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Highlights 17 

- Forward programming of mESCs with transient Nkx2-1 and Pax8 overexpression, 18 

followed by c-AMP treatment, leads to differentiation of functional thyroid follicles in 19 

vitro; 20 

- In absence of Foxe1, thyroid follicle-like structures, derived from mESCs, are scarce 21 

and non-functional; 22 

- Concomitantly, a subset of Nkx2-1-expressing cells generated from Foxe1KO 23 

mESCs spontaneously form lung organoids containing multiple differentiated lung cell 24 

types; 25 

- ATACseq analyses show higher chromatin remodeling in Nkx2-1-expressing cells in 26 

control compared to Foxe1KO cells, especially for genes involved in thyroid maturation 27 

and maintenance of the 3D structure of the follicle. 28 

 29 

Summary 30 

Patterning of endoderm into lung and thyroid lineages depends upon a correct early 31 

expression of a homeobox domain-containing transcription factor, Nkx2-1. However, 32 

the gene networks distinguishing the differentiation of those lineages remain largely 33 

unknown. In the present work, by using mouse embryonic stem cell lines, single-cell 34 
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RNA sequencing, and transcriptomic and chromatin accessibility profiling, we show 35 

that knockout of Foxe1 drastically impairs Nkx2-1+ cells differentiation and maturation 36 

into thyroid follicular-like cells. Concomitantly, a subset of Foxe1 null/Nkx2-1+ cells 37 

have a remarkable ability in vitro to undergo a lung epithelial differentiation program 38 

and form lung-like organoids harboring cells transcriptionally similar with mouse fetal 39 

airway and alveolar cell types. These results demonstrate, for the first time, lung 40 

lineage derivation at the expense of thyroid lineage, by a simple removal of a 41 

transcription factor, and provide insights into the intricated mechanisms of fate 42 

decisions of endodermal cell types. 43 

 44 

Introduction 45 

Embryonic development comprises a stepwise progression towards restriction 46 

of cell potentiality and acquisition of a differentiated cellular state. There are various 47 

molecular mechanisms controlling cell fate commitment, involving cellular response to 48 

extracellular cues, chromatin remodeling and transcription factors activation of 49 

lineage-related cis-regulatory regions. Unveiling the molecular events triggering 50 

lineage decisions is not only crucial to understand the biology behind those 51 

phenomena but also to allow in vitro cell engineering, which is a potential avenue for 52 

disease modeling and regenerative applications in medicine. 53 

During endoderm organogenesis, the space and time coordinated expression 54 

of transcription factors such as Sox2, Cdx, Foxa2, Hhex, Pdx1, among others, patterns 55 

the endoderm layer into more specific cell lineages (Kraus and Grapin-Botton, 2012; 56 

Zorn and Wells, 2009). For thyroid and lung derivation, for example, it is broadly known 57 

that the homeodomain-containing factor Nkx2-1 (also called thyroid transcription factor 58 

1; Ttf-1), is the first gene for which expression is detected in specific domains of the 59 

ventral anterior foregut endoderm, where the thyroid and lung primordia arise around 60 

embryonic days 8-9 during mouse embryogenesis (Cardoso and Lu, 2006; Lazzaro et 61 

al., 1991). In addition, Nkx2-1 expression is observed throughout lung and thyroid 62 

embryonic and adult life. Therefore, it is not surprising that NKX2-1 gene mutations, in 63 

humans and mice, engender a variety of thyroid and pulmonary abnormalities, as well 64 

as neurological defects (Butt et al., 2008; Herriges and Morrisey, 2014; Willemsen et 65 

al., 2005). 66 

Besides the requirement of Nkx2-1 signaling for both thyroid and lung lineages, 67 

the molecular pathways leading to their specification are still poorly understood. For 68 
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this reason, in early directed differentiation protocols to derive thyroid/lung lineages 69 

from mouse embryonic stem cells (mESC), a dual generation of thyroid/lung Nkx2-1 70 

progenitor cells was obtained (Longmire et al., 2012). The better understanding of the 71 

different requirements for Fgf and Wnt pathways activation was key to separately drive 72 

each lineage in mESCs, after an in vitro step of anterior foregut specification (Dame 73 

et al., 2017; Kurmann et al., 2015; Mou et al., 2012; Serra et al., 2017). More recent 74 

reports are helping to shed light on the early stages of thyroid and lung organogenesis 75 

(Haerlingen et al., 2019; Ikonomou et al., 2020; Rankin et al., 2021; Vandernoot et al., 76 

2021). Overall, those data indicate an intricate relationship among thyroid/lung 77 

lineages, at early stages of mammalian development. 78 

At the time of thyroid specification, besides Nkx2-1, cells from thyroid anlage 79 

are identified by the restricted expression of three other transcription factors: Pax8, 80 

Hhex and Foxe1 (López-Márquez et al., 2021). According to proposed mechanisms 81 

for thyroid specification (Parlato et al., 2004), the onset of Foxe1 expression is 82 

downstream to those cited players and Foxe1 (also called thyroid transcription factor 83 

2; Ttf-2) is key to the induction of more thyroid-restricted markers, such as 84 

Thyroglobulin and Thyroperoxidase (Tpo) (Aza-Blanc et al., 1993; Francis-Lang et al., 85 

1992; López-Márquez et al., 2019; Santisteban et al., 1992). Foxe1 is a member of 86 

the Forkhead family, a group of transcription factors classically involved in endoderm 87 

lineage decisions, acting directly to induce the transcription program of a particular cell 88 

lineage but also potentially repressing alternative cell fates (Golson and Kaestner, 89 

2016; Li et al., 2016; Sekiya and Suzuki, 2011; Zaret and Carroll, 2011). Interestingly, 90 

at the stage of thyroid/lung lineages commitment in the anterior foregut endoderm, 91 

Foxe1 is expressed throughout the anterior foregut domain but it is specifically absent 92 

in the lung primordium (De Felice and Di Lauro, 2004; Kuwahara et al., 2020), 93 

suggesting that Foxe1 expression in this region is not compatible with the correct lung 94 

lineage establishment. 95 

In the present work, we investigated the role of Foxe1 in the differentiation of 96 

thyroid lineage and asked whether Foxe1 absence can influence lineage decision of 97 

Nkx2-1+ progenitors in vitro. For this, we used our mESC-based model, in which 98 

thyroid differentiation is induced by Nkx2-1 and Pax8 transient overexpression and 99 

formation of functional thyroid follicle-like structures is obtained by recombinant TSH 100 

treatment (Antonica et al., 2012; Romitti et al., 2021). Here we show that, without 101 

Foxe1, Nkx2-1+ precursors fail to form polarized and mature thyroid follicular cells 102 
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whereas a large subset of Nkx2-1+ cells are able to diverge to an alternative lineage 103 

pathway, giving rise to multiple lung cell types in vitro. 104 

 105 

Results 106 

 107 

Foxe1 is required for thyroid development in vitro 108 

Seminal works have previously shown that Foxe1 depletion/misfunction in the 109 

thyroid gland results in various thyroid defects, from the deregulation of key players 110 

involved in thyroid hormone production pathway up to the agenesia of the gland 111 

(Clifton-Bligh et al., 1998; De Felice et al., 1998; Fernández et al., 2013). To further 112 

investigate the role of Foxe1 in thyroid follicular cells and to validate our mESC-derived 113 

thyroid organoid model to study genes causing hypothyroidism, we mutated Foxe1 114 

loci in mESCs derived from our previously established transgenic line (A2lox-Nkx2-1-115 

Pax8 line). In this line, transient overexpression of Nkx2-1 and Pax8, followed by 2-116 

weeks treatment with hTSH/ or c-AMP analogues, yields self-organized thyroid 117 

follicles that secrete T4 hormone in vitro with high efficiency (Antonica et al., 2012) 118 

(Figure 1A-B). In addition, differentiation efficiency can be visually assessed using an 119 

EGFP transgene inserted into the hypoxanthine phosphoribosyltransferase (HPRT) 120 

locus of mESC lines under the control of a bovine-responsive thyroglobulin (Tg) 121 

promoter (Romitti et al., 2021). 122 

To obtain Foxe1 knockout (KO) lines, Foxe1 loci were edited using TALEN 123 

technology and clones selected contained mutations that resulted in a premature stop 124 

codon (Figure S1A). After validation of the Foxe1KO lines with respect to maintenance 125 

of mESC pluripotency and responsiveness to the Nkx2-1/Pax8 tetracycline-inducible 126 

cassette (Figure S1B-C), control and Foxe1KO lines were subjected to the 127 

differentiation protocol (Figure 1B). Three days after doxycycline treatment (day 7 of 128 

differentiation protocol), control and Foxe1KO lines are similarly efficient to activate 129 

exogenous expression of the artificial Nkx2-1/Pax8 transgenes (Figure S2A). This 130 

exogenous transgene expression leads to the activation of endogenous Nkx2-1 and 131 

Pax8 loci (Antonica et al., 2012). All lines successfully achieved overexpression of the 132 

endogenous loci of Nkx2-1 and Pax8. In contrast, the expression of Hhex and Foxe1 133 

was drastically decreased in Foxe1KO cells (Figure S2A). 134 

At the end of the differentiation protocol (Figure 1B), the effect of Foxe1 135 

depletion during thyroid formation in vitro was clearly observed. First, we detected, by 136 
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RT-qPCR, a strong reduction in mRNA levels of many thyroid-related genes (Figure 137 

S2B). Moreover, the number of thyroid follicles formed in the absence of Foxe1 was 138 

greatly reduced compared with the control line (Figure 1C). Although the formation of 139 

scarce one-cell layer follicular structures could still be detected, protein expression of 140 

transporters essential for thyroid maturation and function, such as the sodium/iodide 141 

symporter Nis (Slc5a5), was drastically reduced (Figure 1D). Finally, thyroid follicles 142 

from the control line displayed proper iodination of Tg (Figure 1E) and high uptake of 143 

radioactive iodide and iodide binding to Tg, whereas these processes were absent in 144 

