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Abstract  8 

Mesodermal populations can be generated in vitro from mouse embryonic stem cells (mESCs) using 9 

three-dimensional (3-D) aggregates called embryoid bodies or two-dimensional (2-D) monolayer 10 

culture systems. Here, we investigated whether Brachyury-expressing mesodermal cells generated 11 

using 3-D or 2-D culture systems are equivalent, or instead, have different properties. Using a 12 

Brachyury-GFP/E2-Crimson reporter mESC line, we isolated Brachyury-GFP+ mesoderm cells using 13 

flow-activated cell sorting and compared their gene expression profiles and ex vivo differentiation 14 

patterns. Quantitative RT-PCR analysis showed significant up-regulation of Cdx2, Foxf1 and Hoxb1 in 15 

the Brachyury-GFP+ cells isolated from the 3-D system compared with those isolated from the 2-D 16 

system. Furthermore, using an ex vivo mouse kidney rudiment assay, we found that irrespective of their 17 

source, Brachyury-GFP+ cells failed to integrate into developing nephrons, which are derived from the 18 

intermediate mesoderm. However, Brachyury-GFP+ cells isolated under 3-D conditions appeared to 19 

differentiate into endothelial-like cells within the kidney rudiments, whereas the Brachyury-GFP+ 20 

isolated from the 2-D conditions only did so to a limited degree. The high expression of Foxf1 in the 21 

3-D Brachyury-GFP+ cells combined with their tendency to differentiate into endothelial-like cells 22 

suggests these mesodermal cells may represent lateral plate mesoderm. 23 
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1. Introduction 24 

The formation of the primitive streak (PS) marks the onset of antero-posterior axis determination in the 25 

developing mouse embryo (Stern, 2004; Rodriguez et al., 2005). The epiblast cells egress through the 26 

PS to generate the nascent mesoderm in-between the primitive ectoderm and the overlying visceral 27 

endoderm. Brachyury (Bra, also known as T) is the key marker of the entire PS and is a pan 28 

mesodermal marker that is expressed in the posterior epiblast, PS, node, notochord, allantois and tail 29 

bud (Wilkinson et al., 1990; Kispert and Herrmann, 1994; Conlon et al., 1995; Kispert et al., 1995; 30 

King et al., 1998; Showell et al., 2004; Papaioannou, 2014; Concepcion and Papaioannou, 2014).  31 

Following gastrulation, the Bra+ nascent mesoderm generates (i) paraxial mesoderm, which gives rise 32 

to the somites; (ii) lateral plate mesoderm, which gives rise to the heart, vessels, haematopoietic stem 33 

cells and endothelial cells; and (iii) intermediate mesoderm, which gives rise to the urogenital system 34 

(Gilbert, 2010; Wolpert et al., 2015). The intermediate mesoderm then becomes further specified to 35 

anterior intermediate mesoderm that gives rise to the ureteric bud (UB), and posterior intermediate 36 

mesoderm that gives rise to the metanephric mesenchyme (MM) (Little et al., 2016). The UB and MM 37 

generate the collecting ducts and nephrons, respectively, of the mature kidney (Pietilä and Vainio, 2014; 38 

Little et al., 2016). 39 

The small size and inaccessibility of the peri-implantation mouse embryo makes it difficult to study. 40 

However, the isolation of embryonic stem cells (ESCs) from mouse blastocysts in the 1980s (Evans 41 

and Kaufman, 1981; Martin, 1981) has provided an alternative model for studying the early 42 

development of the mouse embryo. 43 

When cultured in suspension, mESCs spontaneously form spheroid multicellular aggregates called 44 

embryoid bodies (EBs) (Wobus et al., 1984; Doetschman et al., 1985; Robertson, 1987; Murray and 45 

Edgar, 2004). A typical EB has an outer layer of primitive endoderm, an inner layer of primitive 46 

ectoderm, a basement membrane separating them, as well as a central cavity that resembles the 47 

proamniotic cavity (Shen and Leder, 1992). The primitive ectoderm differentiates to generate 48 

derivatives of definitive ectoderm, endoderm and mesoderm (Wobus et al., 1984; Doetschman et al., 49 

1985; Keller et al., 1993). Therefore, EBs can recapitulate some aspects of peri-implantation mouse 50 

development and provide an excellent model system for studying these early events (Wobus et al., 51 
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1984; Doetschman et al., 1985; Robertson, 1987). 52 

However, the heterogeneous nature of the EBs means that the extent of differentiation towards any 53 

specific cell type can vary considerably depending on culture conditions, and can even vary between 54 

EBs cultured under the same culture conditions. The complex 3-D structure also hinders the 55 

visualisation of the differentiation process at an individual cell level. For this reason, various 2-D 56 

differentiation protocols have been developed to direct differentiation to specific cell-types more 57 

efficiently. Several studies have demonstrated in vitro derivation of monolayer mESCs into lineages of 58 

neural progenitors, endothelial cells, osteochondrogenic and myogenic cells using chemically defined 59 

media (Ying and Smith, 2003; Sakurai et al., 2009; Blancas et al., 2011; Blancas et al., 2013). Recently, 60 

Turner et al showed that Activin/Nodal and Wnt signalling pathways promote mesoderm formation in 61 

monolayer mESC culture, with the mesodermal cells differentiated from mESCs displaying Bra 62 

expression, similarly to the nascent mesoderm that develops in the primitive streak of developing 63 

mouse embryos and of ‘gastrulating’ EBs. By using a combination of Activin A (Activin/Nodal agonist) 64 

and Chiron (Wnt3a agonist), this group developed a highly efficient strategy for inducing E14 mESCs 65 

to differentiate into nascent mesoderm. After 2-day culture in neural differentiation medium and a 66 

further 2-day culture in medium supplemented with Activin A and Chiron, robust Bra expression was 67 

observed in over 90% of the population (David Turner, University of Cambridge, personal 68 

communication) (Turner et al., 2014a,b).  69 

Although mesoderm differentiation occurs within both the 3-D EB and 2-D mESC culture systems, it is 70 

not clear whether the differentiated cells (e.g. mesodermal cells) that are generated by the 2-D 71 

protocols are equivalent to those that form in EBs. In the mouse embryo, the fate of the Bra+ cells is 72 

determined by the microenvironment that the cells find themselves in following their migration from 73 

the primitive streak (Gilbert, 2010). This cannot be replicated using in vitro culture systems, which 74 

raises the question of whether the Bra+ cells generated in vitro are equivalent to nascent mesoderm, or 75 

instead, are partially committed to a specific mesodermal lineage. For instance, the Little group have 76 

previously reported that BRA+ cells derived from human ESCs have a tendency to spontaneously 77 

differentiate into FOXF1+ lateral plate mesoderm when cultured in the absence of exogenous growth 78 

factors (Takasato et al., 2014). This observation highlights the fact that the differentiation potential of 79 

