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Abstract

Genetically engineered mouse models have the potential to unravel fundamental bio-
logical processes and provide mechanistic insights into the pathogenesis of human
diseases. We have previously observed that germline genetic variation at the TULP4
locus influences clinical characteristics in patients with myeloproliferative neoplasms.
To elucidate the role of TULP4 in pathological and physiological processes in vivo, we
generated a Tulp4 knockout mouse model. Systemic Tulp4 deficiency exerted a
strong impact on embryonic development in both Tulp4 homozygous null (Tulp4—/—)
and heterozygous (Tulp4+/—) knockout mice, the former exhibiting perinatal lethal-
ity. High-resolution episcopic microscopy (HREM) of day 14.5 embryos allowed for
the identification of multiple developmental defects in Tulp4—/— mice, including
severe heart defects. Moreover, in Tulp4+/— embryos HREM revealed abnormalities
of several organ systems, which per se do not affect prenatal or postnatal survival. In
adult Tulp4+/— mice, extensive examinations of hematopoietic and cardiovascular
features, involving histopathological surveys of multiple tissues as well as blood
counts and immunophenotyping, did not provide evidence for anomalies as observed
in corresponding embryos. Finally, evaluating a potential obesity-related phenotype
as reported for other TULP family members revealed a trend for increased body

weight of Tulp4+/— mice.

Research Highlights

e To study the role of the TULP4 gene in vivo, we generated a Tulp4 knockout
mouse model.

e Correlative analyses involving HREM revealed a strong impact of Tulp4 deficiency

on murine embryonic development.
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1 | INTRODUCTION

Myeloproliferative neoplasms (MPN) are a group of chronic hemato-
logic malignancies characterized by elevated production of different
types of blood cells. Thrombosis is a major complication in MPN, influ-
enced by genetic factors. Our previous work based on genome-wide
association studies (GWAS) provided evidence for a haplotype at
the chromosomal locus 6g25.3 to confer increased risk for arterial
thrombosis in MPN patients. Moreover, we could demonstrate that
presence of the 6g25.3 risk variants influences transcriptional regu-
lation of the TULP4 gene (Jager et al., 2015). TULP4 encodes a
member of the family of tubby-like proteins (TULPs), encompassing
TUB as well as TULP1, TULP2, TULP3, and TULP4. The TULP
founding member TUB was implicated in a spontaneous maturity-
onset obesity syndrome in mouse strains, caused by a recessive
loss-of-function mutation in the TUB gene (Coleman &
Eicher, 1990; Kleyn et al., 1996; Noben-Trauth et al., 1996). Func-
tional studies on TUB, TULP1 and TULPS3 revealed a role in ciliary
function thereby affecting energy balance, neural development and
function, photoreception, and hearing. Furthermore, TULPs have a
role in endocytosis, phagocytosis and synapse maintenance, or
architecture (Mukhopadhyay & Jackson, 2011; Wang et al., 2018).
Mutations in TULP1 were described in retinitis pigmentosa
(Banerjee et al., 1998; Gu et al., 1998; Hagstrom et al., 1998), and
TULP3 was shown to play a role in sonic hedgehog signaling during
mouse embryonic development (Patterson et al., 2009). Data pub-
lished on TULP2 and TULP4 are restricted to expression profiling
and in vitro molecular characterization (Mukhopadhyay &
Jackson, 2011). Sequence alignment in conjunction with domain
mapping allowed for the determination of evolutionary relation-
ships within TULPs that suggested TULP1-3 to be closely related,
whereas TULP4 is more distant (Li et al., 2001; North et al., 1997).
While TULPs other than TULP4 have been to partly characterized
in respect of their mechanistic role in cellular signaling, knowledge
on TULP4 function is scarce. To evaluate the role of the TULP4
gene in thrombosis and beyond, we generated an in vivo model for
Tulp4 deficiency in the form of a novel Tulp4 knockout mouse. We
intended to use this model to perform extensive phenotyping of
Tulp4 deficiency with respect to the hematopoietic system.

Early attempts to breed both Tulp4 homozygous null (Tulp4—/—)
and Tulp4 heterozygous (Tulp4+/—) knockout mice suggested perinatal
lethality in Tulp4—/— mice. To elucidate the mechanisms underlying the
lethality phenotype, we sought to unravel the impact of Tulp4 defi-
ciency on embryonic development. To achieve this, we applied high-
resolution episcopic microscopy (HREM) as an approach complemen-
tary to standard histopathology methods. HREM is a block-face scan-
ning method, based on automated physical sectioning of resin-
embedded samples while producing series of images from the freshly
exposed block surface (Weninger et al., 2006, 2018). The images can be
virtually stacked to produce three-dimensional (3D) volume data in near
histologic image quality. Thus, by processing whole mouse embryos,
HREM permits identification of small as well as large structural abnor-

malities of tissues and organs (Wendling et al., 2021; Weninger
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et al., 2014). This ensures an unbiased and comprehensive systematic
evaluation of the full range of malformations in novel mouse knockout
lines that might bear unknown anatomical defects. For this reason,
HREM had been established as one of the key imaging technologies for
large-scale phenotyping studies of pre- or perinatal lethal mouse lines
(Adams et al., 2013; Mohun et al., 2013) and was used to identify gene
function in selected lines (De Franco et al., 2019; Ghadge et al., 2021;
Mohun et al., 2013). Physical resin-sections produced during HREM-
data generation can be collected and used for further light microscopic
assessment. This allows for subsequent selective histopathologic analy-
sis (Zopf et al., 2021).

