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ABSTRACT 36 

Studying genes involved in organogenesis is often difficult because many of these 37 

genes are also essential for early development. The allotetraploid frog, Xenopus laevis, 38 

is commonly used to study developmental processes, but because of the presence of 39 

two homeologs for many genes, it has been difficult to use as a genetic model. Few 40 

studies have successfully used CRISPR in amphibians, and currently there is no tissue-41 

targeted knockout strategy described in Xenopus. The goal of this study is to determine 42 

whether CRISPR/Cas9-mediated gene knockout can be targeted to the Xenopus kidney 43 

without perturbing essential early gene function. We demonstrate that targeting CRISPR 44 

gene editing to the kidney and the eye of F0 embryos is feasible. Our study shows that 45 

knockout of both homeologs of lhx1 results in the disruption of kidney development and 46 

function but does not lead to early developmental defects. Therefore, targeting of 47 

CRISPR to the kidney may not be necessary to bypass the early developmental defects 48 

reported upon disruption of Lhx1 protein expression or function by morpholinos, 49 

antisense RNA, or dominant negative constructs. We also establish a control for 50 

CRISPR in Xenopus by editing a gene (slc45a2) that when knocked out results in 51 

albinism without altering kidney development. This study establishes the feasibility of 52 

tissue-specific gene knockout in Xenopus, providing a cost effective and efficient 53 

method for assessing the roles of genes implicated in developmental abnormalities that 54 

is amenable to high-throughput gene or drug screening techniques.  55 

 56 

INTRODUCTION 57 
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Xenopus laevis is a promising model for studying genes involved in human 58 

development and disease. Xenopus produce free-living, relatively transparent embryos, 59 

allowing for direct visualization of development and large-scale chemical screens 60 

(TOMLINSON et al. 2005; WHEELER AND BRÄNDLI 2009; LIENKAMP 2012). Large numbers of 61 

embryos are produced in a single clutch, allowing for hundreds of embryos to be 62 

manipulated by injection of antisense morpholino oligonucleotides or mRNAs. However, 63 

morpholino cost (~$400 each) and toxicity concerns have hindered the ability to conduct 64 

large-scale genetic screens. CRISPR gene editing has made the use of Xenopus to 65 

study organogenesis and human disease genes more feasible (BHATTACHARYA et al. 66 

2015; NAERT et al. 2016; BANACH et al. 2017; NAERT et al. 2017). Established Xenopus 67 

fate maps enable targeted microinjection into a selected blastomere that gives rise to an 68 

organ of interest (MOODY 1987a; MOODY 1987b; MOODY AND KLINE 1990; BAUER et al. 69 

1994; KARPINKA et al. 2015; DELAY et al. 2016). Therefore, instead of generating 70 

conditional knockout mutant lines, Xenopus F0 embryos can be used to study gene 71 

function in a specific tissue, while avoiding early embryonic lethality associated with 72 

altering gene expression in the entire embryo. 73 

 74 

Unlike mammalian kidneys, the Xenopus pronephros consists of a single functional 75 

nephron (DRESSLER 2006). The structure as well as the spatial and developmental 76 

markers are conserved between Xenopus pronephric and mammalian metanephric 77 

nephrons (BRANDLI 1999; HENSEY et al. 2002). The Xenopus pronephros becomes 78 

functional within 2-3 days of fertilization, and visualization of the nephron through the 79 
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epidermis makes Xenopus a simple model for studying genes affecting human kidney 80 

development and disease. 81 

 82 

The LIM-class homeodomain transcription factor, lhx1 (lim1), is essential for mouse 83 

placenta formation, and rare surviving lhx1-null mice lack head structures, kidneys and 84 

reproductive organs (SHAWLOT AND BEHRINGER 1995; KOBAYASHI et al. 2005). In 85 

Xenopus, lhx1 is expressed in the Spemann organizer and kidney (TAIRA et al. 1992; 86 

TAIRA et al. 1994). Injection of dominant negative lhx1 constructs leads to anterior 87 

somite defects, bent body axis, and diminished pronephric development, and 88 

morpholino injection causes bent body axis (CHAN et al. 2000; KODJABACHIAN et al. 89 

2001; HUKRIEDE et al. 2003; RANKIN et al. 2011). Due to the essential role of lhx1 in 90 

early development, targeted knockdown/out strategies have been employed to study its 91 

effects on mouse and Xenopus embryonic development. Therefore, lhx1 was selected 92 

to test the feasibility of kidney-targeted CRISPR knockout. 93 

 94 

This study is the first to examine tissue-targeted knockout strategies in Xenopus. We 95 

demonstrate that CRISPR knockout can be targeted to a tissue of interest in F0 X. 96 

laevis embryos and establish a control single guide RNA (sgRNA) against slc45a2, a 97 

gene necessary for pigment production in zebrafish and humans (KO et al. 2012; IRION 98 

et al. 2014). We also show that lhx1 knockout can be targeted to F0 embryonic kidneys, 99 

establishing the feasibility of using F0 X. laevis embryos for large-scale screens of 100 

genes implicated in human kidney disease. This targeting strategy can be easily applied 101 

to the study of other organ systems by selecting and injecting the appropriate 102 
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blastomere in the early embryo (MOODY 1987a; MOODY 1987b; MOODY AND KLINE 1990; 103 

