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ABSTRACT

Background: Lymphatic vessels play key roles in tissue fluid homeostasis, immune cell
trafficking and in diverse disease settings. Lymphangiogenesis requires lymphatic endothelial
cell (LEC) differentiation, proliferation, migration and co-ordinated network formation, yet the
transcriptional regulators underpinning these processes remain to be fully understood. The
transcription factor MAFB was recently identified as essential for lymphangiogenesis in
zebrafish and in cultured human LECs. MAFB is activated in response to VEGFC-VEGFR3
signalling and acts as a downstream effector. However, it remains unclear if the role of MAFB
in lymphatic development is conserved in the mammalian embryo.

Results: We generated a Mafb loss-of-function mouse using CRISPR/Cas9 gene editing. Mafb
mutant mice presented with perinatal lethality associated with cyanosis. Mafb mutant
lymphatics were normal during initial LEC differentiation and sprouting. However, we identify
a role for MAFB in modifying lymphatic network morphogenesis in the developing dermis, as
well as developing and postnatal diaphragm. Furthermore, mutant vessels displayed excessive
smooth muscle cell coverage, suggestive of a defect in the maturation of lymphatic networks.
Conclusions: This work confirms a conserved role for MAFB in murine lymphatics that is
subtle and modulatory and may suggest redundancy in MAF family transcription factors during

lymphangiogenesis.
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INTRODUCTION

The lymphatic vasculature plays pivotal roles in homeostasis, immunity and a range of
pathological settings that include cardiovascular diseases and cancer metastasis . Our
understanding of the cellular and molecular processes controlling lymphatic vessel
development has progressed significantly in the last decade 23. Developmental
lymphangiogenesis in mice involves the specification and sprouting of lymphatic endothelial
cells (LECs) from the cardinal vein (CV). This is followed by formation of transient lymphatic
structures and their subsequent sprouting, migration and remodelling to produce lymphatic
vessel networks in developing organs and tissues >*. The early specification of LECs is
governed by the function of key developmental transcription factors, that are modulated by
signalling pathway inputs >*2. Prospero homeobox 1 (PROX1) labels the specification of LECs
as they transdifferentiate from pre-existing venous endothelial cells (VECs) along the CV from
E9 %1415 Prox1 knockout mice lack lymphatic vessels from the earliest stages of LEC
development and Prox1 is considered the master regulator of LEC fate °. The sprouting of
LECs from the CV is promoted by Vascular Endothelial Growth Factor C (VEGFC), acting
through VEGFR3 618 Knockout mice in this pathway display Prox1-expression but fail to
form sprouting LECs 1%1°, Mutations in the VEGFC/CCBE1/VEGFR3 pathway in humans
cause lymphatic dysplasia and lymphoedema 2°. Overexpression of VEGFC or VEGFD is also
sufficient to induce lymphangiogenesis in normal tissues and in pathological settings 622,
altogether demonstrating the central importance of this signalling pathway in
lymphangiogenesis. Finally, an increasing number of signalling, guidance and maturation

pathways have also been shown to regulate lymphatic vascular network growth and elaboration
22

MAFB is a member of the Maf protein family, which are classified as basic region leucine
zipper (bZIP)-type transcription factors 2. Members of the Maf family share structural
similarities with other bZIP-type transcription factors, such as the AP-1 family, but the basic
region of the Maf family is unique among the bZIP factors and it contributes to the distinct

DNA-binding mode of this class of proteins 2*. The Kreisler mutant was isolated by X-ray
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mutagenesis and was the first Maflb mutant mouse reported 2°. The Kreisler mutation does not
disrupt the Mafb coding sequence but reduces rhombdomere 5 and 6 expression of Mafb and
causes an ear defect that led to hyperactive behaviour 2. Another mutant allele identified by
ENU mutagenesis (krENU), reduced Mafb DNA binding activity, due to an Asn-to-Ser
substitution at residue 248 within the Mafbo DNA binding domain 6. krENU mutant mice had
a less severe hindbrain phenotype than Kreisler due to a hypomorphic mutation ?°. Inactivating
the Mafb gene by homologous recombination produced a third and null-model that showed that
Mafb is required for the development of critical rhythmogenic neurons in the preBdétzinger
complex ?’. Furthermore, a Mafb/green fluorescent protein (GFP) knock-in null mutant mouse
displayed severe renal dysgenesis, characterised by abnormal glomerular differentiation and
nephric tubular apoptosis associated with the diminished expression of several kidney disease-
related genes 28, Altogether, since these mutant mice were first characterised, Mafb has been
demonstrated to play important roles in segmentation of the caudal hindbrain and inner ear
development, in haematopoiesis and in podocyte differentiation during mammalian