Making use of HREM in conjunction with correlative histopatho-
logic analyses allowed us to investigate the lethality phenotype observed
in Tulp—/— and the range of minor defects in Tulp4+/— embryos. Based
on the results derived from this integrative imaging approach, we subse-

quently extended our phenotyping efforts onto adults.

2 | MATERIALS AND METHODS

21 | Generation of a Tulp4 knockout mouse strain

To generate an in vivo model for Tulp4 deficiency, we have used com-
mercially available genetically engineered mouse embryonic stem
(ES) cells carrying a targeted Tulp4 allele (TULP4™M1a(KOMPIWESE, o tant
cell line EPD0112_4_G12) from the knockout mouse project (KOMP)
repository, provided through the international mouse phenotyping
consortium (IMPC). The ES cell clone carrying a knockout-first allele
was generated through insertion of an L1L2_Bact_P cassette at posi-
tion 6,256,719 (build GRCm39) of mouse chromosome 17 upstream
of Tulp4 exon 6. The cassette is composed of a mouse engrailed
2 splice acceptor (En2 SA), lacZ, a neomycin resistance gene as well as
FRT and loxP sites (Supplementary Figure S1). The resulting targeted
Tulp4 allele is predicted to result in a non-expressive form owing to
the in-frame fusion of lacZ by the En2 SA. Using the fully verified tar-
geted ES cells derived from the C57BL/6N strain, founder chimeric
mice were generated through microinjection into BALB/c blastocysts.
Animal experiments have been approved by the Ethics and Animal
Welfare Committee of the University of Veterinary Medicine Vienna
in accordance with the University's guidelines for Good Scientific
Practice and authorized by the Austrian Federal Ministry of Education,
Science and Research (BMWF-68.205/0023-11/3b/2014) in accor-
dance with current legislation. Chimeras were then bred with
C57BL/6NRj mice to generate germline transmitting Tulp4 deficient
mice heterozygous for the Tulp4 knockout allele (i.e., Tulp4+/-). ES
cell-based gene targeting using the knockout-first strategy was devel-
oped to create a multipurpose allele for both knockout and condi-
tional applications (Skarnes et al., 2011). In the present study, we used
only systemic, whole-body knockout mice to investigate the effect of
systemic Tulp4 deficiency. The novel Tulp4 knockout strain was
deposited to the European Mouse Mutant Archive (EMMA) repository
under accession number EM:10971 (https://www.infrafrontier.eu/

emma/).
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2.2 | Mouse genotyping, breeding, and
maintenance

Genotyping of embryos and pups was performed by polymerase chain
reaction (PCR) using primer pairs listed in Supplementary Table S1.
Presence of a knockout allele was evaluated through PCR-based
detection of the knockout-first cassette inserted 5’ as well as the adja-
cent loxP site inserted 3’ of Tulp4 exon 6 (Supplementary Figure S1)
using primer pairs ‘“knockout cassette” and “knockout loxP”
(Supplementary Table S2). Presence of a wildtype allele was evaluated
by successful amplification of a 380 base pair product spanning the
cassette insertion site, the latter precluding the generation of a PCR
product (primer pair “wildtype”; Supplementary Table S2 and Supple-
mentary Figure S1). Mouse breeding and maintenance was performed
at the animal facility of the Institute of Molecular Biotechnology
Austria, Vienna, which is run as full barrier mouse husbandry provided
with HEPA filtered air (15x air exchange rate per hour). Mice were
maintained in ventilated cages on autoclaved standard pelleted diet
(SSNIFF) and acidified autoclaved water (pH 2.5-3.0). Mouse breeding
was performed in accordance with the respective license approved by
the institutional and national ethical committees (animal protocol GZ:
311633/2014/9, approved by the City of Vienna (Austria)).

2.3 | High-resolution episcopic microscopy

Mouse dams were sacrificed by cervical dislocation on day 14.5 post
conception and embryos were dissected from the uterus. They were
further transferred to phosphate buffered saline (PBS) at 37°C and
the amnion was carefully removed under a stereomicroscope. After
that, embryos were fixed in 4% paraformaldehyde (PFA) in PBS on a
shaker at 4°C for at least 24 h. Embryos were then processed rou-
tinely for HREM (Geyer, Maurer-Gesek, Reissig, & Weninger, 2017;
Mohun & Weninger, 2012a, 2012b). Briefly, samples were dehydrated
in increasing concentrations of ethanol (70%, 80%, 90%, 95%, 100%)
for 2-4 h in each step. Following dehydration, embryos were infil-
trated with JB-4 (Polysciences Inc., Warrington, PA, United States)
containing 0.4 g eosin B per 100 mL for 48-72 h, embedding solution
was changed twice. The samples were then embedded in eosin-dyed
resin JB-4 (0.4 g eosin per 100 mL embedding solution). JB-4 blocks
were sealed to allow for polymerization in an oxygen-free surrounding
for 24 h at room temperature. Hardened blocks were baked at 90°C
for 24-48 h. Digital volume data of whole embryos were generated
using an optical-HREM apparatus (Indigo Scientific Ltd., Baldock, UK).
During sectioning, physical sections were captured to be processed
for later histopathologic examinations. The HREM images were down-
scaled to gain isotropic voxel sizes of 3 um® and stacked to produce
digital volume data. Volume renderings of the embryo surfaces were
produced and employed for identifying the precise developmental
stage according to the system proposed by Geyer, Reissig, Rose, et al.
(2017) for E14.5 embryos. Finally, the phenotype was carefully and

systematically analyzed using the software packages Amira and OsiriX

following established phenotyping protocols (Geyer, Reissig, Rose,
et al., 2017; Weninger et al., 2014).

