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Abstract

Sarcolemmal membrane associated proteins (SLMAPs) belong to a superfamily of tail anchored
membrane proteins. The SLMAP gene alternatively splices to generate numerous isoforms broadly
defined as SLMAPI1 (~35 kDa), SLMAP2 (~45 kDa) and SLMAP3 (~80-95kDa). Notably, SLMAP3, the
largest isoform is ubiquitously expressed and developmentally regulated, and has been linked to muscle
formation, heart failure, and sudden cardiac death. SLMAP3 possesses a Forkhead-Associated (FHA)
domain and regulates Hippo signaling via the STRIPAK complex, influencing cellular growth, death, and
organogenesis. Employing a cre-lox mediated knockout approach, we targeted the SLMAP3 isoform in
prenatal and postnatal mouse tissues to unravel its functional significance. Utilizing aMHC-MerCreMer,
aMHC-cre, Nkx2.5-cre, and CMV-cre mouse lines, we investigated SLMAP3's role in postnatal,

perinatal, prenatal hearts, and in a global context.

Using aMHC-MerCreMer and aMHC-cre mice we knockout (KO) SLMAP3 in postnatal and
perinatal mouse hearts. However, in-vivo analyses revealed no significant alterations in cardiac structure
or function in aged SLMAP3-deficient mice under normal or stressed conditions. Furthermore, the
absence of SLMAP3 did not affect Hippo signaling. Interestingly, during longevity studies we discovered
that the aMHC-cre mice were developing a lethal dilated cardiomyopathy (DCM) by 7 months ofage due
to robust cre activity within the myocardium. Cre caused a DNA damage response through the
downregulation of activated p38 and increased expression of JNK, p53, and Bax, known inducers of
cardiomyocyte death resulting in fibrosis. Thus, our data urges caution when employing this model and to

use appropriate cre only controls.

To examine role of SLMAP3 during cardiac development we nullified SLMAP3 using the Nkx2.5-
cre, ablating SLMAP3 during early cardiogenesis and up to adulthood. Heatts from SLMAP3- KO mouse
embryos were noticeably smaller, with all four chambers displaying thinner myocardium. This phenotype
was not linked to Hippo signaling or cell proliferation as SLMAP3-KO Embryonic day (E)12.5 hearts

showed no changes in Hippo signaling or changes in proliferative events using pH3 or Ki67 markers.



Microscopy analysis indicated that SLMAP3-KO cardiomyocytes were significantly smaller than Wt.
Mediators of the cardiomyocyte hypertrophic response AKT1 and MTOR1 were not significantly altered
in KO hearts, thus cardiac size was regulated through alternate mechanisms. Remarkably, the SLMAP3-
KO hearts recovered with normal physiology after the postnatal period. We noted a marked increase of
SLMAPI1 and SLMAP?2 expression spanning from early cardiogenesis into adulthood equally in Wt and
SLMAP3-KO hearts. The dynamic regulation of these isoforms may underscore their potential

compensatory role in cardiac development in the absence of SLMAP3.

The global KO of SLMAP3 using CMV-cre was embryonic lethal, presenting with stunted
growth and craniorachischisis. These phenotypes were not associated with dysfunctional Hippo signaling
or cell proliferation. E8.5 and E9.5 SLMAP3-KO neural plates displayed reduced length and width
signifying defective convergent extension. Planar cell polarity (PCP) components, disheveled-2 and -3,
and the activity of PCP targets, phospho-ROCK2, phospho-cofilin and phospho-JNK1/2 were
dysregulated in SLMAP3-KO E12.5 brain lysates. Cytoskeletal proteins, actin, Nestin, and apical marker
PKC zeta, were not polarized to their specified apical or basal domains nor were adherens and tight
junctions in SLMAP3-deficient neural tubes and neuroepithelial cells (NEPCs) implicating perturbed
apical-basal polarity (ABP). Proteomic analysis of SLMAP3 revealed associations with centrosomal
proteins (Pcm1), Golgi (Golgbl), transport proteins (Kif5c) and the polarity protein, Scribble. Loss of
SLMAP3 resulted in abnormal centrosomal localization, fragmented Golgi apparatus and mislocalized
Scribble in neural tubes and NEPCs. Our data define a critical role for SLMAP3 in neurulation through

mechanism that impacts centrosomal and Golgi dynamics.

Overall, this data defines the role of SLMAP3 as a critical component that regulates embryonic
development, particularly during neurulation and cardiogenesis without impacting Hippo signaling. This
research advances our understanding of the role of SLMAP3 in normal development and function with
potential involvement in various diseases states, including, cardiogenesis, neural tube defects, and stunted

growth.
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Chapter One: General Introduction

1.1 Sarcolemmal Membrane Associated Protein
Sarcolemmal membrane associated proteins, or SLMAPs, are a family of tail anchored

membrane proteins. SLMAP is encoded in chromosome 3p.13-21 in humans spanning
approximately 122kbp, consisting of 24 exons and is highly conserved across different species
(Guzzo et al. 2004). We discovered that the SLMAP gene codes for three transcripts: 3.5 kbp, 4.5
kbp, and 5.9 kbp (Wigle et al. 1997) which were revealed to be alternatively spliced and
generated from a single locus. The three transcripts of SLMAP are translated into three isoforms:
SLMAP1 (~35 kDa), SLMAP2 (~45kDa), and SLMAP3 (~80-91kDa) each with their own
unique methionine codon (Wielowieyski et al. 2000). The SLMAP isoforms have their own
unique variants due to alternative splicing of various exons within them which predict
approximately dozens of variants of SLMAP. The 12 most common and characterized variants
have been described in Figure 1 (Aken et al. 2016). The isoforms exhibit tissue-specificity as
SLMAP3 is ubiquitously expressed whereas SLMAP1 and SLMAP2 were robustly expressed
within the myocardium and skeletal muscle (Wigle et al. 1997). SLMAP is developmentally
regulated due to the robust expression noted in mouse embryonic hearts at embryonic day(E) 9,

E13 and E18 (Guzzo et al. 2005).

Structurally SLMAP isoforms are highly conserved (>90%) to one other towards the c-
terminus however display diversity at n-terminal regions especially when the largest SLMAP3
isoform is compared to the shorter SLMAP1 and SLMAP2. This is because SLMAP3 houses an
additional coiled-coil region and the forkhead associated domain (FHA) at it’s amino-terminus,

which have implicated SLMAP3 in cell cycle regulation and to localize within microtubule



organizing center (MTOC) (Guzzo et al. 2004). The conserved c-terminal region for SLMAP
isoforms includes a coiled-coil domain and a transmembrane domain. The leucine rich coiled
coil domain promotes protein-protein interaction through homo and heterodimerization (Guzzo
et al. 2004). There are two transmembrane domains of SLMAP, TM1 or TM2, generated through
mutually exclusive splicing of exon 23 or 24, respectively (Guzzo et al. 2005). The
transmembrane domains localize SLMAP to subcellular compartments within the cell as
immunofluorescent analysis indicated TM1 and TM2 localize to the cell membrane, sarcolemma,
sarcoplasmic/endoplasmic reticulum (SR/ER), and nucleus however TM2 additionally localizes
to mitochondria (Byers et al. 2009). SLMAPs share a structural homology with other tail
anchored proteins such as Syntaxin and VAMP which are involved in membrane trafficking and
fusion (Nader et al. 2012). We found that SLMAP colocalizes with SR proteins, Caveolin-3 and
ryanodine receptor in adult rat cardiomyocytes suggesting that SLMAP is present at T-tubule
membrane and SR suggesting a potential role in excitation-contraction (EC) coupling (Guzzo et
al. 2005). The c-terminal transmembrane domain allows SLMAP to target different areas of the

cardiomyocyte suggesting that SLMAP plays a role in membrane organization (Guzzo et al.

2004).



1 2 3 4 5 [+ 78 9 10 1112 13 14 15 16 17 18 19 20212223 24

ATG ATG ATG ATG TMI1TM2

SLMAP3 (95-80 kDa)

1 2 8§ 9 10 1112 13 4 17 18 19 2021222324
L&3
*y
1: ”'F
o
i
2 F
HE
&
3 s
=S
t
"
4 i
i
%
5 i
i

|
-eees
RIS
1)
nerisan
FEFEE
M
M
H
i
.