development 23252629,

In recent years, the use of the zebrafish model has been highly successful in identifying new,
conserved and critical regulators of developmental lymphangiogenesis *. A large scale forward
genetic screen identified that mafba (there are two homologues in zebrafish) was required for
normal lymphatic development and acts during the migration of lymphatic precursors after
their initial sprouting from the CV 3!. Zebrafish mafba expression was enriched in sprouts
emerging from veins and mafba functioned cell-autonomously during lymphatic vessel
development 31, Moreover, in zebrafish mafba transcript levels were up-regulated in response
to VEGFC, suggesting that it acts as an effector of VEGFC in lymphangiogenesis 3. Dieterich
et al (2015) identified MAFB in vitro as a LEC transcription factor activated by VEGFC. They
induced VEGFR3 signalling in primary LECs and subjected the cells to cap analysis of gene
expression (CAGE) RNA sequencing at different stages following induction. MAFB activity
was particularly strong following stimulation and highly selective to activation in LECs, with
MAFB, KIf4 and Sox18 the only transcription factors to display selective upregulation in
VEGFC156S-stimulated LECs compared with other cell types 2. MAFB was expressed in
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developing LECs but not in the blood vasculature, however a simple, initial analysis of the
dermal lymphatics in the absence of Mafb revealed only a mild defect in embryonic
lymphangiogenesis 2. More recently, gene expression profiling on mouse retinal endothelial
cells (ECs) utilising Ribo-tag technology further suggested that MAFB promotes blood
vascular angiogenic cell behaviour. MAFB was enriched in the ECs at the sprouting front of
the developing retinal vasculature, MAFB acted cell-autonomously in ECs in vitro and in
conditional Mafb knock out mice was found to be an important regulator of blood vascular
sprouting %. MAFB both upregulated and suppressed target genes to control EC sprouting
behaviour in the retina 3. Thus overall, several recent studies have indicated roles for MAFB
in vascular development and lymphangiogenesis in mammals. However, the effect of MAFB
deficiency in the context of mammalian lymphatic development in different tissues and organs

remains to be explored in detail.

Here, we characterise a novel Mafb mouse model that was generated using CRISPR/Cas9
genome editing 3. We confirm that MAFB has a role in the early development of lymphatic
vessels but this role is mild and only transiently impacts developing networks. Neonatal mutant
Mafb mice present with respiratory failure as has been previously described. However, they
also display defects in the maturation of lymphatic vessel networks within the diaphragm, while
blood vessels appear to be largely unaffected in Mafb mutants. Overall, this study points to a
conserved but subtle role for MAFB in embryonic lymphangiogenesis and a role in the

maturation of lymphatic networks in the murine diaphragm.

RESULTS
A Mafb genome-edited mutant phenocopies previous knockout models
To investigate the role of MAFB in lymphatic development in a mammalian system, we

generated a genome-edited Mafb mutant mouse using CRISPR/Cas9 technology as previously

described *°. The MAF family of transcription factors share a common and well-conserved
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basic region and leucine zipper (bZIP) domain in the carboxy-terminus, which mediates DNA
binding and dimer formation®3’. We targeted the single-exon coding sequence that encodes
for the bZIP DNA binding domain in Mafb (Figure 1A). Mutations generating frameshifts
downstream of the CRISPR targeted site are expected to lead to a loss of function allele
removing all functional domains of the MAFB protein. Genotyping by PCR from embryonic
skin and further sequencing confirmed that Mafb mutant mice generated presented a 56bp
deletion in Mafb, leading to removal of codons encoding highly conserved residues, as well as
a frame shift leading to a premature stop codon (Figure 1C and 1B). Furthermore, we detected
the mutant Mafb4*® variant by RT-PCR from embryonic tissue and subsequent DNA
sequencing, confirming somatic expression of only the mutant variant in homozygous animals
(Figure 1C and 1B). Segregation of the Mafb4°¢ allele was confirmed by PCR on embryos at
expected Mendelian frequencies (Figure 1E). Heterozygous (Mafb*/4%6) mice developed to

adulthood and appeared indistinguishable from wild-type (Mafb**) mice.

We analysed Mafb (Mafb456/456) mutant embryos and littermates throughout development and
found that Mafb mutant embryos exhibited no gross morphological differences when compared
to littermates (Figure 1D). Mafb456/45 embryos were analysed at E10.5 (n=19), E11.5 (n=11),
E14.5 (n=46), E16.5 (n=59) and E18.5 (n=19), we observed that mutant embryos do not die in
utero (Figure 1E). Next, mutants were analysed immediately after birth. Control (Mafb** and
Mafb*/456) pups were easily distinguishable from mutant littermates because they displayed a
normal pink colour, consistent with tissue oxygenation 5 minutes after being born. Mafl4°6/456
mutant pups died within 1hr of birth. Mafb45¢/45% pups developed cyanosis, with progressive
bluish discoloration of their skin. Furthermore, observation of the lining of the snout, whisker
follicles and nail beds showed a darker coloration, indicative of central and peripheral cyanosis
(Figure 1F). As cyanosis can be caused by cardiac defects, we examined the basic structure of
the heart. Histological analysis revealed a normal heart structure in Mafb456/4% pups (Figure
1G) and they exhibited gasping and costal retractions, indicative of normal neuromuscular
function and respiratory drive (Video 1). Overall, Mafb45¢/45% mutant neonates manifested traits

consistent with respiratory failure immediately after birth. This is entirely consistent with
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previous publications of Mafb knockout mouse phenotypes, which also present gasping
behaviour, cyanosis and death soon after birth 2/, and thus these data support the molecular

lesion being a loss-of-function allele.