2.4 | Classical histopathology on mouse embryos
and newborns

To investigate possible micro-pathologies triggering the observed
perinatal lethality, nine E17.5 embryos (3 Tulp4+/+, 3 Tulp4+/—, and
3 Tulp4—/—) and one deceased PO newborn (Tulp4—/—) were submit-
ted for histopathological analysis. Whole-body E17.5 and PO were
fixed by immersion in 10% neutral buffered formalin for 48 h, pro-
cessed with a logos automated tissue processor (milestone medical),
and embedded in paraffin. Sagittal and parasagittal sections of the
embryos were prepared with a standard rotary microtome (Microm
HM 355, Thermoscientific) and the sections were stained with hema-
toxylin and eosin (HE) using the automated HMS 740 stainer (Gemini
AS). The stained sections were examined by a board certified veteri-
nary anatomic pathologist with experience in comparative laboratory
animal pathology using a Zeiss Axioskop MOT 2 microscope. Selected
sections were digitized using the Pannoramic Flash 250 Il whole slide
scanner (3D Histech) with the 20x plan apochromat objective and the
Adimec Quartz Q12A180fc camera. Microscopic images were
acquired with a spot insight microscope camera (Spot Imaging, Diag-
nostic Instruments). Whole slide images (scans) were reviewed, and
additional static images were acquired from the scans, with the Case-
Viewer™ software (3D Histech). The collected HREM sections were
processed following an routine HE staining protocol (Zopf
etal., 2021).

2.5 | Phenotyping of adult Tulp4-+/— mice

Upon euthanasia, mice were subjected to routine necropsy examina-
tion and dissected. Representative samples of relevant organs were
prepared and a series of examinations was performed, including histo-
pathological analysis and immunophenotyping. Details on phenotyp-
ing efforts in adult Tulp4+/— mice are provided in the Supplementary
methods.

2.6 | Body weight phenotypic assay

To validate spontaneous observations on increased body-weight in
adult Tulp4+/— mice, we conducted a large weighting series under
controlled conditions. Several mating trios (Tulp4+/— females/males
with Tulp4+-/+ mating partners) were set up specifically for the exper-
iment, resulting in a large number of litters delivered within a time
span of 8 days. This allowed for setting up a total of 19 cages (7 female
cages, 12 male cages) for subsequent follow-up of body weight. Each
matched cage contained four mice of same sex and age, two Tulp4

+/— and two Tulp4+/+ mice. Experimental cages were maintained
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TABLE 1 (A) Observed Tulp4 genotype rates as compared with
expected percentages based on Mendelian laws; (B) Observed Tulp4
genotype rates in embryonic stages E14.5 and E17.5, and after
birth (PO).

(A) Observed Expected

Total offspring 30 n.a.

Tulp4+/+ 11 (35%) 7.5 (25%)

Tulp4+/— 19 (61%) 15.0 (50%)

Tulp4—/— 1(3%) 7.5 (25%) p=.018
(B) E14.5 E17.5 PO

Litter size 10 (100%) 9 (100%) 7 (100%)
Tulp4+/+ 2 (20%) 3(33%) 2 (29%)
Tulp4+/— 7 (70%) 3(33%) 4 (57%)
Tulp4—/— 1(10%) 3(33%) 1(14%)

on standard conditions and regular diet. Weight was measured every
1-4 weeks for a time span of 66 weeks. In three cages, one mouse
each died as commonly observed under standard maintenance. These
cages were subsequently omitted. Only cages with four healthy mice
followed up for the full observation time of 66 weeks were included
in the analysis, which applied to a total of 16 cages (6 female cages,
10 male cages corresponding to 24 female mice and 40 male mice at
balanced genotype ratios). Weighting was performed on exact time
points with respect of dates of birth, with an imprecision of maximum

2 days (no follow-up on weekends), starting at week three after birth.

2.7 | Statistical analyses

Statistical evaluation of observed genotype frequencies as compared
to expected Mendelian ratios was performed using a chi-square
goodness-of-fit test. For analysis of immunophenotyping data, lym-
phocyte subsets from different genotypes (Tulp4+/— vs. Tulp4+/+)
were compared using an unpaired t-test. In the body weight pheno-
typic assay, weight differences for single observations were evaluated
using an unpaired t-test, whereas longitudinal weighting data were
analyzed applying two-way ANOVA followed by Sidak's multiple com-
parison test. All statistical testing was performed using the GraphPad

Prism software.