SLMAP2 (45 kDa)

1 2 3 1 5 6 78 9 10 1L12 13 14 1516 17 18 19 2021222324
v 8 b 8 s &8 a3
To o fiedtaceennnnniete,, .:E o .:5 ceyen .:E-:if-:;-
5.1 - * * -
s 3 4 ¥ ¥ F BB
g iid g % &% 385
L T . . .:: ------- :: ---- g3y .::-::e-.::c
" - L -y *» . .
HP I - 8 #3288
SLMAPI (35kDa
L. 2 3 4 5 6 78 9 10 1112 13 14 17 18 19 2021222324
1 f o F £ maoozaa ¥
Q- PieA Vesanens clbaaee :E,.-. L EEE .,:E.:z.‘ :.;:.-.5.::.::. -::-
- - v - oo o ey #TEE O E
te 8 tH $o® 8 58 oy oRun &
P “ 5 . .
o 28 £ .08 & & 58 0 5
5 ::'Q' . e "‘:"‘ ..: ::a.a.- -.‘=-:=ﬂ'.:=v:=-' :3..-.
-y - L -y -y . - - -
i+ T H £ % 5 8 1 1
"o b 2 404 S84 3
11: zaedieassssonnnees sqtaertre Rt et e e L ke S 33
5 -
- #0008 #% 8§y uu i
e £ 5. 55 8% nn g £
12: i3ea: sliee 1 R B L S O 1L SREURL LT S
Py g - - 5 "y - . -y -y ¥ -
is 8 n % #F mE oronan A

Figure 1. Intron-exon junction of mouse SLMAP gene and its splice variants. SLMAP consists of 24 exons
(black) and alternatively splices to generate numerous isoforms grouped as three isoforms, SLMAPL (35
kDa), SLMAP2 (45 kDa) and SLMAP3 (80-95 kDa). Start codon for SLMAP3, SLMAP2 and SLMAP1
are found at exon 2/3, 10 or 16 respectively. Alternative splicing of exons 11, 12, 13,14, and 17 results in
each isoform presenting unique variants. Exon 2 (green) codes for the FHA domain. Exons 6, 8, 9, 10, 18,
19, 20 and 21 (blue) code for coiled-coil LZ domains. Mutually exclusive exons 23 (yellow) and 24 (red)
code for TM1 or TM2. Reprinted with permission from (Rehmani et al. 2021)



1.1.1 Implied roles of SLMAP in cell biology

Our lab has shown that SLMAP3 can integrate as a component of the microtubule

organizing center (MTOC) and may serve a role in centrosomal functions based on staining with
centrosome marker, y-tubulin in NIH/3T3 cells (Guzzo et al. 2004). This interaction was
mediated by FHA domain as truncation of this domain in mutated SLMAP3 decreased its
localization to the centrosome (Guzzo et al. 2004). The FHA domain has binding partners
involved in spindle bipolarity and centrosome separation, therefore implicating SLMAP3 as an
important regulator of cell cycle (Sueishi, Takagi, and Yoneda 2000). In support of this, flow-
cytometry analysis of overexpressing SLMAP3 NIH/3T3 cells showed an increase in

proliferation compared to wildtype (Guzzo et al. 2004).

Further, SLMAP has been implicated in diabetes and diabetic retinopathy (Mohamed
Farhan et al. 2022). A study showed that SLMAP can regulate trafficking of GLUT4 in the 7ally
Ho mouse model: a mouse that is susceptible to type 2 diabetes when given a high-fat diet. In
these diabetic mice, a significant increase in cytosolic but not cell surface GLUT4 was observed
which is similar to human patients exhibiting type 2 diabetes. These diabetic mice also had
elevated levels of SLMAP1 and SLMAP?2 in both the cytosol and plasma membrane suggesting
an association between SLMAP and GLUT4 (Chen and Ding 2011). Intriguingly, when Tally Ho
adipocytes were treated with SLMAP siRNA, this resulted in decreased glucose uptake
implicating an impaired trafficking role of GLUT4 to the plasma membrane (Chen and Ding
2011). This study concluded that the tail anchored membrane homology shared between SLMAP
and SNARE protein suggest SLMAP1 and SLMAP2 maybe be involved in fusion and trafficking

of proteins such as GLUT4.



Protein-protein interaction studies have shown that SLMAP binds to the large
multicomponent protein complex known as the STRIPAK (striatin interacting phosphatase and
kinase) complex (Goudreault et al. 2009). STRIPAK complexes are diverse, containing up to 10
different protein families with many variants present within a cell simultaneously participating in
diverse physiological functions such as tissue development, cell growth and homeostasis (Shi,
Jiao, and Zhou 2016). The STRIPAK variant that binds SLMAP is commonly composed of;
striatin-1/3, PP2A (protein phosphatase 2A-A structural subunit), PP2A-C (protein phosphatase
2A-Catalytic subunit), SIKE1 (suppressor of IKBKE1), STRIP1 (striatin interacting protein 1),
CCM3 (cerebral cavernous malformation 3), MOB3, misshapen kinase 1 (MINK 1) and germinal
cell kinases III i.e. STK4, STK24 or STK25 (Hwang and Pallas 2013) (Figure 2). Single
subunits of STRIPAK have also been found at other cellular locations, for example, striatin and
STRIP have been detected at the nuclear envelope and the Golgi, while SLMAP reside at
mitochondria and the endoplasmic reticulum (Kiick, Radchenko, and Teichert 2019). STRIPAK
complexes are conserved in fungus, Drosophila, mice and humans and shown to regulate various
functions ranging from cell fusion, polarity vegetative growth and sexual development, thus
suggesting a conserved role for SLMAP-STRIPAK across many organisms (Tang et al. 2019;

Elramli et al. 2019; Nordzieke et al. 2015).

STRIPAK complexes are implicated in numerous signaling pathways, with recent studies
indicating that the SLMAP-STRIPAK complex is a negative regulator of the Hippo signaling
pathway. The Hippo pathway is a signaling cascade that plays a role in organogenesis, cell
proliferation, and apoptosis (Zheng and Pan, 2019). The Hippo signaling cascade begins with
activation of Hippo activating kinase, MST1/2, through external signals, causing it to physically

interact with and phosphorylate SAV 1. Phosphorylation of SAV1 results in the MST1/2-SAV 1



complex to phosphorylate downstream component LATS1/2 which will phosphorylate the Hippo
gene regulatory targets; YAP/TAZ, anchoring these co-transcriptional activators to the
cytoplasm. Inhibiting or negatively regulating Hippo signaling causes a dephosphorylation
cascade, where YAP/TAZ translocate into nucleus where they bind to transcriptional co-factors
(TEADs) to promote proliferation and repress apoptosis (Yu, Zhao, and Guan 2015). SLMAP is
shown to interact with phosphorylated MST1 and MST2, via the FHA domain of SLMAP3 to
auto-phosphorylated linker regions of MST1/2. SLMAP3 will then recruit the STRIPAK-PP2A
complex to MST1/2 complex causing the MST1/2 active sites (T180/T183) to dephosphorylate
via PP2A, thereby negatively regulating the Hippo signaling pathway; enhancing proliferation
and repressing apoptosis in 293FT cells (Bae et al. 2017). This finding was touted as a potential
cancer therapeutic, as tumors have low Hippo signaling, thus dysregulating SLMAP-STRIPAK
complex may inhibit the activity of YAP/TAZ (Couzens et al. 2013; Hauri et al. 2013). A recent
study has shown that SLMAP containing biomolecular condensates can regulate the Hippo
signaling pathway in HEK293 cells (Wang et al. 2022). The positive regulators of Hippo
signaling pathway, AMOT and KIBRA, are activated during osmotic stress or cell contact
inhibition, undergoing liquid-liquid phase separation to form biomolecular condensates, a
subcellular “membraneless” organelle (Wang et al. 2022). This study showed that SLMAP-
STRIPAK forms its own condensate which can coalesce with AMOT/KIBRA to inhibit Hippo
signaling (Wang et al. 2022). Early in Drosophila development, apposing cells of the eye disc are
established as either retinal progenitors or support cells of the peripodial epithelium, SLMAP-
STRIPAK suppresses Hippo kinase activity with development and promote peripodial fate (Neal,

Zhou, and Pignoni 2020).
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Figure 2. Asimplified model for SLMAP-STRIPAK complexin cell signaling. SLMAP3 housesthree unique
domains, forkhead associated domain (FHA,; green), Coiled-coil domains (C.C; purple) and alternatively
spliced TM1 or TM2 domain (TM1/2; orange). SLMAP3 integrates with STRIPAK complex via SIKEL at
C.C domains. The FHA (forkhead associated) domain of SLMAP3 will interact with phosphorylated
MST1/2 that can impact downstream cell signaling. Modified with permission from Rehmani, Tuana Lab.

The STRIPAK-SLMAP complex has been implicated in regulating early myogenesis. A
study found that depletion of SLMAP resulted in a significant upregulation of the Hippo
signaling pathway resulting in the reduction in size of the posterior compartment of adult
Drosophila wings (Zheng et al. 2017). Further, using MEF2-GAL4 to cause a muscle specific
depletion of SLMAP during pupal stages in Drosophila resulted in viable but flightless flies thus
impacting flight muscle morphogenesis. This finding suggested that SLMAP had an essential
role during developmental stages of myofibril assembly and muscle fiber growth (Kaya-Copur et
al. 2021)., This finding was similarly observed in our SLMAP3-depleted C2C12 myoblast cell,
as these myoblasts were unable to fuse to form myotubes thus SLMAP3 (~80 kDa) appears to be
indispensable during early skeletal myogenesis, (Guzzo et al. 2004). In skeletal muscle satellite
cells of goats, research showed that silencing SLMAP resulted in up-regulation of MyoD, and

down-regulation of MyoG and Myosin7, key genes that regulate myoblast and myotube



formation (Qi et al. 2023). Thus, SLMAP appears to regulate skeletal muscle formation during
early and postnatal growth in different model organisms, suggesting a conserved role for SLMAP

during myogenesis.

STRIPAK-SLMAP-MST1/2 was shown to respond to extracellular and genotoxic stress
coordinating to aide in the repair of DNA double strand breaks (DSBs). Upon genotoxic stress,
the cGAS/STING/TBK 1 pathway can activate STRIPAK-SLMAP to strengthen the binding to
MST1/2 to inhibit ZMYNDS recruitment to prevent DSB, facilitating efficient DNA repair in
cancer cell lines. Thus, demonstrating protective role of STRIPAK-SLMAP3 through a Hippo

independent role (An et al. 2022).