MAFB deficient lungs display reduced alveolar area and septal thickening

To further investigate the cause of lethality in Mafb4%6/45¢ neonates, lungs were collected within
30 minutes of birth for further analysis. Haematoxylin and Eosin (H&E) staining on coronal
lung tissue sections showed reduced alveolar area in Mafb mutant lungs compared to
littermates (Figure 2A). Mafb mutant lungs showed an increase in alveolar interstitial thickness
when compared to control littermates (Figure 2A and B). Moreover, upon trichome (TRI)
staining, we observed normal distribution of collagen fibres (Type I and 11l Collagen) in the
neonate mutant lungs and control litter mates, indicating that lung fibrosis is not the cause of
the respiratory failure present in Mafb mutant mice (Figure 2A). We next measured and
compared the total DNA content between Mafb456/4% mutant lungs and controls, and observed
a subtle increase only in the mutant lungs, indicating that the differences in lung structure are
not an artefact of stunted growth or any major fibrotic infiltrates (Figure 2C). To further
understand the lung phenotype caused by lack of MAFB, we designed an RNA probe to detect
Mafb gene expression in the lungs. We performed in situ hybridisation in lung sections at PO.
We found Mafb expression in the bronchioles as well as in vasculature (Figure 2D). This
observation of broad expression in multiple cell types in lung, that include endothelial cells, is

consistent with recently published single cell sequencing atlas data 38,

Type | pneumocytes cover approximately 95% of the alveolar surface 4%%', Type II
pneumocytes (composed of surfactant in the centre of the alveolar barrier) and the endothelial
cells of the alveolar capillaries are located directly beneath the alveolar lining cells 4042,
Immunostaining in transverse lung tissue sections identified Type | pneumocytes
(PODOPLANIN+; CAVEOLIN1+) in both mutant and control lungs (Figure 2E). Type Il

pneumocytes were also detected and unchanged in mutants based on Periodic acid-Schiff
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(PAS) staining #? (Figure 2A). Likewise, smooth muscle cells (SMA), pericytes (NG2) and
lymphatic vessels (LYVE-1+; PROX1+) were unchanged in Mafb mutant neonates (Figure
2E). These results together indicate that the absence of Mafb does not dramatically affect the
cellular composition of the lung but a thickening of interstitia of the alveoli walls and reduced
alveoli size likely leads to a partial inflation of the lung, which is likely to cause the cyanotic
effect observed in Mafb456/45% pups. This is again consistent with previous reports 2’ and the

molecular lesion being a loss-of-function allele.

Mafb mutant dermal lymphatics present a mild and transient delay in development

To analyse the role of MAFB in embryonic lymphatic development, we dissected back-skins
from E14.5 and E16.5 Mafb mutant embryos and control littermates. We stained them for blood
endothelial cell (BEC) and LEC markers (ENDOMUCIN, LYVE-1 and PROX1; Figure 3A
and 3B). Quantification from embryonic skins at E14.5 showed that there was no significant
difference in the number of LECs (PROX1+;NEUROPILIN-2+), the number of vessel branch
points, the width of vessels at the migrating front or the number of vessel loops in the lymphatic
networks in mutants compared with controls (Figure 3C). Despite appearing to be largely
normal, the dermal lymphatic vasculature of Mafb4%/4% embryos did show a mild but
statistically significant delay in vessel migration, as measured by the mean distance from the
midline to the closest migrating vessel. This suggests that MAFB does not play a major, non-
redundant, role in developmental lymphangiogenesis in the skin. To determine if the early mild
defects in lymphangiogenesis led to more profound later phenotypes, we next examined E16.5
embryonic skins but found that they showed no difference in the number of vessel branch
points, number of LECs (PROX1+;NEUROPILIN-2+), number of loops or distance from the
midline to the closest migrating vessel in the lymphatic networks in mutants compared with
controls (Figure 3D). Interestingly, lymphatic vessel width at the migrating front was mildly
broader in Mafb4%6/4% embryos when compared to controls at this time point but overall the

developing lymphatic vasculature appeared to have recovered from its earlier delay in midline
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migration. MAFB has recently been implicated in blood vascular angiogenesis in the retina 3.
To understand if the mild lymphatic phenotypes observed might occur due to underlying blood
vessel defects, we measured blood vessel coverage, width, branch points and number of loops
at E14.5 (Figure 3C) and E16.5 (Figure 3D). We observed no significant changes in the skin
blood vasculature between Mafb4°6/4% and control littermates, perhaps suggesting that the
reported retinal vascular defect uncovers an organ specific role for MAFB in blood vessels,
rather than a generalisable function. Overall, these observations are consistent with previous
analyses at E14.5 32, however we find that lymphangiogenesis largely recovers by late

developmental stages (E16.5) and mild earlier defects (E14.5) appear to be transient.

MAFB is necessary to pattern the lymphatics of the diaphragm

To investigate whether MAFB might play roles in lymphangiogenesis in other tissues, we
analysed the lymphatic vessels on the pleural side of the diaphragm. Development of the
lymphatics in the diaphragm has been reported to initiate from as early as E16.5, with network
maturation occurring through postnatal stages “. We dissected diaphragms from mutant and
control embryos at E16.5 and PO (Figure 4A and B). We immunostained against BECs and
LECs (ENDOMUCIN, NEUROPILIN-2 and PROX1) and selected a consistent area (Figure
4A and 4B, dotted square) of the left diaphragm for quantification. Mutant diaphragms at E16.5
(Figure 4A) showed an increase in the area covered by lymphatic vessels (PROX1+;
NEUROPILIN-2+), as well as in the total number of LECs in migrating vessels compared to
control diaphragms. Furthermore, the lymphatic vessels of the mutant diaphragms were
significantly broader than controls, and the number of LECs was higher at vessel branch points
(Figure 4C). Similar to defects seen in early diaphragm development, quantification of mutant
diaphragms at PO in the postnatal mouse (Figure 4B) revealed an increase in the total area
covered by lymphatic vessels (PROX1+; NEUROPILIN-2+). At PO, the number of LECs at
the tip of migrating vessels was not increased in mutants and the number of LECs at vessel