3 | RESULTS

3.1 | Tulp4—/— offspring are not viable

To generate both Tulp4+/— and Tulp4—/— offspring, the latter being
homozygous for the knockout allele, heterozygous mating trios were
set up for breeding. While the expected percentage of Tulp4—/— off-
spring is 25% according to Mendelian laws, initial observations on lit-
ters from heterozygous breeding indicated a strongly reduced

frequency of Tulp4—/— offspring 7 days after birth, when tissue
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biopsies for genotyping were taken. Specifically, a total of eight litters
yielded in 31 pups, 11 (37%) of which were wildtype for Tulp4 (Tulp4
+/4), 19 (63%) were Tulp4+/—, and one single pup (3%) was
Tulp4—/—. The latter pup was observed alive but sick and small in size,
and was therefore sacrificed on day seven after birth. Statistical evalu-
ation of observed over expected genotype frequencies based on
Mendelian ratios suggested a perinatal lethal phenotype of Tulp4 defi-
ciency (p = .018; Table 1a). As the observation of one alive Tulp4—/—
pup precluded a fully penetrant embryonic lethality phenotype, time-
controlled mating was set up to determine the exact genotype ratios
at two embryonic stages (E14.5 and E17.5) and at birth (PO), the latter
involving close observation of pregnant females around the day of
expected delivery. Tulp4—/— were found in both embryonic stages
evaluated, as well as at PO (Table 1b). Of note, in the PO litter only
one of seven pups was Tulp4—/—. The Tulp4—/— newborn was
observed dead after birth at PO. Interestingly, necropsy examination
of the Tulp4—/— PO pup revealed the presence of meconium in the
large intestine (Figure 1a), indicating a functionally intact digestive
system at birth (Jerdee et al., 2015; Skelly et al., 2022).

3.2 | Histopathological sections of Tulp4—/—
whole E17.5 embryos and PO neonates do not reveal
morphological abnormalities

To identify anatomic and histologic correlates for the observed peri-
natal lethality, a histopathological workup was performed on late-
stage embryos (E17.5) as well as on newborn pups (P0). Specifically, a
total of 15 E17.5 embryos (3 Tulp4+/+, 7 Tulp4+/—, and 5 Tulp4—/-)
and seven PO neonates (2 Tulp4+/+, 4 Tulp4+/— and 1 Tulp4—/-)
were reviewed for the presence of anatomical and histological abnor-
malities. Light microscopic evaluation of two-dimensional (2D) sagittal
and parasagittal sections revealed no cranial, thoracic, or abdominal
malformations in these subsets of embryos. The brain, spinal cord,
thoracic organs (including heart and lung), and abdominal organs
(including liver and intestines) did not show evidence of significant

developmental malformations at light microscopic level (Figure 1b).

3.3 | HREM identifies severe developmental
defects in Tulp4—/— mouse E14.5 embryos

To overcome limitations of classical histopathological analysis, we
made use of HREM to generate 3D volume data sets from four
Tulp4—/— mouse embryos in conjunction with five Tulp4+/+ litter-
mates. The HREM survey identified severe anatomical malformations
in all four Tulp4—/— embryos. Notably, all of them exhibited signifi-
cant abnormalities of the cardiovascular system. In three embryos,
cardiovascular abnormalities included severe malformations of the
heart, such as double outlet right ventricle (DORV) ((2/4)), muscular
ventricular septal defect (mVSD) (1/4), perimembranous ventricular
septal defect (pVSD) (1/4), and bicuspid aortic valve (1/4) (Figure 2).
Other vascular abnormalities involved head arteries, where we found
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FIGURE 1 Histopathological evaluation in E17.5 embryos and PO neonates. (a) Meconium (*) as found in the large intestine of both Tulp4
homozygous null (Tulp4—/—) and their wildtype littermates (Tulp4+/+) in pups at postnatal (PO) necropsy examinations. (b) Light microscopic
evaluation of two-dimensional sagittal and parasagittal sections of E17.5 Tulp4—/— and Tulp4+/+ wildtype littermates.
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FIGURE 2 Cardiovascular malformations in E14.5 Tulp4—/— embryos. (a) Double outlet right ventricle. Volume rendered, virtually sectioned
three dimensional (3D) model of heart region from cranio-ventral. (b) Control. (c) Right sided aorta, retroesophageal left subclavian artery, and
abnormal origin of left external carotid artery. Surface rendered model of blood vessels in combination with virtually sectioned 3D model. View
from ventral. (d) Control. (€) Perimembraneous ventricular septal defect (asterisk). Axial section through volume rendered model, view from
cranial. (f) Control. (g) Bicuspid aortic valve, leaflets marked with asterisks. Virtual HREM section view from ventro-lateral. (h) Control. aa,
ascending aorta; av, aortic valve; e, esophagus; la, left atrium; Ica, left common carotid artery; leca, left external carotid artery; li, liver; lica, left
internal carotid artery; Isa, left subclavian artery; lu, lung; lv, left ventricle; pt, pulmonary trunk; rao, right sided aorta; rca, right common carotid
artery; ra, right atrium; rv, right ventricle; s, ventricle septum; scale bars = 500 um.

evidence for dilatations in conjunction with thin vessel walls (4/4), as

well as liver vessels, which showed an abnormal hepatic vein connec-

tion (1/4) and absence of the ductus venosus valve (1/4). One embryo

(Tulp4—/— hom1) exhibited complex malformations of the intratho-
racic and cranial arteries, such as a right sided aortic arch, a retroeso-

phageal left subclavian artery, an abnormal external carotid artery
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running parallel with the internal carotid artery over a longer distance,
abnormal topology of the left intracranial vertebral artery, a hypopla-
sia of the left stapedial artery, and a missing segment of the right pos-
terior cerebral artery (Figure 2). In addition to the vascular
abnormalities, three of the four embryos also showed morphologic
abnormalities affecting endocrine or exocrine glands. Two embryos
(Tulp4—/— hom3 and hom4) showed abnormal thymus topology, and
two embryos exhibited abnormal morphology of the thyroid gland
(abnormal thyroid gland isthmus morphology [Tulp4—/— hom2] and
small left lobe of thyroid gland [Tulp4—/— hom3]) (data not shown).