Bra+ cells generated in vitro is likely to be influenced by the specific culture conditions used.  80 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted December 26, 2017. ; https://doi.org/10.1101/239913doi: bioRxiv preprint 

https://doi.org/10.1101/239913
http://creativecommons.org/licenses/by-nc/4.0/


 4 of 44 

We have previously shown that Bra+ mesodermal cells isolated from mESC-derived EBs were able to 81 

integrate into the developing UB and MM of mouse kidney rudiments and generate specialised renal 82 

cells (Rak-Raszewska et al., 2012). However, in this previous study, the EBs from which the Bra+ 83 

mesodermal cells were isolated did not mimic early embryo development, in that they did not form a 84 

primitive ectoderm epithelium, nor a proamniotic cavity. In the present study, we aimed to investigate 85 

whether Bra+ cells generated using the recently described 2-D culture system, and those derived from 86 

cavitating EBs, express similar lineage-specific genes, and have similar developmental potential to 87 

those derived from non-cavitating EBs. In order to do this, we have generated a Bra-GFP/Rosa26-E2C 88 

mESC reporter line (Zhou et al., in press) that will allow us to isolate the GFP-expressing nascent 89 

mesodermal cells from both systems so that their gene expression can be analysed using RT-PCR and 90 

their developmental potential can be assessed by investigating their fate following incorporation into 91 

mouse kidney rudiments ex vivo (Unbekandt and Davies, 2010; Kuzma-Kuzniarska et al., 2012; 92 

Rak-Raszewska et al., 2012; Ranghini et al., 2013; Dauleh et al., 2016).  93 

2. Results 94 

2.1 Mesoderm development within EBs is affected by seeding density  95 

The Bra-GFP/Rosa26-E2C mESCs were plated at different densities and cultivated for 7 days in EB 96 

medium. At densities of 2.5×105 and 1.25×105 cells mL-1, cavitated EBs could be observed by day 4, 97 

but at the lower seeding density of 6.25×104 cells mL-1, most EBs failed to cavitate, even by day 7 (Fig. 98 

1). Mesoderm development was identified in all conditions by GFP fluorescence, but the expression 99 

patterns were different. At 6.25×104 cells mL-1, GFP was expressed at an earlier stage and peaked on 100 

day 4 before decreasing. In contrast, at higher densities, GFP became visible at day 4 or later and the 101 

fluorescence signal increased from day 4 to 7, but there appeared to be more GFP+ cells in the 1.25×105 102 

cells mL-1 EBs (Fig. 1). Therefore, given that the EBs developing in the 1.25×105 cells mL-1 density 103 

cultures appeared to be typical cavitating EBs that contained a high proportion of GFP+ cells, we used 104 

this plating density in all future experiments. To investigate if E2C expression affected mesoderm 105 

differentiation, immunostaining of Bra-GFP/Rosa26-E2C EB sections was performed to confirm that 106 

the GFP+ cells within the EB expressed E2C. The results showed that all cells within the 107 

Bra-GFP/Rosa26-E2C EBs continued to express E2C, including the GFP+ mesodermal cells, indicating 108 

that E2C expression did not inhibit mesoderm differentiation (Fig. 1).  109 
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2.2 Comparing the timing and extent of mesodermal cell differentiation using the 3-D and 2-D 110 

culture systems 111 

In order to accurately monitor changes in GFP expression in the developing EBs over time, 112 

Bra-GFP/Rosa26-E2C mESCs were plated at a density of 1.25×105 cells mL-1 and at day 3, were 113 

embedded in a sandwich-like agarose system (2% agarose bottom layer ‒ EB ‒ 1% agarose overlay) 114 

and imaged in real-time using the Cell-IQ instrument every hour from day 3 to day 9 post plating. GFP 115 

started to be expressed on day 4 (96 h), and reached maximum levels on day 6–7. Although expression 116 

levels began to decrease at this time point, GFP+ cells were still present at day 9 (Fig. 2A). To quantify 117 

the proportion of mesodermal cells within the EBs, flow cytometry analysis was performed. EBs 118 

derived from the wild-type E14TG2a mESCs were used as a negative control. The results were 119 

consistent with the Cell-IQ data, and showed that the peak GFP expression was at day 6, at which time, 120 

approximately 39% of the EB population were GFP+ (Fig. 2B).  121 

We then determined the efficiency of the previously described 2-D culture system (Turner et al., 122 

2014a,b). The Bra-GFP/Rosa26-E2C mESCs were cultured under differentiation conditions for 4 days, 123 

and were then screened for GFP expression. Analysis of fixed cells in culture showed that the vast 124 

majority of the population expressed GFP. Flow cytometry analysis showed that approximately 89% of 125 

the population was GFP+, which is consistent with the efficiency reported previously with this method 126 

(Figs 2C–D).  127 

2.3 Comparing the expression profile of key genes in GFP+ mesodermal cells generated under 3-D 128 

and 2-D differentiation conditions 129 

Before comparing the expression levels of the key target genes in the GFP+ cells isolated from the 3-D 130 

and 2-D culture systems, it was first necessary to determine the purity of the GFP+ cell populations 131 

isolated from each culture system. Single cell suspensions from day 6 EBs and day 4 2-D monolayer 132 

cultures were sorted by FACS and then re-analysed using the same parameters. Results showed that the 133 

proportion of GFP+ cells was over 94% (Fig. 3A), confirming they were pure populations.  134 

In order to characterize the Bra-GFP+ and Bra-GFP− populations, quantitative real-time polymerase 135 

chain reaction (qRT-PCR) was performed to examine the expression patterns of key genes of 136 

mesodermal lineages and of early kidney development (Table S1). Relative gene expression levels were 137 
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evaluated and compared between the following groups: (i) the Bra-GFP+ and Bra-GFP− populations 138 

isolated from the EBs (3-D system); (ii) Bra-GFP+ and Bra-GFP− populations isolated from the 2-D 139 

system; and (iii) the Bra-GFP+ populations isolated from the 3-D and 2-D systems. Stemness markers 140 

Oct4 and Nanog and the primitive ectoderm marker, Fgf5, were also evaluated to assess whether 141 

undifferentiated mESCs and/or ectoderm cells were present.    142 

Firstly, comparisons were made between gene expression levels in the Bra-GFP+ cells and the 143 

