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Embigin deficiency leads to delayed
embryonic lung development and high
neonatal mortality in mice
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SUMMARY

Embigin (Gp70), a receptor for fibronectin and an ancillary protein for monocarboxylate transporters, is
known to regulate stem cell niches in sebaceous gland and bone marrow. Here, we show that embigin
expression is at high level during early mouse embryogenesis and that embigin is essential for lung devel-
opment. Markedly increased neonatal mortality of Emb '~ mice can be explained by the compromised
lung maturation: in Emb~’~ mice (E17.5) the number and the size of the small airways and distal airspace
are significantly smaller, there are fewer ATl and ATII cells, and the alkaline phosphatase activity in amni-
otic fluid is lower. Emb " lungs show less peripheral branching already at E12.5, and embigin is highly
expressed in lung primordium. Thus, embigin function is essential at early pseudoglandular stage or
even earlier. Furthermore, our RNA-seq analysis and Ki67 staining results support the idea that the devel-
opment of Emb /" lungs is rather delayed than defected.

INTRODUCTION

Embigin (Gp70) is a highly glycosylated member of the basigin subgroup in the immunoglobulin superfamily.”? In addition to embigin, the
group includes two other type | membrane proteins, namely basigin (EMMPRIN/CD147) and neuroplastin (Np65/Gp65 and Np55/Gp55).
Strong embigin mRNA expression has been reported in mouse embryos during the early phases of development.®" In adult mice and
rats, only low levels of embigin mRNA have been found in several organs.”” However, at the protein level, embigin expression pattern
has not been confirmed in many mouse and human tissues.

Structurally, all three members of the basigin subgroup resemble each other having an amino acid sequence identity of 37%-46%.° They
share the overall structure possessing an extracellular immunoglobulin-like (Ig-like) domain, a single hydrophobic transmembrane domain,
and a short cytoplasmic tail. However, there are also significant structural differences that most probably contribute to the diverse biological
roles of the proteins. One of the significant differences is the number of lg-domain repeats in the extracellular domain: both basigin-1 and
neuroplastin Np65 are composed of three Ig-like domains, while basigin-2, embigin, and neuroplastin Np55 have only two. The other two
basigin isoforms found in humans, basigin-3, and basigin-4, comprise only one Ig-like domain.” In addition to the variability in the number
and the sequence of the Ig-like domains, the N-glycosylation state of these highly glycosylated proteins may contribute to the function of
the protein.”"'" However, very little is known about the possible role of N-linked oligosaccharides.

Basigin has been reported to act in a wide variety of cellular processes including the development, activation, proliferation, migration,
invasion, and adhesion of T lymphocytes.'? Neuroplastin, which is enriched in neurons and synapses, has basigin-like functions but in
more restricted locations.®"*™"> All three members of the basigin group are involved in the regulation of cellular metabolism."® They have
been reported to escort monocarboxylate transporters (MCTs), the carriers of molecules such as L-lactate and pyruvate, to the plasma mem-
brane."” Embigin has been proposed to be the primary ancillary protein for MCT2,'® additionally, it acts as an assisting protein for MCTs 1, 3,
4, and 7."%?" In adult mice, embigin has been identified as a bone marrow stem cell niche factor, more specifically as a hematopoietic stem/
progenitor cell quiescence regulator.”? Our recent paper indicates that embigin acts also as a high affinity receptor for the extracellular
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matrix: the Ig1 domain of embigin binds directly to the type | repeats in the N-terminal domain of fibronectin. Thus, embigin represents a new
type of adhesion receptor that combines the recognition of extracellular matrix to the MCT function and Wnt signaling.?” In the mouse seba-
ceous gland, Wnt-regulated embigin conducts cell differentiation by a mechanism that connects cell adhesion and lactate transport.”” Given
the variety of cellular functions that the basigin family members are involved in, it is not surprising that they also have connections to path-
ological processes, such as cancer.”"?® To date, embigin has been reported to be a suppressor of tumorigenesis in breast cancer’® and a
promoter of epithelial-mesenchymal transition in pancreatic carcinoma.?’

Even though embigin has been identified as an important niche factor and the regulator of cell differentiation in adult stem cells, its role
during mouse embryonic development has been unknown. Here, we report an expression pattern of the embigin protein during both em-
bryonic development and in adult mice. An embigin knockout (Emb~~) mouse model indicates that embigin is an essential protein for lung
development and that the compromised maturation of the lungs is associated with the high neonatal mortality of Emb ™~ mice. Embigin
expression is at a high level from early embryogenesis until the formation of lung primordium suggesting that the main effect of embigin
may occur during the early phases of both mouse and lung development. Interestingly, fibronectin, MCT-1, and MCT-4 are expressed in pri-
mordial lungs at higher levels than in lung cells at the later stages of development. Our results also indicate that in adult mouse lungs embigin
expression is restricted to club cells, which are endogenous stem cells lining bronchi and bronchioles.

RESULTS
Embigin is expressed from early mouse embryonic development into adulthood

The current knowledge of embigin expression is mostly based on the determination of mRNA levels in various tissues, and thus the protein
expression pattern has remained obscure. Here, we used the whole-mount immunofluorescence technique to visualize the embigin protein
expression pattern in mice embryos at embryonic days E8.5-E10.5. In agreement with previous mRNA studies,™" the most robust
embigin expression was detected at the early stage of embryogenesis, and embigin was observed to be an abundant protein specifically
in the developing gut (Figure 1A). However, embigin expression did not cease after E10.5, albeit an apparent decrease in its expression
was observed. At E13.5, low embigin expression was detected in restricted tissues such as kidney, lung, and small intestine (Figure S1A),
and later in gestation, at E17.5, embigin expression was still observed in the kidneys while in the lung the amount of embigin hardly reached
the detection level (Figure 1B). Analysis of recently published mouse organogenesis spatiotemporal transcriptomic atlas (MOSTA)*® also
confirmed that embigin expression is high at E9.5 and decreases after that (Figure S1B).

We also determined the precise location of embigin after the gestational period. A set of adult organs at the age of four months was
analyzed using immunofluorescence microscopy. The kidney (Figure 1B), lung (Figure 1C), epididymis, and skin (Figure 1D) showed high em-
bigin levels. In the kidneys, embigin was located in the epithelial cells lining tubular structures (Figure 1B), and in the lungs, the epithelial cells
of the lung bronchioles were shown to be highly embigin-positive (Figure 1C). Furthermore, the tubular structures in the caudal pole of the
epididymis were determined to have a strong embigin expression, whereas, in the skin, embigin expression was located in the sebaceous
glands (Figure 1D). In both lungs and kidneys, the expression level of embigin was shown to elevate shortly after birth at P3, and the expres-
sion was observed to be the strongest in adult mice (Figures 1B, 1C, and S1C). Tabula Muris, a compendium of single-cell transcriptome data
from the 3-month-old mice, supports our findings showing that embigin is present, for instance, in the epithelial cells of the lungs and the
epithelial cells of the collecting duct in the kidney.”” No differences between male and female mice were observed, apart from the embigin
expression in the male epididymis.

The embigin protein expression in the organs described previously was further confirmed by western blot analysis (Figure 1E). A strong
signal was detected also in the mouse testis suggesting the presence of embigin in the tissue. On the contrary, the liver, spleen, small intes-
tine, adrenal glands, ovaries, and heart were determined as embigin-negative tissues (Figure S1D). In the embigin-positive tissues, embigin
was detected as a characteristic broad protein band ranging from about 60 to 90 kDa, and the complete deglycosylation of the protein re-
sulted in a shift to 35 kDa, to the predicted size of embigin core protein (Figure STE). Thus, the observed variation of the approximated mo-
lecular mass is due to differential glycosylation of the nine potential glycosylation sites reported in the protein.” The highest molecular mass of
embigin was observed in the kidney, while the lowest molecular mass was found in the epididymis, and the smallest variation was detected in
the skin (Figure 1E). Thus, the degree of embigin glycosylation was shown to vary in a tissue-dependent manner. Yet, it is not understood,
whether differences in N-linked glycosylation affect embigin function. Together, our results confirm that the embigin protein is expressed
in the specific structures of the lung, kidney, skin, epididymis, and testis of four-month-old mice.