Foxe1-depleted cells (Figure 1F). Because Tshr mRNA levels were drastically low in 145 

the absence of Foxe1 (Figure S2B), we replaced the 2-weeks recombinant hTSH 146 

treatment with a c- AMP analogue, as TSH ligands signal through the cAMP pathway 147 

(Kimura, 2001). The cAMP treatment produced similar results regarding thyroid-148 

related gene expression and iodide organification in vitro (Figure 1F and S2B). Overall, 149 

these results demonstrate the drastic effect of Foxe1 knockout on thyroid lineage 150 

derivation in vitro and validate our mESC-model to investigate genes involved in 151 

thyroid dysgenesis. 152 

 153 

Absence of Foxe1 promotes lung differentiation in vitro 154 

Besides the impairment of thyroid generation in Foxe1KO mESCs, we observed 155 

an additional, albeit striking, phenotype: the self-assembly of Nkx2-1-expressing cells 156 

into epithelial structures with a morphology clearly different from thyroid follicles, in all 157 

culture wells of Foxe1KO samples (Figure 2A). Because Nkx2-1 is involved in the 158 

specification of another ventral foregut derivative, the lung (Cardoso and Lu, 2006; 159 

Lazzaro et al., 1991), we wondered whether the appearance of these 3D structures 160 

might indicate spontaneous generation of lung tissue in culture. By immunostaining 161 

analyses at day 22, we observed that these Nkx2-1+ organoids indeed expressed 162 

typical lung-related markers, such as Trp63/Krt5 (basal cells), Hopx (alveolar cells), 163 

Muc5ac (goblet cells) and Scgb3a2 (club cells) (Figure 2B-E). In addition, upregulation 164 

of lung-related transcripts was observed in Foxe1KO cells, as detected by RT-qPCR 165 

(Figure S3A). Ultrastructural microscopy of these Foxe1KO-derived organoids 166 

revealed the presence of bronchiole-like structures and cells exhibiting the morphology 167 

of typical lung cell types, such as multiciliated cells, mucus-secreting cells (goblet 168 

cells), and type 1 and 2 alveolar cells (Figure 2F and S3B-M). Altogether, these results 169 
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suggest that branched lung structures are formed from Foxe1-depleted mESCs, 170 

extending from airway components to the alveolar-like cells. 171 

 172 

Characterization of Foxe1KO-derived thyroid and lung cell populations at the 173 

single-cell resolution 174 

The observation that Foxe1 depletion in mESCs results in a decreased thyroid 175 

cells generation and the appearance of multiple lung-related cell types, prompted us 176 

to better characterize the cell population derived from Foxe1KO cells, by scRNAseq. 177 

For this, we first designed Nkx2-1 reporter lines, allowing easier identification and 178 

isolation of thyroid and lung cell types. A mKO2 fluorescent tag was inserted into the 179 

3' end of the endogenous Nkx2-1 loci of the control A2lox-Nkx2-1-Pax8 line (Figure 180 

S4A-C). The reporter fluorescence could be visualized by microscopy and flow 181 

cytometry (Figure S4D-E). Foxe1KO/Nkx2-1 reporter lines were created and 182 

differentiated using our differentiation protocol (Figure S4F-I). The same Foxe1KO 183 

phenotype (i.e., disruption of thyroid function and appearance of lung-like organoids) 184 

was observed in these new lines (Figure S5). 185 

For the single cell profiling of Foxe1KO cells, we enriched by FACS three cell 186 

populations: Nkx2-1/mKO2+/bv Tg prom/EGFP+ (15%), Nkx2-1/mKO2+/bv Tg 187 

prom/EGFP- (50 %) and Nkx2-1/mKO2- (35%) (Figure 3A and S6A). A total of 12000 188 

cells were profiled for scRNA-seq using the droplet-based assay from 10xGenomics 189 

system. After quality control, we obtained 7523 cells. The profiled cells could be 190 

divided into 12 clusters composed of Nkx2-1+ cells (i.e. Thyroid1, Thyroid2, Lung1, 191 

Lung2, Nkx2-1+Pax8- 1, Nkx2-1+Pax8- 2) and Nkx2-1 negative cells (i.e. Epithelial 192 

cells, Prolif. epithelial cells, Basal Epithelium, Pluripotent cells, Mesenchymal cells) 193 

(Figure 3B). Gene Ontology and literature mining were used to characterize the 194 

clusters based on top differentially expressed genes (Figure S6B-C). Among Nkx2-1 195 

negative cells, epithelial-like cells are found in three clusters (702 broad Epithelial 196 

cells, 244 Prolif. Epithelial cells and 123 Basal epithelial cells). 1411 pan-197 

mesenchymal cells (Mesenchymal cells cluster), 280 cells expressing endoderm 198 

markers (Endoderm cluster) and a remaining pluripotent cell population were also 199 

found (Pluripotent cells cluster, 520 cells). 200 

 201 

Single cell RNA-seq analysis reveals that Foxe1KO cells lack functional thyroid 202 

transcripts and evidences aberrant Nkx2-1+ cells 203 
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Six clusters in Foxe1KO sample consist of cells expressing Nkx2-1. Thyroid 1 204 

(722 cells) and Thyroid 2 (947 cells) clusters exhibit a typical thyroid signature 205 

characterized by the expression of Pax8, Hhex, and Tg (Figure 3B-C and SB-D). Note 206 

that expression of mature markers such as Tpo, Slc5a5, and Duox2 is completely 207 

absent, while Tshr levels are low, supporting our previous results (Figure 3D and S6B-208 

D). Among those thyroid clusters, the normalized average expression of Pax8, Hhex 209 

and Tg appears to be lower in Thyroid 2 than in Thyroid 1 group. In addition, Thyroid 210 

2 cell group lacks expression of Epcam and Cdh1 (Figure 3E and S6B-D). Since E-211 

cadherin expression is maintained throughout thyroid morphogenesis in vivo (Fagman 212 

et al., 2003), this finding suggests that Thyroid 2 cells are abnormal in vitro-derived 213 

thyrocytes not organized into follicular units. 214 

We also identified two additional cell clusters characterized by strong Nkx2-1 215 

but absent Pax8 expression (Nkx2-1+/Pax8- 1 and Nkx2-1+/Pax8- 2 clusters, with 843 216 

and 489 cells, respectively). Their transcriptomic signature suggest that they are 217 

distinctly different from the thyroid and lung clusters. For example, they lack Epcam 218 

and Cdh1 expression but are instead enriched in mesenchymal-like markers such as 219 

Vim, Acta2 and Col3a1 (Figure 3E). Gene Ontology analysis for these clusters show 220 

enrichment in the "extracellular matrix/epithelial to mesenchymal transition" and 221 

"glycolysis/hypoxia pathways", respectively (Figure S6C). Since mesenchymal-like 222 

cells expressing Nkx2-1+ are not described during development, these cells likely 223 

reflect part of an in vitro Foxe1KO phenotype, along with the appearance of lung tissue 224 

in vitro. Interestingly, these cells do not express neural markers such as Ascl1, Tubb3, 225 

Pax6 and Six3, making it unlikely that they possess a Nkx2-1+ neural signature. 226 

Finally, thyroid C cells also express Nkx2-1 (Nilsson and Williams, 2016), but no co-227 

expression of Calca, Foxa1 and Foxa2 was observed in these cells (data not shown). 228 

 229 

Foxe1KO mESCs differentiate into multiple lung cell types harboring 230 

transcriptomic signatures encountered in E17.5 embryonic mouse lung tissue 231 

Lung-related cells originated from Foxe1KO cells are present in the Lung 1 and 232 

Lung 2 clusters (668 and 574 cells, respectively). To better define specific lung cell 233 

types, and avoid contamination with thyrocytes, we computationally selected cells 234 

expressing Nkx2-1 and Epcam, but lacking Tg and Pax8, from the Foxe1KO dataset. 235 

After re-clustering and assigning the cell populations, we identified eight different lung 236 

subsets (Figure 4A). Cell types were identified using a signature score index based on 237 

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

The copyright holder for this preprintthis version posted May 16, 2022. ; https://doi.org/10.1101/2022.05.16.492074doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.16.492074
http://creativecommons.org/licenses/by-nc-nd/4.0/


the top 20 marker genes expressed by several lung epithelial cell types found in the 238 

scRNAseq dataset of E17.5 mouse lung tissue (Frank et al., 2019). Since this dataset 239 

includes lung epithelial cells derived from murine alveolar and terminal bronchioles, a 240 

literature mining was performed to define the signature score of basal cells found 241 

mainly in the upper airways (Table S1). As a result, we identified cell populations with 242 

a strong signature of secretory cells (cluster c), basal cells (cluster a), multiciliated 243 

cells (cluster h), and a small group with a slightly enriched signature for alveolar type 244 

1 (AT1) cells (cluster g). In addition, we identified a cluster enriched in both basal and 245 

secretory markers (cluster d), representing cells transitioning from basal to secretory 246 

cell fate (Figure 4A-B). Finally, we detected two clusters, b and f, that were highly 247 

enriched in Sox9 and Igf1 transcripts, respectively (Figure 4B). These factors are 248 

highly expressed in early lung development, with Sox9 specifically present in distal 249 

bud cells (Nikolić et al., 2018). 250 

With the purpose to better characterize Foxe1KO-derived lung cell types and 251 

to test the degree of similarity with in vivo encountered lung cells, we performed 252 

scRNAseq comparative analyses between the above cited E17.5 mouse lung dataset 253 

and Foxe1KO-derived lung cells (Frank et al., 2019; Stuart et al., 2019) (Figure 4C-254 

D). To do this, we integrated Nkx2-1+/Epcam+/Tg-/Pax8- cells from the Foxe1KO 255 

dataset with Nkx2-1+/Epcam+ cells from the in vivo data. The analysis revealed a high 256 

overlap among cells from the two datasets (Figure 4C). Furthermore, when we tested 257 

for enriched signatures of multiple lung cell types based on the normalized average 258 

expression of marker genes, we detected the presence of alveolar cells (AT1, AT2, 259 

and AT2 precursors) in groups 0, 3 and 1, respectively, in both datasets (Figure 4D). 260 