Bra-GFP− cells isolated from the 3-D and 2-D system. The results showed that the early mesoderm 144 

genes Bra, Cdx2, Tbx6, Foxf1, Foxa2, Hoxb1 and Hoxc9 were expressed by Bra-GFP+ cells isolated 145 

from both the 3-D and 2-D systems, but the relative expression levels differed in comparison to the 146 

respective Bra-GFP− populations. For instance, under the 3-D conditions, the expression levels of Bra, 147 

Cdx2, Tbx6, Foxf1, and Hoxb1 in the Bra-GFP+ population were approximately 55-, 10- , 40-, 10- and 148 

55-fold higher than in the Bra-GFP− population, respectively, whereas under the 2-D conditions, Bra, 149 

Tbx6 and Hoxb1 levels in the Bra-GFP+ cells were only 2-, 4-, and 5-fold higher, respectively, than in 150 

the Bra-GFP− cells (Figs 3B–C).    151 

There was a 1- to 10-fold up-regulation of Hox10 and Hox11 paralogy groups (Hoxa10, Hoxa11 and 152 

Hoxd11) in the Bra-GFP+ population compared to the Bra-GFP− population isolated from cells under 153 

3-D conditions. In contrast, down-regulation of the same genes was observed in the Bra-GFP+ 154 

population isolated from cells under 2-D conditions compared to the Bra-GFP− population (Figs 3B–C). 155 

This suggested that the status of Bra-GFP+ cells isolated from EBs may be closer to a stage resembling 156 

posterior mesoderm, as it has been shown previously that posterior mesoderm, which gives rise to the 157 

MM, expresses higher levels of Hox10 and 11 genes compared to anterior mesoderm (Taguchi et al., 158 

2014). 159 

Genes of intermediate mesoderm and metanephric mesenchyme, i.e., Lhx1, Osr1, Pax2 and Wt1, 160 

displayed a similar trend in the change of relative expression levels between the Bra-GFP+ and 161 

Bra-GFP− groups under 3-D and 2-D conditions. It is of note that in the cells isolated from the EBs, 162 

Lhx1 was up-regulated by approximately 10-fold in the Bra-GFP+ cells compared to the Bra-GFP− cells, 163 

whereas there was minimal up-regulation in the Bra-GFP+ cells isolated from the 2-D conditions (Figs 164 

3B–C, Fig. S1). Oct4, Nanog and Fgf5 were also evaluated and the data showed no difference between 165 
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the Bra-GFP+ cells and Bra-GFP− cells isolated from both 3-D and 2-D conditions (Fig. S1). 166 

Next, the relative expression levels of the various genes in Bra-GFP+ cells isolated from 3-D and 2-D 167 

system was compared. There was no significant difference in the expression levels of Bra and Tbx6, 168 

whereas Cdx2, Foxf1 and Hoxb1 were significantly up-regulated by 9-, 30-, 5-fold, respectively, in the 169 

Bra-GFP+ cells isolated under 3-D conditions. Another early mesoderm gene Hoxc9 as well as 170 

posterior mesoderm genes Hox10 and Hox11 were also up-regulated but not significantly. The 171 

expression levels of Lhx1, Osr1, Pax2, Wt1 and Gdnf were comparable between the two populations. 172 

On the other hand, Foxd1, which, is expressed in MM and stroma, showed a slight 2-fold up-regulation 173 

in the 3-D Bra-GFP+ cells, but this was not statistically significant (Fig. 3D).    174 

2.4 Ex vivo development of intact and re-aggregated non-chimeric mouse kidney rudiments 175 

In order to evaluate how the Bra-GFP+ cells behave in the rudiment culture, it was first necessary to 176 

establish the typical staining pattern of various renal cell-specific antibodies in intact kidney rudiments 177 

cultured ex vivo. Following 5 days of ex vivo culture, the rudiments were fixed and 178 

immunofluorescence was performed to detect the following markers: megalin, which is expressed on 179 

the apical surfaces of proximal tubule cells (Ranghini et al., 2013; Taguchi et al., 2014); Wt1, which is 180 

expressed in MM and developing nephrons, and expressed at very high levels in nascent and mature 181 

podocytes (Moore et al., 1999; Ranghini et al., 2013; Taguchi et al., 2014); synaptopodin, which is 182 

expressed in mature podocytes (Mundel et al., 1997; Shankland et al., 2007). The rudiments were also 183 

stained with rhodamine-labeled peanut agglutinin (PNA), which mainly binds to the basement 184 

membranes of UBs, and more weakly to those of the developing nephrons (Laitinen et al., 1987). PNA 185 

staining showed an intact UB tree, and immunostaining for megalin showed typical staining of the 186 

apical surfaces of proximal tubule cells (Fig. 4A). As expected, immunostaining for Wt1 showed 187 

weaker expression in MM and developing nephrons and intense expression in nascent and mature 188 

podocytes, whereas synaptopodin was exclusively expressed in mature podocytes (Fig. 4A).   189 

To confirm that re-aggregated kidney rudiments could develop nephron and UB structures as 190 

previously reported (Unbekandt and Davies, 2010; Rak-Raszewska et al., 2012; Ranghini et al., 2013), 191 

dissociated kidney rudiment cells were pelleted and cultured ex vivo prior to staining with the 192 

aforementioned markers. Firstly, it was important to confirm that the disaggregation process was 193 
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effective and that no non-dissociated renal structures were present at the start of the culture period. 194 

Therefore, at day 0, rudiments were stained for megalin and PNA. The results showed that no staining 195 

was present at day 0, whereas multiple tubular structures were present by day 5 (Fig. 4B). More 196 

detailed analysis of the re-aggregated rudiments showed that the pattern of tubular structures and 197 

nascent glomeruli appeared similar to that of the intact rudiments, which was consistent with previous 198 

studies (Kuzma-Kuzniarska et al., 2012; Rak-Raszewska et al., 2012; Ranghini et al., 2013). Although 199 

UB tubules formed, they did not form a contiguous UB tree (Fig. 4C). 200 

2.5 The behaviour of mESC-derived Bra-GFP+ cells within chimeric kidney rudiments cultured 201 

ex vivo 202 

Before assessing the differentiation potential of the mESC-derived Bra+ cells in the chimeric rudiment 203 

assay, it was first necessary to confirm that chimeric rudiments comprising a positive control cell 204 

population developed as expected. To this end, chimeric rudiments containing GFP+ mouse neonatal 205 

kidney-derived stem cells (KSCs) were generated, as we have previously shown that KSCs can 206 

generate proximal tubule cells and podocytes within rudiments (Ranghini, 2011; Ranghini et al., 2013). 207 