Embigin deficiency leads to an increase in neonatal mortality
To examine the role of embigin in vivo, knockout mice lacking exon 5 of the embigin gene were generated (Figure S2A). The mutated allele is
predicted to either generate a truncated protein or lead to non-sense-mediated decay. The absence of embigin expression in the embigin
deficient (Emb ") mice was confirmed both by PCR (Figure $2B) and by performing a western blot analysis of the kidney tissue (Figure $2C). In
kidneys, a typical diffuse band around 75 kDa was observed only in the wild type (WT) mice (Figure S2C). The final verification of the lack of
embigin in Emb™~ mice was gained through staining Emb ™~ and WT E9.5 embryos with embigin and alpha smooth-muscle actin (a-SMA)
antibodies (Figure S2D).

The effect of the embigin deficiency on the lifespan of affected animals was studied next using Emb ™'~ mice. The genotypes of 203 em-
bryos from Emb ™/~ heterozygous intercrosses at the ages between E8.5 and E17.5 were analyzed. At embryonic day E8.5, 25% of all embryos
were embigin deficient. Thus, the relative frequency of the genotypes at this embryonic stage was found to follow the Mendelian distribution.
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Figure 1. Embigin is widely expressed until E10.5 and after that in specific organs

(A) WT mouse embryos at embryonic days E8.5, E9.5, and E10.5 were stained with embigin and a-smooth muscle actin (a-SMA) antibodies by using the whole-
mount immunostaining technique. As the negative control for embigin, only a secondary antibody was used; a-SMA was stained as a positive control, an asterisk
indicates a developing heart, F: foregut. Representative images are shown. Scale bars: 500 pm.

(B-D) The paraffin sections of the kidney (B), lung (C), skin, and epididymis (D) were immunostained with embigin antibody. Collagen | was stained as a positive
control and nuclei were labeled with Hoechst 33342 Fluorescent Stain. Samples were collected at E17.5. (B and C), postnatal day P3 (B and C), and four-month-old
mice (B-D). Magnifications of the embigin-positive areas are shown. Scale bars: 100 pm. G: glomerulus, RT: renal tubule; B: bronchiole, arrow heads point at the
epithelial cells lining bronchioles; Ac: auricular cartilage, Sgl: sebaceous gland; PsE: pseudostratified epithelia, S: sperm cells.

(E) Embigin expression in protein samples extracted from four-month-old WT mouse lung, kidney, skin, epididymis, and testis tissues was studied by western
blotting. B-tubulin was used as a control. The blot image was cut to show only embigin-positive organs.

See also Figure S1.

When embryos at E17.5 were inspected, the frequency of Emb ™~ embryos was found to be only 18% instead of the expected 25% (Figure 2A).
Spearman'’s rank correlation analysis indicated that the small gradual decrease in the number of Emb™~ embryos as the gestation pro-
gressed, was statistically significant (r, = —0.837, p = 0.019; Figure 2A). The frequency of Emb™~ embryos was also decreasing at E17.5,
but not in a statistically significant magnitude (rs = —0.667, p = 0.102; Figure 2A). Next, the genotypes of 284 pups from 40 different litters
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Figure 2. Embigin deficiency increases mortality from embryonic day E8.5 to P3

(A) The relative frequency of the genotypes of the pups from heterozygous Emb ™~ breedings were determined. Three litters at E8.5; 6 litters at E9.5; 1 litter at
E10.5, E11.5, and E14.5; 2 litters at E16.5, and 10 litters at E17.5 were examined (n = a number of pups analyzed). The correlation between the frequency of each
genotype and the embryonic stage was analyzed by calculating Spearman’s rank correlation coefficient (rs) and its statistical significance.

(B) The relative frequency of the genotypes of the pups from Emb ™~ breedings was determined. 284 pups from 40 litters were analyzed at P14-P21.

(C) To determine the postnatal survival frequency of the Emb™~ mice, 100 pups from 17 litters and 6 different Emb ™'~ breedings were followed after birth. The
genotypes were determined after the death of the pup.

See also Figure S2 and Table S1.

were examined between P14 and P21. Based on the study, only 7% of the pups from Emb*’~ breedings were embigin deficient at P14-P21
(Figure 2B), of which 42% that survived were males and 58% females. Our results indicate that based on the Mendelian expectation, 28% of
Emb ™'~ pups were lost already in the prenatal period, and in total, 72% of expected Emb ™~ pups did not reach adulthood. The litter size had
no obvious effect on the survival of the Emb ™'~ mice. In smaller litters (n = 4) with 3-6 pups, one Emb ™/~ survived and five Emb ™~ mice were
lost during the first three postnatal days, while in bigger litters (n = 4) with 7-10 pups, two Emb '~ mice survived and four Emb ™~ were lost
between days PO and P3.

To determine the time window at which the lethality of Emb ™~ mice occurred, 100 pups from 17 litters from six different Emb*/~ breedings
were followed up after birth. The pups were genotyped after their death. The results indicate that most of the Emb ™~ pups died during days
0and 1 in postnatal life (Figure 2C). Noteworthy, the mortality of Emb™~ mice also appeared to be slightly elevated. While 81% of the born
Emb ™'~ mice died during the first three postnatal days, 26% of Emb ™'~ and 9% of WT mice were lost during the period. Furthermore, 16% of
the pups were fully cannibalized during postnatal days of P1-P3 before they were genotyped. While the frequency of Emb ™~ embryos slightly
decreased before birth, the results indicate that the major loss of Emb '~ mice occurred during the neonatal period. It cannot be excluded,
however, that some pups were lost already during the parturition.

Embigin deficiency does not affect the mice after the neonatal period

To study the effect of embigin deficiency on mice that survived beyond the first three postnatal days, Emb™~ and WT mice were further
analyzed at the ages of 2, 4, 6, and 12 months. The obtained results indicated that there was no difference in body weights when the adult
WT and Emb ™~ mice were compared (Figure S2E). Furthermore, neither the histology nor weights of specific organs were different
(Figures S2F=S2l; Table S1). To assess whether embigin deficiency could affect the fertility of mice, ten pairs of Emb™~ mice were allowed
to breed. Four out of ten breedings did not produce viable pups and out of the 23 litters produced, ten were fully cannibalized. On average
2.3 pups per litter survived and reached adulthood (Table 1). These observations were consistent with the high mortality rate of Emb™~ em-
bryos and newly born mice of Emb™'~ parents. Based on the data, the Emb ™~ mice that survive are fertile, and they have changes neither in
the typical body and organ weights nor in the histological architecture of the tissues studied.

Embigin deficiency causes delayed growth of mouse embryos

While the weights of four-month-old Emb ™'~ mice did not differ from WT mice, the body sizes of Emb ™'~ embryos tended to be smaller than
their Emb™~ or WT littermates as imaged at E11.5, E14.5, and E17.5 in Figure 3A. Furthermore, the body weights of the Emb ™'~ embryos at
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Table 1. Emb ™/~ mice are fertile

Emb '~ breeding pairs 10
Emb ™'~ breeding pairs with survived litters 6

Cannibalized litters 10
Litters with survived pups 13
Survived female pups 14
Survived male pups 16
Average litter size 2.3

Ten Emb ™/~ homozygous breedings were followed until the pups were genotyped at P14-P21.

E17.5 were significantly (p = 0.001) smaller than their littermates, with average body weights being 490 + 54 mg for Emb ™~ mice, 916 +
136 mg for Emb™~, and 834 + 134 mg for WT embryos (Figure 3B). Keeping in mind the pivotal function of the placenta for optimal fetal
growth, we decided to characterize the placentas of Emb ™~ and WT embryos from Emb*'~ breedings. Using an immunofluorescence stain-
ing technique, we detected an increasing embigin expression in the labyrinthine layer of the placenta in WT embryos between E11.5 and
E17.5 (Figure 3C). Though intensive embigin expression was detected in the placenta, histological differences were not observed between
the placentas of WT and Emb ™'~ embryos (Figure 3D). Furthermore, based on the RNA sequencing data, only four genes, one of them being
embigin, were differentially expressed in the placentas of five Emb ™/~ embryos compared to the placentas of five WT embryos at E17.5 (Fig-
ure 3E). The gene was determined to be differentially expressed only if log2 of fold change value was above 0.6 or below —0.6 and Benjamini-
Hochberg-corrected p value less than 0.05. Taken together, these results do not support the idea that embigin deficiency could cause
placental dysfunction that would manifest as a fetal growth restriction observed in Emb ™~ embryos. Therefore, other vital organs were exam-
ined next.