These results suggest that SLMAP-STRIPAK play a significant role regulating Hippo
signaling in human and mouse cell lines, fungi, and Drosophila however the magnitude of its

role is yet to be characterized in an in-vivo mammalian model (Jeong et al. 2021).



1.1.2 Roles of SLMAP in cardiac biology

SLMAP was originally discovered in the sarcolemma of mammals by our research group

(Wigle et al. 1997) and given its structural features, binding partners, location, and function
SLMAP has been implicated in cardiomyopathies. All three SLMAP isoforms are implicated in
dilated cardiomyopathy (DCM), as their protein expression was downregulated in patients
exhibiting DCM (Nader et al. 2019). Further, the knockdown of SLMAP isoforms in HOC2
cardiomyoblast cell were unable to handle isoproterenol (ISO), thus phenotypically mimicking
heart failure. SLMAP3 has been proposed as a biomarker for the transition to cardiac failure, as

SLMAP3 protein expression is altered in a mouse model for congestive heart failure (Prévilon et

al. 2013). Thus, SLMAP may qualify as a biomarker for heart disease.

Radiation-induced cardiovascular disease is an unfortunate side-effect of thoracic
radiotherapy for cancer patients. Researchers discovered that radiating adult rats with 27.6 Gray
caused SLMAP to overexpress at 1.5 months due to hypomethylation and may serve as a
protective mechanism against radiation induced cardiac effects (Sallam et al. 2022).
Interestingly, decreased SLMAP protein levels were observed in cardiac tissues of Mayak
workers diagnosed with ischemic heart diseases after occupational exposure to external gamma
rays (Azimzadeh et al. 2020). This supports the involvement of SLMAP in multiple models of

cardiovascular disease.

Myocardin is a master regulator of smooth muscle differentiation to develop blood
vessels. A study was conducted where myocardin was overexpressed in smooth muscle cells to
uncover novel targets that can facilitate smooth muscle differentiation (Swérd et al. 2019). This

study revealed that SLMAP was shown to be significantly upregulated, thus SLMAP is

implicated in forming myocardial blood vessels in mice (Swird et al. 2019).



SLMAP has been implicated in Brugada’s syndrome, a cardiac arrythmia disease
presenting with extended conduction intervals and ST-segment elevation resulting in sudden
cardiac death (Brugada et al. 2014). Brugada’s syndrome has been linked to the sodium channel,
Navl.5, aberrant expression or trafficking of Nav1.5 can result in Brugada’s syndrome in human
patients (Hu et al. 2009). In a clinical study performed in Japan, some Brugada patients carried a
mutated variant of the SLMAP gene (Ishikawa et al. 2012). Exogenous expression of mutant
SLMAP isoforms inhibited trafficking of Nav1.5 to the cell surface in transfected HEK293 cells.
Patch clamp analysis revealed that cells expressing mutant SLMAP isoforms had a lower current
density compared to Wt SLMAP in transfected tsA-201 (Ishikawa et al. 2012). Silencing the
mutated SLMAP isoform with siRNA rescued the trafficking defect of Navl.5, thus implicating

SLMAP in trafficking of Nav1.5 for normal function. (Ishikawa et al. 2012).

To further explore the role of SLMAP in cardiac biology, our lab created a cardiac-
specific gain of function mouse model that amplified expression of SLMAP1-TM2 (SLMAPI1-
Tg). Immunohistochemical analysis of 6-week-old transgenic mouse hearts showed a significant
increase in vesicle formation within the myocardium which directly correlated to the expression
levels of SLMAPI1. SLMAP1-Tg affected cardiac membrane structures, ER and SR dilating and
forming uneven membranes (Nader et al. 2012). SR-localized calcium signalling (RyR2, Serca2a
and CSQ) proteins expression was dramatically decreased in the SLMAP1-Tg mouse hearts, thus
implicating SLMAPI1 as a modulator of EC coupling by affecting intracellular calcium

homeostasis (Nader et al. 2012).

Our analysis identified these enlarged vesicles as enlarged early endosomes based on the
positive staining with early endosome markers, EEA1 and Rab5 in the SLMAP1-Tg hearts

(Dewan 2016). As trafficking appeared to be impacted, we sought to investigate the expression
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of GLUT4 as previously published results suggested an association between GLUT4 and
SLMAP. Our protein expression analysis indicated a non-transcriptional upregulation of GLUT4
in SLMAP1-Tg hearts suggesting it was upregulated via alternate mechanisms such as
intracellular recycling (Dewan 2016). In support of this we observed a co-localization of the
recycling endosome marker (Rab11) in compartments present on the enlarged vesicles (Rehmani
et al. 2016). GLUT4 was significantly more localized to the cell surface in SLMAP1-Tg neonatal
cardiomyocytes. Finally, Seahorse metabolic analysis indicated that SLMAPI1-Tg
cardiomyocyte’s glucose uptake and metabolism was significantly higher (Dewan 2016). Thus,
these results suggest that SLMAPI can regulate intracellular trafficking to regulate membrane

proteins such as GLUT4.

Our next aim was to examine the role of SLMAP3 and examine if it has redundant
functions to SLMAPI-Tg. To achieve this, we generated a transgenic mouse that overexpressed
cardiac-specific SLMAP3-TM2 (SLMAP3-Tg). We did not observe any noticeable cardiac
remodeling or enlarged vesicle formation and GLUT4 protein expression was not affected
(Tuana, not published). SLMAP3-Tg presented with minor defects in cardiac function and
electrophysiology due to a reduction in protein and transcript levels of calcium handling proteins
(SERQAZ2, CSQ) and Nav1.5 (Mlynarova et al. 2019), however the phenotype was non-lethal.
Thus, overexpression of SLMAP3 and SLMAPI resulted in similar changes in calcium handling
proteins and Nav1.5, however SLMAP3-Tg mice did not present with enlarged vesicles or
GLUT4 changes suggesting that SLMAP3 and SLMAP1 have similar yet distinct roles in the

mouse myocardium.

Exploring the in-vivo overexpression model for SLMAP has aided in understanding its

role in the mouse myocardium, however it’s precise role in mammalian biology still needed to be
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addressed. To achieve this, I proposed to utilize a cre-lox mouse model to knockout SLMAP in

mice and determine SLMAP role in prenatal and postnatal cellular biology.

1.1.3 Generating a SLMAP knockout mouse model

The cre-lox system is a site-specific recombination system used to modify DNA through
system derived from P1 bacteriophage (Hochman et al. 1983). The Cre (causes recombination) 1is
a recombinase that binds to a specific 34 bp sequence known as LoxP site, Cre will recombine
the sequence by extracting it from the genome where LoxP sites are located (Missirlis, Smailus,
and Holt 2006). The simplicity of cre with no additional requirements for the recombination such
as cofactors or accessory proteins to regulate its expression, and loxP site being non-
endogenously found in mammals, allows the Cre-Lox system to be an ideal candidate for genetic
engineering in cells and animal models (Kuhn and Torres 2002). Eukaryotic model must undergo
genetic modification to contain loxP sites that will flank the sequence of interest to cause
recombination (Branda and Dymecki 2004). Flanking a region of interest with loxP or “floxed”
will determines the type of genetic modification that takes place in the model ranging from
inversing sequence, translocation of sequences or causing genomic deletions (Orban, D, and
Marth 1992). Therefore, we aimed to generate a flox-SLMAP gene, aiming to excise the floxed

region to generate our SLMAP knockout mouse model.

To generate the flox-SLMAP mouse, we chose to flank exon 3 of the mouse SLMAP gene
with loxP sites. We theorized that as the first start site of the SLMAP gene was located at exon 3
excising this start site would prevent the translation of SLMAPs and introduce a frameshift
mutation that results in premature stop codon which could result in the knockout of all three
isoforms. To achieve this, we utilized a targeting construct vector for SLMAP using neomycin

insertion cassette with exon 3 of the mouse SLMAP gene flanked with two loxP sites (Rehmani
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et al. 2021). The vector was microinjected into embryonic stem cells and implanted into
C57BL/6 blastocysts. The founder flox-SLMAP animals were confirmed through PCR
genotyping and were maintained through breeding with C57BL/6 mice. The flox-SLMAP mice
were viable, fertile, and displayed no significant morphological or physiological abnormalities

(Rehmani et al. 2021).

A unique feature of the cre-lox mouse model is the ability to control the temporal and spatial
expression of cre by using the appropriate cre driving mouse line. The activity of cre in mice can
be spatially regulated by the promoter sites it has been inserted with, for example the cre gene
can be inserted downstream of a-myosin heavy chain (aMHC) promoter to sequester cre
expression specifically within perinatal hearts, as the expression of aMHC is temporally
regulated at these phase respectively (Agah etal. 1997). Cre can be temporally regulated with the
fusion of a modified estrogen receptor (MER), which will confine cre to cytoplasm until addition
of an estrogen analog, tamoxifen (TAM) (Sohal et al. 2001). When experimental mice reach
desired timepoints, they can be injected with TAM, releasing the Cre-MER fusion protein from
the cytoplasm and shuttle to the nucleus allowing recombination to occur (Sohal et al. 2001).
Finally, if global expression of cre is required, the CMV-cre mouse line express cre as early as
zygote implantation, causing cre to be active in all tissues during embryonic and postnatal

development (Schwenk, Baron, and Rajewsky 1995).