Ciliated and secretory cells were also identified, as shown in Figure 4B. Of note, 261 

because the mouse fetal lung dataset is devoid of basal cells (Frank et al., 2019), this 262 

particular lung cell type could not be addressed with this integrated analysis. 263 

In summary, Foxe1 depletion abrogates the proper differentiation of thyrocytes 264 

and instead allows the development of different lung cell types. In addition, the 265 

Foxe1KO-derived lung cells are remarkably similar to the cells encountered in vivo in 266 

terms of the transcriptomic signature of the major lung cell type markers. 267 

 268 

Chromatin accessibility analysis of Nkx2-1 expressing cells 269 

Our results show that depletion of Foxe1 abrogates proper differentiation of 270 

Nkx2-1 cells into thyrocytes in vitro while leading to the appearance of lung cell types. 271 
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To identify potential molecular players involved in Foxe1 action, we performed a 272 

temporal analysis of the global chromatin accessibility of Nkx2-1-expressing cells, 273 

using bulk ATACseq. To develop an optimal experimental procedure, we first 274 

examined the kinetics of thyroid-related gene expression (e.g., Nkx2-1, Foxe1 and Tg) 275 

at key points of the protocol in control and Foxe1KO cells (Figure 5A-D). After induction 276 

of the artificial Nkx2-1/Pax8 cassette between days 4 and 7, exogenous Nkx2-1 mRNA 277 

levels are dramatically reduced on day 8 and it is virtually abolished around day 11 278 

(Figure 5A). Conversely, endogenous expression of Nkx2-1 increases rapidly as of 279 

day 7 and reaches a maximum at day 14 (Figure 5B). Foxe1 is firstly induced by the 280 

direct action of exogenous Nkx2-1 and Pax8 at day 7, following a down-regulation on 281 

days 7 and 9 (Figure5C). A second wave of induction occurs from day 9 onwards, 282 

likely due to the endogenous expression of Nkx2-1/Pax8, in conjunction with treatment 283 

with c-AMP (Antonica et al., 2012; Ortiz et al., 1997). As expected, Tg mRNA levels 284 

are very low in early stages of culture, but increase steadily after day 11, reaching the 285 

highest level at the end of the protocol (Figure 5D). The temporal expression of these 286 

thyroid markers is consistent with the expected pattern of thyroid differentiation genes 287 

(Fernández et al., 2015; Romitti et al., 2021). These results suggest that events 288 

important for thyroid specification in vitro occur before day 10, as high Tg levels are 289 

observed after this time point. Coincidentally, the increase in Foxe1 expression occurs 290 

approximately one day before Tg expression. 291 

Based on the kinetics of expression of lineage-specific genes, we decided to 292 

isolate Nkx2-1+ cells in the control and Foxe1KO samples by FACS at day 10 to 293 

identify early progenitors of the thyroid and lung lineages, and more differentiated cell 294 

types at days 17 and 22. In addition, cells from day 4 and day 7, time points before 295 

and after doxycycline treatment, respectively, were also profiled (Figure 5E). In total, 296 

approximately 90,000 ATAC-seq peaks were obtained per sample, which were 297 

distributed in different open genomic regions (Figure 5F). PCA analysis suggests a 298 

gradual change in global chromatin accessibility that correlates with the timing of the 299 

differentiation protocol (Figure 5G). Day 4 and day 7 samples are relatively more 300 

similar to each other than the other late time points. In addition, no clear difference 301 

between the control and Foxe1KO is observed at day 7. Since the time point at day 7 302 

corresponds to the end of doxycycline treatment, this implies that exogenous induction 303 

of Nkx2-1 and Pax8 results in a similar open chromatin landscape in both lines. 304 

ATACseq peaks originating from Nkx2-1+ cells (day 10, day 17 and day 22) show a 305 
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gradual chromatin remodeling after day 10, which becomes more evident at days 17 306 

and 22 (Figure 5G-I). 307 

 308 

Enrichment in thyroid maturation markers in control Nkx2-1+ cells and the 309 

identification of predicted Foxe1 target genes 310 

Our results suggest that the most striking differences in chromatin accessibility 311 

between control and Foxe1KO are seen towards the end of the protocol (Figure 5G-312 

I). Using the Diffbind package for differential binding analyses between control and 313 

Foxe1KO conditions, we identified more than 23547 genomic regions that are 314 

differentially accessible at day 17 (19112 are up-regulated in control in comparison 315 

with Foxe1KO and 4435 up in Foxe1KO versus control) (Figure 5H) and 14293 peaks 316 

at day 22 (13500 up-regulated in control in comparison with Foxe1KO and 793 up in 317 

Foxe1KO versus control) (Figure 5I). The number of opened chromatin regions in 318 

control cells is 17-fold greater than in Foxe1KO cells at day 22, indicating an important 319 

role for Foxe1 in opening specific chromatin domains that are otherwise silenced. Of 320 

note, more than 60% of the up-regulated transcripts found in bulk RNAseq analyses 321 

of the control line were associated with significant chromatin opening compared with 322 

Foxe1KO (Figure 6A). Among them are most of the genes associated with the thyroid 323 

gland, including essential genes for gland maturation and function, such as Tshr, Tpo 324 

and Duox2 (Figure 6B). 325 

To reveal putative chromatin regions regulated by Foxe1, we applied a HOMER 326 

custom motif search based on the human Foxe1 binding motif, from the Jaspar 327 

database, on total peaks of day 22 control ATAC-seq datasets (Figure 6C-D). We 328 

identified 107 genes, containing predicted Foxe1 binding motif, which are highly 329 

transcribed and located in the neighborhood of significantly up-regulated ATAC-seq 330 

peaks in the control condition (Figure 6C; Table S1). These included genes related to 331 

thyroid hormone synthesis and Tsh regulation, such as Tg, Pax8, Dusp2, Timp3 and 332 

Asgr1, as well as various molecular players involved in endoderm development, 333 

thyroid cell polarization, and follicle organization (Figure 6D). Overall, our ATAC-seq 334 

results once again demonstrate the essential role of Foxe1 during thyroid 335 

morphogenesis and function and, additionally, provided the identification of a number 336 

of potential Foxe1 targets. 337 

 338 
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Cis-regulatory regions around lung-related genes are equally accessible in 339 

control and Foxe1KO Nkx2-1+ cells 340 

To investigate the gene regulatory networks enriched in Foxe1KO cells that 341 

may drive lung fate, we performed motif enrichment analysis for peaks enriched in 342 

Foxe1KO compared to control samples at day 22. We identified 793 peaks that were 343 

upregulated in Foxe1KO compared with control samples. Analysis of the HOMER -344 

motif search revealed enrichment with Fos, AP-1 and Bach2 motifs, factors involved 345 

in apoptotic cell death, hypoxia and oxidative stress (Figure 6E) (Machado et al., 2021; 346 

Shaulian and Karin, 2002; Zhou et al., 2016). These results suggest that Foxe1 may 347 

have a broad survival function for thyroid cells in addition to inducing thyroid 348 

maturation genes. 349 

A notable finding, however, was that none of the Foxe1KO upregulated peaks 350 

found on ATACseq analysis were directly associated with classical markers of 351 

differentiated lung cells. Indeed, the IGV plots in Figure 6F show that many cis-352 

regulatory regions of various lung markers are equally open between control and 353 

Foxe1KO cells. Although we did not detect differences in chromatin accessibility for 354 

these genes, RNA-seq analyses of sorted Nkx2-1 cells show that they are upregulated 355 

at the level of mRNA expression in Foxe1KO, corroborating previous findings on lung 356 

formation in Foxe1 depleted cells (Figure 6G). 357 

 358 

Discussion 359 

In the present study, we use our stem cell-based thyroid organoid model to 360 

show that Foxe1 is required for the proper formation of thyroid follicular structures in 361 

vitro and critically affects the number of thyroid follicular cells differentiated from 362 

mESCs. Furthermore, in normal thyrocytes, we identified upregulated open chromatin 363 

regions containing Foxe1 binding motifs that might be key players driving Foxe1 364 

function. In addition to affecting thyroid differentiation, we show that a group of mESCs 365 

in a Foxe1KO context is able to maintain Nkx2-1 expression and deviate to other 366 

lineage possibilities, differentiating into lung cell types, in vitro. 367 

 368 

Foxe1 role in thyroid generation in vitro 369 

Early thyroid development depends on the correct expression of the four major 370 

transcription factors, Nkx2-1, Pax8, Hhex and Foxe1, in the thyroid primordium. Their 371 

expression is responsible for the activation of the gene regulatory network leading to 372 
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thyroid differentiation and maintenance of the differentiation status in adulthood (De 373 

Felice and Di Lauro, 2004; López-Márquez et al., 2021). Regarding Foxe1, Di lauro 374 

and coworkers have shown that although thyroid anlage is specified in the absence of 375 

Foxe1, Foxe1-null embryos exhibit severe defects in thyroid morphogenesis as early 376 

as E9.5, leading to complete disappearance of thyroid tissue around E11.5 or 377 

persistence of a small, misplaced gland (De Felice et al., 1998). In humans, 378 

homozygous mutations in Foxe1 loci lead to congenital hypothyroidism, due to severe 379 

hypoplasia or complete agenesis of the thyroid gland (Clifton-Bligh et al., 1998). Our 380 

results in the present work support the intrinsic role of Foxe1 in early thyroid 381 

development, because in the absence of Foxe1, the number of polarized thyroid 382 

follicles formed in vitro is drastically impaired. Moreover, the few thyroid follicular cells 383 

that differentiate in the absence of Foxe1 are abnormal and lack signs of proper thyroid 384 

maturation, as evidenced, for example, by the lack of Nis expression and Tg iodination. 385 

Foxe1 is thought to act downstream of Nkx2-1, Pax8 and Hhex during thyroid 386 

development, as the onset of Foxe1 expression occurs through the direct action of 387 