branch points did not differ significantly. However, we observed that lymphatic vessels of the
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mutant diaphragms were markedly broader than those of controls (Figure 4E). Furthermore,
when we quantified the vessel width and number of branch points of the blood vasculature
between Mafb4%/4% and control littermates in the diaphragm at E16.5 (Figure 4D) and PO
(Figure 4F), there were no significant differences. Overall, the most consistent observation
during the development of the diaphragm lymphatics in Mafb mutant mice was that the width

of the vessels was consistently broader at E16.5 and PO.

We noted at both time-points that lymphatic vessels in mutants appeared to display distinctly
rounded vessel ends (sprouts) with a bulbous morphology (Figures 4B and 5A). We measured
the width of lymphatic vessels in the diaphragm at the migrating vessel front in E16.5 embryos
(Figure 5A and 5B) and found that vessels were significantly wider in the Mafb456/456 embryos.
To assess cellular morphology and spreading, given consistent increases in vessel width, we
quantified the distance between nuclei at these lymphatic vessel tips in migrating vessels at
E16.5 and found that the distance between nuclei was higher in the Mafb mutant embryos than
in control littermates (Figure 5A and 5C). These observations suggest that cells are more
spread, leading to broader vessels in Mafb mutant networks. This may be consistent with a
defect in the maturation of lymphatic networks in the absence of MAFB. To further investigate
if similar defects are seen in other developing lymphatic networks, we examined the mesenteric
lymphatic vessels. Due to lethality at PO (Figure 1E), we analysed the developing mesenteric
lymphatics at E18.5 (Figure 5D). We saw no marked differences between Mafb mutants and
littermates in the length of collecting vessels, the number of Prox1-high expressing pre-valve
regions or the number of forming valves normalised along the vessel length (Figure 5E). This
may suggest that Mafb function is restricted to some vessel beds but not others, or that a later

role in mesenteric vessels is masked by perinatal lethality in this CRISPR knockout model.

MAFB is required for normal mural cell coverage of developing lymphatic networks

To further assess the maturation of MAFB deficient lymphatic vessels, we examined the mural

cell coverage of the lymphatics. Previous studies have shown that altered mural cell coverage
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can indicate defects in vessel differentiation or maturation 446, We stained embryonic back
skins at E16.5 (Figure 6A) and diaphragms at PO (Figure 6B) for alpha smooth muscle actin
(SMA). We analysed smooth muscle coverage over equivalent regions of the vasculature using
the software Imaris (Bitplane Scientific Software) to measure surface coverage with actin-
positive mural cells (Figure 6C). At E16.5, we found that the major lymphatics of the skin
showed large patches with increased mural cell (SMA) coverage with up to 55% of some
vessels covered by mural cells compared with 5% in littermate controls (Figure 6D).
Moreover, we examined diaphragms at PO and observed a similar phenotype with up to 39%
smooth cell coverage (SMA) in mutant diaphragms compared to 7% in control diaphragms
(Figure 6E). Overall, this observation in 2 different lymphatic vessel networks suggests that
MAFB is needed to regulate normal mural cell coverage of lymphatic vessels in some vessel
beds during development. While MAFB is notably expressed in both ECs and mural cells 33,
coupled with the vascular morphogenesis defects described above, this observation may be

consistent with a defect in vascular maturation in the absence of Mafb.

DISCUSSION

In the present study, we investigated the role of the transcription factor MafB in the
development of the lymphatic system in mice. Our previous studies in zebrafish identified that
mafba is essential for lymphatic vessel development, controlling the migration of lymphatic
precursors 3! and work in cultured human LECs has suggested a conserved function for this
transcription factor in lymphangiogenesis 2. Thus, we generated a novel MafB mouse model
targeting the single-exon coding sequence in the Mafb gene using CRISPR mutagenesis. To
verify the generation of a deletion, we performed gDNA analysis and also RT-PCR analysis of
skin mMRNA and confirmed a 56bp deletion which leads to an early stop codon. Additionally,
previous studies have shown that Mafb mutant neonates do not survive past birth 2, presenting
difficulty in breathing and cyanosis 2’. During the final revision stages of this study, the
conditional knockout of MafB in lymphatic vasculature was reported by Dieterich et al (2020),
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demonstrating similar findings to our observations in this global CRISPR generated knockout
model #’. Our MafB mouse model thus shows phenotypes consistent with other reports, further

establishing it as a Mafb loss-of-function model predicted by the genetic lesion.