The cre-lox system has demonstrated to have its pitfalls (Schmidt et al. 2000).
Constitutively active Cre recombinase can be toxic as studies have shown that it can inhibit DNA
replication and increase DNA damage, however regulating the concentration or activity of cre
can minimize toxicity (Janbandhu, Moik, and Fassler 2013) This has been demonstrated to stem

from the presence of endogenous lox-like sequences within the mammalian genome that can be
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targeted by Cre (Thyagarajan et al. 2000; Ito et al. 2011). There is a significant amount of
evidence that suggests that Cre is cardiotoxic. Numerous publications using the inducible
aMHC-MerCreMer shows that large doses of tamoxifen excessively stimulate cre activity
resulting in decreased cardiac function through upregulation of apoptotic markers, decreased
metabolism, increased stress markers, and increased cardiomyocyte death (Koitabashi et al.
2009; Bersell et al. 2013). However, this myopathy is transient; cessation of tamoxifen treatment
prompts heart function to return to normal (Hall et al. 2011). Consistent with this, a study
displayed that the non-inducible tMHC-cre model, resulted in a non-fatal hypertrophic
cardiomyopathy (HCM) by six month of age (Pugach et al. 2015). Another study showed that
the high-level expression of aMHC-cre resulted in different strain of adult mice to perish before

reaching 3 months in age (Buerger et al. 2006).

We aim to examine loss of SLMAP in the heart and globally to properly assess the role of
SLMAP during prenatal and postnatal development. To examine loss of SLMAP in postnatal
myocardium we will cross our flox-SLMAP mice with the aMHC-MerCreMer mouse. The
aMHC-cre mouse is utilized to ablate SLMAP in perinatal hearts. In prenatal mouse hearts, we
utilize the Nkx2.5-cre mice. Finally, to assess global impact of SLMAP we cross with the CMV-
cre to examine role of SLMAP during early stages of gastrulation, where we discovered the

nullification of SLMAP lead to neural tube defects.
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1.2 Cardiac morphoqgenesis, maturation and maintenance

1.2.1 Cardiac Morphogenesis
The adult mammalian heart is the main component of the cardiovascular system, with

four chambers of cardiac muscle (myocardium) that are the right atrium, right ventricle, left
atrium and left ventricle, working in tandem to collect and distribute blood supplying the body
with oxygen and nutrients (Hall 2011). The myocardium is comprised of cardiomyocytes and
non-muscular cells such endocardial cells, cardiac fibroblasts, conduction system cells and
endothelial cells (Pinto et al. 2016). The non-muscular cell types, namely endothelial cells
account for the majority of cells within the myocardium however cardiomyocytes make up for
~75% volume of the myocardium (Pinto et al. 2016). The development of the heart is divided
into two phases, cardiogenesis and maturation (Guo and Pu 2020) (Figure 3A). During
embryogenesis, the first functional organ is the heart, arising from progenitor cells situated
across the anterior lateral plate mesoderm that will undergo significant morphogenetic processes
beginning as a cardiac crescent will then transition into a linear heart tube, a looping heart, and
then finally the 4-chambered heart (Figure 3A) (Bruneau 2002). These precardiac-mesodermal
cells exit the primitive streak during gastrulation and localize to splanchnic mesoderm (Meilhac
et al. 2014). Here, these progenitor cells will express transcription factors Nkx2.5, Mef2,
GATA4, Tbx5, Isl-1 and Hand, working in tandem to control expression of cardiac genes to
mediate cardiogenesis (Schleich et al. 2013). Major players in cardiac progenitor specification,
differentiation and migration include Hippo signaling pathway, canonical/non-canonical Wnt
signaling, fibroblast growth factors (FGFs), transforming growth factor (TGF)B superfamily,
bone morphogenetic proteins (BMPs) and Nodal/Activin (Heallen et al. 2011; Brade et al. 2013).
In mice, the stage-by-stage development of the heart begins at E7.5 as the expression of these

transcription factors transform precardial cells into the cardiac crescent, a crescent shaped
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epithelium, localized sub-cranially at the ventral part of the embryo (Figure 3B) (Srivastava
20006). At this stage, these cells will aggregate to form the first heart field (FHF) and secondary
heart field (SHF) cells, differentiating at different timepoints to modulate myocardium formation
and chamber septation (Kelly, Buckingham, and Moorman 2014). During linear heart tube
formation, FHF will undergo a convergence from mediolateral regions to fuse at the midline to
form the beating heart tube, pooling blood into embryonic ventricle through the inflow tube
before being pushed out through the outflow tube (E8.25) (van den Berg et al. 2009) (Figure
3B). The FHF and SHF will migrate towards the arterial and venous poles, contributing to the
growth of the linear tube until looping of the heart will take place (Christoffels and Jensen,
2020). Looping will bend along the midline to create an “S” shaped heart and begin forming
chambers such as the left and right ventricle and a more developed outflow tract, as the heart will
increase 5-fold in length (E9.5) (Buijtendijk, Barnett, and van den Hoff 2020) (Figure 3B). The
FHF will differentiate and proliferate to form both atria and ventricles, and the SHF cells will
migrate anteriorly and posteriorly; the anterior SHF will contribute in the formation of the right
ventricle while the posterior SHF will contribute towards the left and right atria, thus generating
the immature four-chambered heart (E10.5), which will undergo further remodeling to become
fully septated by E14.5 (Colombo et al. 2018; van den Hoff et al. 2001) (Figure 3B). The
outflow tract (OFT) will septate to form the aorta or pulmonary artery via the SHF primarily
(Savolainen, Foley, and Elmore 2009). The non-muscular cells also arise from FHF and SHF
lineages through opposing interaction between FGF and BMP signaling which can induce to
form the epicardium, the outer most heart layer, by E9.5-E11.5 in mice, which contribute to

formation of fibroblasts and endothelial cells (Brade et al. 2013).
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Aberrations in cardiogenic processes such as mutations or dysregulation in cardiac
transcription factors i.e. NKX2-5, GATA4, TBXS5 can culminate in congenital heart defects
(CHDs), a group of birth defects that affects one or more structures within the heart impacting
function. CHD’s manifest approximately 1% of live births, and these cardiac malformations are
implicated in nearly 30% of prenatal mortalities (Vincent and Buckingham 2010). CHD can
include minor abnormalities such as atrial or ventricle septal defect that may resolve within the
first year of life, whereas critical CHDs such as OFT defects including tetralogy of Fallot can

cause life-threatening symptoms and may require surgical intervention (Wang et al. 2019).

Despite the prevalence of CHDs, the precise etiological causes remain undiscovered. Identifying

the genetic contributors and precise molecular mechanisms to CHDs will enhance diagnostic,

prognostic, and therapeutic strategies for affected individuals.
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Figure 3. Cardiacdevelopmentandregionalization. A. Conceptual scheme of the maturation phase of heart
development. Mouse stages are labeled at bottom. Images modified with permission from Guo et al, Circ
Res, 2020. B. First (red) and second (green) heart fields and anterior (pale green/yellow) or posterior (dark
green) subdomains of the second heart field are shown at different stages of heart and head development.
Regions of the heart with a dual origin are shown with colored dots. Modified with permission from
Sigoléne M, Cold Spring Harb Perspect Med, 2014.
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1.2.2 Cardiac maturation and maintenance
After the morphogenesis of 4-chambered heart, the next stage of cardiac development is

known as cardiac maturation, enlargement of the myocardium due to cardiomyocyte hypertrophy
(Figure 3A) (Christoffels and Jensen, 2020). Cardiomyocyte hypertrophy is characterized by
volumetric expansion of cardiomyocytes upon their exit from the cell cycle a few days after
birth, as postnatal cardiomyocytes are non-proliferative (Mahmoud et al. 2014). This
hypertrophy will entail an enhancement to sarcomere organization, increased electrophysiology,
calcium handling, multinucleation and mitochondrial enlargement (Karbassi et al. 2020).
Through these processes, the cardiomyocyte will form the fully mature heart that will be highly
organized, dynamic to regulate myocardium contraction (systole) and relaxation (diastole) by
mediating action potentials and metabolizing energy through the increased mitochondrial density,
and the binucleation of cardiomyocytes will allow cardiomyocyte to increase in size and mass
(Severs 2000; Hall 2011) (Figure 4). Cardiomyocytes undergo a significant amount of physical
stress due to beating continuously, therefore their maturation and hypertrophy is essential to
maintain the body when considering the low turnover rate, thus aberrations during maturation