The chimeric rudiments were cultured for 5 days ex vivo and analysed as previously using the renal 208 

cell-specific markers. On day 0, the KSCs were evenly distributed in the chimeric rudiments (Fig. S2). 209 

After 5 days of culture, the chimeric rudiments had developed proximal tubule-like structures that 210 

stained positively for megalin, as well as nascent glomeruli that contained podocytes, as evidenced by 211 

positive staining for Wt1 and synaptopodin. KSCs showed integration into the tubules and glomeruli of 212 

the developing nephrons (Figs 5–7).  213 

To investigate the behaviour of mESC-derived Bra-GFP+ cells within chimeric kidney rudiments 214 

cultured ex vivo, Firstly, the behaviour of E2-Crimson-expressing (E2C+) Bra-GFP+ cells isolated from 215 

mESC-derived EBs (3-D culture system) were investigated in the ex vivo rudiment assay. Staining for 216 

PNA, megalin, Wt1 and synaptopodin showed that similarly to the positive control chimeras 217 

comprising KSCs, the re-aggregated metanephric cells were able to develop tubular structures and 218 

nascent glomeruli (Figs 5–7). However, immunostaining for E2C showed that the EB-derived cells did 219 

not integrate into tubules or glomeruli, and instead, appeared to elongate and form interconnected cell 220 

networks throughout the rudiment. In many cases, the EB-derived cells appeared to align against the 221 

outer surface of developing glomeruli (Figs 5–7). 222 
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Next, the behaviour of E2C+ Bra-GFP+ cells isolated from the 2-D culture system was investigated 223 

using the chimeric rudiment assay. As with the EB-derived Bra-GFP+ chimeras, staining for PNA, 224 

megalin, Wt1 and synaptopodin showed that re-aggregated metanephric cells in chimeras comprising 225 

Bra-GFP+ cells isolated from the 2-D culture system were able to generate tubular structures and 226 

nascent glomeruli (Figs 5–7). Similarly to the E2C+ EB-derived Bra-GFP+ cells, the cells isolated from 227 

the 2-D culture system did not appear to integrate into tubules or glomeruli. However, in contrast to the 228 

EB-derived cells, those isolated from 2-D culture tended not to form connections with each other. 229 

Although elongated cells were occasionally observed in close proximity to developing glomeruli, the 230 

majority of the cells were not elongated and did not from interconnected cell networks (Figs 5–7). 231 

Furthermore, there appeared to be fewer E2C cells present in these chimeras compared to those 232 

generated from mESC-derived Bra-GFP+ isolated from EBs.  233 

The morphology of E2C+ Bra-GFP+ cells within the chimeras generated from EB-isolated cells 234 

appeared similar to that of endothelial cells within ex vivo kidney rudiments (Halt et al., 2016). To 235 

investigate if the E2C+ cells had differentiated into endothelial cells, the rudiments were immunostained 236 

for the endothelial marker, PECAM-1 (platelet and endothelial cell adhesion molecule 1) (Kondo et al., 237 

2007). It was found that the metanephric cells generated PECAM-1+ interconnected cell networks in 238 

both types of chimeric rudiment, indicating that endothelial cells had differentiated. Analysis of E2C+ 239 

cells within the chimeric rudiments generated from EB-derived Bra-GFP+ cells showed that the 240 

majority of these cells appeared to stain positively for PECAM-1, suggesting that they had 241 

differentiated into endothelial cells. In contrast, most of the E2C+ cells within the chimeric rudiments 242 

generated from 2-D culture-derived Bra-GFP+ cells did not stain positively for PECAM-1. Instead, 243 

only the elongated cells which were occasionally observed within these chimeras were found to stain 244 

for PECAM-1 (Fig. 8, Movies S1–2). 245 

3. Discussion 246 

In this study, we generated mesoderm populations from a Bra-GFP/Rosa26-E2C mESC reporter line 247 

using 3-D and 2-D culture systems.  248 

The dynamics of GFP expression during EB culture was similar to what has been previously observed 249 

in our group (Rak-Raszewska, 2010); i.e., at low seeding density, GFP appeared to peak earlier than at 250 
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higher seeding densities. A possible explanation is that mESCs might express inhibitors of mesoderm 251 

differentiation, such as noggin, which would be present at higher levels in higher density cultures, and 252 

might therefore delay mesoderm differentiation (GFP expression) (Tonegawa and Takahashi, 1998; 253 

Gratsch and O'Shea, 2002). Also, GFP expression was detected in EBs generated at low density that 254 

had not cavitated. This is similar to our lab’s previous findings using the same E14-Bra-GFP mESC 255 

line, but with a different culture protocol developed by Fehling et al (Fehling et al., 2003; 256 

Rak-Raszewska et al., 2012). In that study, GFP was only expressed within the EBs during days 3 to 4 257 

with about 60% of the population expressing GFP at day 4 (Rak-Raszewska, 2010). This is much 258 

higher than the proportion we observed in the current study (less than 40%). However, EBs generated 259 

using Fehling’s method did not form a proamniotic-like cavity, extra-embryonic endoderm or basement 260 

membranes. It is therefore envisaged that the properties of Bra+ mesoderm cells generated from the two 261 

types of EBs (i.e., cavitating or non-cavitating), might have different properties and differentiation 262 

potential.  263 

An interesting finding from the qRT-PCR analysis was that the expression levels of Bra in the GFP+ 264 

cells isolated from the 3-D system were approximately 50 times higher than in the GFP− cells, but Bra 265 

levels in GFP+ cells isolated from the 2-D system were only approximately three times higher than in 266 

the corresponding GFP− cells. Yet despite this, when Bra levels in the GFP+ cells from the 3-D system 267 

were directly compared with levels in GFP+ cells from the 2-D system, there was no significant 268 

difference. A possible explanation for this is that the GFP− cells in the EBs are likely to be endoderm or 269 

ectoderm cells that do not express Bra, whereas in the 2-D system, it is possible that the GFP− cells 270 

might be committed to the mesodermal lineage and have started to up-regulate Bra, but due to the 271 

time-lag between transcription and translation, might not have yet started to produce GFP. If this were 272 

the case, such cells would be Bra+ but GFP−, and would thus have been sorted into the GFP-negative 273 

fraction by FACS. 274 

When comparing the expression levels of key genes between the GFP+ cells from the 3-D and 2-D 275 

systems, there were only three genes that were significantly up-regulated in the cells from 3-D system, 276 

namely, Foxf1, Cdx2 and Hoxb1. The high expression levels of Foxf1 might suggest that the GFP+ cells 277 