Embigin deficiency delays lung maturation

Our histological examination of the Emb ™~ lungs at E17.5 unveiled the abnormal structure: the number and the size of the small airways and
distal airspace were significantly smaller (p = 0.00002) when compared to the architecture of the lungs of their WT littermates (Figure 4A). In
addition, the relative area of those structures in the Emb ™~ embryonic lungs at E17.5 were determined to correlate strongly (ry = 0.701,
p = 0.005) with the overall size of the Emb ™~ embryo, (Figure 4B): the bigger the embryo, the more mature were the lungs. Noteworthy,
in Emb™~ embryos, the lung development was defined to be systematically delayed when observed at E17.5: when the Emb™~ lungs
were still at the canalicular stage, the WT littermates had already reached the saccular stage of the lung development.

Next, the activity of alkaline phosphatase was analyzed from the amnioticfluid at E17.5. Elevated alkaline phosphatase activity at the end of
gestation has been shown to indicate increasing fetal lung maturity.”® When the alkaline phosphatase activity of amniotic fluids from WT,
Emb*/~, and Emb~/~ embryos were measured, the average activity was 35.8 U/l for WT, 32 U/I for Emb*/~, and 26 U/l for Emb~/~ embryos.
Thus, the alkaline phosphatase activity in the amniotic fluid of the Emb ™~ embryos was significantly lower than the activity detected in WT
embryos (p = 0.024). The average alkaline phosphatase activity in the amniotic fluid of Emb™~ embryos neither reached the same level as
detected in WT embryos, but the difference was not statistically significant (p = 0.45; Figure 4C). Not only the activity of the alkaline phos-
phatase, but also sodium, calcium, and glucose concentrations have been reported to vary in the amniotic fluid during normal pregnancy:
their concentrations increase and subsequently decrease as the gestation progresses.”’’ While the alkaline phosphatase activity was signifi-
cantly lower in the amniotic fluid from Emb ™'~ embryos at E17.5, the concentrations of sodium, calcium, or glucose did not significantly differ
between WT, Emb*/~, and Emb "/~ embryos (Figures S3A-S3C). Only moderate changes observed in the concentrations of these factors indi-
cate that the pregnancies of Emb™~ embryos progressed normally.

When WT and Emb ™~ lungs were harvested at E12.5 and cultured as explants for 48 h, the smaller Emb™~ lungs presented significantly
less (p = 0.00002) peripheral branching buds than WT lungs at E12.5 (Figure 4D). Based on the data, it is clear that lung branching was pro-
gressing also in Emb ™~ lungs, albeit Emb ™~ lungs stayed continuously behind the developmental schedule of WT lungs. Furthermore, the
formation and maturation of distal epithelial cells were slightly behind the schedule at E17.5: alveolar type Il (ATII) cells (p = 0.02) and espe-
cially alveolar type | (ATI) cells (p = 0.005) were detected at a lower number in Emb " thanin WT lungs (Figure 4E). However, the formed ATII
cells of Emb ™~ lungs were able to synthesize surfactant protein C (SPC) at E17.5 (Figure 4F) and form lamellar bodies to store SPC as detected
by transmission electron microscopy at E18.5 (Figure 4F). Still, the sizes of observed lamellar bodies were significantly smaller (p = 0.049) in
Emb ™/~ lungs (Figure 4F). These results support the idea that the Emb ™/~ lungs can perform normal lung organogenesis but in a delayed
manner. Importantly, when the lung sizes of the Emb ™=, Emb™~, and WT embryos were compared, only Emb ™~ lungs differed significantly
from WTs (p = 0.031; Figure S3D). Thus, the remarkable changes in lung development are connected to the total embigin protein deficiency
and are not seen when only one allele harbors the deletion of exon 5.

To further study the developmental delay, we analyzed transcriptomes of embryonic lungs at E17.5 by RNA sequencing. While the gene
expression profiles of the placentas of Emb ™~ and WT embryos resembled each other (Figures 3E and 5A), no less than 161 genes of the
lungs were differentially expressed between the genotypes at E17.5 (Figures 5A and S4A). When compared to WT mice, most of the
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Figure 3. The smaller size of Emb ™/~ embryos is not caused by a placental failure

(A) Representative images of WT and Emb~/~ embryos are shown at E11.5, E14.5, and E17.5.

(B) Six litters with 53 embryos from Emb*/~ breedings were analyzed at E17.5. The significance of the weight difference between WT and Emb ™~ embryos
(p = 0.001) was statistically analyzed by Student’s T-test for independent samples. Data are represented as a Spear style boxplot. A square shows the mean value.
(C)WT and Emb ™/~ placenta paraffin sections were immunostained with embigin and collagen | antibodies at E11.5 and E17.5. Nuclei were labeled with Hoechst
33342 Fluorescent Stain. Arrowheads show fetal-derived round nuclei. Magnifications of the embigin-positive areas are shown. Lab: labyrinth zone; scale bars:
100 pm.

(D) Representative images of hematoxylin-eosin-stained WT and Emb ™'~ placentas at E17.5 are shown. Scale bars: 500 um. Magnifications of the inner edges of
the placental labyrinth zones are shown below. Lab: labyrinth zone; scale bars: 100 pm.

(E) Heatmap of differentially expressed genes (log2 of fold change above 0.6 or below —0.6 and Benjamini-Hochberg-corrected p value <0.05) in WT (n = 5) and
Emb ™~ (n = 5) placenta at E17.5 based on RNA sequencing analysis.

downregulated genes in Emb ™~ embryos code for proteins involved in the immune response (Figure 5B), and the upregulated genes are
predominated by genes that participate in cell proliferation (Figure 5B). Many of the upregulated genes are potential transcription and growth
factors involved in lung development. For example, Adamts 18, a pivotal effector of airway branching morphogenesis,* and Hmga2, a protein
required for Wnt signaling during lung development®” were upregulated. On the other hand, Scgb3a2, which is a cytokine-like secretory pro-
tein that functions as a growth factor in the lung promoting both early and late stages of fetal lung development,® was downregulated.
Furthermore, several cell cycle effectors, including Cenf, Cdcé, Cdc45, Cdt1, and Gli1, were upregulated. To support the RNA sequencing
data, the cell proliferation-associated nuclear antigen, Ki67, was detected at significantly (p = 0.0002) elevated levels in tissue samples
from Emb ™/~ lungs at E17.5 (Figure 5C). The difference in cell proliferation is in a full agreement with the idea that at E17.5, the Emb ™/~ lungs
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Figure 4. Embigin deficiency delays embryonic lung development

(A) Representative images of hematoxylin-eosin-stained lung sections from two WT and two Emb ™~ E17.5 littermates are presented. Scale bars: 50 um. The
relative area of small airways and distal airspaces in the E17.5 lung sections was analyzed by ImageJ/Fiji software (n = 11 for WT and n = 14 for Emb™"").
Statistical significance (p = 0.00002) was determined by Mann-Whitney U-test. Data are represented as a Spear style boxplot. A square shows the mean value.
(B) The correlation between the body weight of the embryo and the relative area of small airways and distal airspaces in the lung sections was studied by
calculating Spearman’s rank correlation coefficient (r;) and its statistical significance.

(C) Alkaline phosphatase activity was determined from the amniotic fluids of WT, Emb™~, and Emb ™~ embryos at E17.5 with VetScan Chemistry Analyzer (n = 6
for WT, and n = 5 for Emb*/~ and Emb~/"). Statistical significance (p = 0.024) was determined by ANOVA followed by Dunnett's t-test. Data are represented as a
Spear style boxplot. A square shows the mean value.