3.4 | Histomorphological analysis confirms and
complements HREM-based observations in Tulp4—/—
mouse E14.5 embryos

To take advantage of complementary features of HREM and histopa-
thology as demonstrated recently (Keuenhof, Heimel, et al., 2021), we

MICROSCOPY 859
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applied a correlative approach by using the 3D spatial information
from HREM to select relevant tissue sections for a 2D workup to gain
a view onto cellular details. Specifically, for one of the Tulp4—/—
E14.5 embryos (Tulp4—/— hom1) a subset of JB4 sections was col-
lected during HREM data generation. The sections were stained with
HE, microscopically examined, and correlated with the HREM obser-
vations. Overall, regional macro-morphologic anomalies such as the
right sided aortic arch were not represented in the 2D histology
images or were not selected for representation, as 3D reconstruction
implemented in HREM was considered superior for visualization of
such large anomalies. Nevertheless, histopathology allowed for asses-
sing morphology at cellular level in several selected regions (Figure 3).
Notably, histopathology findings on the available slides complement
some of the observations made with HREM. Specifically, in the cardio-
vascular system morphologic features strongly suggestive of a double
outlet right ventricle/right aortic arch are evident. Valve leaflets and
endocardial stroma were within normal limits. Furthermore, 2D sec-

tions of the liver revealed normal parenchymal cellularity (Figure 3),

100 pm

FIGURE 3 Correlative analysis of HREM data and classical histomorphology. JB4 sections, H&E stained, and all images mouse Tulp4—/—
(hom1). (a) Heart region. Ascending aorta and pulmonary trunk are strongly indicative of a double-outlet right ventricle. Arterial wall with vasa
vasorum and atrioventricular endocardial cushion appear histologically normal. Corresponding HREM image (inlay). (b) Ascending aorta and
pulmonary trunk. Vascular wall, Valvular stroma, and valvular endocardium appear histologically normal (right panels). (c) Liver. Intrahepatic part of
vena cava inferior. The liver parenchyma is of normal cellularity (right panels). (d) Abdominal aorta. Vessel wall of abdominal aorta is histologically
normal. aa, abdominal aorta; ao, ascending aorta; e, endothelium; ec, endocardial cushion; k; kidney; lv, left ventricle; pt, pulmonary trunk; rv, right
ventricle; s, valvular stroma; vci, vena cava inferior; ve, valvular endocardium; vv, vas vasis; vw, vessel wall.
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observed anomalies therefore being restricted to the macro-
morphologic level as detected by HREM.

3.5 | HREM identifies developmental defects also
in Tulp4+-/— mouse E14.5 embryos

While perinatal lethality triggered our investigations in Tulp4—/—
embryos, we did not observe any obvious phenotypic anomalies in
Tulp4+/— embryos. Birth rates were within the range expected by
Mendelian law, and Tulp4+/— adults appeared normal as their wild-
type Tulp4+/+ littermates. Based on the observation of severe mor-
phological anomalies in all four Tulp4—/— E14.5 surveyed, we used
HREM to analyze a total of seven Tulp4+/— E14.5 for anatomic and
macro-morphologic anomalies, as compared to a set of five E14.5
Tulp4+/+ littermates in conjunction with stage-matched reference
data. Overall, anomalies were detected in six of the seven Tulp4+/—.
While anatomic anomalies were observed in several organ systems,
the most common were abnormalities affecting the vascular system.
Specifically, Tulp4+/— embryos exhibited abnormal morphology of
the head arteries or the vertebral artery (4/7), telangiectasia (1/7), a
blood-filled cyst in the lung (1/7), as well as anomalies related to the
venous system such as abnormal liver vasculature (5/7) and dual infe-
rior vena cava (2/7) embryos (Figure 4). Besides the anomalies that
can be assigned to the vascular system, two embryos exhibited

abnormalities affecting the infrahyoid muscles and two embryos
exhibited a missing connection between the subcutaneous lymph ves-
sels and lymph sacs in conjunction with subcutaneous edema. One
embryo each exhibited a thin hypoglossal nerve unilaterally (Tulp+/—
het5), abnormal rib development (Tulp+/— het7) (Figure 4), and abnor-
mal testis tissue architecture (Tulp+/— het7) (data not shown). Of
note, in one Tulp4+/— embryo our HREM analysis did not identify

any abnormalities (Figure 5).

3.6 | Developmental defects as observed in Tulp4
+/— mouse embryos are not reflected in Tulp4+-/—
adult mice

To investigate a potential impact of anatomic defects detected in
Tulp4+/— embryos on birth rates and survival, we analyzed genotype
distributions in offspring of mixed breeding. According to Mendelian
laws, crossing of Tulp4 +/— with Tulp4+/+ mice shall result in an
equal Tulp4+/— to Tulp4+/+ offspring ratio (50% each). We deter-
mined genotypes in mice from 47 litters, delivered over one full year
during standard maintenance of the Tulp4 knockout strain, comprising
319 mice (156 females and 163 males). Of the total offspring, 50.8%
was Tulp4+/— and 49.2% was Tulp4+/+, suggesting no impact of
defects described in Tulp4+/— embryos on birth rates (Table 2).
Moreover, follow-up of 64 mice (24 females and 40 males) in a

