. 50 µL 2x organoid culture media was 

then added to each well. The plate was cultured at 37°C with 5% CO2. 

 

Immunostaining of organoids 

Immunostaining of organoids was performed as previously described (Wang et al. 2021). 

Briefly, organoids were fixed in 4% PFA (Electron Microscopy Sciences, 15710) in PBS for 1 

hour at room temperature (RT) or overnight at 4°C, permeabilized in PBSTx (PBS with 0.2% 

Triton-X-100; Thermo Fisher, 28314) for 30 min at RT, blocked in 5% donkey serum (Jackson 

ImmunoResearch, 017-000-121) in PBSTx for 2 hours at RT, incubated in primary antibodies 

diluted in 5% donkey serum in PBSTx for 2 days at 4°C, washed 4x 15 min each in PBSTx at 

RT, incubated in secondary antibodies diluted in PBSTx for 2 days at 4°C, washed 4x 15 min in 
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PBSTx at RT, rinsed once in PBS, and mounted in antifade mountant (Thermo Fisher, P36930) 

supported by two layers of imaging spacers (Grace Bio-labs, 654004). Immunostaining of β1 

integrin used Atto-565-labeled primary antibodies with 7-day incubation at 4°C without 

secondary antibody staining. All incubation was performed in sample baskets (Intavis, 12.440) 

in a 24-well plate. 

The following antibodies and concentrations were used for immunostaining: anti-HSP47 

(MilliporeSigma, HPA029198), 1 µg/mL; anti-α9 integrin (R&D Systems, AF3827-SP), 1 µg/mL; 

Atto-565-labeled Hamster anti-β1 integrin (clone Ha2/5, BD Biosciences 555002), 10 µg/mL. 

Alexa Fluor 647-labeled donkey anti-rabbit or donkey anti-goat secondary antibodies (Jackson 

ImmunoResearch) were used at 1:200 (1.5-3 µg/mL). 

 

Microscopy 

Phase contrast and epifluorescence images were acquired using a Nikon 10x, 0.3 NA, 

Plan Fluor objective on a Nikon Ti-E brightfield microscope system with a Hamamatsu Orca 

Flash 4.0 V3 sCMOS camera controlled by Nikon NIS-Elements software. The JOBS module of 

the software was used to automatically go through multiple wells in a 96-well plate. 

Immunofluorescence images were acquired by laser scanning confocal microscopy 

using Nikon 20x, 0.75 NA or 40x, 1.3 NA Plan Fluor objectives on a Nikon A1R Confocal 

Microscope System controlled by Nikon NIS-Elements software, or a Zeiss 63x, 1.4 NA Plan 

Apo objective on a Zeiss LSM 880 system controlled by Zeiss ZEN software. 

 

Image analysis and quantification 

Image analysis and quantification were performed in Fiji (Schindelin et al. 2012). 

Customized ImageJ Macro and Python scripts were used for automating or facilitating image 

analysis and data visualization (see Data, Code and Resource Availability). Before plotting of 
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fluorescence intensity, all raw intensity values were normalized to the average intensity of the 

control group. 

The HSP47 intensity was quantified as the mean intensity in the epithelial bud 

subtracting the background intensity inside the nuclei of the interior bud. The epithelial bud 

region of interest (ROI) was segmented using the EGFP channel, which was smoothened with a 

Gaussian filter (r = 5 pixels) and binarized using the “Huang” thresholding algorithm. The 

nuclear ROI was segmented using the DAPI channel, which was smoothened with a Gaussian 

filter (r = 1 pixels), background subtracted with a rolling ball method (r = 50 pixels), and 

binarized using the default thresholding algorithm. The interior bud ROI was obtained by 

intersecting the nuclear ROI with the epithelial bud ROI shrunken by 20 microns. For each 

imaging stack, the average measurement of all z slices was calculated as the final HSP47 

intensity. 

The α9 and β1 integrin intensities were quantified as the peak intensity along a 3 µm 

width line across the edge of two transduced cells, subtracting background intensity that is the 

average intensity of the beginning 10% of the line length. Five edges were measured on each 

image from 3-7 organoids per experimental group. 