from the 3-D system might be lateral plate mesoderm cells. It is known that high levels of BMPs 278 

promote the differentiation of lateral plate mesoderm, whereas low levels of BMPs promote 279 
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intermediate mesoderm (Tonegawa and Takahashi, 1998). It is therefore possible that in the larger 280 

cavitating EBs, there might be higher levels of BMPs which would then drive the differentiation of 281 

lateral plate mesoderm. However, the cells also had significantly higher levels of the nascent mesoderm 282 

gene, Cdx2, and the posterior mesoderm gene, Hoxb1. Furthermore, although not significant, there was 283 

a clear trend that the Hox genes tested, which are expressed in intermediate mesoderm, were 284 

up-regulated in the cells from the 3-D system.  285 

By introducing the E2C-expressing mesodermal cells into the chimeric rudiments ex vivo, we showed 286 

that neither the Bra-GFP+ cells derived from the 3-D nor 2-D culture systems appeared to integrate into 287 

the developing nephrons. The results are strikingly different from our lab’s previous studies that 288 

investigated the nephrogenic potential of Bra-GFP+ cells isolated from non-cavitating EBs in the same 289 

rudiment culture assay (Rak-Raszewska et al., 2012). In these earlier studies, it was found that 290 

Bra-GFP+ mESCs derived from non-cavitating EBs were able to integrate into both the developing 291 

nephrons and UBs, and could form functional proximal tubule cells and podocytes (Rak-Raszewska et 292 

al., 2012). Another study by Vigneau et al showed that Bra+ cells derived from mouse EBs contributed 293 

to the proximal tubules when injected into the neonatal mouse kidney in vivo (Vigneau et al., 2007). 294 

The results we obtained with the Bra-GFP+ cells obtained from cavitating EBs were surprising. We had 295 

expected that as these cells were isolated at a later time point than the Bra-GFP+ cells in the 296 

non-cavitating EBs, they might more closely resemble posterior mesoderm, which has recently been 297 

shown to generate the MM but not the UB (Taguchi et al., 2014). We therefore thought that these cells 298 

might integrate into developing nephrons, but not the UBs. However, they did not integrate into either 299 

of these structures and instead appeared to differentiate into endothelial cells. There have been 300 

contrasting reports concerning the presence of endothelial cells in mouse kidney rudiments cultured ex 301 

vivo, with some studies suggesting endothelial cells cannot survive in ex vivo rudiments (Loughna et al., 302 

1997) and others suggesting they do (Halt et al., 2016). Our findings are consistent with the Halt et al 303 

study that indicates endothelial cells are present in rudiments, and similarly to that study, we found that 304 

although the endothelial cells formed interconnected networks, they did not form capillaries with 305 

lumen, nor did they invest the developing glomeruli. 306 

The key differences in the gene expression profile of the Bra-GFP+ cells isolated from cavitating EBs 307 

(current study) and non-cavitating EBs (previous study) (Rak-Raszewska, 2010) is that in comparison 308 
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to GFP− cells, the former expressed much higher levels of Foxf1, which is highly expressed in lateral 309 

plate mesoderm, and lower levels of the MM genes, Gdnf and Osr1 (Rak-Raszewska, 2010). The high 310 

expression levels of Foxf1 might explain why the EB-derived Bra-GFP+ cells in the current study had a 311 

tendency to generate endothelial cells, because it is known that Foxf1 is essential for vasculogenesis in 312 

the developing embryo and is expressed in endothelial cells (Mahlapuu et al., 2001; Ren et al., 2014).  313 

High levels of BMP signals and their receptors ALK3/6 have been shown to promote a lateral plate 314 

mesoderm fate (James and Schultheiss, 2005). Due to the heterogeneous nature of the EBs, it is 315 

possible that mesoderm niches that resemble dynamic microenvironments of the in vivo primitive 316 

streak have been formed. Cells residing in the niches that are exposed to high concentrations of BMP 317 

signals might, therefore, adopt a lateral plate mesoderm fate. Retinoic acid, FGF and Wnt signals might 318 

also affect the cell commitment of lateral plate mesoderm but their effects may be stochastic within the 319 

EBs. Nevertheless, we cannot exclude the possibility that the timing might have been another factor; 320 

for instance, Bra-GFP+ cells isolated at slightly earlier or later time-points might have expressed genes 321 

of other mesodermal lineages.  322 

Regarding the Bra-GFP+ isolated from the 2-D system, it was found that these also did not integrate 323 

into developing nephrons or UBs. Furthermore, only a small proportion of these cells appeared to 324 

differentiate into endothelial cells. The majority of the cells did not form interconnected cell networks 325 

and appeared to be randomly dispersed throughout the stroma. Similarly to the Bra-GFP+ cells from the 326 

cavitating EBs, the Bra-GFP+ cells from the 2-D system did not show any noticeable up-regulation of 327 

Gdnf or Osr1 in comparison with the Bra-GFP− cells. However, in contrast to the EB-derived cells, 328 

those isolated from the 2-D system did not show up-regulation of Foxf1, which is consistent with their 329 

limited tendency to generate endothelial cells. It is possible that the Bra-GFP+ cells from the 2-D 330 

system might have differentiated into stromal cells, but it was not possible to test this due to the lack of 331 

a stroma-specific antibody. It is interesting to note that the Bra-GFP+ cells from the 2-D system 332 

expressed higher levels of the stromal gene, Foxd1 (Mugford et al., 2008) compared to those from the 333 

3-D system, but the results were not statistically significant.  334 

4. Materials and methods 335 

4.1 Routine cell culture 336 
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Bra-GFP/Rosa26-E2C mESCs (Zhou et al., in press) were maintained in 0.1% gelatinised 6-well tissue 337 

culture plates with mitomycin-C (Sigma-Aldrich, M4287) inactivated STO (ATCC, SCRC-1049) 338 

feeder cells at 37oC in a humidified incubator with 5% CO2 in Dulbecco’s Modified Eagle’s Medium 339 

(DMEM) (Sigma-Aldrich, D6546) supplemented with 150 mL L-1 FBS (Sigma-Aldrich, F2442), 10 mL 340 

L-1 MEM non-essential amino acid (Sigma-Aldrich, M7145), 10 mL L-1 L-glutamine (Sigma-Aldrich, 341 

G7513), 0.1 mmol L-1 β-mercaptoethanol (Gibco, 31350) and 1,000 U mL-1 mouse leukemia inhibitory 342 

factor (mLIF) (Merck Millipore, ESG1107). Cells were passaged every other day and those at passage 343 