Pax8, suggesting a hierarchy among thyroid transcription factors (López-Márquez et 388 

al., 2021; Parlato et al., 2004). Indeed, we have shown that transient induction of 389 

mESCs with Nkx2-1/Pax8 is sufficient to induce Foxe1 expression in vitro (Antonica 390 

et al., 2012). The fact that Foxe1 is downstream in the gene regulatory network for 391 

thyroid specification might explain why follicle-like cells are still present in the absence 392 

of Foxe1, even if they are scarce and non-functional. 393 

One of the proposed mechanisms of Foxe1 action on thyroid morphogenesis is 394 

the direct regulation of genes critical for thyroid maturation and function. In 395 

differentiated thyroid follicular cells, Foxe1 is involved in TSH-mediated regulation of 396 

Tg and Tpo expression and Foxe1 binding sites have been described in the promoters 397 

of these genes (Aza-Blanc et al., 1993; Francis-Lang et al., 1992; López-Márquez et 398 

al., 2019; Santisteban et al., 1992). Foxe1 can also bind directly to cis-regulatory 399 

regions of Nis/Slc5a5 and Duox2 (Fernández et al., 2013). In the present work, we 400 

show that the expression of many thyroid functional genes is impaired in the absence 401 

of Foxe1, confirming these previous reports. No cells expressing Nis, Tpo and Duox2 402 

were identified by scRNAseq analyses of Foxe1KO cells. Integrated bulk ATAC/RNA-403 

seq analyses showed that reduction in expression of genes involved in thyroid 404 

maturation might be associated with silencing of many cis-regulatory regions, including 405 

at their promoters. Interestingly, there are 17-fold more opened chromatin regions in 406 
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Nkx2-1+ control cells compared with Foxe1KO/Nkx2-1+ cells, indirectly supporting the 407 

view that Foxe1 has an impact on chromatin remodeling in thyrocytes. Although our 408 

experiments were not designed to explore this aspect, the function of Foxe1 as a 409 

pioneer factor, well described for other members of the Forkhead family of 410 

transcription factors (Zaret and Carroll, 2011), has previously been suggested in 411 

relation to its ability to bind the compacted chromatin around the inactive Tpo promoter 412 

(Cuesta et al., 2007). 413 

In addition, we identified novel genomic targets of Foxe1 by direct comparison 414 

analyses between Foxe1-depleted and control Nkx2-1-expressing cells. In silico 415 

prediction of Foxe1 binding motifs in up-regulated genes at the level of RNA 416 

expression and chromatin accessibility revealed 107 potential targets of Foxe1, 417 

including Pax8 and Tg (Francis-Lang et al., 1992). Other targets identified included 418 

genes involved in proper thyroid function and TSH receptor activity or deregulated in 419 

thyroid cancer, such as Lrp2/Megalin (Marinò and McCluskey, 2000), DREAM/Kcnip3 420 

(Andrea et al., 2005), Timp3 (Zarkesh et al., 2018), Slc26a7 (Dom et al., 2021) and 421 

Bcl-2 (Fagman et al., 2011; Porreca et al., 2012). Moreover, Foxe1 binding motifs were 422 

also found in genes related to the maintenance of follicle structure, the expression of 423 

various membrane-bound transporters, and the regulation of cell-matrix adhesion. In 424 

summary, the present study sheds light on novel molecular players essential for 425 

thyroid development and homeostasis. Ultimately, our thyroid stem cell-derived 426 

organoid system proved to be a powerful model for such analyses because 1, it is an 427 

in vitro model, so obtaining an adequate amount of cells is not as limited as in vivo; 2, 428 

growing differentiated thyrocytes in 3D, to generate polarized follicular structures, 429 

allows the correct localization and signaling of factors involved in the thyroid hormone 430 

synthesis machinery, and therefore the screening of new modulators of thyroid 431 

function may be more representative. 432 

 433 

Lung generation in vitro, in the absence of Foxe1 434 

Besides the disruption of thyroid lineage formation in Foxe1KO cells, we 435 

additionally observed the formation of Nkx2-1+ organoids that lack Pax8 expression 436 

and are morphologically distinct from our stem cell-derived thyroid follicles. 437 

Considering that Nkx2-1, in endoderm-derived tissues, is also present in embryonic 438 

and adult lung cells (Herriges and Morrisey, 2014; Lazzaro et al., 1991; Nikolić et al., 439 

2018), we hypothesize that permissive signals for lung differentiation occurred in the 440 
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context of Foxe1 depletion. Indeed, these Nkx2-1+ organoids possess numerous 441 

markers of airway cell types. Basal lung cells, for example, could be identified in 442 

Krt5+/Sox2+/Trp63+/Nkx2-1+ cystic organoids. Other airway-like organoids are 443 

organized as branched structures and consist of a Sox2+ single-layered epithelium 444 

containing goblet-like cells that secrete mucus in the luminal space. Finally, 445 

characterization of lung organoids by scRNAseq revealed the presence of alveolar-446 

like cells, which confirmed our ultrastructural microscopic analyses. Overall, in the 447 

absence of Foxe1 and using the same protocol to induce thyroid lineage, a large 448 

subset of mESCs can diverge to a lung fate and differentiate into a mixture of alveolar 449 

and airway-derived cell types, with the latter being more prevalent. 450 

Nkx2-1 is the earliest known marker of respiratory fate. As thyroid, future lung 451 

progenitors are derived from the ventral anterior foregut endoderm, posterior to the 452 

thyroid field, and the onset of lung differentiation can be detected by the expression of 453 

Nkx2-1 (Cardoso and Lu, 2006; Lazzaro et al., 1991). We speculate that in our current 454 

model system, since we directly overexpress Nkx2-1 (and Pax8) without stepwise 455 

restriction of lineage commitment, a subset of mESCs are more prone to activate a 456 

lung differentiation program that is quiescent under control conditions, but the absence 457 

of a key gene for thyroid differentiation leads to a lineage shift in these cells. Our study 458 

supports the hypothesis of a certain level of fate plasticity of early Nkx2-1 progenitors 459 

generated in vitro. Interestingly, an elegant study has recently demonstrated that a 460 

subset of NKX2-1+ progenitors, derived from human pluripotent stem cells, can 461 

deviate to alternative, non-lung endodermal cell fates (Hurley et al., 2020). 462 

It is important to point out that our bulk ATAC-seq analyses suggest that at the 463 

level of chromatin accessibility, the main differences between Foxe1KO and control 464 

Nkx2-1+ cells are mainly due to an enrichment of a thyroid differentiation program 465 

towards the end of the differentiation protocol: cis-regulatory regions of genes such as 466 

Tg, Tshr, Tpo, Duox2, Duoxa2 are significantly more open in control versus Foxe1KO-467 

Nkx2-1+ cells. On the other hand, the chromatin state around genomic locations of 468 

lung-typical genes, including promoter regions, appears to be equally open in both 469 

conditions, even if these genes are more highly expressed in Foxe1KO Nkx2-1+ cells. 470 

Two hypotheses can be inferred from these results: 1, Many known lung markers, 471 

such as Sftpb, Scgb1a1, Napsa, Ager, Aqp5, and Sox9, are also expressed to some 472 

extent in thyroid, so it makes sense that chromatin accessibility does not differ 473 

substantially between these cells for these genes (Dame et al., 2017; Silberschmidt et 474 
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al., 2011; and our scRNAseq). Further differential analyses throughout mouse 475 

development are needed to better understand the role of these genes in a thyroid 476 

context (Ikonomou et al., 2020; Mou et al., 2012). 2, By default, mESC-derived Nkx2-477 

1 cells may have some potential to give rise to lung cells. Depletion in Foxe1 478 

expression would allow this potential to be unleashed. It is interesting to see that, in 479 

our results, the global chromatin accessibility of in vitro Nkx2-1 progenitor cells is very 480 

similar at early stages (day 10), suggesting a direct role of transient overexpression of 481 

Nkx2-1 and Pax8 in triggering both thyroid/lung programs. Such an event of 482 

concomitant generation of two endodermal lineages has been demonstrated earlier in 483 

the direct lineage conversion of fibroblasts to liver and large intestine cells, following 484 

overexpression of Foxa1 (Morris et al., 2014). 485 

Finally, we must emphasize that although Pax8 is also forcibly expressed by 486 

doxycycline treatment, we do not assume that Pax8 directly mediates the induction of 487 

lung fate in our model, which is supported by in vivo evidence showing that Pax8 is 488 

not expressed in the lung during mouse embryogenesis (Kurmann et al., 2015; Mou 489 

et al., 2012). Pax8 is rapidly downregulated in Foxe1KO cells, while Nkx2-1 490 

expression, albeit less pronounced than under control conditions, is maintained 491 

throughout the protocol. Moreover, no derivation of thyroid or lung is achieved in 492 

Pax8KO mESC lines (data not shown). In other words, simple removal of another key 493 

transcription factor for thyroid differentiation did not result in the appearance of a lung 494 

instead of a thyroid, as is the case in Foxe1. Nevertheless, we speculate that in the 495 

case of Pax8 loss of function in mESCs, activation of high endogenous Nkx2-1 levels 496 

is less successful, suggesting that Pax8, in our model (Antonica et al., 2012), helps to 497 

increase Nkx2-1 expression in the first days, and thus Pax8 might be indirectly 498 

involved in the initiation of a lung program in vitro. 499 

In conclusion, the present work improves our understanding of the crucial role 500 

of Foxe1 in triggering correct thyroid tissue formation and function, and points to novel 501 

molecular players for further research. On the other hand, this report also evidences 502 

the intricate relationships among endodermal lineages, as it seems to be the case for 503 

thyroid and lung, especially during differentiation. Whether transient thyroid/lung 504 

bipotent progenitors do exist in vivo, in a similar phenomenon observed during liver 505 

and pancreas lineage derivation for example (Deutsch et al., 2001; Xu et al., 2011), 506 

would be an interesting avenue for further investigations. We speculate that Foxe1 507 

could be one of the factors orchestrating this lineage choice. 508 
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 509 