Mafb mutant mice do not survive after birth, presenting with respiratory failure and consequent
cyanosis. These phenotypes could be seen as similar to lymphatic deficient Ccbel knockout
mice, which fail to inflate their lungs after birth and also display cardiac phenotypes “84°.
However, unlike Ccbel-deficient mice, Mafb mutant lungs contain lymphatic vessels. MAFB
is also broadly expressed in lung ECs, smooth muscle cells, Fibroblasts and immune cells 382°
and thus further studies are needed to determine the precise cause of this phenotype. Previous
studies have reported a mild defect in lymphangiogenesis at E14.5 in Mafb knockout mice 32
and we confirmed this observation in our own model. To study the consequences of lack of
MAFB in late development and extend on these previous studies, we analysed back skins at
E16.5. Surprisingly, the lymphatic network appeared to have recovered by later stages of
development indicating that in the developing skin lymphatics the influence of MAFB is subtle
or modulatory. In addition, MAFB has been shown to be essential for retinal angiogenesis in a
conditional knockout model 3, when we characterized the blood vascular network in the dermis
and in the diaphragm, we observed no phenotype in the blood vasculature. This suggests that
beyond the retina, a role for MAFB in blood vessel angiogenesis is not pervasive or consistent

between organs and tissues.

Mafb mutant lymphatic vessels in the diaphragm were broader and covered a larger area of the
diaphragm with only a slight increase in the number of LECs in the migrating vessels. Rather
than a strong increase in cell number, the distance between LEC nuclei is increased in the Mafb
mutant diaphragms, indicating that cells are more spread, displaying morphogenesis defects in
mutant lymphatics. Notably, in the diaphragm we observed a similar scenario to that in back
skins, the phenotype is stronger earlier in lymphatic development and appears to resolve to a
milder defect as development progresses. These observations demonstrate that Mafb does have
an essential function in the formation of lymphatic vascular networks in mammals. As a

transcription factor, MAFB may regulate vessel morphogenesis via specific downstream
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targets. Indeed, known Mafb targets in ECs include regulators of G-protein signalling, Racl
and Erk signalling 3, the modulation of which could lead to phenotypes such as those that we

describe here.

The relatively mild phenotype that normalises somewhat over time, is in contrast to the
profound loss of lymphatics seen upon loss of Mafba in zebrafish 3. The large Maf family of
transcription factors contains 4 proteins (including MAFA, MAFB, c-MAF, and NRL) that
have highly conserved amino acid sequences in the DNA binding domain. MAFA and MAFB
proteins exhibit the same sequence specificity and both Mafb and Nrl are highly homologous
to one another not only in their bZIP domain but also in the amino-terminal acidic domain 23,
Thus, it is plausible that in the mammalian setting the absence of MAFB may be compensated
for by the complementary activity of similar transcription factors of the large Maf family. This
has been observed before in the small Maf family, a Mafk null mutant mice appeared to be
normal and healthy *° and the chicken small Maf proteins are able to functionally substitute for
one another !, with it proposed that MAFF or MAFG can compensate for loss of MAFK
function. Further studies generating knockout models of multiple Maf transcription factors are
needed in the future to clarify the extent of redundant control of lymphangiogenesis by these
factors.

One of the major outstanding questions is how does MafB mechanistically influence lymphatic
vascular development? Is it a regulator of tissue differentiation, cell migration or other discrete
cellular processes? To facilitate the transport of lymph, collecting lymphatics recruit and are
surrounded by SMCs, thus recruitment of SMCs is part of the normal maturation of lymphatic
vessels 22°2, Failure in SMCs recruitment or aberrant recruitment by the lymphatic capillaries
contributes to vessel failure, leads to lymphedema and has been demonstrated to be a hallmark
of altered vessel differentiation 4453, Here, we observed an excessive coverage of alpha
smooth cell actin in the dermal and diaphragm lymphatics in Mafb mutant mice. This is
consistent MafB influencing the maturation of the lymphatic network during tissue vascular
development, via EC autonomous or hon-autonomous mechanisms. Future studies will need to

decode the key Maf-transcription factor target genes that influence and control lymphatic
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maturation, such further mechanistic analyses will potentially lead to new downstream

pathways and targets of relevance in lymphatic homeostasis and pathologies.
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EXPERIMENTAL PROCEDURES
Animals.

To generate the Mafb4% loss-of-function mouse we used the published protocol * with
following modifications: two guides 22bp apart from each other were designed within the Mafb
DNA binging domain. The CHOPCHOP online tool was used to design the guides **. Oocytes
collected from CBB6F1 mice were co-injected with two guide RNAs at 5ng/ul concentration
each and with CasRNA at 10ng/ul concentration. From 3 rounds of injection 23 live born pups
were obtained and 2 carried the mutated DNA, using genotyping primers and further
sequencing a 56bp deletion was confirmed from base 709-764 of the annotated coding
sequence (Gene ID: 16658). The MafB mutant mouse was maintained on a mixed background
— backcrossing to C57BL6 4 times at the time of collection for time matings. Guides sequences
(PAM in bold): Mafb — guidel - 5 — CGTCCTTGGTGAAGCCCCGCAGG - 3’; Mafb -
guide2 — 5 — GCGGCGGACCCTGAAGAACCGGG - 3’. Cloning primers for pX330
(overhang specific sequence in bold): Mafb - guidel Forward - 5 -
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CACCGCGTCCTTGGTGAAGCCCCGC - 3°; Mafb - guidel Reverse - 5 -
AAACGCGGGGCTTCACCAAGGACGC - 3’; Mafb - guide2 Forward - 5 -
CACCGGCGGCGGACCCTGAAGAACC - 3’; Mafb - guide2 Reverse — 5 -
AAACGGTTCTTCAGGGTCCGCCGCC - 3’. Transcription primers for T7 promoter: Mafb
—guidel T7 Forward — 5’ taatacgactcactatagGCGTCCTTGGTGAAGCCCCGC - 3’; Mafb -
guide2 T7 Forward — 5’ ttaatacgactcactatagGGCGGCGGACCCTGAAGAACC - 3’; common
- T7 Reverse — 5’ aaaagcaccgactcggtgec — 3’. Genotyping primers: Mafb — geno Forward — 5’
— CGCAACAGCTACCCACTAGCC - 3 and Mafb - geno Reverse - 5 -
GGAGTTGGCGAGTTTCTCGCAC - 3°. All animal experiments were approved by The

University of Queensland’s Molecular Biosciences Animal Ethics Committee (AEC).