Manual counting of bud number was performed on phase contrast images. File names 

were scrambled before counting for observer blinding. R.S. performed all counting to avoid 

between-person variation. S.W. decoded and plotted the counting results. 

 

Data, Code and Resource Availability 

All data of this study are available in Figshare (link to update upon publication). All 

plasmids are available in Addgene (link to update upon publication). Customized scripts and 

usage instructions are available from GitHub (link to update upon publication). Selected step-by-

step protocols can be found at https://snownontrace.github.io/ . 
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RESULTS 

Salivary epithelial bud isolation and organoid culture in 96-well plates 

We first optimized the isolation and culture techniques for salivary epithelial organoids to 

increase sample throughput (Fig. 1A). Conventionally, salivary gland mesenchyme is removed 

from the epithelium by dissection after dispase treatment. The whole epithelial rudiment or 

individual epithelial buds are then embedded in high-concentration Matrigel (a basement 

membrane extract) that quickly solidified. In our new procedure, multiple salivary glands were 

triturated in bulk after dispase treatment to dissociate the mesenchyme into single cells, 

whereas the epithelial buds remained intact, presumably due to stronger cell-cell adhesion. 

Each epithelial bud was then cultured in non-solidified Matrigel in the well of an ultra-low-

attachment 96-well plate, which greatly facilitated sample handling and high-throughput 

imaging. The new isolation procedure is also much less labor-intensive. For comparison, 

removing the mesenchyme of 20 glands would require 1-2 hours of careful dissection work 

using the conventional procedure, but only about 10 minutes using our new procedure. 

Next, we tested several combinations of growth factors using the new culture format. We 

found that epithelial organoids grew best with FGF7, NRG1 and ITS (insulin, transferrin, and 

selenium; Fig. 1B-C). The organoids failed to grow with only NRG1 and ITS, supporting the 

critical role of FGF signaling in salivary epithelial development (Steinberg et al. 2005). 

Removing ITS from the combination significantly slowed organoid growth, whereas removing 

NRG1 did not affect organoid growth or budding morphogenesis (Fig. 1B-C). Thus, we chose to 

use the FGF7 and ITS combination for standard organoid cultures. 

 

Streamlined production of high-titer sgRNA-expressing lentiviruses 

To maximize efficiency, we tested the use of lentivirus to express sgRNAs in salivary 

epithelial organoids. We designed lentiviral vectors to co-express a nuclear fluorescent reporter 

with the sgRNA (NLS-mScarlet-I or NLS-tagBFP) to follow transduced cells, and a blasticidin 
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resistance gene (BlastR) to allow antibiotic selection (Fig. 2A). These vectors also enabled 

straightforward molecular cloning by one-step ligation of the sgRNA oligo duplex (Fig. 2A), 

which could be easily adapted for parallel cloning of tens of sgRNA vectors. Using miniprep-

grade plasmid DNAs, we generated experiment-ready, high-titer lentiviruses in 5 days (Fig. 2B). 

To estimate lentivirus titer, we used a quick commercial test to measure the test-band intensity 

(Fig. 2C) and compared that to a reference virus. The typical titer of sgRNA-expressing 

lentiviruses using this method was about 1.5x108 IFU/mL. After transient transduction of 

lentiviruses into epithelial buds, nuclear reporter expression could be detected by the next day 

and reached a maximum level within two days. We found that 50-80% of the cells in the 

organoids expressed nuclear reporters, even without antibiotic selection (Fig. 2D). 