13–22 were used for experiments.  344 

GFP-expressing mouse neonatal kidney-derived stem cells (GFP-KSCs) (Ranghini, 2011) were 345 

maintained in 60 mm tissue culture dishes at 37oC in a humidified incubator with 5% CO2 in DMEM 346 

supplemented with 100 mL L-1 FBS (Gibco, 10270), 10 mL L-1 MEM non-essential amino acid 347 

(Sigma-Aldrich, M7145), 10 mL L-1 L-glutamine (Sigma-Aldrich, G7513) and 0.1 mmol L-1 348 

β-mercaptoethanol (Gibco, 31350). Cells were passaged 2–3 times per week and those at passage 17–349 

20 were used for experiments.     350 

4.2 3-D EB system 351 

mESCs were sub-cultured in gelatinised 6-well tissue culture plates for 48 h to deplete feeder cells. 352 

Cells were then collected and plated in 90 mm bacterial petri dishes (Sterilin, 101VR20) at the densities 353 

of 6.25×104, 1.25×105 and 2.5×105 cells mL-1 to form aggregates. The EBs were maintained at 37oC in 354 

a humidified incubator with 5% CO2 in DMEM supplemented with 100 mL L-1 FBS (Sigma-Aldrich, 355 

F2442), 10 mL L-1 MEM non-essential amino acid, 10 mL L-1 L-glutamine and 0.1 mmol L-1 356 

β-mercaptoethanol for up to 9 days with a medium change every other day. Each dish was split 1:2 on 357 

day 3and EB morphology was examined on days 4 and 7. Experiments were carried out in 3 358 

independent biological replicates. 359 

4.3 2-D system 360 

mESCs were sub-cultured in gelatinised 6-well tissue culture plates for 48 h to deplete feeder cells. 361 

Cells were collected and plated into gelatinised 6-well plates at 1×105 cells per cm2 for 24 h. 2-D 362 

induction culture was based on the protocols previously described (Turner et al., 2014a,b). Briefly, cells 363 

were then harvested and re-plated into 60 mm tissue culture dishes at a density of 4.7×103 cells per cm2 364 
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with overnight incubation in mESC culture medium. The following morning, medium was changed to 365 

NDiff® 227 (Clontech, Y40002) for 48 h and then to NDiff® 227 supplemented with Activin-A (R&D 366 

Systems, 338-AC) and CHIR 99021 (Tocris, 4423) to a final concentration of 100 ng mL-1 and 3 µmol 367 

L-1, respectively, for a further 48 h incubation. Medium was changed on a daily basis. Experiments 368 

were carried out in 3 independent biological replicates. 369 

4.4 Cell-IQ real-time imaging 370 

On day 3, EBs that were formed from mESCs at the plating density of 1.25×105 cells mL-1 were 371 

harvested and plated onto solidified 2% agarose gel (Sigma-Aldrich, A9045) in glass bottom 6-well 372 

plates (MatTek, P06G-0-20-F). They were then embedded in a thin overlay of 1% agarose. Each well 373 

was filled with 3 mL EB medium once the overlaid gels were set. Plates were maintained in Cell-IQ 374 

(Chip-Man Technologies Ltd) imaging facility. EBs were imaged by the Cell-IQ Imagen (Chip-Man 375 

Technologies Ltd) software on days 3 to 9 on an hourly basis. Imaging data from both bright field and 376 

488 nm laser for the GFP fluorescence signal were documented from 3 independent biological 377 

replicates. Raw data were analysed by the Cell-IQ Analyser (Chip-Man Technologies Ltd) and ImageJ 378 

(NIH) softwares. 379 

4.5 EB fixation and cryo-sectioning 380 

EBs were harvested on day 7 and fixed with 4% paraformaldehyde (PFA). They were then soaked in 15% 381 

sucrose followed by embedding in the 7.5% molten gelatin. Samples were mounted onto cork disks 382 

with Shandon™ Cryomatrix™ embedding resin (Thermo Fisher Scientific, 6769006) and cut with a 383 

cryostat at 20 µm. 384 

4.6 Flow cytometry analysis 385 

Single cell suspensions of 1×106 cells mL-1 were obtained from 3-D or 2-D culture systems and 386 

examined by a BD FACScalibur (BD Biosciences) flow cytometer according to manufacturer’s 387 

instructions, using a 488 nm laser to detect the GFP signal. For analysis of the GFP expression window 388 

in the EBs, wild-type E14TG2a-derived EBs were used as a negative control. For analysis of GFP 389 

expression in the 2-D system, undifferentiated Bra-GFP/Rosa26-E2C mESCs sub-cultured in 390 

gelatinised dishes in mESC medium for 24 h prior to induction were used as a negative control. Data 391 

were acquired from two biological replicates by the BD CellQuest (BD Biosciences) software based on 392 
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104 events and analysed using the Cyflogic (CyFlo Ltd, version 1.2.1) software.  393 

4.7 Fluorescence-activated cell sorting (FACS) 394 

Single cell suspensions of 1×107 cells mL-1 were obtained from day-6 3-D EBs or day-4 2-D 395 

monolayer cultures. Sorting was performed to isolate Bra-GFP+ cells using the BD FACSAria (BD 396 

Biosciences) flow sorter with the 530/30 bandpass filter and 502 longpass mirror. Day-6 EBs derived 397 

from wild-type E14TG2a mESCs and undifferentiated Bra-GFP/Rosa26-E2C mESCs sub-cultured in 398 

gelatinised dishes for 24 h prior to induced differentiation were used as negative controls for 3-D and 399 

2-D systems, respectively. Data output was performed using BD FACSDiva (version 6.1.3) software. 400 

Experiments were performed in 3 independent biological replicates. 401 

4.8 qRT-PCR and statistical analysis 402 

Cell lysis of FACS-sorted Bra-GFP+ populations, reverse transcription and qPCR amplification was 403 

performed using the Fast SYBR® Green Cells-to-CT™ Kit (Thermo Fisher Scientific, 4405659) in 404 

accordance with the manufacturer’s instructions. Gene transcription was detected by the Bio-Rad CFX 405 

Connect Real-time PCR Detection System (Bio-Rad) using specific primers validated in-house (Table 406 

S2). The reaction was set up with the following steps: 95°C for 20 s initial DNA polymerase activation 407 

followed by 40 cycles of denaturation at 95°C for 3 s and annealing/extension at 60°C for 30 s. qPCR 408 

specificity was assessed by melt curves and then verified by agarose gel electrophoresis. Non-template 409 

control was performed for each analysed gene and the non-reverse transcriptase control was also 410 

included to verify the elimination of genomic DNA. Three biological replicates for the Bra-GFP+ 411 

populations isolated from 3-D and 2-D systems, and two biological replicates for Bra-GFP− populations 412 

derived from the 3-D and 2-D systems were assessed. For each reaction product analysed, two 413 

technical replicates were prepared. Data were acquired using the incorporated Bio-Rad CFX Manager 414 