(D) Lung explants from E12.5WT and Emb—/~ embryos were cultured for 2 days and imaged on days 0, 1, and 2 (DO-D2, n = 14 for WT and n = 10 for Emb~"). The
normalized count of peripheral buds in lung explants of WT and Emb ™/~ at E12.5 was compared at DO, D1, and D2 (normalization: value/biggest value of the litter
at DO). Statistical significances (DO: p = 0.00002, D1: p = 0.002, and D2: p = 0.034) were determined by Student’s T-test for independent samples. Data are
represented as a Spear style boxplot. No statistical difference between WT and Emb ™~ was observed from DO to D2 in the progression of branching
morphogenesis. Scale bars: 1000 pm.

(E) WT and Emb "~ lung paraffin sections were immunostained with SPC and HOP antibodies at E17.5 and nuclei were labeled with Hoechst 33342 Fluorescent
Stain. The number of SPC (ATIl) and HOP (ATI) -positive cells in WT (n = 6) and Emb~ (n=7) embryonic lungs at E17.5 were counted from five different areas of
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Figure 4. Continued

each lung. The amounts of SPC-positive cells in each sample were statistically compared with Mann-Whitney U-test (p = 0.022) and HOP-positive cells were
analyzed by Student'’s T-test for independent samples (p = 0.005). Data are represented as a Spear style boxplot. Scale bars: 100 um.

(F) A representative transmission electron micrograph of an alveolar ATl cell from Emb ™~ lungs at E18.5 is presented. Black arrows point to mature lamellar
bodies and arrowheads to multilamellar bodies, N: nucleus; M: mitochondria, MVB: multivesicular body. Scale bar: 2000 pm. The amounts and the sizes of
lamellar bodies of ten ATIl cells in each sample were analyzed (n = 3 for WT and Emb ™), and medians (n = 71-96/sample) were statistically analyzed by
Student's T-test for independent samples. The medians of each sample and mean + SD are shown.

See also Figures S3 and S5.

are still at the canalicular stage, while the WT lungs have already reached the saccular stage. Importantly, RNA sequencing of E17.5 kidneys
unveiled only five differentially expressed genes between WT and Emb ™~ embryos (Figure S4B). Thus, the lack of embigin seems to have a
remarkably larger influence on the lungs than kidneys at E17.5.

As the members of the basigin family, including embigin, have been shown to regulate the function of MCTs and we have recently
connected embigin function to cell adhesion,”® we performed immunostainings of specific MCTs and fibronectin during the embryonic devel-

16-21

opment of mouse. Neither in E10.5 embryos nor in E17.5 lungs, we could detect obvious differences in the expression levels or tissue distri-
butions of MCT-1, MCT-4, and fibronectin in WT and Emb ™/~ (Figures S5A and S5B). The differential expressions of MCT-1 (WT: n = 5, mean:
10.8 + 0.1: Emb~"":n =5, mean: 10.8 + 0.1 1), MCT-4 (WT: n =5, mean: 9.1 + 0.18; Emb~/":n =5, mean: 9.0 + 0.2), and fibronectin (WT:
n=>5, mean: 16.2 + 0.06; Emb~'~:n =5, mean: 16.0 + 0.16) were neither detected in RNA sequencing analysis of E17.5 lungs. It can also be
hypothesized that basigin may compensate for the function of embigin, however, we did not find any evidence to support that since no
obvious difference in the expression level of basigin was detected either in the RNA sequence analysis of lung cells at E17.5 (WT: n =5,
mean: 14.5 4 0.08; Emb™'~:n =5, mean: 14.3 + 0.18) or in immunostaining in E17.5 lungs (Figure S5B). Still, we cannot exclude the possibility
that during early phases of gestation the members of basigin family compensate deficiencies in each other’s functions.

All the findings suggest that embigin function is the most crucial during the early days of gestation. As described previously, the delayed
lung development in Emb ™'~ mice was already obvious at E12.5. We could detect only very low embigin protein expression in the lungs at
E13.5(Figure S1A), and we were not able to detect a clear embigin signal in the lungs by immunofluorescence staining at E17.5 (Figure 1C). To
gain more insight into embigin expression in lungs during gestation, we analyzed the MOSTA database.”® Using region-specific marker
genes, Ptma, Mda, and Npm1, embigin mRNA expression was determined to be highest at the lung primordium (E10.5-E12.5; Figure 5D).
In accordance with our observations during the pseudoglandular stage, embigin mRNA expression gradually decreases in the lungs, being
very low at E13.5. Thus, it is probable that the embigin deficiency only affects the behavior of the primordial lung cells leading to e.g., delayed
branching morphogenesis and alveolar cell (ATl and ATIl) maturation seen at later developmental stages. In newborn (PO) Emb ™~ pups, the
number and the sizes of the small airways and the distal airspace were still smaller than in WTs (Figure S5C), though the difference was not as
outstanding as in E17.5 lungs (Figure 4A). Still, the delayed lung development explains well the high perinatal mortality of the Emb ™~ mice.

After the gestational period, embigin expression level rises in postnatal lungs (Figures 1C and S1C). When we analyzed previously pub-
lished scRNA-seq data from the Lung Gene Expression Analysis (LGEA) database,* ™’ it provided further confirmation to the observation.
Based on LGEA, embigin expression increases in postnatal mouse lung epithelial cells when compared to embryonic lungs (Figure S6A). %
Here, embigin protein expression was observed to be restricted to the cells lining the bronchioles in adult lungs (Figure 1C). In bronchioles,
embigin was further found to colocalize with CC10 (Scgb1a1), which is a marker for club cells. In club cells, CC10 and embigin showed polar-
ized expression: while embigin was mainly localized on the basal side of the cell, CC10 was found on the apical side of the same cell (Fig-
ure S6B). Club cells are known as endogenous stem cells for bronchi and bronchioles being responsible for the strictly controlled cell prolif-
eration in the lungs.*” Overall, embigin function is pivotal for the normal development of lungs, while its role in adult lungs remains open. The
main results of the study have been summarized in Figure é.

DISCUSSION

Three previous studies have connected embigin to the regulation of cellular differentiation programs. During B cell lineage commitment, the
Pax5 transcription factor was first described to specifically repress embigin expression; however, the exact function of embigin in the process
remained unknown.’® Lately, embigin has been shown to participate in the formation of stem cell niches in bone marrow?”” and sebaceous
gland.”® Our understanding of the molecular mechanism of embigin function has been also gradually progressed, and an increasing number
of studies describe embigin as the facilitator and regulator of the membrane trafficking and transport activities of the proton-coupled MCTs.*’
Recently, we have shown that embigin is an ECM receptor that binds to a specific domain in fibronectin®® and that the embigin function is
based on its ability to link cell adhesion to the regulation of cellular metabolism through MCTs.”* Here, by using an Emb ™/~ mouse model,
we report that embigin is required for normal lung development and that the lack of the protein leads to significantly increased mortality,
especially during the perinatal period.

We focused our studies on the developing Emb ™~ lungs since the structural abnormalities were the most obvious in the organ, and the
compromised lung maturity explains the frequent deaths of the newborn Emb ™~ pups. At a later stage of gestation (E17.5), the number and
the sizes of the small airways and the distal airspace were observed to be significantly smaller in Emb ™~ lungs than in WT lungs. Also, based
on the RNA-seq analysis of Emb ™~ and WT lungs, several cell proliferation-related genes were upregulated in Emb ™~ lungs at E17.5. The
increased cell proliferation, which was confirmed by Kié7 staining, suggests that at E17.5, Emb™~ lungs were still at the late canalicular stage
involving high cell proliferation, while WTs had already reached the following saccular stage of lung maturation. The delayed lung maturation
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Figure 5. Embigin deficiency leads to compromised lung function

(A) Heatmap of all expressed genes in WT (n = 5) and Emb~~ (n=5) lung and placenta at E17.5 based on RNA sequencing analysis. The genes have been sorted
from smallest to largest fold change value of Emb ™~ vs. WT comparison and visualized by Morpheus.