FIGURE 4 Abnormalities of E14.5 Tulp4+/— embryos. (a) Dual vena cava inferior. Axial HREM section from cranial. Note the additional vein
(av). (b) Control. (c) Abnormal connection of branches of right liver and portal vein (arrow). (d) Control. (e) Missing connection between
subcutaneous vessels and left lymph sac (black arrowhead). (f) Control with blood filled connection (black arrowhead). Axial HREM sections from
cranial. (g, h) Sternal malformation. Abnormal morphology of sternal ridge (white arrowheads). Volume rendered model, from cranial, (g) and
ventral (h). cbl, communicating branch of liver vein; cbp, communicating branch of portal vein; i, liver; lv, left ventricle; lu, lung; ly, lymph vessel;
rv, right ventricle; sc, spinal cord; st, stomach; t, tongue; v, vertebra; vci, vena cava inferior; Scale bars = 1000 pum.
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FIGURE 5 Overview of hom het

malformations detected in Tulp4—/— 1 2 3 4 1 2 3 456 7

(hom) and Tulp4+/— (het) E14.5 embryos.
A total of four Tulp4—/— (hom 1-4) and
seven Tulp4+/— (het 1-7) mouse
embryos was analyzed.

Endocrine/ Exocrine gland phenotype

Abnormal lymphatic vessel morphology
Abnormal hypodermis morphology
Nervous system phenotype

Muscular phenotype

I Tulpd —/+ |

Tulp4 —/-

Cardiac phenotype

Vascular phenotype

Skeleton phenotype
Abnormal reproductive system morphology

TABLE 2 Observed versus expected fraction of Tulp4
heterozygous (Tulp4+/—) offspring arising from regular breeding
(Tulp4+/— with Tulp4+/+).

Observed Expected
Total offspring 319 n.a.
Total female offspring 156 n.a.
Total male offspring 163 n.a.
Total Tulp4+/+ 157 (49%) 159.5 (50%)
Total Tulp4+/— 162 (51%) 159.5 (50%)
Tulp4+-/+ females 87 (56%) 78 (50%)
Tulp4+/— females 69 (44%) 78 (50%)
Tulp4+/+ males 70 (43%) 81.5 (50%)
Tulp4+/— males 93 (57%) 81.5 (50%)

controlled setting (four mice per cage at balanced genotype ratio) over
a total of 66 weeks did not indicate decreased survival of
Tulp4+/— mice.

To evaluate adult mice for a possible manifestation of anatomical
malformations as observed in Tulp4+/— embryos, we applied histo-
pathological methods to screen for abnormalities on organ, tissue, and
cellular level. Of note, size limitations preclude HREM-based whole-
body scans in adult mice. Therefore, relevant organs were harvested
from 12 mice (three female Tulp4+/— and three age-matched Tulp4
+/+ females, three male Tulp4+/—, and three age-matched Tulp4+-/-
+ males) and submitted for histopathological analysis (Supplementary
Table S3). To the extent investigated, no abnormalities were observed
in Tulp4+/— mice as compared to age- and sex-matched Tulp4+/+
mice (Supplementary Figure S2). Since we generated the Tulp4 knock-
out mouse based on hypotheses relating to the genetic association of
the human 6q25.3 (TULP4) chromosomal locus with a thrombosis phe-
notype in an MPN patient cohort (Jager et al., 2015), we used a cohort
of 12 mice to specifically evaluate hematopoietic and cardiovascular
features. Automated blood count measurements of standard blood
parameters as well as morphological examinations of blood smears,
bone marrow brush smears, and bone sections (femur, representing a
long bone, and sternum; representing a flat bone) did not provide evi-

dence for aberrant hematopoiesis. Immunophenotyping of peripheral

blood and bone marrow confirmed the absence of quantitative differ-
ences in leukocytes and leukocyte subsets (Supplementary Figure S3).
In histological sections of the unchallenged aorta, there was no evi-
dence for thrombosis or vascular disease. In blood vessels of different
organs (including lung, liver, and spleen) and in sections of the heart
and aortic valves there was no evidence of blood clots, anatomical
abnormalities, or vascular defects at cellular level (Supplementary
Figure S2 and Supplementary Table S3). While epidemiologic data on
MPN patients suggested TULP4 as a candidate gene for altered risk of
arterial thrombosis, no association with venous thromboembolism
was observed (Jager et al., 2015). Major arterial events such as myo-
cardial infarction and stroke frequently arise as a consequence of
chronic atherosclerosis, a multifactorial disease with a strong immuno-
logical component (Libby et al, 2019). Extensive flow-cytometry
based phenotyping of immune cells derived from different organs
(Tables S4 and S5) did not reveal any immunological abnormalities in
Tulp4+/— adult mice. More specifically, immunophenotyping of
peripheral blood as well as bone marrow cells did not provide evi-
dence for quantitative differences of leukocytes subsets between

Tulp4+/— mice and Tulp4+/+ littermates (Supplementary Figure S3).