BAUER et al. 1994; DELAY et al. 2016). 104 

 105 

MATERIALS AND METHODS 106 

Embryos 107 

Wild type Xenopus laevis adults were purchased from Nasco (LM00531MX) and 108 

embryos were obtained from these adults and reared as previously described (SIVE et 109 

al. 2000). This protocol was approved by the University of Texas Health Science Center 110 

at Houston’s Center for Laboratory Animal Medicine Animal Wefare Committee, which 111 

serves as the Institutional Animal Care and Use Committee (protocol #: AWC-16-0111). 112 

 113 

sgRNA Design and Production 114 

slc45a2 genomic sequence was obtained from Xenbase (http://xenbase.org) and lhx1 115 

sequences were obtained from the Xenopus laevis genome browser at the Francis 116 

Crick Institute (http://genomes.crick.ac.uk/). Single guide RNAs (sgRNAs) against 117 

slc45a2 and lhx1 were designed using ZiFit (http://zifit.partners.org). Targets were 118 

blasted against the genome to ensure a unique hit and input into CRISPRscan to obtain 119 

predicted efficiency scores (http://www.crisprscan.org) (MORENO-MATEOS et al. 2015). 120 

sgRNAs were designed to be complimentary to both the long and short chromosomes 121 

of lhx1. Slc45a2 transmembrane protein domains were determined and plotted using 122 

Protter (OMASITS et al. 2014). 123 

 124 

http://zifit.partners.org/
http://www.crisprscan.org/
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sgRNAs were produced using a PCR-based method (BHATTACHARYA et al. 2015). A 125 

modified universal reverse primer was used in conjunction with a gene-specific forward 126 

primer containing a T7 polymerase promoter (Table 1) to create a DNA template for 127 

subsequent sgRNA production (BHATTACHARYA et al. 2015).  128 

 129 

T7 polymerase was purified from Rosetta cells transformed with RP-pETHis6-T7 RNA 130 

polymerase expression plasmid (ELLINGER AND EHRICHT 1998). Two units of T7 131 

polymerase were combined with 8 µL PCR product, 2 µL each of 75 mM dNTPs, and 2 132 

µL 10X T7 buffer (40 mM Tris-HCl, 6 mM MgCl2, 2 mM spermidine, 1 mM dithiothreitol, 133 

pH 7.9). The tube was incubated at 37° for 5 hours, 1 µL DNase was added, followed by 134 

a 15 min incubation at 37°. 15 µL ammonium acetate was added, and the reaction was 135 

brought up to 150 µL with RNase-free water. sgRNA was purified by acid 136 

phenol:chloroform extraction and ethanol precipitation. 137 

 138 

Microinjection 139 

Microinjections were performed as previously described (DELAY et al. 2016), with 10nL 140 

of injection mix injected into individual blastomeres. For 8-cell injections, D1 blastomere 141 

was injected to target the eye, while the V2 blastomere was injected to target the kidney 142 

(MOODY 1987a). sgRNA and Cas9 protein (CP01, PNA Bio) were incubated at room 143 

temperature for at least 5 min prior to co-injecting with either Alexa Fluor 488 144 

fluorescent dextran or membrane-RFP RNA (DAVIDSON et al. 2006; DELAY et al. 2016) 145 

tracers. 146 

 147 
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Genomic Analysis 148 

DNA was extracted from individual stage 10-12 embryos injected at the 1-cell stage 149 

(BHATTACHARYA et al. 2015). Regions surrounding the sgRNA target sites were amplified 150 

by PCR (Table 1). For lhx1, nested PCR was conducted to obtain the correct product. 151 

The lhx1 outer primers were used for the first PCR reaction, followed by a second 152 

reaction using lhx1 inner primers, with the resulting PCR product used for sequencing. 153 

PCR products were sequenced using the appropriate forward primer (Table 1). 154 

Insertion/deletion frequencies were calculated with TIDE (https://tide.nki.nl) (BRINKMAN 155 

et al. 2014). 156 

 157 

Western Blots 158 

Embryos were staged (NIEUWKOOP AND FABER 1994) and collected to make protein 159 

lysates as previously described (KIM et al. 2002). One embryo equivalent of lysate was 160 

run in each well of an 8% SDS-PAGE gel. Protein was transblotted onto a 0.2 µm 161 

nitrocellulose membrane (GE Healthcare), and blocked for 3 hours (KPL block, 162 

SeraCare) at room temperature. Blots were incubated in 1:500 rabbit anti-Lhx1 primary 163 

antibody (VENEGAS-FERRIN et al. 2010) for 24hrs at 4⁰ or 1:5000 rabbit anti-GAPDH 164 

(Santa Cruz FL-335) for 3 hours at room temperature. Blots were washed with TBST, 165 

incubated in goat anti-rabbit IgG horseradish peroxidase secondary antibody (1:5000, 166 

BioRad) for 2 hours at room temperature, and washed again with TBST prior to imaging 167 