Limitations of the study 510 

From our knowledge, the present manuscript is the first to demonstrate lung 511 

lineage derivation at the expense of thyroid lineage, due to the absence of a 512 

transcription factor. However, additional work is required to fully explore those 513 

interesting findings. Although our ATACseq analysis aided to unveil some aspects 514 

towards thyroid biology, the same is not possible to conclude regarding lung 515 

generation in the absence of Foxe1. The heterogeneity of Foxe1KO-derived cells, 516 

associated with the low resolution of bulk ATAC-seq transcriptomics, may have 517 

hampered the scrutiny of this aspect. The use of new tools such as scATACseq may 518 

be necessary in the future. Moreover, the investigation of the developmental 519 

competence of early progenitors expressing Nkx2-1, in the gut tube, regarding their 520 

chromatin state (Wang et al., 2015), is an interesting avenue for future research. Early 521 

Nkx2-1 cells in the thyroid anlage are still difficult to obtain in vivo (Ikonomou et al., 522 

2020), but future technologies may aid in this aspect. Finally, the present study was 523 

made entirely in vitro, and as such, contains the limitations inherent of this strategy. 524 
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 564 

Figure Titles and Legends 565 

 566 

 567 
Figure 1. Foxe1 gene is required for efficient thyroid differentiation in vitro. 568 

(A) Schematic representation of tetracycline-inducible cassette to drive co-expression 569 

of Nkx2-1 and Pax8. (B), Diagram of the 22-days differentiation protocol for mESCs. 570 

(C-F) Immunostaining and organification assays performed at day 22 of differentiation. 571 

(C) Immunostaining of double positive Nkx2-1 and Pax8 thyroid follicles in control and 572 

Foxe1KO cells. (D, E) Immunostaining of a panel of thyroid markers in control and 573 

Foxe1KO cells (F) Iodide uptake and organification assays. Histograms represent the 574 

radioactivity (Uptake-cpm) of the cell iodine-125 uptake (left) and the radioactivity of 575 

protein-bound [125I] (PBI-cpm) measured using a γ-counter (right). Unpaired t-test. 576 

*P<0,05, **P<0,01, ***P<0,001. Scale bars: 150 µm (C); 20 µm (D, E). Tg: 577 

thyroglobulin, Ecadh: Ecadherin, Tg-I: iodinated thyroglobulin. 578 

 579 
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 580 
Figure 2. Generation of pulmonary structures in absence of Foxe1. 581 

(A) Orthogonal view by confocal microscopy of in vitro lung-like structures identified 582 

by immunostaining of Nkx2-1 and E-cadherin at day 22 of differentiation protocol. (B-583 

E) Immunostaining of Foxe1KO mESC-derived organoids with a panel of lung-related 584 

markers: basal cells (Nkx2-1, Krt5 and Trp63); alveolar cells (Hopx); goblet cells 585 

(Nkx2-1 and Muc5ac) and secretory (club) cells (Nkx2-1 and Scgb3a2). (F) Scanning 586 

electron microscopy at day 22 Foxe1KO mESC-derived pulmonary structures: a large 587 

panel of pulmonary cell lineages are evidenced, including airway and alveolar cells. 588 

Scale bars : 100µm (A); 25µm (B); 100µm (C; left) and 25µm (C; right); 150µm (D,E). 589 

 590 
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 591 
Figure 3: Single-cell RNA-seq analysis of Foxe1KO-derived thyroid cells. 592 

(A) Schematic diagram of differentiation protocol and purification of distinct cell 593 

populations at day 22 for scRNA-seq experiment. (B) Unsupervised clustering of 7523 594 

single-cells profiled, colored by cluster assignment. (C) Violin plots featuring the 595 

average expression per cluster of early thyroid markers. (D) UMAP expression plots 596 

of markers for thyroid maturation (E) Violin plots featuring average expression per 597 

cluster of selected epithelial and mesenchymal markers. 598 

 599 
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 600 
Figure 4: Single-cell RNA-seq analysis of Foxe1KO-derived lung cells. 601 

(A) 1155 cells co-expressing Nkx2-1 and Epcam (but not expressing Pax8 and Tg) 602 

were computationally isolated, re-clustered and cellular transcriptome heterogeneity 603 

visualized using UMAP. (B) Average expression levels per cluster of indicated lung 604 

cell type signatures and UMAP expression plot of Igf1 and Sox9 normalized 605 

expression, defining two clusters of early lung progenitors. (C) UMAP plot of Foxe1KO 606 

cells (1155) integrated with E17.5 mouse lung Nkx2-1+Epcam+ cells (2000 cells) 607 

(upper graph). 6 identified clusters contain both in vitro and in vivo derived lung cells 608 

(bottom graph). (D) Average expression levels of indicated lung cell type signatures 609 

identified in both mouse lung (pink) and Foxe1KO cells (blue). 610 

 611 
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Figure 5: ATACseq profiling 612 

of control and Foxe1KO 613 

Nkx2-1 expressing cells at 614 

different stages of 615 

differentiation protocol. 616 

(A-D) Relative mRNA 617 

expression of thyroid marker 618 

genes through different time 619 

points of culture. Relative 620 

expression of each transcript is 621 

presented as fold change 622 

compared to cells from the first 623 

time point (day 7) as Mean +/-624 

SEM. Exog: exogenous. (E) 625 

Schematic representation of 626 

differentiation protocol and time 627 

points of cell sorting of Nkx2-1+ 628 

(mKO2+) cells for ATAC-seq 629 

and RNA-seq analysis. (F) 630 

Total ATAC-seq peaks 631 

distribution in diverse genomic 632 

regions. (G) Principal 633 

component analysis (PCA) to 634 

compare total ATACseq peaks 635 

among time points. (H-I) 636 

Heatmaps of differentially 637 

accessible peaks between 638 

control and Foxe1KO at day 17 639 

(H) and day 22 (I). 640 

 641 

 642 

 643 

 644 
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 645 
Figure 6: ATAC-seq profiling of Nkx2-1 expressing cells in control and Foxe1KO 646 

at day 22. 647 

(A) Venn diagram between the genes in which the chromatin is significantly more open 648 

and the transcripts are up-regulated in control versus Foxe1KO at day22. (B) 649 

Illustration of open chromatin regions at day 22 in thyroid marker genes. (C) Venn 650 

diagram showing 107 genes containing Foxe1 motif also being more significantly open 651 

in ATACseq and with transcripts up-regulated in control cells at day 22. (D) Gene 652 

Ontology (GO) and pathway functional analysis performed with 107 genes shown in 653 

D. Biological Process GO, Jensen compartments, Bioplanet and KEGG significant 654 

terms are shown in the image. (E) Known motifs enriched in 793 peaks more open in 655 

Foxe1KO versus control at day22; log2foldchange ≥0.58, FDR≤0.05. (F) Illustration of 656 

open chromatin regions at day 22 in lung marker genes. (G) Heatmap of log-2 657 

transformed normalized counts from bulk RNA-seq of sorted Nkx2-1+ cells at day 22. 658 

Relevant markers for thyroid and lung lineage are shown in control and Foxe1KO 659 

samples. 660 

 661 
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STAR Methods 662 

 663 

KEY RESOURCES TABLE 664 

 665 

RESOURCE AVAILABILITY 666 

 667 

Lead contact 668 

Further information and requests for resources and reagents should be directed to and 669 

will be fulfilled by the lead contact, Sabine Costagliola (sabine.costagliola@ulb.be) 670 

 671 

Materials availability 672 

The mESC lines and plasmids generated in the current study are available upon 673 

request. 674 

 675 

Data and code availability 676 

Original data associated with this study is deposited in the NCBI Gene Expression 677 

Omnibus under accession numbers GSE182337, GSE182480 and GSE182676. 678 

Information regarding published datasets used in the present paper can be found in 679 

Franck et al, 2019. Source data are provided with this manuscript. scRNAseq data 680 

and gene expression profile (interactive tool) can be accessed at 681 

https://barbaraffonseca.shinyapps.io/Foxe1KO/. 682 

 683 

METHOD DETAILS 684 

mESCs culture and differentiation: All mESC lines used in the present paper are 685 

derived from the A2Lox.Cre_TRE-Nkx2-1/Pax8_Tg-EGFP mESCs line previously 686 

generated by our group (Romitti et al., 2021). Maintenance and differentiation of 687 

mESCs lines were performed as previously described (Antonica et al., 2012, 2017). 688 

Briefly, mESCs were cultured on a feeder-layer of irradiated mouse embryonic 689 

fibroblasts, in maintenance medium. For the differentiation protocol, mESCs were 690 

isolated from feeder-layer cells, counted and cultured in hanging drops (1,000 cells 691 

per drop) for generation of embryoid bodies (day 0). Four days later, embryoid bodies 692 

were collected, embedded in growth factor-reduced Matrigel and 50µl Matrigel drops 693 

re-plated into 12-well plates. Embryoid bodies were differentiated and cultured using 694 
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the differentiation medium supplemented with 1 mg/ml Doxycycline, for induction of 695 

exogenous Nkx2-1 and Pax8 transgenes for three days (day4-day7), followed by two 696 

weeks treatment (day7-day22) with 1mU/ml hrTSH or 300µM 8-br-cAMP, as indicated. 697 

 698 

Generation of mESC lines by TALEN technology: TALEN technology was used to 699 

edit the A2Lox.Cre_TRE-Nkx2-1/Pax8_Tg-EGFP mESC line to generate FoxE1KO 700 

cells. TALENs synthesis was performed by using Golden Gate Technology (Weber et 701 

al., 2011). mESCs were seeded into 10 cm petri dishes (150.000 cells/petri) and, in 702 

the next day, transfected with 7 µg of each TALEN-encoding plasmid (designed to 703 

target the Forkhead domain) and 7µg of a fluorescent surrogate reporter plasmid 704 

allowing enrichment of cells with nuclease induced-mutations (GFP reporter Assay) 705 