(B) Differentially expressed genes in WT (n = 5) vs. Emb ™/~ embryonic lungs (n = 5) at E17.5 were analyzed from RNA sequencing data by WebGestalt. Top19 of
the most enriched biological processes of those with FDR <0.05 and > 3 overlapping genes are shown.

(C)WT and Emb~"~ lung paraffin sections were immunostained with Ki67 antibody at E17.5. Nuclei were labeled with Hoechst 33342 Fluorescent Stain. Scale bars:
100 pm. Ki67-positive cells in WT (n = 5) and Emb ™~ (n = 5) embryonic lungs at E17.5 were analyzed as fractions of all cells from five different areas of each lung.
Statistical significance (p = 0.0002) was determined by the Student’s T-test for independent samples. Data are represented as a Spear style boxplot.

(D) Embigin mRNA expression in developing lungs from E10.5 to E16.5 based on the analysis of scRNA-seq data published in the MOSTA database.

See also Figures S4 and Sé.

was further confirmed by the observation that there were fewer pulmonary ATl cells, cells required for gas exchange, in Emb™~ embryos at
E17.5. Furthermore, lamellar bodies, the storage organelles for pulmonary surfactant in ATl cells, were smaller at E18.5 in the Emb ™~ lungs.
Finally, we showed that alkaline phosphatase activity in amniotic fluid was lower in E17.5 Emb™ embryos, which also strongly supported the
idea that the lack of embigin leads to a delay in lung development causing the death of the majority (72%) of newborn Emb ™'~ pups. In
newborn (PO) Emb ™~ pups the number and the sizes of the small airways and the distal airspace were still smaller than in WTs, but the dif-
ference was not as outstanding as in E17.5 lungs.

In mice, the overall embigin expression is high during the early days of embryonic development, but later it remarkably decreases. This fact
has been shown at the mRNA level in the previously published embigin studies.” Indeed, in the developing embryo, embigin mRNA expres-
sion drops at the same time as the primitive foregut endoderm invades the surrounding splanchnic mesoderm and forms the trachea and two
lung buds. Here, we confirmed the observation at the protein level. At the developmental stage where we detected the delayed maturation of
the Emb™~ lungs (E17.5), the embigin expression hardly reached the detection level when fluorescent immunohistochemistry or western
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Figure 6. Embigin plays an essential role during mouse embryogenesis, most notably affecting the development of the lungs

Embigin expression is high from early embryogenesis until E10.5, suggesting that the main effect of embigin may take place during the early phases of lung
development. Based on morphological observations, RNA sequencing data, Kié7 staining, and the detected low alkaline phosphatase activity in amniotic
fluid, the maturation of the Emb ™~ mice lung is significantly delayed at E17.5, explaining the high neonatal mortality (72%). In adult mice, embigin is located
in the epithelial cells lining tubular structures in the lung, kidney, and epididymis, in addition to skin and testis. Embigin expression in club cells lining
bronchioles proposes a function of embigin in these stem-like cells in the lungs of adult mice.

blotting was used. Thus, it is unlikely that embigin would have a direct role in the regulation of cellular functions, such as cell proliferation and
differentiation during the saccular and canalicular stages of lung development. We neither observed any obvious differences in the expression
levels or tissue distributions of MCT-1, MCT-4, and fibronectin in WT and Emb /" embryos at E10.5 or lungs at E17.5.

Although the overall embigin expression level significantly decreases as embryonic development progresses, embigin is expressed at a
relatively high level in lung primordium until E12.5 based on the scRNA-seq data collected in MOSTA. When we harvested WT and Emb ™/~
lungs at E12.5 to culture them as explants for 48 h, fewer peripheral branching buds were observed at E12.5in Emb ™~ lungs. As expected, the
branching progressed also in Emb ™~ lungs, however, staying continuously behind the developmental schedule of WT lungs. Fibronectin,
which is implicated as an essential factor in lung branching morphogenesis, is localized mostly on these branching buds.**** Based on
MOSTA scRNA-seq data, not only fibronectin but also MCT-1 and MCT-4 are expressed in primordial lungs at higher levels than in lung cells
at the later stages of development (Figure S6C). While embigin is known to bind fibronectin and modulate the activity and expression of
several MCTs, at least MCTs 1-4 and 7,'®" we propose that embigin executes its biological function rather in primordial lung cells than
in more differentiated cell types at the later stages of lung development.

Hypothetically, basigin could partially compensate for the lack of embigin in Emb ™~ mice. However, we did not detect differences in the
expression level or tissue distribution of basigin in WT and Emb ™~ lungs at E17.5. Effects of basigin knockout on mortality are also quite
different when compared to the Emb ™~ mice: the majority, about 70%, of Bsg™~ mice embryos die during the early stages of embryonic
development.45 Emb '~ mice also survive better (28%) than Bsg_/_ mice (14%) after birth. Furthermore, half of the survived Bsg_/_ mice
die due to interstitial pneumonia during the first month after birth.*” It is notable that despite significantly increased prenatal and perinatal
mortality, some Emb~/~ and Bsg*/’ animals still reach adulthood. In Emb '~ mice, we did not find evidence that the litter size could affect the
survival of the knockouts. However, we may speculate that the sufficient length of the gestation time, the time between conception and birth,
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is critical for the survival of Emb~~

mouse. There are also other examples of gene knockouts that lead to delayed lung development, and
consequently increased perinatal mortality, but still allow a small fraction of animals to survive into adulthood.**

Embigin protein expression is not restricted to the gestational period, but it is present in the tubular structures of the adult mice tissues.
The role of embigin in adult tissues is unknown since the morphology of all major organs is normal in Emb ™~ mice. In the adult mouse lung,
embigin expression is restricted to club cells that line the bronchioles. Club cells are known as endogenous stem cells that serve as the pro-
genitors for ciliated and secretory epithelial cells. These cells have a low-level turnover during homeostasis, yet the mechanisms that regulate
postnatal club cell quiescence are not fully understood.*” Based on the normal morphology of the adult Emb™~ lungs, it is possible to spec-
ulate that the potential role of embigin in the adult lung is related to the activation of stem cells e.g., after tissue injury, rather than to the direct
participation in the lung function.

To conclude, the analysis of the Emb™~ mouse model demonstrated the essential role of embigin during lung development. In
Emb ™" lungs, the initiation of lung organogenesis is affected, which becomes first apparent as delayed peripheral branching at E12.5,
and at later stages for example as a smaller number of alveolar ATI cells. Our data do not support the idea that embigin would be critical
for any specific cellular function at the later stages of lung cell differentiation. Instead, we suggest that the entire process is delayed when
compared to WT lungs. During mouse embryonic development, a notable amount of embigin is present in primordial lungs, only. Thus, it
is probable that the delay in the initiation of the lung development program reflects the altered behavior of the primordial cells of the
Emb™~ lungs.

Limitations of the study

We have demonstrated that the lung development in Emb ™~ mouse is clearly delayed and that can explain the significantly increased peri-
natal mortality. However, embigin expression is very low in embryos in general during later stages of gestation (after E11.5). Thus, it is unlikely
that embigin would have a direct role in the regulation of cellular functions during the saccular and canalicular stages of lung development.
Our data indicate that the absence of embigin affects cellular behavior at earlier stage of embryonic development, when its expression is at
highest level, e.g., in primordial lungs. We have not been able to study directly the molecular mechanisms of embigin in those cell types.
Indirect information suggests that embigin positive cells express MCTs, which are known to be dependent on the basigin family members.
We have not managed to study MCT function in early Emb ™~ embryos. Adult Emb~~ mouse lungs are morphologically normal, but the high
expression level of embigin in specific structures in WT lungs suggest that embigin function could be revealed if the Emb ™~ mice were chal-
lenged. However, this was not done in this study.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Embigin Monoclonal Antibody
(clone G7.43.1), eBioscience

Monoclonal Anti-beta-Tubulin |
antibody produced in mouse
(clone SAP.4G)

Anti-GAPDH antibody

Anti-alpha smooth muscle Actin
antibody [1A4] (Alexa Fluor 488)
(Clone 1A4)