can result in heart diseases (Tadevosyan et al. 2021).
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Figure 4. Cardiacmaturation atcellularandtissue level. Cardiac maturation atthe level of cardiomyocytes
(blue-shaded background) can be experimentally ascertained by a more adult-like cardiac gene expression
profile, changes in sarcomeric ultrastructure resulting in sarcomere elongation and alignment, increased
mitochondrial density to accommodate for higher energy demand, and massive growth in cardiomyocyte
size (hypertrophy) with increased percentage of polyploid cells. Electrophysiologically, cardiomyocyte
maturation results in a more negative resting membrane potential and increased duration and amplitude of
action potential. Cardiac maturation at the tissue level (pink-shaded background) is characterized by
elongated cardiomyocytes preferentially aligned along a specific axis, increased expression of Cx43 and
distinct localization of gap junction proteins, and improvements in impulse propagation and
synchronization of cardiac contraction, leading to cardiomyocytes performing as a functional syncytium.
Maturation at the tissue level results in increased contractility and force generation and,
electrophysiologically can be registered as compound action potentials reminiscent of surface ECG
recordings. Image reprinted from Tadevosyan et al, 1JIMS, 2021 ©2023 by the authors; licensee MDPI AG,
Basel, Switzerland.
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The mature cardiomyocytes contain the functional unit of contraction, the sarcomere. The
sarcomere consists of Z lines, thin, thick and elastic filaments (Xiao and Shaw 2015) (Figure 4).
The sarcomere of cardiomyocytes is highly integrated into the EC coupling which include three
crucial structural entities: the t-tubule domain, intercalated disc at the cell-cell junction, and the
lateral membrane domain (Balse et al. 2012). The t-tubule domains are invaginations of the
sarcolemma that interact with the SR and through this interaction mediate calcium ion
homeostasis in the cardiomyocyte (Ibrahim et al. 2011). The systole of the myocardium is
mediated through cardiomyocyte action potentials which are carried forward by plasma
membrane ion channels that accurately control calcium (Ca?"), sodium (Na®), and potassium
(K*) ions (Nerbonne and Kass 2005). The initial inward flux of Na* ions through sodium
channels causes depolarization on the membrane, activates the voltage gated Ca?* exchanger
present on the t-tubule to interact with the SR calcium exchanger to push Ca?* from the SR to the
cytosol (Amin, Hanno, and Wilde 2010; Santana, Cheng, and Lederer 2010) (Figure 4). This
free Ca”" will generate a contraction through interaction with troponin C and the thick and thin
filaments (Yin, Ren, and Guo 2015). Finally, the outward flux of K* ions repolarizes resetting the
heart back to rest or diastole to refill the myocardium with blood (Woodcock and Matkovich
2005). Defects in ion channel function can cause cardiac arrthythmias (irregular heartbeat)

(Amin, Hanno, and Wilde 2010).

Heart disease is the second leading cause of death in Canada (Statistics Canada 2014). A
specific type of heart disease, cardiomyopathy, is a disease which leads to structural changes
within the myocardium (Yacoub 2014). The two common phenotypic classifications of
cardiomyopathies are HCM and DCM (Wexler et al. 2009). These cardiomyopathies are defined

to take place ‘in the absence of coronary heart disease, hypertension, valvular or congenital heart
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disease’ (Yacoub 2014). These structural changes are a result of pathological cardiac remodeling,

which occurs when the heart attempts to compensate for a pressure or volume overload by

enlarging the LV (Burchfield, Xie, and Hill 2013).

HCM is characterized by asymmetric hypertrophy, resulting in a significant thickness of
the LV myocardium (Hensley et al. 2015). This pathological hypertrophy results in decreased
cardiac function and is identified as an early symptom of heart failure (Marian and Roberts
2001). Research spanning the last decade has identified over 100 mutations spanning ten genes
which result in HCM, majority of cases have mutations contractile proteins such as B-MHC,
troponin and myosin-binding protein C (Marian and Roberts 2001; Seidman and Seidman 1998;
Wexler et al. 2009). DCM is the most common characterized cardiomyopathy that also enlarges
the LV but through a different mechanism. Patients exhibiting DCM have thin and stretched LV
walls, that result in reduced systolic function (Luk et al. 2009; Yotti, Seidman, and Seidman
2019). Thinning of the myocardium also causes cardiomyocyte necrosis, triggering
disorganization of the contractile function within cardiomyocytes (Westendorp et al. 2012).
DCM is also linked to genetic mutations in cardiac contractile protein units such as myosin
heavy chain and troponin (McNally, Golbus, and Puckelwartz 2013). Interestingly, both
cardiomyopathies are linked to mutated proteins localized to the sarcomere driving the

implication that alterations to cardiac sarcomere can result in changes to cardiac function.

As, SLMAP is localized to the sarcolemma of cardiomyocytes, can regulate calcium and
sodium ion channel expression and implicated in Hippo signaling, it may play a key role in
regulating cardiomyocyte development or maturation. Therefore, we sought to investigate the

role of SLMAP in cardiac development, maturation, and maintenance.
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1.3 Neural tube formation
When we caused a global knockout of SLMAP we observed the presence of the fatal

neural tube defect, craniorachischisis. Neural tube defects (NTDs) are caused by defective
closure of the neural plate to form a hollow neural tube in a morphogenetic process known as
neurulation, an essential first-step in generating descendant tissues: central nervous system
(CNS) and the brain, in diverse organisms (Nikolopoulou et al. 2017). In mammals, neurulation
begins during early gastrulation, where ectoderm and underlying notochord induces neural fate
to form a layer of differentiated ectodermal cells known as neuroepithelial cells (Wang et al.
2019). These neuroepithelial cells form a pseudostratified epithelial sheet known as neural plate,
which will undergo subsequent elongation and thickening (Wang et al. 2019). The shaping of the
neural plate involves a conserved morphogenetic process known as convergent extension, a cell
intercalation process that drives convergence of cells/tissue towards the midline of the embryo at
the medial-lateral axis whilst simultaneously elongating across the anterior-posterior axis,
resulting in narrower and elongated tissue and embryo (Figure 5) (Shi 2022). Convergent
extension will lengthen and converge the neural plate coupled with extrinsic forces of the
surrounding mesenchyme known as paraxial mesoderm and the surface non-neuronal ectoderm
to elevate the neural plate towards the midline and form a hinge point (Figure 5) (de Goederen et
al. 2022). Folding of neural plate will generate a single hinge point known as medial hinge point
(MHP) and/or dorsolateral hinge point (DLHP) depending on the location of neurulation event
(closure sites) along the anterior-posterior axis (McShane et al. 2015). Bending of the neural
plate has been antagonistically regulated by sonic hedgehog (Shh) signaling from the notochord
and bone morphogenetic (BMP) signaling to regulate MHP and DLPH formation (Copp and

Greene 2010).
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Figure 5. Neural plate formation and neural tube closure. Transverse sections in successive stages of
neurulation show bending of the neural plate and convergence of the neural folds with presumptive neural
crest approaching at the dorsal midline. Apical constriction generates wedge-shaped cells at the notochord
(NC)-anchored medial hinge point (red) corresponding to the floor plateand atthe dorsolateral hinge points
(orange). These hinge points promote bending of the neural plate and convergence of the neural folds.
Image from Shi, De-Li, Cell. Mol. Life Sci, 2022 reprinted with permission.

In mice, there are 3 closure sites that initiate neural tube closure (NTC) which instigates
bidirectional “zippering” anteriorly and posteriorly to close the neural tube (Zohn and Sarkar,
2008). Closure site 1 is located under the hindbrain-cervical region, closure begins at E8.5, and
zippers in both directions. Closure 2 is at the midbrain-forebrain boundary and closure 3 is
further anterior to forebrain (Zohn, 2020). The zippering of neural tube at lower sacral-coccygeal
region to tail bud will not take place here as it is regulated by a similar, yet alternate
morphogenetic process known as secondary neurulation (Zohn, 2020). Secondary neurulation is
not achieved through formation of neural plate, however neuromesodermal cells from paraxial
mesoderm will “canalize” to form neuroepithelial cells through mesenchymal-to-epithelial cell
transition that will surround each other and organize to form a lumen, generating a hollow neural

tube (Lee and Gleeson 2020).
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The narrowing and elongation of the neural plate through convergent extension is
regulated by the non-canonical Wnt signaling pathway known as planar cell polarity (PCP)
(Ybot-Gonzalez et al. 2007; Wang et al. 2006). PCP or non-canonical Wnt signaling is a global
directional cue given to multicellular tissues, which affect cell polarity, orientation, and
migration (Wallingford, 2012). PCP signaling regulates numerous vertebrate processes such as
gastrulation, ear patterning, neural tube closure, cardiogenesis, hair follicle alignment, and ciliary
elongation (Park, Haigo, and Wallingford 2006; Kelly and Chen 2009; Wu et al. 2011; Guo,
Hawkins, and Nathans 2004). PCP signal originates at the cell surface through specific Wnt
ligands that bind to a family of specialized membrane protein receptors, frizzled (Fz) (Zallen
2007), activating the downstream cytoplasmic protein disheveled (DVL), a signal transducer that
will activate two independent and parallel pathways impacting cytoskeletal reorganization and
transcriptional regulation (Wallingford and Habas, 2005) (Figure 6A). Both pathways are
impacted through disheveled activation of small GTPases RhoA and Racl (Wallingford and
Habas, 2005). RhoA can activate RhoA -associated kinase, ROCK, which impacts cytoskeletal
organization by regulating the downstream activity of actin-severing protein, cofilinl (Mahaffey
et al. 2013). Cofilinl disassembles actin filaments, when overactive or suppressed cannot induce
closure, thus regulating cofilin is essential in maintaining actin assembly during NTC (Gurniak,
Perlas, and Witke 2005; Escuin et al. 2015). Racl activates c-Jun N-terminal kinases (JNK)
signaling by stimulating JNK activity via phosphorylation (Boutros et al. 1998). JNK signaling is
highly implicated in regulating cytoskeletal dynamics by targeting actin through MARCKS
resulting in NTDs in mice (Sabapathy et al. 1999; Bjorkblom et al. 2012). The “core” PCP
proteins, Van-Gogh Like-protein 1/2 (VANGL1/2) and Prickle are asymmetrically localized at
the anterior side of the cell, whilst Frizzled-3/6 protein(Fzd3/6) and DVLs are at anterior