(BioRad ChemiDoc XRS+) using enhanced chemiluminescence (Pierce Supersignal 168 

West Pico). 169 

 170 

https://tide.nki.nl/


9 
 

Immunostaining 171 

Embryos were staged (NIEUWKOOP AND FABER 1994), fixed (DELAY et al. 2016) and 172 

immunostained using established protocols (LYONS et al. 2009). Proximal tubule lumens 173 

were labeled with antibody 3G8 (1:30) (VIZE et al. 1995), and cell membranes of the 174 

intermediate, distal and connecting tubules were labeled with antibody 4A6 (1:5) (VIZE 175 

et al. 1995). Lhx1 was detected with Lhx1 antibody (1:250) (VENEGAS-FERRIN et al. 176 

2010), and membrane-RFP tracer was labeled with anti-RFP antibody (1:250, MBL 177 

International PM005). Goat anti-mouse IgG Alexa 488 (1:2000, Invitrogen), and goat 178 

anti-rabbit IgG Alexa 488 and Alexa 555 (1:2000, Invitrogen) secondary antibodies were 179 

used to visualize kidney and membrane-RFP tracer staining. 180 

 181 

In Situ Hybridization 182 

Digoxigenin-labeled RNA probes were prepared using a DIG RNA labeling kit (Roche). 183 

Constructs were linearized and synthesized using the listed enzyme and polymerase: 184 

Lim1-antisense XhoI/T7 (TAIRA et al. 1992; CARROLL AND VIZE 1999), Hnf1-antisense 185 

SmaI/T7 (DEMARTIS et al. 1994), NaKATPase-antisense SmaI/T7b (EID AND BRANDLI 186 

2001). Embryos were processed as described, eliminating the triethanolamine, acetic 187 

anhydride and RNAse A/T1 steps (SIVE et al. 2000). 1:3000 dilution of Anti-DIG Fab 188 

fragments (Roche) and NBT/BCIP tablets (Roche) were used to detect probes. 189 

 190 

Imaging 191 

Embryos were scored and photographed using a Leica S8A80 stereomicroscope and 192 

Leica MC120 HD camera or an Olympus SZX16 fluorescent stereomicroscope and 193 
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Olympus DP71 camera. 3G8/4A6 immunostained kidney images were taken using a 194 

Zeiss LSM800 confocal microscope with Airyscan detector.  Images were processed 195 

with Adobe Photoshop and Illustrator CS6.  196 

 197 

Data availability 198 

Plasmids used in this study are available upon request. The authors declare that all 199 

data necessary for confirming the conclusions presented in the article are fully 200 

represented within the article. 201 

 202 

RESULTS 203 

X. laevis CRISPR control 204 

Knockout of slc45a2 (chromosome 1L) results in eye and skin pigment loss, providing a 205 

phenotypic readout of CRISPR editing without affecting kidney development (IRION et al. 206 

2014; SHIGETA et al. 2016). One sgRNA targeting the second exon of slc45a2 (first 207 

transmembrane domain) was generated (Figure 1A). Upon knockout, TIDE analysis 208 

indicated that slc45a2 was edited mosaically in all five embryos tested (Supplementary 209 

Figure S1) (BRINKMAN et al. 2014). Overall, 89.7% of the DNA was edited, resulting 210 

most commonly in a three base deletion (Figure 1B,C). Sequence decomposition near 211 

the sgRNA binding region (Figure 1D) was confirmed in all embryos examined 212 

(Supplementary Figure S1). Although the most common mutation was a three base 213 

deletion (Figure 1E,F), individual embryos showed varying mutation profiles 214 

(Supplementary Figure S1). 215 

 216 
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 Since body pigment loss is difficult to assess, eye pigment loss was used to evaluate 217 

slc45a2 gene editing efficiency (Figure 2A). Less than 50% loss was scored as ‘mild’, 218 

more than 50% loss was scored as ‘moderate’, and nearly complete loss was scored as 219 

‘severe’. Varying amounts of slc45a2 sgRNA and Cas9 protein were injected into one 220 

cell of 2-cell embryos, and mortality and eye phenotype severity were assessed (Figure 221 

2B). Of the conditions tested, 500pg sgRNA and 1ng Cas9 protein provided the best 222 

balance between phenotype severity and mortality (Figure 2B).   223 

 224 

Tissue-targeted slc45a2 knockout 225 

slc45a2 knockout was targeted to the eye by injecting embryos at the 1-, 2- and 8-cell 226 

(left D1 blastomere) stages (MOODY 1987a). Each of these injection stages showed eye 227 

pigment loss (Figure 2C). 1-cell injections resulted in embryos with pigment loss in both 228 

eyes, while 2- and 8-cell injections caused pigment loss only on the injected side. Alexa 229 

488:dextran tracer showed that 8-cell targeted injections yielded greater restriction to 230 

the eye than 1- or 2-cell injections. These data suggest that tissue-targeted knockout is 231 

possible and targeting slc45a2 knockout to the eye produces embryos lacking eye 232 

pigmentation. 233 

 234 

lhx1 knockout 235 

lhx1 has two homeologs, located on chromosomes 2L and 2S. Three sgRNAs, each 236 

complimentary to both the long and short homeologs of lhx1, were designed to target 237 

exons 1, 2 and 3, corresponding to the first and second zinc finger and the homeobox 238 

domain of the Lhx1 protein, respectively (Figure 3A and 4A) (Table 1) (SANDER et al. 239 

2007; SANDER et al. 2010; MORENO-MATEOS et al. 2015). 240 
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 241 