Collagen | Antibody

Recombinant Anti-Prosurfactant
Protein C (SPC) antibody [EPR19839]

Hop Antibody (E-1)

Recombinant Anti-Ki67 antibody [SP6]
Anti-Monocarboxylate Transporter 1 Antibody
Anti-SLC16A3/MCT 4 antibody [EPR28177-30]
Anti-Fibronectin Antibody

Anti-CD147/basigin antibody [EPR18008-8]

Anti-Uteroglobin/SCGB1A1/CC10 Antibody (E-11)

Thermo Fisher Scientific

Sigma-Aldrich

Abcam

Abcam

Novus Biologicals

Abcam

Santa Cruz Biotechnology
Abcam
Sigma-Aldrich

Abcam

Sigma-Aldrich

Abcam

Santa Cruz Biotechnology

Cat#14-5839-81; RRID:AB_2016582

Cat#T7816; RRID:AB_261770

Cat#ab9485;
RRID:AB_307275

Cat#ab184675; RRID:AB_2832195

Cat#NB600-408; RRID:AB_10000511
Cat#ab211326; RRID:AB_2927746

Cat#sc-398703; RRID:AB_2687966
Cat#ab16667; RRID:AB_302459

Cat#AB1286-I;
RRID:N/A

Cat#ab308528
RRID:N/A

Cat#AB2033;
RRID: AB_2105702

Cat#ab188190
RRID:N/A

Cat#sc-365992; RRID:AB_10915481

Chemicals, peptides, and recombinant proteins

AsiSI
DreamTaq polymerase

Proteinase K

NEB
Thermo Fisher Scientific

Agilent

Cat#R0630S
Cat#EP0702
Cat#S53020

Critical commercial assays

Nuclespin tissue kit
VetScan Comprehensive Diagnostic Profile

8.0 um pore size Whatman Nuclepore

Track-Etched membranes

NucleoSpin RNA/Protein kit

Bead Tubes Type F

Pierce 660nm Protein Assay

Glycoprotein Deglycosylation Kit

NucleoSpin RNA kit

TruSeq Stranded mRNA Sample Preparation Kit

Macherey-Nagel
Abaxis
Merck

Macherey-Nagel
Macherey-Nagel
Thermo Fisher Scientific
Sigma-Aldrich
Macherey-Nagel

lllumina

Cat#740952.50
Cat#500-0038-48
Cat#WHA10417506

Cat#740933.50
Cat#740816.50
Cat#22660
Cat#362280
Cat#740955.50
Cat#20020594

Deposited data

RNA-seq data

ArrayExpress database at EMBL-EBI;

www.ebi.ac.uk/arrayexpress9497

E-MTAB-10641
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

G4 embryonic stem cells derived from Mutant Mouse Resource and N/A

129S6/SvEvTac x C57BL/6NCrl mice Research Center (MMRRC)

Neo-resistant MEF feeder cells Applied Stem Cell N/A

Experimental models: Organisms/strains

C57BL/6N mouse Charles River Laboratories, N/A
Willmington, MA

Embigin knockout mouse This paper N/A

Oligonucleotides

Genotyping PCR primer pair 1 Eurofins N/A

(5-TAAGTCTCTTGTTTGCTGTG-3";

5'-CACAACGGGTTCTTCTGTTAGTCC-3')

Genotyping PCR primer pair 2 Eurofins N/A

(5'-ACCCTTAAGTGCATGAACAAAA-3';

5'-GGGTTCCTTGGCATTGTTACTAA-3')

Recombinant DNA

Targeting vector for Emb gene, The European Conditional N/A

HTGRO6008_A_1_E08

Mouse Mutagenesis Program

Software and algorithms

ImageJ/Fiji
ZEN blue software

Imaris

CaseViewer

Chipster
STAR, version 2.7.3

HTSeq package, version 0.12.4

edgeR R/Bioconductor package

WebGestalt: WEB-based
GEne SeT Analysis Toolkit

DESeq2 Bioconductor package

SPSS Statistics software (version 25)

Schindelin et al.*”

Zeiss

Bitplane

3D Histech

Kallio et al.*®
Dobin et al.”’
| 52

Anders et a

Robinson et al.”*

Liao, Y. et al.”*

Love et al.”®

IMB

RRID:SCR_002285; http://fiji.sc
RRID:SCR_013672;
http://www.zeiss.com/microscopy/en_us/
products/microscope-software/
zen.html#introduction
RRID:SCR_007370;

http://www .bitplane.com/imaris/imaris
RRID:SCR_017654;
https://www.3dhistech.com/caseviewer
RRID:SCR_010939; http://chipster.csc.fi/
RRID:SCR_015899;
https://github.com/alexdobin/STAR
RRID:SCR_005514;
https://htseq.readthedocs.io/en/master/
RRID:SCR_012802;
https://bioconductor.org/packages/
release/bioc/html/edgeR.html

RRID:SCR_006786; http://www.webgestalt.org/

RRID:SCR_015687;
https://bioconductor.org/packages/
release/bioc/html/DESeq2.html
RRID:SCR_002865;
http://www-01.ibm.com/software/

uk/analytics/spss/

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jyrki Heino (jyrki.

heino@utu.fi).
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Materials availability

A newly generated embigin knockout mouse model is available but requires an MTA for distribution.

Data and code availability
e The RNA-seq data have been deposited at the ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) and are publicly
available as of the date of publication. Accession number is listed in the key resource table. All the data reported in this paper will
be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal models

C57BL/6N mice (Mus musculus, Charles River Laboratories, Willmington, MA) and the generated embigin knockout mice were maintained in
Central Animal Laboratory at the University of Turku, Finland (study approval numbers: KEK/2016-0111-Heino and KEK/2016-2411-TCDM-gm
kannat). All animal experiments were formally reviewed and approved by the Ethical Committee for Animal Experimentation in Finland,
complying with international guidelines on the care and use of laboratory animals. Emb™”~ mice were generated in collaboration with Turku
Center for Disease Modeling. The mouse embryos were examined between embryonic days E8.5-E18.5 and pups at postnatal days PO-P3.
Both male and female adult mice were studied at the age of 2, 4, or 6 months.

Cell lines

G4 embryonic stem cells derived from 129S6/SvEvTac x C57BL/6NCrl mice (Mutant Mouse Resource & Research Center (MMRRC)) were
cultured on neomycin-resistant primary embryonic fibroblast (Neo-resistant MEF feeder cells, Applied StemCell) feeder layer in KnockOut
DMEM medium (Gibco, Thermo Fisher Scientific) supplemented with 10% ES screened fetal bovine serum, heat-inactivated (Cytiva). The
cell lines were cultured at 37°C in a humidified atmosphere with 5% CO,.

METHOD DETAILS
Antibodies

Following antibodies were used in our studies: Embigin Monoclonal Antibody, clone G7.43.1, 14-5839-81, Lot#4343173, eBioscience, Thermo
Fisher Scientific (Western blotting 1:1000, whole-mount and immunofluorescence 1:200); Monoclonal Anti-B-Tubulin | antibody produced in
mouse, clone SAP.4G, T7816, Lot#068M4850V, Sigma-Aldrich (Western blotting 1:20 000); Anti-GAPDH antibody, ab9485, Lot#GR276202-1,
Abcam (Western blotting 1:2500); Anti-a. smooth muscle Actin (2-SMA) antibody [1A4] (Alexa Fluor 488), ab184675, Lot#GR316286-7, Abcam
(whole-mount: 1:250); Collagen | Antibody, NB&00-408, Lot#41476, Novus Biologicals (immunofluorescence 1:300); Recombinant Anti-
Prosurfactant Protein C (SPC) antibody [EPR19839] (ab211326), Lot#GR3355590-5, Abcam (immunofluorescence 1:500); Hop Antibody
(E-1), sc-398703, Lot#J1422, Santa Cruz Biotechnology (immunofluorescence 1:100); Recombinant Anti-Kié7 antibody [SP6], ab16667,
Lot#GR3341233-1, Abcam (immunofluorescence 1:200); Anti-Monocarboxylate Transporter 1 Antibody, AB1286-I, Lot#3117317, Sigma-
Aldrich (whole-mount and immunofluorescence 1:200); Anti-SLC16A3/MCT 4 antibody [EPR28177-30], ab308528, Lot#1047657-4, Abcam
(whole-mount and immunofluorescence 1:100); Anti-Fibronectin Antibody, AB2033, Lot#2907625, Sigma-Aldrich (whole-mount and immuno-
fluorescence 1:80); Anti-CD147/basigin antibody [EPR18008-8], ab188190, Lot#GR3372422-6, Abcam (immunofluorescence 1:250); Anti-
Uteroglobin/SCGB1A1/CC10 Antibody (E-11), s¢c-365992, Lot#H3021, Santa Cruz Biotechnology (immunofluorescence 1:200); IRDye second-
ary antibodies, LI-COR Biosciences (Western blotting 1:15 000); and Alexa Fluor secondary antibodies, Thermo Fisher Scientific (whole-mount
and immunofluorescence 1:400).