(version 3.1) software. Relative gene expression levels normalised to two endogenous reference genes 415 

Gapdh and β-actin (ΔΔCt) and statistical analysis were also performed using two-tailed Student's t-test 416 

by the same software, where P<0.05 was considered statistically significant.  417 

4.9 Mouse embryonic kidney rudiment ex vivo culture 418 

The Mouse embryonic kidney rudiment ex vivo culture was based on the protocols previously 419 

described (Unbekandt and Davies, 2010). Briefly, kidneys were dissected out from embryonic day (E) 420 
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13.5 CD1 mouse (Charles River) and dissociated into single cells following an incubation of 15 min in 421 

0.25% trypsin/PBS (Sigma-Aldrich, T4174) with intermittent gentle agitation. Cells were pelleted at 1 422 

800 ×g for 2 min and re-suspended in kidney rudiment medium comprising MEME (Sigma-Aldrich, 423 

M5650) and 100 mL L-1 FBS. In the meantime, FACS-sorted Bra-GFP+ cells derived from mESC 3-D 424 

or 2-D systems were collected in rudiment medium and counted. A total of 2×105 cells were used in 425 

each rudiment, wherein kidney rudiment cells and Bra-GFP+ cells were mixed at a ratio of 1:9. 426 

Rudiments were cultured with Rho-associated, coiled-coil containing protein kinase inhibitor (ROCKi, 427 

Y-27632, Merck Millipore, 688001) for 24 h followed by a further 4-day in the absence of ROCKi. 428 

Controls were also set up, including kidney rudiments comprising GFP-KSCs (1:9 ratio of KSC: 429 

kidney rudiment cells), reaggregated kidney rudiments (formed by kidney rudiment cells only), and 430 

intact kidney rudiments. Experiments were performed in 3 independent biological replicates. 431 

4.10  Immunofluorescence staining 432 

For EB frozen section assay, sections were blocked in 10% serum solution and incubated with E2C 433 

primary and secondary antibodies followed by nuclear counter-staining of 434 

4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, D1306, 1/100 000). Slides were 435 

mounted with DAKO fluorescent mounting medium (Agilent Technologies, S3023) and sealed for 436 

viewing on the Leica DM2500 (Leica) fluorescence microscope with a 40× objective and appropriate 437 

excitation and emission filter sets. Data were acquired using the Leica Application Suite (LAS, Leica) 438 

integrated software and analysed by the ImageJ (NIH, version 1.50i) software. 439 

For mouse embryonic kidney rudiments assay, immunofluorescence and image analysis were carried 440 

out based on the protocols described previously (Rak-Raszewska et al., 2012; Ranghini et al., 2013). 441 

Briefly, rudiments of days 0 and 5 were fixed with 4% PFA and blocked with 10% serum solution 442 

containing 0.1% Triton-X 100, followed by incubation with primary antibodies for E2C, megalin, Wt1, 443 

synaptopodin and PECAM-1, where necessary. They were then incubated with secondary antibodies 444 

followed by counter-staining of 10 µg µL-1 PNA (Vector, RL–1072). Controls were also included as 445 

above to check for non-specific binding of secondary antibodies. Samples were mounted with DAKO 446 

fluorescent mounting medium (Agilent Technologies, S3023) and sealed. Data were acquired using the 447 

Zeiss LSM 510 META (Zeiss) multiphoton confocal laser scanning microscope with a 40× oil 448 

immersion, 20× or 10× lens and appropriate excitation and emission filter sets. Image data analysis was 449 
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performed by the ImageJ (NIH) and Imaris (Bitplane, version 9.0.2) softwares.  450 

The following primary antibodies were used: rabbit polyclonal IgG E2C (Clontech, 632496, 1/1 000), 451 

mouse monoclonal megalin IgG1 (Acris, DM3613P, 1/200), mouse monoclonal Wt1 (Millipore, 05–452 

753, 1/100), mouse monoclonal synaptopodin IgG1 (Progen, 65194, 1/2), rat monoclonal PECAM (BD 453 

Pharmingen, 550274, 1/100). Secondary antibodies used were: Alexa Fluor (AF) 488-conjugated 454 

chicken anti-rabbit IgG (Thermo Fisher Scientific, AF A21441, 1/1 000), AF594 goat anti-rabbit 455 

(Thermo Fisher Scientific, AF A11012, 1/1 000), AF488 goat anti-mouse IgG1 (Thermo Fisher 456 

Scientific, AF A21121, 1/1 000), AF647 donkey anti-mouse IgG (H+L) (Thermo Fisher Scientific, AF 457 

A31571, 1/1 000), AF488 donkey anti-rat IgG (H+L) (Thermo Fisher Scientific, AF A21208, 1/ 1 000).  458 
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from the E2C-expressing mESCs stained positively for E2C (red), including the GFP+ (green) 

mesodermal cells. Data were collected from three biological replicates. Scale bars, 100 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted December 26, 2017. ; https://doi.org/10.1101/239913doi: bioRxiv preprint 

https://doi.org/10.1101/239913
http://creativecommons.org/licenses/by-nc/4.0/


 

Fig. 

meso

phot

to 9 

still 

diffe

on d

Repr

2. Timing 

odermal diff

tomicrographs

days and ima

be detected a

erent time poin

days 6–7. At 

resentative fl

and extent 

ferentiation in

s of EBs deriv

aged in real-ti

at day 9. (B) F

nts revealed t

the peak of e

luorescence a

of GFP ex

n 3-D and 2-

ved from mES

ime every hou

Flow cytometr

hat GFP starte

expression (d

and phase co

xpression in 

-D culture sy

SCs plated at 1

ur from day 3

ry analysis of 

ed to be expre

day 6), GFP+

ontrast photom

Bra-GFP/Ro

ystems. (A) F

1.25×105 cells

3 to day 9 pos

f disaggregated

essed on day 

cells compris

micrographs 

osa26-E2C m

Fluorescence a

s mL-1. EBs w

st plating. GFP

d Bra-GFP/R

4, and reache

sed 39% of th

of mESCs f

mESCs follo

and phase con

were cultured f

P expression 

Rosa26-E2C E

ed maximum l

he population

following dir

27 of 44 

 

owing 

ntrast 

for up 

could 

EBs at 

levels 

n. (C) 

rected 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted December 26, 2017. ; https://doi.org/10.1101/239913doi: bioRxiv preprint 

https://doi.org/10.1101/239913
http://creativecommons.org/licenses/by-nc/4.0/


 28 of 44 

differentiation to mesoderm using a 2-D culture system. Four days following induction, cells no longer 

formed colonies, appeared differentiated, and the majority expressed GFP. (D) Flow cytometry analysis 

showed that ~89% of cells expressed GFP under 2-D culture conditions. Undifferentiated 

Bra-GFP/Rosa26-E2C mESCs sub-cultured in gelatinised dishes in mESC medium for 24 h prior to 

induction were used as a negative control. Data were collected from at least 2 biological replicates. 