(Devenport 2014). They coordinate a multidirectional signal to cells simultaneously via
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antagonizing effects of DVL, Scribble (Scrib) and Prickle proteins, resulting in cytoskeleton
rearrangement by modulating cofilin-1 and JNK1/2 activity (Devenport 2014) (Figure 6B).
Therefore, PCP can propagate signal to adjacent cells via FZD3/6 to VANGL1/2 establishing

planar polarity throughout the entire tissue (Zallen 2007).
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Figure 6. Wnt/PCP signaling pathway and asymmetric distribution of “core” PCP protein complexes. A
Wnt/PCPsignalingis induced by non-canonical Wntligandsbindingto Fzd receptors and co-receptorssuch
as Ror2, Ryk, glypican4/Knypek, and PTK7. Dvl-activated downstream effector proteins relay the signal
to induce cytoskeletal rearrangements and/or transcription responses. The “core” PCP proteins form two
separate complexes localized to opposite cell borders. The C-terminal cytoplasmicregion of Vangl interacts
with Prickle (Pk) and Scrib, which may contribute to the anterior localization of the VVangl-Prickle complex
within a cell. Celsr protocadherins form homodimers between adjacent cells to propagate polarity
information. DvI family proteins function as important scaffolds in different Wnt signaling pathways. The
N-terminal DIX (blue diamond) is involved in Wnt/R-catenin signaling, while the central PDZ, the C-
terminal DEP domains, and the extreme C-terminus PDZ domain-binding motif (PDB, purple triangle)
regulate Wnt/PCP signaling. B Diagram shows the asymmetric subcellular localization of “core” PCP
proteins within the epithelial plane. Image modified from Shi, De-Li, Cell. Mol. Life Sci, 2022 reprinted
with permission (Shi 2022).
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The pseudostratified neuroepithelium possesses characteristics of epithelial tissues in
which cells are divided into an apical, lateral or basal domain (Buckley and St Johnston 2022).
The apical domain faces the external environment, lateral domain contains adherent proteins that
stabilize cell-cell contact and basal domain interacts with basement membrane, an extracellular
matrix that layers between epithelia and other tissues (Buckley and St Johnston 2022). The
partition of these domains defines an apical-basal polarity (ABP) axis within these cells, in
which cellular processes and organelles are localized to these domains for proper epithelial tissue
maintenance and morphogenesis, such as the neuroepithelium (Eom, Amarnath, and Agarwala
2012). PCP and ABP lie orthogonal to maintain cell polarity and shape across two axes for
greater control on cell and tissue homeostasis. The loss of apical-basal polarity can impact the
way the epithelial cells behave disrupting their cell-cell adhesion and prevent proper
morphogenesis (Ivanov 2008). Organelle localization can help define proper ABP, for example
the localization of centrosome and Golgi to apical regions for the growth of microtubule network
and transportation of protein-trafficking vesicles to appropriate regions (Ravichandran, Goud,
and Manneville 2020; Carvajal-Gonzalez, Mulero-Navarro, and Mlodzik 2016). Further, the
nucleus of neuroepithelial cells is extremely dynamic as it will migrate and widen the cells at the
apical or basal domain depending on which stage of cell cycle, in a process known as interkinetic
nuclear migration (Niessen, Leckband, and Yap 2011). The narrowing of cells at apical region
through interkinetic nuclear migration is an essential morphogenetic process to mediate apical
constriction. Apical constriction plays a pivotal role in bending the neural plate to form the hinge
points (Martin and Goldstein 2014). This process involves the actomyosin contraction of the
apical side of neuroepithelial cells in the neural plate, leading to a wedge-like shape that
facilitates the bending and eventual formation of neural tube (Eom, Amarnath, and Agarwala

2012). Actomyosin contractile networks, primarily composed of actin filaments and myosin
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motors, are key drivers of apical constriction (Buckley and St Johnston 2022). These networks
are regulated by convergent extension and PCP signaling to activate the small GTPase RhoA and

its effector Rho-associated kinase (ROCK), which modulate cytoskeletal dynamics and cell

contractility in mice (Escuin et al. 2015; Butler et al. 2019).

In parallel, the formation and maintenance of adherens junctions and tight junctions are
crucial for the integrity and function of the developing neural tube (Punovuori, Malaguti, and
Lowell 2021). Adherens junctions, primarily mediated by the transmembrane proteins, cadherins,
are essential for establishing cell-cell adhesion among neuroepithelial cells (Rogers, Sorrells,
and. 2018). These junctions link the actin cytoskeleton of adjacent cells, thereby contributing to
the mechanical stability of the tissue and facilitating the transmission of contractile forces
necessary for tube formation (Grego-Bessa, Hildebrand, and Anderson 2015). Tight junctions, on
the other hand, form a seal between adjacent cell membranes, regulating paracellular
permeability and maintaining the cellular barrier function (Hartsock and Nelson 2008). Proteins
like claudins and occludins are integral components of tight junctions and ensure the selective
passage of substances between cells (Hartsock and Nelson 2008). The interplay between apical
constriction, adherens junctions, and tight junctions ensures that as neuroepithelial cells change
shape and the neural tube forms, and disruptions in these processes can lead to neural tube

defects, as dysregulation of junctions could could cause the loss of cell polarity (Williams et al.

2014).

NTDs are one of the most common birth defects, affecting 1/1000 live births worldwide
(Mitchell 2005). NTDs can range from mild to lethal diseases which are linked to the closure
sites (Butler and Wallingford 2017). At closure site 1, impacting neurulation will result in an

open spinal cord and brain, known as craniorachischisis, a lethal phenotype (Butler and
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Wallingford 2017). However, affecting caudal zippering of closure site 1 will cause milder
phenotypes such as spina bifida, which can be treatable depending on size and location of lesion

(Greene and Copp 2014). Affecting closure sites 2 and 3 can cause exencephaly, open forebrain,

or anencephaly, no brain, which are lethal (Greene and Copp 2014).

There are numerous mechanisms that have been linked to NTDs however, with over 200
genes have been identified, with majority being linked to folate metabolism and PCP signaling
(Kindt et al. 2018; Robinson A et al. 2012). As loss of SLMAP was found to cause NTDs we
aimed to determine what mechanisms can result in this phenotype to regard SLMAP gene as an

important biomarker for NTDs.
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1.4 Statement of Problem
SLMAP is developmentally regulated and localized to numerous subcellular organelles

within cells. SLMAP is highly expressed in the myocardium, however some SLMAP isoforms
exhibit tissue specific expression while SLMAP3 is ubiquitously expressed. Gain of function
studies have implied roles for SLMAP within muscle including cardiac tissues however the
precise function remains unexplored. In this thesis, I sought to investigate the role of SLMAP by
nullifying expression in a global and tissue specific manner. Therefore, 1 hypothesized that the

loss of SLMAP will impact cardiac health and embryonic development. 1 tested my hypothesis

with the following aims:

Aim 1: Can SLMAP regulate myocardial maintenance?

To address this aim we generated postnatal cardiac-specific knockout of SLMAP by
crossing with aMHC-MerCreMer mice. We characterized our knockout model and evaluated lack
of SLMAP in normal and stressed hearts. Our results were described in our manuscript entitled

“Specific deletion of the FHA domain containing SLMAP3 isoform in postnatal myocardium has

no impact on structure or function”, published in Cardiogenetics in October 2021 (Chapter 2)

Aim 2: Can SLMAP regulate myocardial maturation or development?

We aimed to investigate the perinatal and prenatal cardiac-specific knockout of SLMAP
using aMHC-Cre and Nkx2.5-cre mouse lines. We discovered that tMHC-cre caused DCM in
aged cre mice. We characterized this previously unreported phenotype and found it to be
associated with overexposure to cre causing DNA damage which resulted in DCM. These results
were described in “Cardiac-Specific Cre Induces Age-Dependent Dilated Cardiomyopathy

(DCM) in Mice” published in Molecules in March 2019 (Chapter 3). Our cardiac-specific
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prenatal SLMAP3 knockout results were described in our manuscript “Deletion of sarcolemmal
membrane associated protein isoform 3 (SLMAP3) from cardiac progenitors delays embryonic

growth of myocardium”, which will be submitted for publication in ZJ/MS (Chapter 4).

Aim 3: Can SLMAP regulate neurulation?