(Ma et al., 2013). Cell transfection was performed with Lipofectamine3000 according 706 

to the manufacturer’s instruction. 48h later, cells were trypsinized and resuspended in 707 

PBS containing 2% of embryonic-stem-certified fetal bovine serum for cell sorting 708 

(FACS Aria and FACSDiva Software). GFP+ cells were seeded in 96-well plates in 709 

order to have 1 GFP+ cell per well. Individual colonies were expanded in 24-well, 12-710 

well or 6-well plates with maintenance medium during one week. A second cell sorting 711 

procedure was performed in individual clones to obtain a fully pure population of 712 

mESCs, devoid of feeder-layer cells, for genomic PCR analysis. Sequences of TALEN 713 

constructs are depicted in Table S2. 714 

 715 

Generation of Nkx2-1 endogenous reporter mESC line by CRISPR/Cas9: For 716 

production of single-guide RNAs (sgRNAs) targeting the 3’-UTR region of Nkx2-1 loci, 717 

a fragment of the desired genomic mouse sequence was obtained from NCBI and 718 

used as input in the CRISPOR webtool (http://crispor.tefor.net/ (Concordet and 719 

Haeussler, 2018)). The most suitable sgRNA was chosen and checked for possible 720 

off-targets (Table S2). Forward and reverse oligonucleotides, corresponding to the 721 

sgRNA sequence, were designed for insertion into the pU-BbsI-T2A-Cas9-BFP 722 

plasmid (Chu et al., 2015). To generate the pUC57-mNkx2-1-T2A-mKO2-pGK-Puro 723 

targeting vector, approximately 1000bp of each left and right Nkx2-1 homology arms, 724 

around predicted sgRNA cutting-site, were PCR amplified and inserted in a template 725 

plasmid, containing the T2A-mKO2 and loxP-flanked pGK-Puro selection cassette. 726 

Lipofectamine3000 was used to transfect mESCs, according to the manufacturer’s 727 

instruction. 48h later, cells were sorted based on BFP+ expression and seeded at the 728 
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clonal level in 96-well plates, as described above. Positive selection of puromycin-729 

resistant clones was performed by treatment with 1µg/ml puromycin for 72 hours. 730 

Integration of desired cassette was confirmed by PCR of genomic DNA. Successful 731 

targeting was achieved in 7 among 125 screened clones. The selected clones 732 

integrated the donor template in both alleles. Excision of loxP-flanked pGK-Puro 733 

fragment was achieved later by transfection with pSalk-Cre plasmid, followed by a 734 

series of cell cloning, expansion and negative selection based on susceptibility to 735 

puromycin treatment. Genomic removal of PuroR sequence was confirmed by PCR. 736 

Finally, mKO2 reporter activation and compatibility with Nkx2-1 protein expression was 737 

verified. For clarity, in the present paper, the novel line generated (i.e. 738 

A2Lox.Cre_TRE-Nkx2-1/Pax8_Tg-EGFP_Nkx2-1-T2A-mKO2 mESCs line) is named 739 

as “Nkx2-1 reporter line”. 740 

 741 

Generation of Foxe1KO/Nkx2-1 reporter mESC line: SgRNAs targeting mouse 742 

Foxe1 coding sequence were chosen based on suitable sgRNAs prediction from 743 

CRISPOR website and insertion of sgRNAs sequences into the pU-BbsI-T2A-Cas9-744 

BFP plasmid was performed as cited above. Two sgRNAs were chosen (one targeting 745 

the Forkhead domain, and the other outside) and two Foxe1KO lines, targeting distinct 746 

genomic domains of Foxe1, were produced (Table S2). Nkx2-1 reporter mESC cells 747 

were transfected, BFP sorted, clonal seeded and selected based on PCR and Sanger 748 

sequencing to detect clones containing frameshift mutations in Foxe1 loci. A second 749 

cell sorting procedure was performed in individual clones to obtain a fully pure 750 

population of mESCs, devoid of feeder-layer cells, for genomic PCR analysis. 751 

All cell lines here generated were validated, in at least two different clones, by 752 

maintenance of pluripotency cell markers, ability to spontaneous differentiate into the 753 

three germ layers, activation of tetracycline-inducible Nkx2-1-Pax8 transgene and 754 

reproducibility regarding in vitro differentiation. Regarding Foxe1KO/Nkx2-1 reporter 755 

lines, similar results were obtained in Foxe1KO lines derived from distinct designed. 756 

Only one is shown in the present paper. 757 

 758 

PCR detection of mutated clones (TALEN/CRISPR-Cas9): Genomic DNA was 759 

extracted from individual mESCs clones, using a genomic DNA lysis buffer and 760 

procedure as described (Verma et al., 2017). PCR was performed using Q5 High-761 

Fidelity Taq Polymerase according to the manufacturer’s instructions. 100 ng of 762 
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genomic DNA samples were used in all reactions. Primer sets were used to amplify 763 

targeting and cutting site of designed TALENs/CRISPR-Cas9 guide RNAs. PCR 764 

products were then directly cloned in a TOPO-Blunt plasmid by using Zero Blunt® 765 

PCR Cloning Kit. 766 

 767 

RNA extraction and RT–qPCR : For RNA preparation, cells were lysed in RNeasy 768 

Lysis buffer + 1% β-mercaptoethanol, and total RNA was isolated using RNeasy 769 

microRNA preparation kit according to the manufacturer’s instructions. Reverse 770 

transcription was done using Superscript II kit. RT-qPCR was performed in technical 771 

triplicates using KAPA SYBR Fast qPCR kit and a CFX Connect Real-Time PCR 772 

System. Results are presented as linearized values normalized to the housekeeping 773 

gene β2m-Globulin and the indicated reference value (2-ΔΔCt). Moreover, relative 774 

expression of each target gene is presented as fold-change compared to untreated 775 

cells (-dox condition). The gene-expression profile was confirmed in at least two 776 

different clones of each cell line. Primers used are listed in Table S3. 777 

 778 

Scanning Electron microscopy: Organoids embedded in Matrigel were fixed in 779 

glutaraldehyde 2.5% overnight at 4°C, rinsed, and embedded in agarose 4%. Sections 780 

of 300µm were produced in a Vibratome (Leica) and post-fixed in OsO4 (2%) for 1 781 

hour. All treatments were done in 0.1M cacodylate buffer (pH 7.2). After serial 782 

dehydration in ethanol, samples were dried at critical point and coated with platinum 783 

by standard procedures. Observations were done in a Tecnai FEG ESEM QUANTA 784 

200 at 30kV and images were acquired and processed by SIS iTEM software. 785 

 786 

Iodide organification assay: The iodide organification assay was performed as 787 

previously optimized for mouse thyroid organoids (Antonica et al., 2012). Briefly, 788 

samples were rinsed with HBSS and incubated with 1ml per well of organification 789 

medium (1,000,000 c.p.m. per ml of 125I and 100nM sodium iodide in HBSS for 2h at 790 

37°C. Next, 1ml of a TPO inhibitor (4mM methimazole) was added and cells were 791 

dissociated with 0.1% Trypsin/1mM EDTA for 15min. Radioactivity, derived from 792 

iodide uptake by thyrocytes, was measured with a γ-counter. To quantity the 793 

radioactivity of protein-bound 125I (PBI), proteins were precipitated in a solution 794 

containing 1mg γ-globulins and 2ml of 20% TCA followed by centrifugation at 795 

2000r.p.m. for 10min. Iodide organification was calculated as iodide uptake/PBI ratio. 796 
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 797 

Immunofluorescence and immunohistochemistry: Cells were fixed in 4% 798 

formaldehyde solution for 30min and washed three times five minutes in PBS. Then, 799 

cells were blocked in PBS containing 3% bovine serum albumin (BSA), 5% horse 800 

serum and 0.3% Triton X-100 for 30min at room temperature. The primary and 801 

secondary antibodies were diluted in PBS containing 3% BSA, 1% horse serum and 802 

0.1% Triton X-100. Primary antibodies were incubated overnight at 4°C followed by 803 

incubation with secondary antibodies for 1h30 at room temperature. Nuclei were 804 

stained with 4′,6-diamidino-2-phenylindole. Coverslips were mounted with Glycergel. 805 

 806 

Flow cytometry intracellular immunostaining: Nkx2-1 reporter and unmodified 807 

mESCs were treated up day 14 of thyroid differentiation protocol and prepared for flow 808 

cytometry immunostaining as follows: Matrigel-drops were first digested with a HBSS 809 

solution containing 10 U/ml dispase II and 125 U/ml of collagenase type 1A for 30 810 

minutes at 37°C; then, cell dissociation was performed with TripLE Express for 811 

maximum 15min, to obtain a single cell suspension. After centrifugation, samples were 812 

PBS rinsed and fixed in 1.6% formaldehyde solution in PBS for 15min at room 813 

temperature, followed by a step of permeabilization with 0.1% Triton in PBS for 1min 814 

at 4°C. Before staining, permeabilized samples were blocked for 10 min in a solution 815 

containing 4% horse serum and 0.5% Tween 20. Primary anti-rabbit Nkx2-1 antibody 816 

was diluted at 1:100 ratio in a 0.5% Tween washing solution and added to samples for 817 

30 min at 4°C. They were then rinsed three times with washing solution (0.5% Tween 818 

in PBS) before incubation for 30min with Cy5-conjugated anti-rabbit antibody diluted 819 

at 1:300 ratio in 0.5% Tween in PBS. Additional washes were performed with the 820 

washing solution before addition of a live cell marker (Calcein Violet 1µM) and data 821 

acquisition using a LSRFortessa X-20 flow cytometer and FACSDiva software. Flow 822 

cytometry controls such as unstained cells, isotype controls and negative controls 823 

(undifferentiated cells: “-dox control”) were included in all experiments. 824 

 825 

RNA isolation and RNA-seq analysis: For preparation of bulk RNA-seq samples, 826 

Foxe1KO and control cells from Nkx2-1 reporter line were cultured following the 827 

differentiation protocol and cell suspension was obtained as above described (“Flow 828 

cytometry intracellular immunostaining” section). Nkx2-1+ (mKO2+) cells were sorted 829 