Sequencing and TIDE analysis of DNA from stage 10-12 embryos indicates that the 242 

sgRNA targeting exon 1 was least efficient (Figures 3B, 4B), resulting in mostly in-frame 243 

insertions (Figures 3C, 4C), while editing of exon 2 was more efficient (Figures 3D, 4D), 244 

resulting in mostly out-of-frame deletions and insertions (Figures 3E, 4E). The sgRNA 245 

targeting exon 3 was most efficient, resulting in mostly a 5 bp out-of-frame deletion and 246 

a premature stop codon (Figure 3G, 4G). The exon 3 sgRNA edited 64% of the DNA for 247 

both short and long homeologs (Figures 3F, 4F). Additionally, the percent of aberrant 248 

sequences, defined as the difference in nucleotide chromatogram peak height between 249 

the unedited and knockout sequences, was significant downstream of the Cas9 cut site 250 

and greatly reduced upstream for the exon 3 sgRNA only (Supplemental Figure S2). 251 

Due to the greater editing efficiency of the exon 3 sgRNA, we chose to use this sgRNA 252 

for subsequent experiments. 253 

 254 

lhx1 knockout disrupts pronephric development  255 

lhx1 was knocked out at  the 1-, 2- or 8-cell stage (V2 blastomere) to target knockout to 256 

the kidney (MOODY 1987a). As a negative control, slc45a2 was knocked out. The kidney 257 

phenotype was rated as ‘mild’ for slight impairments in kidney development, ‘moderate’ 258 

if tubule regions were missing, and ‘severe’ if kidney tubules were missing entirely. 259 

Kidneys were scored as ‘normal’ if no differences existed between the injected and 260 

uninjected sides (Figure 5a). For embryos injected at the 1-cell stage, phenotype 261 

severity was assessed relative to slc45a2 knockout embryos at the same stage.  262 

 263 
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Because lhx1 knockout is embryonically lethal in mice, embryonic mortality was 264 

assessed upon targeting lhx1 knockout to the kidney. We anticipated that 8-cell 265 

targeting would reduce embryo death compared to knockout in 1- or 2-cell embryos, but 266 

no difference in exogastrulation was observed for the three lhx1 injection conditions (p = 267 

0.74, Figure 5B).  268 

 269 

The effect of lhx1 knockout on kidney development was assessed in stage 39-41 270 

embryos using antibodies to stain differentiated kidney tubules (3G8 and 4A6) (VIZE et 271 

al. 1995). Embryos were injected at the 1-, 2- or 8-cell (V2 blastomere) stages to assess 272 

the efficiency of kidney-targeted lhx1 knockout. lhx1 knockout disrupted proximal, distal, 273 

intermediate and connecting tubule development for all three injection stages, while 274 

slc45a2 knockout did not (Figure 5C). Embryos injected at the 2-cell stage exhibited the 275 

highest proportion of kidneys with moderate or severe phenotypes, while embryos 276 

injected at the 8-cell stage showed the lowest proportion of moderate or severe kidney 277 

phenotypes. Therefore, 2-cell injections were the most efficient at producing moderate 278 

and severe kidney phenotypic effects. 279 

 280 

in situ staining with probes that label the majority of the pronephros (hnf1β and atp1a1) 281 

revealed decreased kidney tubulogenesis upon lhx1 knockout  (Figure 6A). Over 75% of 282 

the embryos injected at the 2- and 8-cell stages showed reduced hnf1β and atp1a1 283 

expression, with the majority  displaying moderate or severe kidney phenotypes (Figure 284 

6C,D). In contrast, fewer embryos injected at the 1-cell stage showed moderate or 285 
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severe phenotypes (Figure 6B), suggesting that 2- or 8-cell injections result in increased 286 

lhx1 knockout phenotype severity in comparison to 1-cell injections. 287 

 288 

lhx1 knockout does not lead to head or axis defects  289 

lhx1 knockout did not lead to developmental head or axis defects seen using other 290 

techniques (TAIRA et al. 1992; CARROLL AND VIZE 1999; CHAN et al. 2000; RANKIN et al. 291 

2011). A Xenopus Lhx1 antibody was utilized to assess Lhx1 levels by immunoblot after 292 

CRISPR knockout (VENEGAS-FERRIN et al. 2010). Lhx1 levels were decreased in lhx1 293 

knockout embryos in comparison to slc45a2 knockout embryos starting at stage 10-12 294 

(Figure 7A),  suggesting that lhx1 knockout results in decreased Lhx1 protein production 295 

prior to axis establishment and kidney specification. Importantly, knockout did not result 296 

in complete loss of Lhx1, which may explain why the knockout embryos did not display 297 

head or axis defects. 298 

  299 

Immunoblot analysis was performed to determine whether Lhx1 protein was present 300 

prior to zygotic transcription initiation. Lhx1 protein was first detected in 1-cell embryos, 301 

with increased expression around gastrulation (stage 10-12) after the mid-blastula 302 

transition (Figure 7B). Lhx1 levels decreased between stages 25-30 and increased 303 

during later tadpole stages (35-40), corresponding to previously published mRNA 304 

expression data (TAIRA et al. 1992; SESSION et al. 2016; WATANABE et al. 2017). Taken 305 

together, these data indicate that low levels of maternally loaded lhx1 RNA and/or Lhx1 306 

protein may compensate for the genomic knockout during head formation. 307 

 308 
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in situ analysis of stage 20 embryos was conducted to determine whether knockout 309 

effects early kidney development. lhx1 knockout in 2-cell embryos resulted in decreased 310 

lhx1 expression in the kidney anlagen, indicating a loss of lhx1 transcript (Figure 7C). 311 