The prenatal knockout of SLMAP embryos presented with neural tube defects. We aimed
to evaluate mechanisms that prevent proper neurulation from taking place. Our results were
described in our manuscript entitled “SLMAP3 is essential to complete neurulation by directing
cellular polarity through a structural mechanism that impacts centrosomal and Golgi dynamics”

which has been submitted for publication to Life Science Alliance, 2023 (Chapter 5).
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Chapter Two: Specific deletion of the FHA domain
containing SLMAP3 isoform in postnatal myocardium has
no impact on structure or function.
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Abstract

Sarcolemmal membrane associated proteins (SLMAPs) belong to the superfamily of tail-
anchored membrane protein know to regulate diverse biological processes including protein
trafficking and signal transduction. Mutations in SLMAP have been linked to Brugada and
defective sodium channel Navl.5 shuttling. The SLMAP gene is alternatively spliced to
generate numerous isoforms broadly defined as SLMAPI (~35 kDa), SLMAP2 (~45 kDa) and
SLMAP3 (~80-95kDa), which are highly expressed in myocardium. The SLMAP3 isoform
exhibits ubiquitous expression carrying a FHA domain and is believed to negatively regulate
Hippo signaling to dictate cell growth/death and differentiation. Using aMHC-MerCreMer-flox
system to target SLMAP gene we specifically deleted the SLMAP3 isoform in postnatal mouse
hearts without any changes in the expression of SLMAP1/SLMAP2 isoforms. The in-vivo
analysis of mice with SLMAP3 cardiac deficiency revealed no significant changes to heart
structure or function in young or aged mice without or with isoproterenol induced stress.
SLMAP3-deficient hearts revealed no obvious differences in cardiac size, function, or
hypertrophic response. Further, molecular analysis indicated that SLMAP3 loss had minor
impact on sodium channel (Nav1.5) expression without effecting cardiac electrophysiology in
postnatal myocardium. Surprisingly, loss of SLMAP3 did not impact Hippo signaling in
postnatal myocardium. We conclude that FHA domain containing SLMAP3 isoform has no
impact on Hippo signaling or sodium channels in postnatal myocardium which is able to function
and respond normally to stress in its absence. Whether SLMAP1/SMAP2 isoforms can

compensate for the loss of SLMAP3 in the affairs of postnatal heart remains to be determined.
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2.1 Introduction

Sarcolemmal Membrane Associated Proteins (SLMAPs) belong to a superfamily of tail
anchored membrane proteins such as junctophilin, SNAP-25, calnexin involved in diverse
functions including E-C coupling, neurotransmitter release and ER stress [1]. The SLMAP gene
contains alternative start sites and can alternatively splice to generate many SLMAP isoforms
that are expressed in a tissue specific manner, developmentally regulated and highly conserved
across species [2]. We defined SLMAP isoforms into three main sub-groups based on molecular
size of polypeptides generated: SLMAP1 (~35 kDa), SLMAP2 (~45kDa), and SLMAP3 (~80-
95kDa) [3]. SLMAP3 is ubiquitously expressed while SLMAP1 and SLMAP?2 are expressed in a
tissue-specific manners [2,3]. All SLMAP isoforms share a common c-terminus with a single
transmembrane anchor, which can be alternatively spliced to target diverse subcellular
membranes [4]. The N-terminal sequences are divergent with additional coiled-coil domains with
an N-terminal forkhead-associated domain (FHA) found in SLMAP3 [5,6]. The FHA domain is
found in numerous kinases and phosphatases and acts as regulator for phosphoprotein
interactions, specifically with phospho-threonine residues [7]. Recently SLMAP3’s FHA has
been shown to regulate the Hippo signaling pathway via the STRIPAK (striatin interacting
phosphatase and kinase) complex [8,9]. Hippo signaling is believed to regulate organogenesis,
tissue homeostasis, proliferation and apoptosis, including cardiac development and maintenance
[10,11,12]. Unregulated activity of Hippo signaling in mouse myocardium can result in lethal
phenotypes but can also aide in cardiac tissue repair and healing in post myocardial infarction or
in pressure overload [13,14,15,16,17]. SLMAP is believed to interact with phosphorylated
MST1/2 kinases via it's FHA domain and recruit STRIPAK-PP2A to dephosphorylate
transcriptional coactivators YAP/TAZ and negatively regulate Hippo to increase proliferation and
repress apoptosis [18,19,20,21]
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We have previously shown that endogenous cardiac SLMAPs co-localize with E-C coupling
machinery including the ryanodine receptor 2 (RyR2) and caveloin-3 and the targeted expression
of SLMAPI in postnatal mouse myocardium lead to mild aberrations in electrophysiology and
function due to reduced expression of E-C coupling proteins potentially causing alterations in
calcium dynamics [22,23]. Ishikawa and colleagues discovered a mutation in the SLMAP gene
within a Japanese population that were diagnosed with Brugada’s syndrome, a channelopathy
causing sudden cardiac death due to irregular electrical impulses associated with abnormal
expression of the sodium ion channel, NaV1.5 [24,25]. They found that mutated SLMAP
prevented the trafficking of Nav1.5 to the cell surface in transfected HEK293 cells implicating
SLMAP as a regulator Nav1.5 protein trafficking [24]. In transgenic mice with cardiac-specific
SLMAP3 expression, there was no noticeable cardiac remodeling however we observed a defect
in cardiac function and electrophysiology due to a reduction in protein and transcript levels of
Navl.5, further implying a relationship between SLMAP and Nav1.5 in myocardium [26].
Although, studies have uncovered some unique properties of cardiac SLMAP, its precise

molecular function needs to be fully interrogated.

Here, we highlight the procedure to generate a knockout mouse model using the aMHC-
MerCreMer-lox method aimed to target the SLMAP gene and examine its impact in postnatal
myocardium. Our strategy resulted in the cardiac specific deletion of the SLMAP3 isoform in the
postnatal mouse heart while the expression of SLMAP1 and SLMAP2 remained unaffected. We
further report the phenotypic assessment and any molecular impact of the cardiac specific loss of

the SLMAP3 isoform in the postnatal heart under normal and -adrenergic agonist, isoproterenol

(ISO), induced stress.
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2.2 Materials and Methods

2.2.1 Generating transgenic flox-SLMAP mouse lines

A targeting construct vector for SLMAP was developed using neomycin insertion cassette. Exon
3 of the mouse SLMAP gene was flanked with loxP sites and the vector was microinjected into
embryonic stem cells which were implanted into C57BL/6 blastocysts. The founder (FO) flox-
SLMAP mice were confirmed through genotyping and maintained through breeding with

C57BL/6 mice (Cyagen Biosciences Inc).

The aMHC-MerCreMer mice were obtained from Dr. Mona Nemer and maintained by breeding

with C57BL/6.

2.2.2 Generating and genotyping the SLMAP knockout mice

Breeding scheme to generate a cre-lox mice lines for SLMAP knockout is shown (Figure 1).
Mice were genotyped by extracting genomic DNA from ear clips by boiling for 10 minute at
95°C in 180uL of 50mM NaOH per ear. DNA solution was then neutralized using 20uL of 1M
Tris-Cl pH 8.0. SLMAP KO/KD mice were identified by polymerase chain reaction (PCR) using
DreamTaq Green PCR Master Mix 2x (Thermoscientific) for the PCR mix. Forward F2 primer
(5-CCT GGA GAG CCT CCG TGT GAG T- 3’) and reverse R2 primer (5-GTC AAC TGC
CCA ATG TAC AGA AAT AGT AAG -3") targeted loxP site 1 on flox-SLMAP gene. Forward
Cre-F (5°-ACG ACC AAG TGA CAG CAA TG-3") and reverse Cre-R primer (5’-AAC CAG

CGTTTT CGT TC-3’) detected Cre gene. PCR product in Cre+ animals resulted in bands that

were ~425bp. PCRs were visualized by Red Safe (Sigma) staining on a 1% agarose gel.

Mice were handled in accordance with the guidelines set by Canadian Council on Animal Care,

Guide to the Care and Use of Experimental Animals, 2 vols. (Ottawa, Ont.: CCAC, 1980-1993)
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and Animals for Research Act, R.S.0. 1990, c.A. 22. All animal protocols and procedures were

approved by the Animal Care Committee of the University of Ottawa.

Hetero Cre
F1 Hetero floxed (50%) Hetero floxed (50%) Hetero Cre (50%)

ro | | oo i 25 | ESE [

Homo floxed/Cre+ (25%) Hetero floxed/Cre+ (25%) | | | |

Figure 1. Breeding diagram for oMHC-MerCreMer/Flox-SLMAP animals. Breeding diagram to
produce mice that contain floxed SLMAP alleles and cre. FO generation indicates the hetero-
flox-SLMAP (green/dark blue) and hetero-cre (red) mice. The hetero-floxed and hetero-cre
mouse lines were maintained separately with Wt. The separated hetero-flox mice offspring were
bred together to generate the homo-floxed mice (blue), labelled in the F1 generation.
Additionally, the F1 generation indicates the production of knock down (KD) mice (Dark red;
heterofloxed and hetero-cre) after breeding a hetero-cre mouse with a hetero-floxed mouse. F2
generation highlights the SLMAPKO (Orange; homofloxed and cre) mice generated by breeding
homo-floxed animal with a KD animal.

2.2.3 Activation of Cre and assessing recombination of floxed SLMAP

Tamoxifen (Sigma-Aldrich) was administered into animals to activate MerCreMer. 500 pg of
Tamoxifen was dissolved into 10 ml of peanut oil (Sigma-Aldrich), aliquoted into 10 different
tubes and frozen at -20°C for long term storage. Tamoxifen was injected intraperitoneally in 5-
week-old animals at a dose of 30 pug tamoxifen/g of animal for 3 days. Tamoxifen treated hearts
were analyzed by PCR genotyping as described above. The forward primer F2 (5'-CCT GGA

GAG CCT CCG TGT GAG T- 3°) and reverse primer R1 (5’-GGA GAG ACTATC ACA GCC
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ACA GGA-3’), coding for sequences between loxP sites; exon 3 and intron sequences were used

for amplification.