 

Efficient gene perturbation in salivary epithelial organoids 

For gene perturbation, we transduced sgRNA-expressing lentiviruses into Cas9-

expressing salivary epithelial buds isolated from Cas9 transgenic mice (Platt et al. 2014). We 

used an sgRNA targeting the E. coli lacZ gene as the control and tested 2 or 3 targeting 

sgRNAs for each of the 3 genes: Serpinh1, Itga9 and Itgb1 (Table 1). We found that all 

targeting sgRNAs significantly reduced the expression levels of targeted proteins by 

immunostaining, but different sgRNAs for the same gene could yield different levels of residual 

proteins (Figs. 3A-D, 4A-B). Interestingly, the efficacy of protein reduction was insensitive to the 

level of sgRNA expression, because cells with low or high sgRNA reporter expression reduced 

targeted proteins to similar levels (Fig. 4A, yellow and cyan asterisks). Thus, we conclude that 

lentivirus-mediated sgRNA delivery can robustly disrupt gene functions, and the efficiency 

depends on the sgRNA identity. 

We next analyzed organoid growth and morphogenesis after gene disruption. Among the 

3 targeted genes, Serpinh1 encodes HSP47, a collagen-specific chaperone that is important for 

collagen biogenesis (Ito and Nagata 2017), whereas Itga9 and Itgb1 encode α9 and β1 integrins 
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that mediate cell-matrix adhesion (Kechagia et al. 2019). No gross phenotypes were observed 

when Serpinh1 or Itga9 were disrupted (data not shown). In contrast, the stronger Itgb1 sgRNA 

(sg2-Itgb1) abolished the normal increase in bud numbers during the third day of culture (Fig. 

4C-D). Moreover, when we used antibiotic treatment to select for lentivirus-transduced cells, 

both sgRNAs of Itgb1 strongly inhibited the increase in numbers of buds (Fig. 4C-D). Therefore, 

we conclude that β1 integrin, but not HSP47 or α9 integrin, is required for branching 

morphogenesis of salivary epithelial organoids under these culture conditions. Our results 

provide genetic perturbation evidence that strengthens the finding that β1 integrin is required for 

branching, which was previously established via antibody blocking (J.C. Hsu et al. 2013). We 

believe the lack of phenotype when targeting Serpinh1 was likely because sufficient collagen 

was provided by the Matrigel supplement, whereas the lack of phenotype when targeting Itga9 

was presumably due to the expression of other α integrins in this tissue that dimerize with β1 

integrin (e.g., α3, α6 and αV). 

 

DISCUSSION 

In this study, we describe successful implementation of CRISPR-Cas9 mediated gene 

knockout in ex vivo salivary epithelial organoid cultures. We achieved robust gene disruption by 

transient transduction of high-titer sgRNA-expressing lentiviruses into Cas9-expressing salivary 

epithelial buds isolated from Cas9 transgenic mice. A major advantage of gene ablation in ex 

vivo cultures is to bypass the need to generate knockout mice to analyze gene functions. To 

facilitate the application of this method, we established new procedures for isolating and 

culturing salivary epithelial buds that are both less labor-intensive and higher throughput than 

conventional procedures. We demonstrated successful protein reduction for 3 targeted genes 

and inhibited branching morphogenesis when targeting the β1 integrin gene. This approach will 

be broadly useful to analyze the functions of other specific genes using ex vivo cultures of 

various tissues. 
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The efficiency of CRISPR-Cas9 mediated gene disruption 

While siRNA targets the mRNA, CRISPR-Cas9 targets the genomic DNA. The superior 

efficacy of CRIPR-Cas9 mediated gene disruption is partly because there are usually only 2 

copies of genes, whereas the mRNA molecules of the same gene can number tens to 

thousands. Moreover, DNA disruption is heritable and thus only needs to occur once, whereas 

siRNAs need to constantly fight against newly transcribed mRNAs, and they become diluted as 

cells divide. 

The efficiency of CRISPR-Cas9 can be optimized by sgRNA design. Mechanistically, 

gene disruption by CRISPR-Cas9 mainly comes from frameshift mutations introduced during the 

error-prone NHEJ repair of DNA breaks. Importantly, the error patterns of NHEJ are strongly 

influenced by the sequence context. Several studies have developed algorithms that predict 

how likely an sgRNA will cause out-of-frame mutations (Bae et al. 2014; Doench et al. 2016; 

Chen et al. 2019). These predictive models have been incorporated as a few efficiency and 

outcome scores into the intuitive web-based sgRNA design tool CRISPOR to guide the choice 

of sgRNAs (Concordet and Haeussler 2018). 