Scale bars, 200 µm (A) and 100 µm (C). 
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populations isolated from 3-D system (n=3 biological replicates) and 2-D system (n=3 biological 

replicates), presented as mean±s.e.m. P<0.05 (asterisks) was considered as statistically significant 

(t-test). 
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tubules but did not integrate into them (B, E, H, K and N). In the day-5 chimeric rudiments comprising 

Bra-GFP+ cells isolated from mESC 2-D system, fewer Bra-GFP+ cells (blue) were observed, and, 

unlike those from the 3-D system, most did not appear to be elongated (C, F, I, L and O). Boxed 

regions outlined are enlarged in the magnified images. Data were collected from three biological 

replicates. Scale bars, 200 µm (A−C) and 50 µm (D−F).     
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O). Boxed regions outlined are enlarged in the magnified images. Data were collected from three 

biological replicates. Scale bars, 200 µm (A−C) and 50 µm (D−F).    
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magnified images. Data were collected from three biological replicates. Scale bars, 200 µm (A−C) and 

50 µm (D−F).     
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system. Boxed regions outlined are enlarged in the magnified images. Data were collected from three 

biological replicates. Scale bars, 200 µm (A−C) and 50 µm (D−F).     
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Supplementary Tables 

Table S1 List of key genes investigated by qRT-PCR in this study 

Genes 
Expression 

Regions 
References Genes 

Expression 

Regions 
References 

Bra PS, TB, notocord a, b Foxa2 Anterior PS m 

Tbx6 PS, PM, TB a-c Foxd1 MM stroma n 

Cdx2 PS d-f Foxf1 LPM o 

Lhx1 LPM, IM g Hoxa10 PM, MM e, p, q 

Osr1 LPM, IM, MM e, g Hoxa11 PM, MM e, p, q 

Pax2 IM, ND, MM g, h Hoxb1 Posterior PS m, r 

Wt1 IM, MM i Hoxc9 Posterior PM s 

Gdnf MM j-l Hoxd11 PM, MM p, q 

Notes: PS, primitive streak; PM, paraxial mesoderm; LPM, lateral plate mesoderm; IM, intermediate 

mesoderm; ND, nephric duct; MM, metanephric mesenchyme; TB, tailbud.  

References: a, Papaioannou, 2014; b, Herrmann et al., 1990; c, Chapman et al., 2003; d, Arnold and 

Robertson, 2009; e, Taguchi et al., 2014; f, Savory, et al., 2009; h, James et al., 2005; i, Little, 

2015; j, Lin et al., 1993; k, Sanchez et al., 1996; l, Basson et al., 2006; m, Gadue et al., 2006; n, 

Mugford et al., 2008; o, Mahlapuu et al., 2001; p, Carapuço et al., 2005; q, Yallowitz et al., 2011; 

r, Kmita et al., 2000; s, Erselius et al., 1990. 
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Table S2 List of qRT-PCR primers* 

Genes Forward Sequences Reverse Sequences 
Amplicons 

Size (bp) 
References 

Bra CATCGGAACAGCTC

TCCAACCTAT 

GTGGGCTGGCGTTA

TGACTCA 

136 RTPrimerDB 

β-actin GTACCCAGGCATTG

CTGACA 

CTGGAAGGTGGACA

GTGAGG 

145 

In-house 

Gapdh CATCTTCCAGGAGC

GAGACC 

GAAGGGGCGGAGAT

GATGAC 

150 

Fgf5 AAGTCAATGGCTCC

CACGAA 

TCCTCGTATTCCTA

CAATCCCCT 

88 

Foxd1 CAAGAATCCGCTGG

TGAAGCC 

ACAGGTTGTGACGG

ATGCTG 

88 

Foxf1 CCAAAACAGTCACA

ACGGGC 

TCACACACGGCTTG

ATGTCT 

191 

Gdnf CGCTGACCAGTGAC

TCCAAT 

AAACGCACCCCCGA

TTTTTG 

222 

Nanog AAGCAGAAGATGCG

GACTGT 

GTGCTGAGCCCTTC

TGAATC 

232 

Oct4 TGGAGACTTTGCAG

CCTGAG 

CTTCAGCAGCTTGG

CAAACTG 

188 

Osr1 GCCCCCAAAAAGGA

GAGAGT 

AGCCACAGCTCATC

CTTTACC 

161 

Pax2 TCCAGGCATCAGAG

CACATC 

GGCCGATGCAGATA

GACTGG 

104 

Wt1 AATGCGCCCTACCT

GCCCA 

CCGTCGAAAGTGAC

CGTGCTGTAT 

116 

Cdx2 QT00116739 114 

Qiagen 

Tbx6 QT00098861 80,80,157 

Lhx1 QT01660792 87 

Foxa2 QT00242809 115 

Hoxa10 QT00240212 61 

Hoxa11 QT00250404 97 

Hoxb1 QT00493906 128 

Hoxc9 QT00113218 138 

Hoxd11 QT00267337 97 

* Annealing temperature (Ta) is 60°C for all primers. 
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Supplementary Movies 

Movie S1: Representative 360-degree horizontal 3-D construction of confocal photomicrographs 

showing spatial distribution of PECAM-expressing 3-D system-derived E2C+ Bra-GFP+ cells 

within mouse embryonic kidney rudiments. Rudiments were cultured ex vivo for 5 days. 

Immunostaining for E2C (blue) and PECAM-1 (green) was performed to identify mesodermal and 

endothelial-like cells, respectively (attached as a separate file). 

Movie S2: Representative 360-degree horizontal 3-D construction of confocal photomicrographs 

showing spatial distribution of PECAM-expressing 2-D system-derived E2C+ Bra-GFP+ cells 

within mouse embryonic kidney rudiments. Rudiments were cultured ex vivo for 5 days. 

Immunostaining for E2C (blue) and PECAM-1 (green) was performed to identify mesodermal and 

endothelial-like cells, respectively (attached as a separate file). 
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