Generation of embigin deficient (Emb”") mice

First, a targeting vector for Emb gene, HTGR046008_A_1_E08 from The European Conditional Mouse Mutagenesis Program, was linearized
with AsiS| restriction enzyme (R0630S, NEB). The construct was then transfected by electroporation into G4 embryonic stem cells derived from
129S6/SvEvTac x C57BL/6NCrl mice and cultured on a neomycin-resistant primary embryonic fibroblast feeder layer for 7-9 days. To ensure
the occurrence of the correct homologous recombination, positive ES cell clones were screened by PCR and sequencing. ES cells were in-
jected into C57BL/6N mouse blastocysts to generate chimeric mice. Germline transmission was achieved by cross-breeding male chimeras
with C57BL/6N females.

Genotype determination

Genomic DNA was extracted with a gDNA Nucleospin tissue kit (Mache rey-Nagel) and the genotypes of the mice were determined from
genomic DNA by using a PCR primer pair 1 (5'-TAAGTCTCTTGTTTGCTGTG-3; 5'-CACAACGGGTTCTTCTGTTAGTCC-3') to detect embi-
gin knockout allele and a PCR primer pair 2 (5'-ACCCTTAAGTGCATGAACAAAA-3'; 5'-GGGTTCCTTGGCATTGTTACTAA-3') to detect
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embigin WT allele. DreamTaqg polymerase (Thermo Fisher Scientific) was used according to the manufacturer’s instructions using the
following reaction settings: 95°C, 2 min; 35 x [95°C, 30's; 50°C, 30's; 72°C, 1 min]; 72°C, 10 min.

Timed mating

In timed mating, the day of the vaginal plug appearance was considered embryonic day 0.5 (E0.5). To analyze the survival of the Emb™”" em-
bryos, the genotypes from 203 pups from 25 litters and 25 Emb ™" breedings were determined between embryonic days E8.5-E17.5. Further-
more, the genotypes of 100 pups from 17 litters from six different Emb*/~ breedings were analyzed between postnatal days PO-P3; and the
genotypes from 284 pups from 40 different litters from Emb ™ breedings were analyzed at P14-P21. The body weights of 53 embryos from six
litters of Emb ™ breedings were analyzed at E17.5. Additionally, the lungs of 29 embryos from three E17.5 Emb ™ breedings were weighted
and imaged with AxioZoom.V16 stereo microscope (Zeiss) using AxioCam 105 Colour camera and 1.0x PlanApo Z objective. The fertility of
Emb ™" mice was studied with ten Emb ™ breedings. The crossings were followed until the pups were genotyped at the age of P14 - P21. Viable
pups and average litter size were examined. Adult mice were studied at the ages of 2, 4, 6, and 12 months.

Alkaline phosphatase in amniotic fluid

Amniotic fluids were collected from six WT, five Emb™", and five Emb™~ embryos at E17.5 and analyzed with VetScan Comprehensive Diag-
nostic Profile reagent rotor (Abaxis) used with the VetScan VS2 Chemistry Analyzer (Abaxis). Alkaline phosphatase activity (U/l) and the molar
concentrations (mmol/l) of sodium, calcium, and glucose were determined.

Lung explant culture

The lung developmental branching in WT and Emb™" embryos was compared in lung explant cultures at E12.5. The lungs were harvested in
PBS and the explants were cultured on 8.0 um pore size Whatman Nuclepore Track-Etched membranes (WHA10417506, Merck) in DMEM/F12
medium (Gibco, Thermo Fisher Scientific) supplemented with 0.5% ES screened fetal bovine serum, heat-inactivated (Cytiva) and Penicillin-
Streptomycin 200U/ml (Lonza). The lung explants were cultured at 37°C in a humidified atmosphere with 5% CO, for 2 days. The samples were
imaged on days 0, 1, and 2 with AxioZoom.V16 stereo microscope (Zeiss) using AxioCam 105 Colour camera and 1.0x PlanApo Z objective.
Image linear brightness and contrast adjustments were performed with ImageJ/Fiji software. The number of peripheral buds in lung explants
was calculated and normalization was done to remove the size variation between different litters (normalization: value / biggest value of the
litter at day 0).

Whole-mount fluorescent immunohistochemistry

The embryonic embigin expression was analyzed using a whole-mount immunostaining technique as described previously in detail.*® How-
ever, PBS-MT solution was replaced with PBS-BSA-T (1% (w/v) bovine serum albumin (BSA) and 0.4% (v/v) Triton X-100 in PBS). 1% (v/v) normal
mouse serum (10410, Invitrogen) and 0.5% (v/v) fetal calf serum solution (PromoCell) in PBS-BSA-T was used as the blocking solution. WT em-
bryos at E8.5, E9.5, and E10.5 and Emb”~ embryos at E9.5 were stained with embigin and a-SMA antibodies. a-SMA was used as a positive
control. Additionally, the expression levels of embigin, MCT-1, MCT-4, and fibronectin were compared in WT and Emb™ embryos at E10.5. In
all experiments, a secondary antibody without a primary antibody was applied as the negative control. The embryos were imaged with LSM
880 confocal microscope (Zeiss) using Plan-Apochromat 20x/0.8 M27 objective for E8.5 embryos and Plan-Apochromat 10x/0.3 M27 for E9.5
and E10.5 embryos. Image stacking, background subtractions, linear brightness, and contrast adjustments were performed with Zeiss ZEN
blue software and Imaris (Bitplane).

Immunofluorescence staining of paraffin sections

Embigin expression was analyzed in the paraffin sections of the whole embryo at E13.5 in addition to the paraffin sections of the lung and
kidney at E17.5 and postnatal day P3. Placental paraffin sections were examined at E11.5 and E17.5. The expression was also examined in
the paraffin sections of the lung, kidney, skin, heart, liver, spleen, small intestine, adrenal gland, epididymis, testis, and ovary from three
four-month-old males and females. Additionally, the localization of embigin in mice lungs was confirmed by immunostaining lung paraffin
sections with CC10 club cell marker at four months of age. The number of ATIl and ATI cells was analyzed using SPC and HOP antibodies
in WT and Emb™" lung paraffin sections at E17.5. Furthermore, cell proliferation was studied with the Ki67 antibody in WT and Emb™" lung
paraffin sections at E17.5. Moreover, the expression levels of MCT-1, MCT-4, fibronectin, and basigin were compared in WT and Emb™”
lung paraffin sections at E17.5. Formalin-fixed samples were fixed in paraffin and 4 pm sections were cut using an RM2255 microtome (Leica)
and immobilized to adhesion slides (SuperFrost Plus, Thermo Fisher Scientific) overnight at 37°C. The sections were deparaffinized and re-
hydrated. The antigen retrieval was achieved with 3 min proteinase K treatment (53020, Agilent). For the SPC, HOP, Kié7, MCT-1, MCT-4,
fibronectin, and basigin antibodies, heat-mediated antigen retrieval was done with sodium citrate buffer (pH 6.0): microwave-heating for
20 min and cooling under running tap water for 10 min. After antigen retrieval, the sections were washed in PBS. The samples were blocked
with 1% (v/v) BSAin PBS for 1 h at RT, and stained with primary antibodies in a blocking buffer overnight at4°C. In all experiments, a secondary
antibody without a primary antibody was applied as the negative control. The samples were washed with PBS and incubated with Alexa Fluor
secondary antibodies in a blocking buffer for 1 h at RT. The sections were washed with PBS and nuclei were labeled with Hoechst 33342 (1:5000
in PBS, Thermo Fisher Scientific) for 10 min at RT. The sections were rinsed in PBS and finally in dH,O and mounted in Mowiol (Calbiochem)