The lentivirus-based sgRNA delivery ensures stable sgRNA expression, which further 

increases the probability of gene disruption. The double-stranded DNA breaks may be perfectly 

repaired rarely, but they will again be cut until some errors become incorporated during repair to 

prevent further cuts by the CRISPR-Cas9 enzyme. It is worth noting that the U6 promoter we 

use to drive sgRNA expression imposes two additional considerations on the sgRNA design. 

First, if the sgRNA does not begin with the nucleotide G, an extra G should be added to the 

beginning due to transcriptional start site preference of the U6 promoter (Goomer and Kunkel 

1992; Ma et al. 2014). Second, certain sequence motifs at the 3’ end of sgRNA can severely 

lower gene knockout efficiencies (Graf et al. 2019). The sgRNAs containing these motifs are 
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highlighted as “inefficient” when using CRISPOR for sgRNA design, and these sgRNAs should 

be avoided for gene disruption. 

 

The specificity of CRISPR-Cas9 mediated gene disruption 

Both siRNA and CRISPR-Cas9 have off-target effects, but off-targets of CRISPR-Cas9 

can be predicted much more reliably and thus be more effectively mitigated with strategic 

sgRNA design (P.D. Hsu et al. 2013; Cradick et al. 2014; Doench et al. 2016). Cutting by 

CRISPR-Cas9 requires the protospacer adjacent motif (PAM) and is most sensitive to 

mismatches within 11 bp of the PAM (Jinek et al. 2012; Cong et al. 2013), but it can tolerate 

certain insertion/deletion mutations in the sgRNA that causes DNA or RNA bulges (Lin et al. 

2014). The PAM for the Streptococcus pyogenes Cas9 (SpCas9) we use is NGG, which is 

relatively abundant in the coding sequence of genes. As a result, there are often tens to 

hundreds of sgRNAs with high-specificity scores from which to choose for any target gene. 

When selecting sgRNAs for gene knockout studies, it is good practice to prioritize high 

specificity, and to use several sgRNAs for the same target gene. 

 

Applications of CRISPR-Cas9 gene knockout in ex vivo cultures 

Lentivirus-based sgRNA delivery for CRISPR-Cas9 gene knockout in ex vivo cultures 

can be easily adapted for analyzing gene functions at the tissue or cell level by adjusting 

lentivirus titers. For tissue-level phenotypes, such as organoid growth and branching 

morphogenesis, it will be better to use the highest possible titer to transduce most cells in the 

organoid. The penetrance of perturbation phenotypes may be further enhanced by antibiotic 

selection of transduced cells. For cell-level phenotypes, however, it will be better to lower the 

virus titer to generate mosaic knockout, so that only a small fraction of cells is perturbed to 

maintain the native tissue environment. For example, changes of intracellular organization or 

transcriptional activities during cell differentiation can be examined by immunostaining or single-

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted March 3, 2022. ; https://doi.org/10.1101/2022.02.28.482127doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.28.482127


 16

molecule RNA fluorescence in situ hybridization (smFISH) in mosaic knockout organoids (Raj et 

al. 2008; Wang 2018). 

Our work focuses on epithelial cells, but lentivirus can also transduce many other cell 

types. One possible future application is to test whether it can mediate efficient gene knockout 

in mesenchymal cells, which will enable studies of specific gene functions in epithelial-

mesenchymal interactions. 
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FIGURES, TABLES, and FIGURE LEGENDS 

 

Figure 1. Salivary epithelial bud isolation and organoid culture in 96-well plates. (A) 

Schematics showing conventional (upper) and new (lower) procedures to isolate and culture 

single epithelial buds from mouse E13 submandibular salivary glands. (B) Phase contrast 

images of single-bud organoid cultures at 48 hours under indicated culture conditions. (C) Plot 

of bud number per organoid under indicated culture conditions. Error bars, standard deviation. 