No decrease in lhx1 staining in the neural structures was observed in the lhx1 knockout 312 

embryos (Figure 7C). 313 

 314 

To confirm that knockout decreases Lhx1 protein levels within the kidney, embryos were 315 

injected in one cell at the 2-cell stage and immunostained at stage 30 using an Lhx1 316 

antibody that stains the nucleus of kidney cells (IRION et al. 2014). Lhx1 knockout 317 

embryos showed reduced Lhx1 on the injected side in comparison to the uninjected 318 

side of the embryo (Figure 7D).  319 

 320 

Knockout of lhx1 leads to edema  321 

Assessment of edema was used as a readout of kidney function. Injections into both 322 

cells of  2-cell embryos  resulted in edema in the head and thorax (Figure 8A) 323 

(NIEUWKOOP AND FABER 1994). 60% of lhx1 knockout embryos displayed edema, 324 

compared to 3% of slc45a2 knockout controls (Figure 8B).  325 

 326 

Immunostaining showed that none of the lhx1 knockout embryos displaying edema had 327 

normal kidneys (Figure 8C), while all of the lhx1 knockout embryos without edema had 328 

at least one normal kidney.  Likewise, the majority of the slc45a2 knockout embryos had 329 

two normal kidneys. These data suggest that lhx1 knockout prevents functional kidney 330 

formation. 331 
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 332 

DISCUSSION 333 

CRISPR gene editing is new in the allotetraploid X. laevis (LANE et al. 2015; WANG et al. 334 

2015; JAFFE et al. 2016; BANACH et al. 2017), and tissue-targeted CRISPR knockouts 335 

have not been reported. Our results indicate that CRISPR can efficiently target a tissue 336 

of interest. Although X. laevis has two homeologs for many of its genes, our results 337 

demonstrate that a single sgRNA can efficiently target both homeologs in F0 embryos. 338 

In fact, the sgRNA tested gave similar DNA editing efficiencies for both homeologs of 339 

lhx1. 340 

 341 

lhx1 knockout led to abnormally-developed kidney tubules in embryos injected at the 1-, 342 

2- and 8-cell stages. Injecting embryos at the 2-cell stage results in embryos with one 343 

lhx1 knockout kidney and one unedited kidney, serving as an internal control. No 344 

advantage to targeting at the 8-cell stage in comparison to injecting one cell of a 2-cell 345 

embryo was observed. 8-cell microinjections are challenging because the embryo must 346 

be turned prior to injection, and identification of the correct cell can be difficult, while at 347 

the 2-cell stage either blastomere can be injected. As early developmental defects are 348 

not seen with 2-cell injections, CRISPR editing of genes implicated in kidney 349 

development can be carried out at the 2-cell stage, which is not a viable strategy for 350 

morpholino-mediated knockdown of essential genes.  351 

 352 

 Of the three lhx1 sgRNAs tested, the sgRNA targeting exon 3 was most efficient, 353 

although its predicted efficiency was the least (Table 1).  Additionally, the slc45a2 354 
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sgRNA resulted in editing of over 89% of the DNA, but CRISPRscan did not score this 355 

sgRNA. Although CRISPRscan was designed against a library of Xenopus tropicalis 356 

sgRNAs, our results suggest that guide quality predicted by this software does not 357 

necessary apply to X. laevis. 358 

 359 

lhx1 plays an important role in early embryonic development of head structures in both 360 

mice and Xenopus (SHAWLOT AND BEHRINGER 1995; YASUOKA et al. 2014). In mouse, 361 

lhx1 knockout is embryonically lethal (SHAWLOT AND BEHRINGER 1995). For this reason, 362 

previous lhx1 loss of function studies in Xenopus were accomplished by targeted 363 

injection in order to bypass early developmental defects (CHAN et al. 2000; HUKRIEDE et 364 

al. 2003; CIRIO et al. 2011; RANKIN et al. 2011). Unexpectedly, we found no difference in 365 

lethality between embryos injected at the 1-, 2- or 8-cell stages.  We did not observe 366 

early developmental defects (missing head structures, bent spines) in lhx1 knockout 367 

embryos, suggesting that targeted knockout is not necessary. However, disrupted 368 

kidney development was observed as reported in prior knockdown studies (CHAN et al. 369 

2000; CIRIO et al. 2011). Similar to mouse, we found that lhx1 knockout led to kidneys 370 

with regions of the tubules missing, suggesting that there are multiple points of kidney 371 

induction (KOBAYASHI et al. 2005). 372 

 373 

Although the majority of lhx1 knockout embryos displayed kidney defects, we did not 374 

observe head or axis defects. There are multiple potential explanations for this 375 

observation. Unlike morpholinos or dominant negative constructs, CRISPR should not 376 

affect maternal protein or RNA (WATANABE et al. 2017). Prior studies suggest that 377 