(FACS Aria; BD Bioscience) at day10 and day22. 10000 mKO2+ cells per condition 830 
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were collected directly into 700µl of Qiazol lysis reagent and RNA isolation performed 831 

with miRNeasy micro kit following manufacturer’s indications. The quality and quantity 832 

of the resulting RNA was then tested using Bioanalyser 2100 (Agilent) and RNA 6000 833 

Nano Kit. RNA integrity was preserved (RIN=8.5) and no genomic DNA contamination 834 

was detected. Ovarion Solo RNA-seq Systems was employed, as indicated by the 835 

manufacturer, to produce high quality indexed cDNA libraries, which were quantified 836 

using Quant-iT PicoGreen kit and Infinite F200 Pro plate reader (Tecan); DNA 837 

fragment size distribution was examined on 2100 Bioanalyser (Agilent) using DNA 838 

1000 kit. Normalized and pooled indexed libraries (10ρM) were loaded on flow cells 839 

and sequenced on the HiSeq 1500 system (Illumina) in a high output mode using 840 

HiSeq Cluster kit v4. Approximately 10 million of 125nt-long paired-end reads were 841 

obtained for each library. After removal of low-quality bases and Illumina adapter 842 

sequences using Trimmomatic software (Bolger et al., 2014), sequence reads were 843 

aligned against mouse reference genome (Grcm38/mm10) using Hisat2 software with 844 

default parameters (Kim et al., 2015). Raw counts were obtained using HTSeq 845 

software (Anders et al., 2015) using Ensembl genome annotation GRCm38.87. 846 

Normalization, differential expression and Gene Ontology analyses were performed 847 

with at least two biological replicates per sample, using website iDEP version 0.92 (Ge 848 

et al., 2018). Additional Gene Ontology analysis and identification of statistically 849 

significant terms (p < 0.05) was performed with Enrichr (Kuleshov et al., 2016). 850 

 851 

Single cell RNA-seq preparation and sequencing: At day22 of the differentiation 852 

protocol, cell populations derived from Foxe1KO/Nkx2-1 reporter mESC lines were 853 

isolated for scRNAseq profiling. Culturing and preparation of cell suspension for 854 

FACS-sorting were performed as mentioned above for bulk RNA-seq. Different 855 

proportions of EGFP+, mKO2+ and mKO2- cells were sorted to guarantee 856 

representation of various cell types in the profiled sample (15%, 50%, 35%, 857 

respectively). Sorted cells were collected in PBS at a density of 800cells/ul and diluted 858 

accordingly to kit’s instruction (10x Genomics Chromium Single Cell 3’ v3). 12000 cells 859 

were loaded onto a channel of the Chromium Single Cell 3′ microfluidic chip and 860 

barcoded with a 10X Chromium controller. Subsequently, RNA was reverse 861 

transcribed and amplified according to manufacturer’s recommendations. Library 862 

preparation (e.g. fragmentation, dA tailing, adapter ligation, indexing PCR) was 863 
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performed based on 10x Genomics guidelines. Libraries were sequenced on a Illumina 864 

NovaSeq 6000 system. 865 

 866 

Single cell transcriptomic data analysis: Raw sequencing data was aligned and 867 

annotated against the Grcm38/mm10 mouse reference genome, in which mKO2 and 868 

EGFP sequences were added. Cell Ranger Software (v.2.1.0), provided by 10x 869 

Genomics, was used for demultiplexing with default parameters. The raw counts 870 

generated from 10x Chromium pipeline were clustered using R Seurat package 871 

(version 3.2.0) (Stuart et al., 2019). Briefly, quality control pre-processing was 872 

performed to keep cells passing the following criteria: had between 1500 and 58000 873 

UMI counts, showed expression of at least 750 unique genes and had less than 10% 874 

of UMI counts corresponding to mitochondrial genes. The remaining data was log-875 

normalized, regressed out to remove effects of library size and enrichment of 876 

mitochondrial and cell cycle related genes, and scaled, using SCTransform function. 877 

Principal component analysis (PCA) was calculated using the expression data of the 878 

most variable genes and the first 10 principal components were used to graph-based 879 

clustering and UMAP plot visualization. Different values in the resolution variable 880 

(FindClusters function) were tested and resolution of 0.7 was used for clustering. 881 

Differentially expressed genes were computed with the FindAllMarkers function and 882 

used for heatmap visualizations. To better identify specifically lung cells, cells 883 

expressing Nkx2-1 and Epcam, but devoid of Thyroglobulin and Pax8 expression, 884 

were extracted from original dataset, re-clustered based on variable genes and new 885 

UMAP visualization obtained. Signature scores based on expression of selected 886 

genes were calculated using AddModuleScore function. Gene lists can be found on 887 

Table S1. 888 

 889 

Integrative single-cell RNAseq analysis: For better understanding of Foxe1KO 890 

effect, we compared Nkx2-1+ cells derived from Foxe1KO line with a previous 891 

scRNAseq dataset performed in a control mESC line (Romitti et al., 2021). For this, 892 

we extracted Nkx2-1+ cells from both datasets, combined in an unique object and 893 

calculated pairwise correspondences between individual cells using Integration 894 

features from R toolkit (Stuart et al., 2019). After integration, downstream analyses 895 

such as graph-based clustering and UMAP dimensionality reduction were performed 896 

as described above. In addition, to identify shared cell populations among in vivo 897 
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mouse lung and Foxe1KO-derived lung organoids, Nkx2-1+/Epcam+/Tg-/Pax8- cells 898 

from Foxe1KO dataset were compared to E17.5 mouse lung (Frank et al., 2019). For 899 

this, Seurat object of E17.5 mouse lung scRNAseq dataset was updated and 900 

subjected to the same normalization and scaling process described above 901 

(SCTransform function). For better visualization purposes, the original dataset was 902 

downsampled to 2000 cells before integration. 903 

 904 

ATAC sequencing: Biological replicates were obtained from control and Foxe1KO 905 

cells (Nkx2-1 reporter line), at different points of our differentiation protocol. 50000 906 

Nkx2-1(mKO2+) cells were sorted from both lines at day 10 and immediately proceed 907 

to sample preparation, based on Omni-ATAC protocol (Corces et al., 2017). Cells 908 

derived from embryoid bodies before (day 4) and after doxycycline treatment (day7) 909 

were also collected to distinguish open chromatin regions related with tetracycline-910 

induced exogenous transgene activation. After centrifugation, cell pellets were 911 

resuspended in 50µl of an ice-cold cell lysis buffer (0.1% Igepal, 0.1% Tween20 and 912 

0.01% Digitonin in Omni-ATAC Resuspension buffer). After 3 min, samples were 913 

centrifuged for 15min at 800g and subsequently, nuclei were resuspended in 50µl of 914 

reaction buffer (2.5μl Tn5 transposase, 22.5μl TD buffer, both from Nextera DNA 915 

sample preparation kit; 16.5μl PBS, 0.5μl 1%Digitonin, 0.5μl 10% Tween20 and 5μl 916 

H20). Tagmentation reaction was performed for 30min at 37°C in a rocking plate (1000 917 

rpm). DNA was purified using the MiniElute purification kit following the manufacturer’s 918 

indications. DNA libraries were PCR amplified, DNA quality verified on 2100 919 

Bioanalyser (Agilent) using DNA 1000 kit and size selected from 200 to 800 bp, 920 

following the manufacturer’s recommendations. 921 

 922 

ATAC-seq analysis: For main steps of pre-processing and mapping of ATACseq 923 

data, a local installation of Galaxy platform was used (use.galaxu.eu; (Afgan et al., 924 

2018)). Briefly, adapter sequences were removed with Trim Galore, using default 925 

parameters. ATACseq paired-end reads were aligned to mouse genome 926 

Grcm38/mm10 with Bowtie 2, modifying default parameters to include fragments of up 927 

1000bp, allowing dovetailing and using “very sensitive option” preset. Subsequently, 928 

mitochondrial genes, bad quality mapped sequences and PCR duplicates were 929 

removed. Peak calling was performed for each sample using MACS2, with parameters 930 

setting of -q 0.05 and -- shift 0. Peaks from all samples were merged for downstream 931 
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analysis. Scaling of bam files generated by MACS2 were performed and used for 932 

visualization of data tracks with Integrative Genomics Viewer (IGV). Moreover, files 933 

derived from MACS2 peak calling were used as input for Differential Binding Analysis 934 

using DiffBind package in R (Stark and Brown, 2011). Annotation of nearest genes 935 

associated with differentially regulated genomic regions was performed using HOMER 936 

(Heinz et al., 2010). Two biological replicates were used for sample and significant 937 

differential peaks are were filtered according to these criteria: log2 fold change ≥0.58 938 

and false discovery rate (FDR) ≤0.05. De novo motif search was performed using 939 

findMotifs.pl from HOMER package with default parameters. To obtain Foxe1 enriched 940 

motifs in total ATACseq peaks, the human Foxe1 motif (MA1487.1) obtained on 941 

Jasper database (Castro-Mondragon et al., 2021), was used as a query in findMotifs.pl 942 

command. 943 

 944 

Statistical analysis: For most experiments (RT-qPCR, iodide organification, 945 

immunofluorescence and flow cytometry), at least two different wells per condition 946 

were used in each differentiation experiment. Furthermore, at least three independent 947 

experiments were performed. Statistical significance was tested as follows: two-group 948 

comparison by unpaired t-test and multiple-group comparison by the one-way analysis 949 

of variance test with a post-hoc Tukey’s comparison test. *P<0,05, **P<0,01, 950 

***P<0,001. Bar plots show mean ± s.e.m., unless otherwise indicated. GraphPad 951 

Prism version 6 was used for most analyses. Shapiro-Wilk normality test and Mann-952 