Statistics, Tukey test. ***, p<0.001. **, p<0.01. n.s., not significant. FGF7, 200 ng/mL. NRG1, 10 

ng/mL. ITS, 10 mg/L insulin, 5.5 mg/L transferrin, and 6.7 µg/L selenium. Non-solidified Matrigel 

(MG), 400-500 µg/mL. Scale bar, 100 µm. 
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Figure 2. Streamlined production of high-titer sgRNA-expressing lentiviruses. (A) 

Schematics showing cloning procedure for the sgRNA-expressing lentiviral vector. (B) 

Schematics showing the timeline of lentivirus production. (C) Image of lentivirus titration results 

using Lenti-X GoStix Plus. (D) Left: schematics of the experimental procedure. Right: maximum 

intensity projection of confocal fluorescence images of a lentivirus-transduced salivary gland 

single-bud epithelial organoid. Scale bar, 20 µm. 
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Figure 3. Efficient gene perturbation in Cas9 transgenic salivary gland epithelial 

organoids. (A) Widefield (upper) or maximum intensity projection of 10 µm z-range of confocal 

(lower) fluorescence images of single-bud organoid cultures transduced with lentiviruses 

expressing indicated sgRNAs and immunostained with anti-HSP47. EGFP is co-expressed with 

the Cas9 transgene. The mouse Serpinh1 gene encodes the HSP47 protein. Organoids were 

fixed at 58 hours post transduction. (B) Plot of mean HSP47 intensity per imaging field (n=2 

organoids per condition). Different colors indicate measurements from different organoids. (C) 

Confocal fluorescence images of single-bud organoid cultures transduced with lentiviruses 

expressing indicated sgRNAs and immunostained with anti-α9 integrin. Cyan boxes mark the 

single-channel magnified images shown above. Organoids were fixed at 72 hours post 

transduction. (D) Schematic of the quantification method (upper) and plot (lower) of the α9-

integrin intensity across edges of adjacent transduced cells. Error bars, standard deviation. 

Statistics, Tukey test. ***, p<0.001. Scale bars, 100 µm. 
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Figure 4. Knockout of β1 integrin inhibits budding morphogenesis. (A) Confocal 

fluorescence images of single-bud organoid cultures transduced with lentiviruses expressing 

indicated sgRNAs and immunostained with anti-β1 integrin. Cyan boxes mark the single-

channel magnified images shown above. Yellow and cyan asterisks mark cells expressing low 

and high levels of the sgRNA reporter, respectively. Organoids were fixed at 71 hours post 

transduction. (B) Schematic of the quantification method (upper) and plot (lower) of the β1 

integrin intensity across edges of adjacent transduced cells. Error bars, standard deviation. (C) 

Phase contrast images of single-bud organoid cultures transduced with lentiviruses expressing 

indicated sgRNAs at 4 different time points with or without blasticidin antibiotic selection. (D) 

Plot of bud number per organoid over time. Statistics, Tukey test. **, p<0.01. ***, p<0.001. Scale 

bars, 20 µm (A), 100 µm (C).  
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Table 1. sgRNA sequences used in this study 

Target gene sgRNA ID sgRNA sequence Plasmid ID 

LacZ sg-Control TGCGAATACGCCCACGCGAT pW188 

Serpinh1 sg1-Serpinh1 TAAAGCCACCACAGCGTCGC pW228 

Serpinh1 sg2-Serpinh1 CACCACAGCGTCGCAGGCGA pW229 

Serpinh1 sg3-Serpinh1 AAGTTCCAAGGCGACCACAC pW230 

Itga9 sg1-Itga9 TGCTGGCGCTGGTGGCCGCG pW317 

Itga9 sg2-Itga9 TGGGCGGCCCGGCTGCGGCG pW318 

Itga9 sg3-Itga9 CCAGCGCCAGCAGCAGCGCG pW319 

Itgb1 sg1-Itgb1 CAAACTGATCAATCCAATCCAGG pW401 

Itgb1 sg2-Itgb1 GCGGAGAATGTATACAAGCAGGG pW402 
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