18 
 

CRISPR may not influence early Xenopus embryonic development due to unaffected 378 

maternal mRNA and protein deposits (BHATTACHARYA et al. 2015).  Alternatively, the low 379 

levels of Lhx1 protein in knockout animals may be enough for the head organizer to 380 

develop normally, whereas pronephric development may be more sensitive to lower 381 

Lhx1 levels. The mosaic nature of lhx1 knockout may allow the embryos to develop 382 

without early developmental defects, because unlike the organizer, the pronephros may 383 

be affected cell-autonomously by lhx1 knockout. Similar to our results, morpholino 384 

knock down of β-catenin in X. tropicalis results in ventralization, but CRISPR knockout 385 

does not (BHATTACHARYA et al. 2015). These data suggest that CRISPR knockout in F0 386 

embryos of Xenopus and other models, such as zebrafish, may be useful to study 387 

genes that are embryonically lethal in null mutants, especially for studying later 388 

developmental process such as organ formation. To disrupt early developmental 389 

processes, such as dorsal organizer function, it may be necessary to perform “leap-390 

frogging” to knock out the gene only in the germ cells or oocyte transfer to create F0 391 

mutations (BLITZ et al. 2016; ASLAN et al. 2017).  392 

 393 

X. laevis is a unique model for studying genes implicated in human diseases using 394 

CRISPR genome editing (TANDON et al. 2017).  Approximately 79% of genes implicated 395 

in human diseases have Xenopus orthologues, including genes that are involved in 396 

human kidney disorders (HELLSTEN et al. 2010). In addition, Xenopus embryos develop 397 

functional kidneys within 2-3 days of fertilization, allowing for the assessment of large 398 

numbers of F0 mutant kidneys in a short time. Therefore, CRISPR genome editing 399 

allows for high throughput screening of candidate human disease genes with the benefit 400 



19 
 

that each embryo has an uninjected control side. Although we showed that targeted 401 

CRISPR knockout is highly efficient in the eye and kidney, the technique described here 402 

would be applicable to the study of other organs in the developing Xenopus embryo. 403 

The quick embryonic development time, large clutch size and ability to target a tissue of 404 

interest on one side of the embryo make  CRISPR genome editing in X. laevis an 405 

innovative model for the study of human gene function and genetic disorders. 406 

 407 
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 430 

FIGURE LEGENDS 431 

Figure 1. sgRNA targeting slc45a2 efficiently edits Xenopus embryo DNA. All data 432 

shown is from stage 10-12 embryos injected with slc45a2 sgRNA and Cas9 protein at 433 

the 1-cell stage. A) Diagram of Slc45a2 protein showing the twelve transmembrane 434 

domains, with the region where the slc45a2 sgRNA binds outlined in black. B) Percent 435 

of sequenced slc45a2 DNA containing different insertions and deletions. Bars shown 436 

are the mean of the percent of indel sequences from five individual embryos, error bars 437 

represent standard error of the mean. C) Percent of indels that lead to in frame or out of 438 

frame mutations. Data shown is the mean of the sequencing data from five individual 439 

embryos. C-E) Results from a single representative embryo shown. D) Sequencing 440 

chromatogram shows DNA editing after injection of slc45a2 sgRNA and Cas9 protein. 441 

Underlined region indicates the sgRNA binding sequence. Arrow indicates the start of 442 

degradation of the sequence due to CRISPR editing. E) TIDE analysis shows 443 

degradation of the sequence trace in the slc45a2 CRISPR embryo after the expected 444 

Cas9 editing site. * indicates p < 0.001 as identified by TIDE. F) TIDE analysis 445 
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prediction of the indels present in the single embryo, indicating that 3-, 12- and 13bp 446 

deletions are the most common indels in this embryo. 447 

 448 

Figure 2. slc45a2 knockout results in loss of eye and body pigmentation and can 449 

efficiently be targeted to the eye. A) Phenotype severity scoring system based on 450 

pigment loss in the eye. Mild phenotype: >50% of eye pigment present, moderate 451 

phenotype: <50% of eye pigment present, severe phenotype: almost no eye pigment 452 

present. Embryos injected with 500pg slc45a2 sgRNA, 1ng Cas9 protein and memRFP 453 

RNA tracer in one cell of a 2-cell embryo. B) Survival and phenotype severity of 454 

embryos injected with varying amounts of slc45a2 sgRNA and Cas9 protein. 455 

Exogastrulation: embryo death prior to gastrulation, death: embryo death after 456 

gastrulation and before stage 39-41, none: no eye pigment loss. Surviving stage 39-41 457 

embryos were scored based on phenotype severity. C) Phenotype severity eye-targeted 458 