3.7 | Increased body weight observed in adult
Tulp4+/— mice

The Tub gene, coding for the founding member of the TULP family of
proteins, was identified through positional cloning based on a causa-
tive mutation for a spontaneous maturity-onset obesity syndrome
observed in mouse strains (Noben-Trauth et al., 1996). This led us to
hypothesize on a potential obesity-related phenotype also in our
Tulp4 knockout mice. In accordance with that, upon initiating breeding
of the Tulp4 knockout line, observations on several independent lit-
ters suggested a trend for increased body weight in Tulp4 +/—
females aged 4-7 months (Figure 6a). Of note, the observed trends
did not reach formal statistical significance. These observations were
noted postmortem prior to organ harvests, precluding follow-up
weight measurements in those litters. To follow up on the initial

observations, we specifically set up weighting experiments under
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FIGURE 6 Increased body weight observed in adult Tulp4-+/— mice. (a) Spontaneous observations four independent cohorts suggest a trend

for increased body weight in Tulp4-+/— females aged 18 (upper left), 20 (lower left), 26 (upper right), and 31 (lower right) weeks. (b) Longitudinal
weighting of a large mouse cohort (24 females and 40 males) under controlled conditions (four mice per cage; two Tulp4+/—, two Tulp4+/+)

over a time span of 66 weeks. *p < .05; **p < .01.

controlled conditions. A total of 64 mice (24 females and 40 males),
distributed into 16 cages (four mice per cage; two Tulp4-+/+, and two
Tulp4+/—) were maintained on standard diet, while body weight was
measured at regular intervals over a total period of 66 weeks. Up to
23 weeks of age, we did not observe any weight differences neither
for females nor for males. Upon further maintenance under standard
conditions, a trend for increased body weight in Tulp4+/— mice
became apparent at age 26 and 38 weeks for males and females,
respectively (Figure 6b). These weight differences became increasingly
pronounced when aging the mice up to 66 weeks of age. Notably,
even though the initial spontaneous observations of genotype-specific
weight differences were restricted to female mice, in the controlled
weighting setup only the male group reached formal statistical signifi-
cance at two time points (62 and 66 weeks of age). Nevertheless, the

overall trend is apparent in both male and female cohorts (Figure 6b).

4 | DISCUSSION/CONCLUSION

Based on genetic association studies that suggested TULP4 as a candi-
date gene to influence risk of arterial thrombosis in patients with
MPN, we have generated a knockout mouse model to study the
effects of Tulp4 deficiency on hematopoiesis and beyond. While our
phenotyping efforts did not reveal abnormalities in the hematopoietic
system, it became apparent that systemic Tulp4 deficiency causes ana-
tomic malformations in both Tulp4+/— and Tulp4—/— mouse
embryos, subsequently resulting in perinatal lethality for the latter.
This lethality phenotype presented at incomplete penetrance, which is

a widespread phenomenon in mutant mouse lines observed

independently of the severity of malformations (Wilson et al., 2017).
Interestingly, histopathological examinations of PO newborns revealed
the presence of meconium in the large intestine of a nonviable
Tulp4—/— newborn, indicative of a functional digestive system
(Jerdee et al., 2015; Skelly et al., 2022). Subsequent anatomical exami-
nations of both Tulp4—/— and Tulp4+/— embryos, using HREM in
conjunction with classical histopathological examinations, identified a
series of significant malformations on organ level that may be
assigned to three different phenotypic classes: cardiac, vascular, and
endocrine/exocrine gland-related (Figure 5). While the vascular phe-
notype is shared between Tulp4—/— and Tulp4+/—, observations of
cardiac as well as endocrine/exocrine gland abnormalities were
restricted to Tulp4—/— embryos. Although a causative involvement of
endocrine or exocrine gland abnormalities such as abnormal thymus
topology and small lobe or abnormal isthmus morphology of the thy-
roid gland in perinatal lethality cannot be excluded, the severe cardiac
insufficiency caused by malformations, such as DORV, mVSD, and
pVSD might primarily impact on the survival of Tulp4—/— embryos.
Recent studies have shown that malformations of the cardiovascular
system are often associated with abnormalities of the placenta (Camm
et al, 2018; Courtney et al, 2018; Maslen, 2018; Perez-Garcia
et al., 2018). Whether such placental defects are causal for the cardio-
vascular malformations detected in the Tulp4—/— embryos or whether
they are directly responsible for embryonic lethality remains to be
investigated. A series of minor, non-lethal malformations, and variants
observed in Tulp4 deficient embryos was restricted to heterozygous
Tulp4+/— mice, including organs and organ structures, such as mus-
cles, lymphatic vessels, hypodermis, the nervous system, skeleton, and

the reproductive system (Figure 5).
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Despite the broad range of anatomic abnormalities detected in
Tulp4+/— embryos, we did not find evidence for reduced birth rates
of Tulp4+/— pups or reduced survival in Tulp4+/— adult mice. This
might be explained by the benign nature of the defects and variants
found in Tulp4+/— E14.5 embryos. Observed defects might be com-
patible with life, dissolve or become reduced in later embryonic or
postnatal developmental stages. Alternatively, they might escape doc-
umentation in adult phenotyping efforts due to their persisting small
size contained in the large volume of the mature organ. The latter pos-
sibility is supported by the absence of abnormal findings in our pheno-
typing efforts on Tulp4+/— adults, which included histopathological
expert reviews of organs including heart, liver, bones, skin, as well as
small blood vessels of relevant organs and large blood vessels
as represented by the aorta. Extensive examinations of the hemato-
poietic system in conjunction with immunophenotyping of peripheral
blood, bone marrow, and a number of relevant organ tissues
(Supplementary Table S4) failed to establish connections with initial
hypotheses derived from the genetic association studies on arterial
thrombosis in MPN (Jager et al., 2015), as no evidence for sporadic
thrombosis was detected. While it was informative to examine blood
parameters in the context of embryonic phenotyping, these basic ana-
lyses do not allow final conclusions on the role of TULP4 deficiency in
MPN-related atherothrombosis. The latter condition results from an
interplay of multifactorial causes (Hasselbalch et al, 2021; Libby
et al,, 2019; Moliterno et al., 2021; Sankar et al., 2019), none of which
has been specifically addressed in this work.