iScience 27, 108914, February 16, 2024 17




¢? CellPress iScience
OPEN ACCESS

containing 25 mg/ml DABCO anti-fading reagent (Sigma). The samples were imaged with either LSM 880 confocal microscope (Zeiss) using a
Plan-Apochromat 20x/0.8 M27 objective or Eclipse Ti2-E widefield microscope (Nikon) using a CFl Plan Apo Lambda 20x/0.75 objective. Im-
age stacking, background subtractions, linear brightness, and contrast adjustments were performed with ImageJ/Fiji software. Kié7-positive
cells in WT and Emb™" embryonic lungs at E17.5 were analyzed as a fraction of all cells from five different areas of each lung.

Histological staining

Male and female WT and Emb ™" mice were examined at the age of 2,4, and 6 months. Three to four mice were included in each independent
study group. Additionally, one male and one female Emb™" mouse were analyzed at the age of 1 year. The mice and the specific organs: heart,
lung, liver, spleen, kidney, epididymis, testis, and ovary, were weighted and prepared for histological analysis. Also, the samples of skin, small
intestine, and adrenal glands were prepared for histological analysis. Lungs were additionally analyzed from 11 WT and 14 Emb™ embryos
from six E17.5 Emb ™ breedings and 10 WT and 7 Emb™" pups from four PO Emb*’” breedings. Placentas were analyzed at E17.5. Sections
(4 pm) were cut and immobilized to adhesion slides as mentioned earlier. The sections were deparaffinized, rehydrated, and stained with con-
ventional hematoxylin and eosin (H&E), imaged with Pannoramic 250 Flash Il slide scanner (3D Histech), and analyzed with the CaseViewer
program (3D Histech). In the case of H&E-stained histological lung sections from E17.5 embryos and PO pups, three images per organ section
at 20x magnification were selected with the CaseViewer program. The relative area of airways in the lung section images was analyzed with
ImageJ/Fiji."?

Transmission electron microscopy

Lungs from E18.5 WT and Emb ™~ embryos (n = 3) were collected and fixed in 5% glutaraldehyde in 0.16 M s-collidine buffer, pH 7.4. The
samples were post-fixed for 2 h with 2% OsOy4 containing 3% potassium ferrocyanide, dehydrated with a series of increasing ethanol concen-
trations (70%, 96%, and twice at 100%), and embedded in 45359 Fluka Epoxy Embedding Medium kit. 70-nm sections were cut with an ultra-
microtome, and stained with 1% uranyl acetate and 0.3% lead citrate. The sections were examined with a JEOL JEM-1400 Plus transmission
electron microscope. Lamellar bodies in ten cells of each section were counted (n = 71-96) and areas were measured with ImageJ/Fiji
software.

Protein extraction

Protein samples were extracted from organs with the NucleoSpin RNA/Protein kit (Macherey-Nagel). Macherey-Nagel Bead Tubes Type F
was used in tissue homogenization. Protein concentrations were measured with Pierce 660nm Protein Assay (Thermo Scientific). When em-
bigin expression in lung and kidney tissues from WT and Emb™" were analyzed by Western blotting at different time points (E17.5, P3 and
4 months), organs from 3-5 individuals were pooled at E17.5 and at P3 time points before protein extraction.

Deglycosylation
50 ng of protein extracts from either lung, kidney, skin, epididymis, testis, or liver of WT mice at 4 months of age were deglycosylated for 4
hours at 37°C by using Glycoprotein Deglycosylation Kit (Sigma-Aldrich). The results were analyzed by Western blotting.

Western blotting

10-20 pg of protein were loaded on 8% or 10% SDS-PAGE gel or 4-20% FastGene SDS-PAGE gradient gels (Nippon Genetics). Embigin and
B-tubulin or GAPDH (diluted in 5% milk and 0.1% Tween-20 in TBS) were stained in the membrane for 2 hours at RT. IRDye secondary anti-
bodies and Odyssey CLx imager (LI-COR Biosciences) were used for signal detection.

RNA sequencing

Five E17.5 WT and Emb™ lungs, kidneys, and placentas were dissected, and total RNA was isolated by using the NucleoSpin RNA kit
(Macherey-Nagel) according to the manufacturer’s instructions. The libraries were prepared from 300 ng of RNA / sample using TruSeq
Stranded mRNA HT Kit and TruSeq Stranded mRNA Sample Preparation protocol 15031047 (lllumina). Sequencing was performed with
NovaSeq 6000 SP Sequencing System (lllumina) using paired-end sequencing chemistry and 2 x 50 bp read length. The reads obtained
from the instrument were base called using bcl2fastg2 conversion software. Raw data were obtained as fastg-files, which were uploaded
to Chipster.”” The reads were aligned against the reference genome (Mus musculus GRCm38.95, available in Chipster) using STAR, version
2.7.3.°" The reads associated with each gene were counted using the HTSeq package, version 0.12.4.%

The edgeR R/Bioconductor package® was used to normalize gene-wise read counts by the TMM normalization method and to perform
statistical tests between groups. The results were filtered to have a minimum of 50 reads per gene in at least one sample. The gene was deter-
mined as differentially expressed if the following conditions were met: log2 of fold change value was above 0.6 or below -0.6 and Benjamini-
Hochberg-corrected p-value less than 0.05. WebGestalt, http://www.webgestalt.org/,>* was used to perform an over-representation analysis
of differentially expressed genes against biological process gene ontology. Morpheus (https://software.broadinstitute.org/morpheus) was
used to generate heatmaps of the differentially expressed genes. For generating heatmaps by Morpheus (https://software.broadinstitute.
org/morpheus), the raw counts were first transformed by using a deseg-transform function of the DEseq2 package.””
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

IBM SPSS Statistics software (version 25, IBM) was used for all statistical analyses. The correlation between the frequency of each genotype
and embryonic stage, as well as the correlation between the body weight of the embryo and the relative area of airways in the lung sections,
were analyzed with Spearman'’s rank correlation test. Statistical significance of the differences in the relative area of the airways between WT
and Emb™" lungs was determined with the Mann-Whitney U-test for the E17.5 lungs and the Student’s T-test for independent samples for the
PO lungs. The significance of the weight difference between WT and Emb™" embryos was analyzed statistically by Student’s T-test for inde-
pendent samples. When amniotic fluids were analyzed, statistical significance in alkaline phosphatase activity was determined by ANOVA
followed by Dunnett's t-test, ANOVA only was used for Ca®* data, and the Kruskal-Wallis H-test with exact p-value was used for glucose
and sodium data. The significance of the weight difference between WT and Emb™" embryos and lungs at E17.5 was statistically analyzed
by Student’s T-test for independent samples. The normalized number of peripheral buds in lung explants of WT and Emb™~ at E12.5 were
analyzed statistically at days O, 1, and 2 by Student’s T-test for independent samples. The number of ATII (SPC)- and ATI (HOP) -positive cells
between WT and Emb™" embryonic lungs at E17.5 was statistically compared: The number of ATII cells was statistically compared with Mann-
Whitney U-test. The number of AT cells was analyzed statistically by Student’s T-test for independent samples. The medians of the lamellar
body count and area from WT and Emb ™" embryo lungs at E18.5 were analyzed statistically by Student’s T-test for independent samples. The
fractions of Kié7-positive cells of all cells in WT and Emb™" embryonic lungs were statistically compared by Student’s T-test for independent
samples. A p-value < 0.05 was considered statistically significant. Statistical details of the experiments can be found in the figures and the
figure legends.
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