Timed matings and handling of late gestation embryos.

Overnight timed matings were set up using Mafb*/4% animals. Embryos from these crosses
were collected at E10.5, E11.5, E14.5, E16.5, E18.5, E19 and naturally born embryos were
monitored for 30°, sacrificed and tissues were harvested. Lungs and hearts were collected for

histology, or lung dissection for testing flotation, wet-to-dry measurements and DNA content.

Histological procedures and immunohistochemistry.

Lungs and hearts were fixed in 4% paraformaldehyde overnight at 4°C, dehydrated in serial
ethanol washes, and a final xylene incubation prior embedding in paraffin. 7-um-thick sections
were stained with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS) and trichrome
(TRI) using standard procedures, sections were then embedded in Entellan New, mounting
medium (ProSciTech. Cat. #1M022). Sections were imaged using Olympus BX51 Upright
Microscope Stand with Olympus DP70 CCD camera with a 4x, 10x or 20x objective.

Immunofluorescence of lung sections was performed as previously described . Tissues were

fixed in 4% paraformaldehyde overnight at 4°C, washed several times with phosphate-buffered
saline (PBS) and incubated in blocking solution (10% horse serum, 1%DMSO, 100mM Maleic
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acid — pH 7.5, 0.1% Triton X-100 in PBS) for 1 hour, followed by incubation overnight with
primary antibody, the next day after extensive washes in PBS, tissues were incubated overnight
with secondary antibody. Finally, tissues were mounted on glass slides with VECTASHIELD®
Antifade Mounting Medium (Vector Laboratories. Cat. # H-1000). Tissues and lung sections
were imaged on Zeiss Axiovert 200 Upright Microscope Stand with LSM 710 Meta Confocal
Scanner and/or Zeiss Axiovert 200 Inverted Microscope Stand with LSM 880 Confocal

Scanner with Fast Airyscan Detector with a 10x, 20x or 63X objectives.

The following primary antibodies were used for immunostaining: anti-mouse LYVE1
(AngioBio. Cat. # 11-034), anti-PROX1 (AngioBio. Cat. # 11-002), anti-mouse Podoplanin
(AngioBio. Cat. # 11-033), Caveolin-1 (Cell Signaling. Cat. # 3238S), and Anti-NG2
Chondroitin Sulfate Proteoglycan Antibody (Merck. Cat. #AB5320), anti-NG2. Anti-alpha
smooth muscle Actin antibody (Abcam. Cat. # 5694), Mouse/Rat Neuropilin-2 Antibody
(R&D Systems. Cat. # AF567), Endomucin Antibody (V.5C7) (Santa Cruz. Cat. # sc-53941).
Secondary antibodies: Donkey anti-Goat 1gG (H+L) Cross-Adsorbed, Alexa Fluor 488
(Invitrogen. Cat. # A11055), Goat anti-Rat 1gG (H+L) Cross-Adsorbed, Alexa Fluor 647
(Invitrogen. Cat. # A21247), Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed, Alexa
Fluor 594 (Invitrogen. Cat. #A21207) and 6-Diamidino-2-Phenylindole (DAPI) to stain nuclei.

In-situ hybridization

The probe for Mafb was made as previously described °¢, nucleotides 897-1873 of the mouse
Mafb transcript ENSMUSTO00000099126.4. Section in situ hybridization (SISH) was
performed on 7-um sections of paraformaldehyde-fixed, paraffin-embedded embryos. Sections
were dewaxed, rehydrated, and incubated in 10 pg/ml proteinase K for 20 min at room
temperature. After washing in PBS, sections were refixed with 4% paraformaldehyde for 10
min at room temperature, acetylated, and prehybridized with hybridization solution (50%
formamide, 5x SSC, 5x Denhardt's, 250 ug/ml yeast RNA, 500 pg/ml herring sperm DNA) for
2 h at room temperature. Hybridization (hybridization solution +0.5 pg/ml probe) was
performed overnight at 68 °C. Slides were washed in 5x SSC for 5 min, 0.2x SSC for 1 h at 68
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°C, 0.2 x SSC for 5 min at room temperature and NT buffer (150 mM NaCl, 50 mM Tris-HClI,
pH 7.5) for 5 min at room temperature before incubating for 2 h with blocking solution (10%
heat-inactivated sheep serum in NT buffer) in a humidified chamber. Anti-digoxigenin
antibody (Roche Applied Science) at 1:2000 dilution in blocking solution was added to the
slides and incubated overnight at 4 °C. Unbound antibodies were removed by washing three
times in NT buffer. Sections were equilibrated in NTM buffer (100 mM NaCl, 100 mM Tris-
HCI, pH 9.5, 50 mM MgCI2) and incubated in color solution (3.5 ul of 5-bromo-4-chloro-3-
indolyl phosphate (Roche Applied Science), 3.5 ul of nitro blue tetrazolium (Roche Applied

Science) per ml of NTM buffer) until staining was satisfactory.