CRISPR gene editing. Embryos injected with 500pg slc45a2 sgRNA, 1ng Cas9 protein, 459 

and Alexa 488 dextran tracer at 1-, 2- and 8-cell stages (blastomere D1) show slc45a2 460 

editing in the targeted eye tissue. Embryos shown at neurula (NF stage 19-20) and 461 

tadpole (NF stage 39-41) stages. Mistargeted: tracer not present in the eye. A,C) White 462 

bar is 500µm, black bar is 100 µm. * denotes injected side of embryo. 463 

 464 

Figure 3. Comparison of the editing efficiency of three different sgRNAs designed to 465 

edit lhx1. A) Diagram of the domains present in Lhx1 protein. Regions corresponding to 466 

the three lhx1 sgRNAs used in this study are represented by the black bars above the 467 
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protein domains. B-G) TIDE analysis results from the long chromosome, with pooled 468 

results from five embryos reported. B,D,F) Percentage of DNA editing contributed to 469 

insertions and deletions of different sizes. Error bars represent the standard error of the 470 

mean. C,E,G) Percent of in frame and out of frame insertions and deletions. 471 

 472 

Figure 4. Comparison of the editing efficiency of three different sgRNAs designed to 473 

edit lhx1. A) Diagram of the domains present in Lhx1 protein. Regions corresponding to 474 

the three lhx1 sgRNAs used in this study are represented by the black bars above the 475 

protein domains. B-G) TIDE analysis results from the short chromosome, with pooled 476 

results from five embryos reported. B,D,F) Percentage of DNA editing contributed to 477 

insertions and deletions of different sizes. Error bars represent the standard error of the 478 

mean. C,E,G) Percent of in frame and out of frame insertions and deletions. 479 

 480 

Figure 5. Knockout of lhx1 leads to kidney developmental defects. A) Scoring system 481 

used to assess the phenotypic severity of lhx1 knockout embryos. Mild: decrease in 482 

kidney tubulogenesis in comparison to the uninjected side of the embryo; moderate: 483 

portions of the kidney tubules missing; severe: kidney tubules absent. Embryos stained 484 

with antibodies 3G8 (to label proximal tubule lumen) and 4A6 (to label the cell 485 

membranes of the intermediate, distal and connecting tubules). B) Targeting CRISPR 486 

knockout of lhx1 to the kidney does not decrease embryo mortality. Embryos injected at 487 

the one-, two- and eight-cell (blastomere V2) stages. Exogastrulation: embryos die 488 

during gastrulation; death: embryos survive gastrulation but die prior to stage 40; 489 
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mistargeted: tracer not present in the kidney. C) lhx1 targeted knockout reduces late 490 

markers of kidney development. Embryos assessed at stage 39-41 using 491 

immunostaining with 3G8 and 4A6 antibodies. 492 

 493 

Figure 6. Knockout of lhx1 leads to a decrease in kidney developmental markers as 494 

seen by in situ hybridization. A) Representative embryos showing that knockout of lhx1 495 

leads to a decrease in hnf1β and atp1a1 expression in the pronephros, while slc45a2 496 

knockout does not cause a decrease in these markers of kidney development. B) lhx1 497 

knockout in one-cell embryos leads to a decrease in hnf1β and atp1a1 in comparison to 498 

slc45a2 knockout control embryos. C) lhx1 knockout in two-cell embryos leads to a 499 

decrease in hnf1β and atp1a1 in comparison to slc45a2 knockout control embryos. D) 500 

lhx1 knockout in eight-cell embryos leads to a decrease in hnf1β and atp1a1 in 501 

comparison to slc45a2 knockout control embryos. I: injected side of embryo, U: 502 

uninjected side of embryo. 503 

 504 

Figure 7. Lhx1 protein and lhx1 RNA levels are decreased upon CRISPR knockout. A) 505 

Immunoblot (IB) showing that knockout of lhx1 leads to a decrease in Lhx1 protein in 506 

comparison to slc45a2 knockout controls as early as embryonic stage 10-12. One cell 507 

embryos were injected with 1ng Cas9 protein and 500pg of either slc45a2 or lhx1 508 

sgRNA.  B) Immunoblot of embryo lysates from different stages of Xenopus 509 

development, ranging from one-cell embryo (stage 1) to tadpole (stage 43). Levels of 510 

Lhx1 and GAPDH (loading control) protein levels show that Lhx1 is present in embryos 511 
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throughout pronephric development (stages 12.5 to 43). C) lhx1 in situ of stage 20 512 

embryos shows loss of kidney staining on the injected side (white arrowheads) of lhx1 513 

CRISPR embryos, but not in slc45a2 CRISPR embryos. CRISPR knockout done in one 514 

cell of two-cell embryos. White bar is 200 µm. Graph depicts severity of lhx1 loss on the 515 

injected side of the embryo. None: no loss of lhx1 staining; Mild: decrease in lhx1 516 

staining; Moderate: patchy loss of lhx1 staining; Severe: complete loss of lhx1 staining. 517 

D) lhx1 immunostaining of stage 32 embryos shows loss of kidney staining on the 518 

injected side of lhx1 CRISPR embryos, but not in slc45a2 CRISPR embryos. CRISPR 519 

knockout done in one cell of two-cell embryos. The epidermis of the embryo was 520 

removed prior to imaging. White bar is 100 µm. Graph depicts severity of lhx1 521 

immunostaining loss on the injected side of the embryo. None: no loss of lhx1 staining; 522 

Mild: decrease in lhx1 staining; Moderate: patchy loss of lhx1 staining; Severe: 523 

complete loss of lhx1 staining. 524 

 525 

Figure 8. Knockout of lhx1 leads to edema formation. Embryos were injected into both 526 

cells of 2-cell embryos with 1ng Cas9 protein and 500pg of either slc45a2 or lhx1 527 

sgRNA, and reared to stage 43-46 for immunostaining and scoring. Error bars represent 528 

the standard error of the mean. A) Knockout of lhx1 leads to edema formation in 529 