Whitney unpaired rank test were used in R to test significance of signature score 953 

enrichment in scRNAseq datasets comparisons. 954 

 955 

Imaging: Fluorescence imaging was performed on a Leica DMI6000 with DFC365FX 956 

camera and a ZeissLSM510 META confocal microscope. Affinity Designer and ImageJ 957 

software (Schindelin et al., 2012) were used to adjust brightness, contrast and picture 958 

size. 959 

  960 
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 961 

SUPPLEMENTAL INFORMATION 962 

 963 

Supplementary Figures titles and legends 964 

 965 

 966 
Figure S1. Generation and validation of Foxe1 KO mESC lines. 967 

(A) Genomic profiling of two Foxe1 KO mESC clones. One clone presents an 968 

homologous deletion of 33 bp and the second one possess an heterozygous deletion 969 

of 9 and 33 bp at Foxe1 loci, respectively. (B-C) Immunostaining of control and 970 

Foxe1KO mESCs after Dox-mediated induction of Nkx2.1-Pax8 during 3 days (d4-d7). 971 

(B) The Dox-inducible co-expression of NKX2.1 and PAX8 is not altered by genome 972 

editing manipulations in mutated clones. (C) Foxe1KO mESCs express NKX2.1 while 973 

Foxe1 protein expression is abolished. Scale bars : 150 µm. 974 

 975 

 976 
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 978 
Figure S2. Foxe1 depletion in mESCs abolishes thyroid follicle differentiation. 979 

RT-qPCR analyses of thyroid-expressed genes in control and Foxe1KO cells at day 7 980 

(A) and day 22 (B) after Dox-mediated induction (day4-day7) followed by TSH (+TSH) 981 

or 8-br-cAMP (+cAMP) treatment until day 22. (A) At day 7 of differentiation, 982 

downregulation of some thyroid genes such as Hhex and Foxe1 is already observed 983 

in Foxe1KO cells, whereas Nkx2-1 and Pax8 endogenous expression is not affected. 984 

Observe that Dox-mediated induction of Nkx2-1/Pax8 was successful since 985 

exogenous expression of Nkx2-1 is not affected in both lineages. (B) Expression of 986 

endogenous thyroid genes at day 22 are drastically reduced in Foxe1KO cells (+TSH 987 

and +cAMP conditions) in comparison with the control line. Relative expression of 988 

each transcript is presented as fold change compared to untreated cells (-Dox) as 989 

mean +/-sem. Unpaired t-test was used for statistical analysis. *P<0,05, **P<0,01, 990 

***P<0,001. Dox: doxycycline. 991 
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Figure S3. In vitro 992 

generation of 993 

pulmonary 994 

structures. 995 

RT-qPCR and 996 

scanning electron 997 

microscopy of in vitro-998 

generated Foxe1KO 999 

pulmonary structures 1000 

after Dox-mediated 1001 

induction of Nkx2.1-1002 

Pax8 followed by 8-br-1003 

cAMP treatment until 1004 

day22. (A) mRNA 1005 

expression of 1006 

endogenous relevant 1007 

pulmonary genes at 1008 

day 22. Observe up-1009 

regulation of lung-1010 

related markers in the 1011 

+cAMP condition 1012 

compared with 1013 

untreated cells (-Dox) and dox-induced only condition (+Dox). Relative expression of 1014 

each transcript is presented as fold change compared to untreated cells (-Dox) as 1015 

Mean +/-SEM. Unpaired t-test was used for statistical analysis. *P<0,05, **P<0,01, 1016 

***P<0,001. (B-M) Scanning electron microscopy shows the presence of a large panel 1017 

of pulmonary structures and differentiated cell types: branched pulmonary structures 1018 

(B) with a layer of pneumocytes type I (C), goblet cells secreting mucus (D-F), 1019 

multiciliated cells (G-I), pyramidal pulmonary epithelium (J-K), chondrocytes and 1020 

associated cartilage (L-M). 1021 

 1022 

 1023 
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 1026 
Figure S4. Generation of endogenous Nkx2-1 reporter lines. 1027 

(A) Schematic representation of CRISPR-mediated knock-in strategy to insert 1028 

T2AmKO2 cassette in 3’-UTR region of Nkx2-1 loci. (B-C) PCR screening of knock-in 1029 

generated clones before (B) and after (C) PuroR gene excision. Asterisk (*) on image 1030 

in B indicates a correctly integrated clone. (D-E) Validation of the Nkx2-1-T2AmKO2 1031 

line. (D) Cells from day 14 of thyroid differentiation protocol were subjected to Nkx2-1 1032 

immunostaining followed by flow cytometry. Observe a double-positive stained 1033 

population in Q2, only in the cAMP treated cells derived from Nkx2-1-T2AmKO2 line. 1034 

(E) Images showing Nkx2-1 and mKO2 co-staining at day10 2D culture. (F-I) 1035 

Generation of Foxe1KO/Nkx2-1reporter line. (F-G) Genomic profiling of a 1036 

Foxe1KO/Nkx2-1 reporter clones obtained with guide RNAs targeting inside (F) or 1037 

outside (G) the Forkhead domain. (H-I) Foxe1 immunostaining of control and 1038 

Foxe1KO/Nkx2-1 reporter cells subjected to thyroid differentiation. Absence of Foxe1 1039 

protein expression is observed in Foxe1KO cells (I). Scale bars : 100 µm. 1040 
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 1041 
Figure S5. Thyroid and lung differentiation in control and Foxe1KO Nkx2-1 1042 

reporter lines. 1043 

(A) Thyroid follicle formation in control Nkx2-1 reporter line observed by co-1044 

immunostaining of Tg/mKO2 and Nis/mKO2. (B) RT-qPCR analyses of thyroid and 1045 

lung expressed genes in control and Foxe1KO lines. Observe the reduction of Tg and 1046 

Tpo thyroid genes whereas lung markers are up-regulated in Foxe1KO cells. (C-D) 1047 

Foxe1KO Nkx2-1 reporter cells differentiation into lung airway organoids. (C) 1048 

Immunostaining for Sox2, mKO2 and Muc5ac. (D) Higher magnification and 1049 

orthogonal views by confocal microscopy of lung organoid depicted in C. Scale bars : 1050 

25µm. 1051 

 1052 
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 1053 

 1054 
Figure S6. scRNAseq profiling of Foxe1KO cells. 1055 

(A) Pax8 immunostaining followed by flow cytometry analyses at day22. Numbers 1056 

shown in Q2-1 quadrant in images on the right correspond to percentage of double 1057 

positive Pax8 (APC) and mKO2 (PE) in control and Foxe1KO cells. Images on left: 1058 

isotype control. (B) Average expression per cluster of selected markers used to define 1059 

cluster identity. (C) Gene Ontology (GO) and pathway analysis performed with top50 1060 

differentially expressed genes in each cluster. (D) Heatmap of top 50 differentially 1061 

expressed genes in each cluster expressing Nkx2-1. 1062 
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Supplementary Tables 1065 

 1066 

Table S1. List of signature genes used in Module Score function and Foxe1 1067 

predicted targets (.xlsx file) 1068 

 1069 

Table S2. TALEN and single guide RNA sequences 1070 

TALEN sequences 
Foxe1 Fwd: 5’-TTCCCGTTCTACCGCGACAA-3’ 

 Rev: 5’-TGAGGTTGTGGCGGATGCTG-3’ 

Single-guide RNA sequences 
Nkx2-1 3’-UTR guide GGAAGCGTTGAGGTCGCGCG 
Foxe1 guide 1 CTTCCTCAAGATCCCGCGCG 
Foxe1 guide 2 TAGCCCGCATAGACGGCGCC 

 1071 

Table S3. List of primers sequences used for qRT-PCR analysis. 1072 
Gene Name Primer Forward Primer Reverse 
β2m-Globulin GCTTCAGTCGTCAGCATGG CAGTTCAGTATGTTCGGCTTCC 
Nkx2-1 (ex.) GGCGCCATGTCTTGTTCT ACACCGGCCTTATTCCAAG 
Nkx2-1 GGCGCCATGTCTTGTTCT GGGCTCAAGCGCATCTCA 
Pax8 CAGCCTGCTGAGTTCTCCAT CTGTCTCAGGCCAAGTCCTC 
Foxe1 GGCGGCATCTACAAGTTCAT GGATCTTGAGGAAGCAGTCG 
Hhex AAGTGAGGTTCTCCAACGACC CATTTAGCTCGGCGATTCTGAA 
Tg GTCCAATGCCAAAATGATGGTC GAGAGCATCGGTGCTGTTAAT 
Nis/Slc5a5 AGCTGCCAACACTTCCAGAG GATGAGAGCACCACAAAGCA 
Tshr GTCTGCCCAATATTTCCAGGATCTA GCTCTGTCAAGGCATCAGGGT 
Tpo ACAGTCACAGTTCTCCACGGATG ATCTCTATTGTTGCACGCCCC 
Mct8/Slc16a2 GAGTTCCAAGCAGCATGGGT ATAGGTGAAGTAGCGCAGGC 
Sox2 CACAACTCGGAGATCAGCAA CTCCGGGAAGCGTGTACTTA 
Scgb1a1 ATCTGCTGCAGCTCAGCTTCTT AAAGGCTTCAGGGATGCCACAT 
Scgb3a1 GATGGCCAAGTGGCTTAATG TCTGTGTGGCTCTGCTCAGT 
Scgb3a2 ACAGGGAGACGGTTGATGAG AGTCCCGGAAAACATCACAG 
Trp63 AAACCAGAGATGGGCAAGTCCT TTTGCGCTGTCCGATACTTGCT 
Sftpb GAACTCTGATCAAGCGGGTT TGCGTCTAGCAGGAGAACTG 
Sftpc GAGAAACCTTACAAAATGGACA AGCAGAGCCCCTACAAT 
Muc5ac TGCCGCGTCAATGGAAAGTTGT TACAGACACAGGCACCAGCATT 
Foxj1 ACAACTTCTGCTACTTCCGCCA TTCTCCCGAGGCACTTTGATGA 
Aqp5 TGCGCTCAGCAACAACACAACA TTCATGGAACAGCCGGTGAAGT 

*ex, exogenous. 1073 
 1074 
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