RT-PCR

Total RNA was extracted from selected tissues and organs using RNeasy mini kit (Qiagen,
Chatsworth, USA) following manufacturer’s instructions. RNA was amplified using the
Agilent low input Quick Amp Labelling kit (Agilent technologies, Santa Clara, USA). cDNA
synthesis was performed using a Quantitect reverse transcription kit (Qiagen, Chatsworth,
USA) following manufacturer’s instructions. Primers: Mafb - cds Forward — 5 —
CAAAGTTTTCCCCGCGGCAG - 3 and Mafb - cds Reverse - 5 -
TAGGGGCGCAGAATAGGGAG - 3’.

DNA content measurements.

Explanted Mafb4%6/456 and control lungs were harvested ~30° min after natural birth. Total
DNA content was isolated from the whole lungs of Mafb456/4% and control PO lungs using a
Dneasy Blood &Tissue Kit (Qiagen. Cat. #69504). DNA concentration of the samples was
determined by a NanoDrop 1000 system (Thermo Fisher Scientific).

Statistical analysis.
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Image processing and analysis were performed using Fiji software (National Institutes of
Health) and Imaris (Bitplane Scientific Software). Results are shown as mean and SEM.
Statistical analyses were performed using Student unpaired two-tailed t test using Prism 8

(GraphPad Software). Differences were considered statistically significant at P < 0.05.
Online supplemental material.
Video 1: Mafb#%%/456 and control littermate neonates are born alive and exhibit gasping and

costal retractions, indicative of normal neuromuscular function and respiratory drive. Video

shows a mutant at PO on the right.
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FIGURE LEGENDS

Figure 1. Generation of a Mafb mutant mouse strain.

(A) CRISPR/Cas9 genetic engineering design. Single-guide RNA sets were designed to delete
the basic leucine zipper DNA binding domain (bZIP) of the coding region of the Mafb gene.
(B and C) PCR, RT-PCR and subsequent sequencing of both products revealed a 56bp deletion
in the Mafb bZIP domain, leading to an early stop codon (red rectangle) by frame shift.

(D) Overall appearance of Mafb4%6/4% and control littermate embryos at E16.5. Representative
images are shown from 157 control and 55 Mafb4%9/45¢ embryos examined from 30 litters. Scale
bar 2mm.

(E) Mafb mutation segregation at different embryonic stages and into early postnatal stages.
Marfb deficient mice do not survive longer after birth.

(F) Cyanotic state of Mafb456/4% after natural birth, insert shows zoom-in of fingertips
exhibiting peripheral cyanosis (red arrows). Representative littermates are shown from 24
control and 10 Mafb4%/45%6 pups examined from 6 litters. Images were obtained within 30
minutes from birth. Scale bar 5Smm.

(G) Heart size and structure of control littermates and Mafb4%6/4% embryos at PO by H&E
staining. Images are representative of 4 control and 4 Mafb4°6/4%6 embryos examined from 3
litters. Scale bar 500uM.
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Figure 2. Histological and immunofluorescence analysis of Mafb mutant lungs.

(A) H&E staining of lung sections showing overall alveolar structure in the cyanotic
Mafh4°6/456 and control littermate neonates. Periodic acid-Schiff (PAS) staining to show the
levels of the surfactant precursor glycogen in the lungs of Mafb“56/4% and control littermate
neonates. Red arrows indicate accumulation of glycogen. Masson’s trichrome (TRI) staining
to assess levels of fibrosis (collagen shown in blue) in the lungs of Mafb4%6/4% and control
littermate neonates. Scale Bar 100uM for H&E and PAS staining. Scale Bar 50uM for
Masson’s trichrome staining.

(B) Measurement of alveolar septal thickness (uM) Mafb#5¢/45% and littermate controls
neonates, n= 7 controls and 7 Mafb mutants from 4 litters.

(C) Total DNA content in lungs from Mafb4%6/456 and littermate controls neonates. n=4 controls
and 4 MafB mutants from 2 litters.

(D) Mafb sectional in situ hybridisation (SISH) in lung sections. Red arrows indicate Mafb
expression in the bronchioles, asterisk indicates the vein. Blue box insert and arrow indicates
expression detected in the lymphatic vessels. Scale Bar 100uM.

(E) Lung sections from Mafb4%6/4% and control littermates were stained for markers of
lymphatic endothelial cells (LYVE-1 and PROX1), Type I cells (PODOPLANIN [PDPN] and
CAVEOLIN1 [CAV1)), alpha-smooth muscle actin (SMA) and pericytes (NG2). Images are

representative of 3 control and 3 Mafb#6/45 embryos examined from 2 litters. Scale bar 20uM.
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Figure 3. MAFB deficient embryonic dermal lymphatics display mild and transient
defects in development.

(A and B) Representative confocal images of E14.5 and E16.5 embryonic back skin stained for
lymphatic vessels with NEUROPILIN-2 (NRP2) and blood vessels with ENDOMUCIN
(EMCN). E14.5 and E16.5 images are representative of 7 control and 7 Mafb4%¢/45% embryos
examined from 6 and 5 litters respectively. Scale bar 400uM.