Xenopus embryos. B) The percent of lhx1 knock out embryos displaying edema at 530 

stage 43-46 is higher than slc45a2 control embryos. C) Percent of embryos with 531 

moderate (missing parts) and severe (absent) kidney phenotypes. Most lhx1 knockout 532 

embryos with edema display moderate/severe kidney phenotypes in both kidneys, while 533 

most embryos without edema have at least one normal kidney. 534 
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 535 

Figure S1. sgRNA targeting slc45a2 efficiently edits Xenopus embryo DNA, resulting in 536 

mostly in frame deletions. All data shown is from stage 10-12 embryos injected with 537 

slc45a2 sgRNA and Cas9 protein at the 1-cell stage. A,D,G,J,M) TIDE analysis readout 538 

showing the difference in aberrant sequences between an uninjected control embryo 539 

and an slc45a2 knockout embryo. The percent of aberrant sequences in the knockout 540 

embryo increases in comparison to the control embryo near the expected Cas9 cut site. 541 

B,E,H,K,N) slc45a2 editing efficiency in single embryos as measured by TIDE. 542 

C,F,I,L,O) Chart showing the percent of sequences that result in in frame and out of 543 

frame insertion and deletion events. * indicates p < 0.001 as reported by the TIDE 544 

analysis software. 545 

 546 

Figure S2. DNA editing by different lhx1 sgRNAs and Cas9 protein. All data shown is 547 

from stage 10-12 embryos injected with lhx1 sgRNA and Cas9 protein at the 1-cell 548 

stage.  A,B,C) DNA editing results from a single representative embryo using a sgRNA 549 

against exon 1 of lhx1. D,E,F) DNA editing results from a single representative embryo 550 

using a sgRNA against exon 2 of lhx1. G,H,I) DNA editing results from a single 551 

representative embryo using a sgRNA against exon 3 of lhx1. A,D,E) TIDE analysis 552 

graph showing the showing the difference in aberrant sequences between an uninjected 553 

control embryo and an slc45a2 knockout embryo. The percent of aberrant sequences in 554 

the knockout embryo increases in comparison to the control embryo near the expected 555 

Cas9 cut site only for the lhx1 exon 3 sgRNA. B,E,H) lhx1 editing efficiency in single 556 

embryos as measured by TIDE. lhx1 exon 3 sgRNA is the most efficient of the three 557 
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sgRNAs tested. C,F,I) Chart showing the percent of sequences that result in in frame 558 

and out of frame insertion and deletion events. lhx1 exon 3 sgRNA results in mostly out 559 

of frame deletions, while the sgRNAs against exons 1 and 2 result in mostly unedited 560 

DNA. 561 

 562 

TABLES 563 

Table 1: Primers used in this study 564 

sgRNA production primers: 565 

Target 
gene 

Sequence (5’ to 3’) CRISPRscan 
score 

Universal 
reverse 

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTA
GCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC 

N/A 

Slc45a2 CTAGCTAATACGACTCACTATAGGTTACATAGGCTGCCTCCAGTT
TTAGAGCTAGAAATAGCAAG 

unscored 

Lhx1 exon 1 CTAGCTAATACGACTCACTATAGGAGAAATGCTTCTCCAGGGGTT
TTAGAGCTAGAAATAGCAAG 

64 

Lhx1 exon 2 CTAGCTAATACGACTCACTATAGGTGTGCGGGCTGTGCCCAGGT
TTTAGAGCTAGAAATAGCAAG 

87 

Lhx1 exon 3 CTAGCTAATACGACTCACTATAGGCTCCCTTATGTGTCGGGTGTT
TTAGAGCTAGAAATAGCAAG 

58 

 566 

Genotyping primers: 567 

Target gene Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’) 

Slc45a2.L GTTCCCTTCGCTCATACAATG 
1 

GCCAGAAAGGGGTTTATTGC 

Lhx1.L exon 1 
(outer primer set) 

CCGTAGCACTGGACGTGATGT CAGCTTAGGCTACCACACTGCCG 
2 

Lhx1.L exon 1 
(inner primer set) 

TGCCTTCTATTCTCCTAATCCGCCC 
1,2 

GAAGAGTTTGCTCCTTGCCCTC 

Lhx1.S exon 1 CTGGACCGTTTCTTGTTGAATG
1 

GGTTTCACAAAGGGAAGTGCTG 
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Lhx1.L exon 2 CAGCAAGAGATGTAGCCAGC 
1
 GTCCTACAACTATGGCGAAACG 

Lhx1.S exon 2 CCTACAACAGTGGCGAAAC 
1
 GTCCTCCATTCTTCCTACGG 

Lhx1.L exon 3 CATAGGGTGAAGAGGGCAAG 
1
 CTCAAGTCTCCTTTGCAGCCAG 

Lhx1.S exon 3 CCATTTGCAAGTTGATACCC 
1
 

 
GGTGAGACGGTTCATAGTGTG 
 

1Forward primer used for genomic sequencing. 568 

2From (BACHY et al. 2001). 569 

 570 
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