From a technical point of view, considering the evidence for peri-
natal lethality in Tulp4—/— mice, we in a first step decided to apply
classical histopathology methods to screen whole late-stage E17.5
embryos for the presence of anatomic abnormalities. Interestingly,
histological analysis of 2D sections did not identify any of the macro-
anatomical malformations subsequently identified using HREM on
E14.5 embryos. It is unlikely that superior detection rates on E14.5
embryos are based on the time difference between embryonic stages
E14.5 and E17.5. One possible explanation would be that sagittal and
parasagittal sections selected for light microscopic evaluation did not
sufficiently capture defects existent in E17.5. While some of the
defects identified by HREM might be generally visible also by histopa-
thology, it remains a matter of randomness whether suitable sections
exist and are selected for histopathological expert review. In contrary,
HREM provides 3D volume data sets consisting of series of approxi-
mately 3000-4000 single images suited for comprehensive whole-
body screens and volumetry. This resulted in the detection of anoma-
lies in Tulp4—/— E14.5 embryos, and subsequently in Tulp4+/—
equivalents, which might have evaded classical 2D histological analy-
sis. HREM has been employed as a key imaging method in the “Deci-
phering the mechanisms of developmental disorders”(DMDD) project,
which aimed at detecting structural abnormalities in homozygous indi-
viduals of embryonic or perinatal lethal single knockout mouse lines at
E14.5 (Mohun et al., 2013). For this reason, highly elaborated and
standardized phenotyping protocols exist to enable systematic inter-
rogation of embryos for malformations and subsequent annotation of

the detected phenotypes (Weninger et al., 2014). Moreover, detailed

RESEARCH & TECHNIQUE

reference data for the developmental stages possibly present at E14.5
served for defining the “normal” morphology for each developmental
stage actually observed at E14.5 (Geyer et al., 2022; Geyer, Reissig,
Husemann, et al., 2017; Reissig et al., 2022).

Recent efforts to combine complementary imaging methodologies
including classical histopathology and HREM demonstrated the advan-
tages for multimodal analyses in respect of a simple 2D characterization
of micro-anatomic morphologic defects (Keuenhof, Heimel, et al., 2021;
Keuenhof, Kavirayani, et al., 2021; Walter et al., 2021; Zopf et al., 2021).
Histopathology relies on tissue sections fixated on glass slides, followed
by the acquisition of 2D images at certain magnifications, whereas
HREM rather provides images from the surface of the block after cutting.
Typically, HREM applies lower magnification to image larger areas as
required for 3D modeling of whole embryos. In turn, classical histopa-
thology has the potential to provide more detailed images on cellular and
subcellular level in regions of interest. While in the Tulp4 knockout
mouse model HREM showed superiority in detecting anomalies at a
mesoscopic level, the correlative approach showcased herein generally
has the potential to identify corresponding defects on cellular level, as
frequently observed in mutant mouse models (Bolon, 2015; Rossant &
Tam, 2007). Thus, exclusion of cellular lesions at the sites of anatomic
anomalies in Tulp4—/— embryos (Figure 3) represents an important infor-
mation in context of the observed phenotype.

Our observations on increased body weight in adult Tulp4+/—
mice (Figure 6) provide a notable phenotypic link between TULP4 and
the TULP founding member TUB. In Tub mutant mice, obesity was
reported to develop gradually, similar to late-onset obesity seen in
humans. Tub mutant mice show increased body weight at an age of
15 weeks, subsequently reaching twice the weight of wildtype litter-
mates (Coleman & Eicher, 1990). In contrast, increased weight in
Tulp4+/— mice became apparent significantly later at an age of
26 weeks for males and 38 weeks for females (Figure 6). Moreover,
weight differences between Tulp4+/— mice and their littermates
appear rather mild as compared with weight gains in Tub mutant mice.
Of note, the Tub-mediated obesity phenotype becomes obvious only
in mice homozygous for the Tub mutation, nevertheless there is evi-
dence for lipid-related phenotypes such as susceptibility for athero-
sclerosis also in heterozygous Tub mutant mice (Nishina et al., 1994a,
1994b). Recently, preliminary data on a mouse model carrying an
endonuclease-mediated targeted Tulp4 allele (Tulp4cmi(MPCIMbPR)
became available through the IMPC online database (https://www.
mousephenotype.org/data/genes/; accession number MGI:1916092)
(Groza et al., 2023). While a body weight phenotypic assay including
such mice up to 17 weeks of age did not indicate genotype-
dependent weight differences (IMPC database as of February 27th,
2023), a potential weight phenotype later in life, as observed in our
Tulp4 deficient mouse model, remains to be investigated. Of note,
data presented on a viability primary screen (IMPC database as of
February 27th, 2023) indicates preweaning lethality consequent to
Tulp4 targeting, which is in line with the observations on our
Tulp4—/— mice reported herein (Table 1).

Overall, by generating a novel mouse model of Tulp4 deficiency

we could reveal and characterize a perinatal lethal phenotype in
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Tulp4—/— mice. We could further identify significant effects of Tulp4
deficiency on murine embryonic development in both Tulp4+/— and
Tulp4—/— mice. Moreover, in adult Tulp4+/— we could identify a
trend for increased body weight, which might link TULP4 to other
TULP family members.
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