(C) Quantification of E14.5dpc embryonic back skin, within an area of 2000 uM? from midline
towards the sides, of vessel junctions or branch points and total number of loops. Lymphatic
vessel (LV) width of the migrating vessels closer to the midline, number of PROX1 (PROX1)
and NEUROPILIN-2 (NRP2) positive cells and distance from the midline to these migrating
vessels. Vessel width of the blood vessels (BV) between branch points.

(D) Quantifications on E16.5dpc embryonic back skin, within an area of 2000 uM? from
midline towards the sides, of vessel junctions or branch points and total number of loops.
Lymphatic vessel (LV) width of the migrating vessels closer to the midline, number of PROX1
(PROX1) and NEUROPILIN-2 (NRP2) positive cells and distance from the midline to these
migrating vessels. Total of area covered with blood vessels (ENDOMUCIN [EMCN]) within
an area of 1340 uM2.
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Figure 4. Prenatal and postnatal diaphragm lymphatics display defects in morphogenesis
in Mafb mutant mice.

(A and B) Lymphatic vessels on the pleural side of the diaphragmatic muscle.

(A) Wide-field images of diaphragm whole mounts stained for NEUROPILIN-2 (NRP2) at
E16.5. Dotted lines mark the quantified area. Images are representative of 5 control and 6
Mafb°6/456 embryos examined from 4 litters. Scale bar 300uM. Stars mark the central tendon
region. (B) Wide-field images of diaphragms whole mounts stained for NEUROPILIN-2
(NRP2) at PO. Images are representative of 6 control and 6 Mafb456/4% embryos examined from
4 litters. Scale bar 300uM. Stars mark the central tendon region.

(C) Quantification of diaphragmatic lymphatic network at E16.5. Percentage of area in the
diaphragm covered by lymphatic vessels (LV). Number of PROX1 (PROX1) and
NEUROPILIN-2 (NRP2) positive cells in migrating vessels (MV). Lymphatic vessel width in
a 50um segment of the middle of a vessel. Number of PROX1 and NEUROPILIN-2 positive
cells at a branch point (BP).

(D) Quantification of diaphragmatic blood vascular network at E16.5, 3 control and 3
Mafb456/4% embryos examined from 2 litters. Blood vessel (BV) width within branch points
and number of branch point in the blood vasculature.

(E) Quantification of diaphragmatic lymphatic network at PO. Percentage of area in the
diaphragm covered by Lymphatic vessels (LV). Number of PROX1 (PROX1) and
NEUROPILIN-2 (NRP-2) positive cells in migrating vessels (MV). Lymphatic vessel width in
a 50um segment of the middle of a vessel. Number of PROX1 (PROX1) and NEUROPILIN-2
(NRP-2) positive cells at a branch point (BP).

(F) Quantification of diaphragmatic blood vascular network at PO, 3 control and 3 Maflp4°6/456
pups examined from 2 litters. Blood vessel (BV) width within branch points and number of

branch point in the blood vasculature. Data are presented as means + SEM.
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Figure 5. Diaphragm lymphatics display phenotypes during their maturation in MafB
mutant mice.

(A) Representative high-magnification confocal images of E16.5 embryonic diaphragm stained
for PROX1 (PROX1), NEUROPILIN-2 (NRP2) and ENDOMUCIN (EMCN). Diaphragm
images are representative of 5 control and 6 Mafb°6/4% embryos examined from 4 litters.

(B and C) Quantification in 50uM tip of migrating vessels of (B) lymphatic vessel (LV) width
at the tip of migrating vessel, (C) Distance between PROX1 (PROX1) and NEUROPILIN-2
(NRP2) positive cells nuclei at the tip of migrating vessel. Scale bar 100uM. Data are presented
as means = SEM.

(D) Representative high-magnification confocal images of E18.5 embryonic mesenteric
collecting lymphatic vessels stained for NEUROPILIN-2 (NRP2) and PROX1 (PROX1). Red
arrows indicate PROX1 high regions. Mesenteric images are representative of 2-3 vessels from
3 control and 3 mutant embryos examined from 2 litters. (E) Quantification of length of
collecting lymphatic vessel in the mesentery, number of PROX1 high regions in the collecting
lymphatic vessels and ratio between number of PROX1 high regions and length of collecting

lymphatic vessels. Scale bar 100uM. Data are presented as means + SEM.
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Figure 6. Mural cell coverage is increased in MAFB deficient lymphatics.

(A) Low and high-magnification confocal images of E16.5 embryonic back skin stained for
alpha-smooth muscle actin (SMA) and NEUROPILIN-2 (NRP2). Images are representative of
3 control and 3 Mafb#56/4% embryos examined from 2 litters. Scale bar 100uM.

(B) High- magnification confocal images of diaphragms at PO stained for SMA, NRP-2 and
ENDOMUCIN (EMCN). Images are representative of 3 control and 3 Mafb4%6/45%6 pups
examined from 2 litters. Scale bar 100uM.

(C) Example of image rendering (Imaris) used for SMA coverage analysis in embryonic back
skin and neonatal diaphragm. Scale bar 150uM.

(D and E) Percentage of surface area of lymphatic vessels covered by alpha-smooth muscle
actin (SMA) in dermal skin at E16.5 (D) and diaphragms at PO (E). Data are presented as

means + SEM.
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