2.2.4 Protein isolation from mouse heart

Hearts of adult mice (8-12 weeks of age) were collected after CO:2 euthanasia and immediately
frozen at —80 °C. Each heart was later washed with ice-cold 1% phosphate buftered saline (PBS)
and homogenized using a Fisher handheld Maximizer homogenizer (Thermo Fisher Scientific) in
ice-cold lysis buffer (1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM
ethylenediaminetetraacetic (EDTA), 20 mM Tris base, 1% Triton, 150 mM sodium chloride, 1x
complete mini EDTA-free protease inhibitor cocktail (Roche), and 1x PhosSTOP (Roche). The
suspension was centrifuged for 15 min at 12,000x g to separate the proteins from the cell debris.

The supernatant containing heart protein lysate was collected in Eppendorf tubes and stored in a

freezer at —80 °C.

2.2.5 SDS-PAGE and Western Blotting

10-20 pg of protein lysate was loaded in each well of a 5-15% SDS-PAGE gel. The gels were
transferred overnight on a polyvinylidene fluoride (PVDF) membrane (Bio-Rad) in a buffer
containing 25 mM Tris, 190 mM Glycine, and 20% methanol. All membranes were blocked at
room temperature for 1 h in Tris-buffered saline (TBST) containing 1 M Tris, 290 mM NaCl,
0.1% Tween 20, pH 7.4, and 5% nonfat dry milk. Primary antibodies (listed in Table 1) were
incubated overnight at 4 °C with 5% bovine serum albumin (BSA). Membranes were washed 5
times for 5 min each in TBST prior to adding the appropriate horseradish peroxidase-labeled
secondary antibody (Jackson ImmunoResearch) in a 1:10,000 dilution in TBST with 5% nonfat
dry milk. Membranes were shaken slowly at room temperature for 1 h while incubating with

secondary antibody, followed by 5 washes for 5 min each with TBST. Membranes were treated
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with a BioRad western blotting kit (Bio-Rad, Hercules, CA, USA) and developed using
ChemiDoc machines (Bio-Rad, Hercules, CA, USA). Bands were quantified by densitometry
using Image Lab software v.6.0.0 (Bio-Rad) Membranes were stripped (25 mM glycine, 10%
SDS, and pH 2.2 in dH20) and reprobed with different antibodies. When using stain-free
technology, stain-free gels (Bio-Rad) and low-fluorescence PVDF membranes (Bio-Rad) were

used.

Table 1. List of antibodies used in this study. All antibodies used in this study are listed with the
corresponding distributor, catalog number, and dilution used for western blot.

Antibody Manufacturer Dilution
SLMAP Novus Biologicals (NBP1-81397) 1:1000
Navl.5 Alomone Labs (ASC-005) 1:600
Striatin BD Transduction Laboratories (610838) 1:1000
PP2A-C /B subunit Santa Cruz Biotechnology (sc-80665) 1:200
PP2A-A a subunit Millipore Sigma (07-250) 1:600
Phospho-YAP (S127) Cell Signaling Technology (13008S) 1:1000
YAP Cell Signaling Technology (140745) 1:1000
Phospho-MST1/2 (T183/180) Cell Signaling Technology (493325) 1:1000
KRS2(MST1) Santa Cruz (sc-515051) 1:200
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2.2.6 Quantitative PCR

Total mRNA from mouse hearts was extracted using the RNeasy Fibrous Tissue Kit (Qiagen).
The concentration and purity of the obtained mRNA was determined by measurement of 260/230
nm absorbance ratio and 280/260 absorbance ratio [27] using NanoDrop 2000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific). RNA was used as a template to generate cDNA
using SuperScript Il reverse transcription protocol following the manufacturer’s guidelines
(Invitrogen). RT-qPCR was carried out BioRad CFX96 system and Luna Universal gPCR mater
mix according to manufacturers instructions. Equal amounts of cDNA were utilized in real-time
PCR using primers for SLMAP3 cDNA (SLPN-F: 5’-GGA ATT CGA TGC CGT CAG CCT
TGG C -3, 558-R: 5’-TTG CTC GTC TTG TGA TCA AAC CAG -3’), total SLMAP cDNA
(GTY-F: 5’-GAA AAG CCTATC GAAATC AAG TTG-3’, GTY-R: 5’-ACC TTC TTA AGC
TCT TCT TGC AAA G-3’) and 18S Ribosome control (forward: 5°-AAT ACA TGC CGA CGG

GCG CT -3’, Reverse: 5’AGT GGG TAA TTT GCG CGC CT-3). Fold change was calculated

using the AACt method.

41



2.2.7 Echocardiography

All echocardiographic analysis was performed using the VEVO 2100 system (FUJIFILM
VisualSonics). Adult mice were anesthetized using 2% isoflurane and strapped onto a heated pad
facing upwards, exposing the thoracic cavity. A 40 MHz probe was used to capture short-axis B-
mode and M-mode images of the left ventricle. VEVO v1.6 software (FUJIFILM VisualSonics)
was utilized for measuring LV wall thickness and inner diameters in diastole and systole. The
formulas used by the VEVO v1.6 software to calculate EF, FS, LV mass, and LV Vol;d/s are

listed below:

LV Vol;d — LV Vol;s
EF: 100 x ( Vol;d) (1)
LV
FS. 100 x (LVID;d — LVID;s ) 2)
' LVID ’
LV mass: 0.8 x 1.053 x ((LVID;d + LVPW;d + IVS;d)3— LVID;d3) (3)
LV vol; d/s: ((7.0/(2.4 + LVID;d; s)) x LVID; (d;s) "3 (4)

2.2.8 Isoproterenol Delivery

Isoproterenol (Sigma-Aldrich, St. Louis, MO, USA) delivery was mediated through the
subcutaneous implantation of miniosmotic pumps (2001D Alzet) in 8-week-old mice. 0.9%
saline or Isoproterenol (dissolved in 0.9% saline) was delivered at a rate of 30 pg/g/d per animal.
Cardiac function was analyzed through echocardiography before pumps were implanted and
after seven days. After a week of isoproterenol administration, animals were euthanized and

hearts were collected for histological analysis.
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2.2.9 Histological analysis

Hearts that were iso-treated were extracted from animals and fixed using 10% Neutral Buffered
Formalin (Thermo Fisher Scientific). After fixing for 48 hours, hearts were sectioned 4 pm
longitudinally per section. Sectioned hearts were stained with Masson’s trichrome to visualize

the myocardium, nuclei and collagen.

2.2.10 Electrocardiography

Mice were anesthetized with 2.5% isoflurane. 6-lead surface ECG was recorded after a 5-minute
stabilization period of mice in the anesthetized state. ECG intervals and heart rate were analyzed
manually from 6—18 most stable waves selected from a 2-minute recorded stream. Analysis was
blind to the genotype. Intervals were defined as follows: PP duration from the beginning of the P
wave to the end, where the P wave returns to the isoelectric line, PR segment from the end of the
P wave to the beginning of R wave, PR interval from the beginning of P wave to the beginning of
the R wave, QRS duration from the beginning of the R wave to the point where the negative S
wave returns to the isoelectric line and QT interval from the beginning of the R wave to the point
where the negative or positive T wave returns to the isoelectric line. Q wave was not visible. QT
interval correction was based on Mitchell [28] using the following formula: QTc =
QTo/(RR0o/100)1/2. P, R, and S wave amplitudes were quantified as the distance between the
peak of the wave and isoelectric line connecting the end of P wave and beginning of R wave.
Electrocardiograms were recorded using 10X2.4.2.6 (EMKA Technologies, USA). RR interval,
heart rate and wave amplitudes (P, R, and S) were analysed by ecgAUTO v2.5.1.18 software

(EMKA Technologies, USA).
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2.2.11 Statistical Analyses

The statistical analysis was performed using GraphPad Prism software version 8 for Windows
(GraphPad Software). All comparisons between wildtype and knockdown or knockout groups
were analyzed using two-tailed Student’s T-test. To analyze all three groups we utilized ANOVA
one-way analysis to evaluate significance. All values and points on graphs represent mean values
obtained from multiple experiments. All error bars presented in graphs are represented using the

standard error of the mean. All sample size values (n) represent biological replicates.
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2.3 Results
2.3.1 Producing the aMHC-MerCreMer-flox-SLMAP mice

The mouse SLMAP gene is approximately 122 kilo-base pair (bp) in length and contains
24 exons. Exons 2, 3, 10, and 16 are believed to contain putative start sites and seven exons (11,
12,13, 14, 17, 23, and 24) can alternatively splice to generate additional SLMAP isoforms
(Figure 2) based on our lab findings and proteomic/genomic profiling databases [29,30,31]. We
predicted that promoter sequences for SLMAP would reside upstream of exon 2 therefore we
targeted the excision of exon 3 to prevent the translation of functional SLMAP as it would cause
a frameshift mutation. To generate the cardiac-specific postnatal knockout of SLMAP the cre-lox
system was chosen as we could manipulate the temporal and spatial targeting by using the
aMHC-MerCreMer mice, ensuring that cre recombinase is expressed specifically in the
myocardium, and will remain dormant unless activated by an estrogen analog, tamoxifen [32,33].
To target exon 3, in the mouse SLMAP gene loxP sites, were introduced to flank exon 3. The
floxed-SLMAP DNA was microinjected into embryonic stem cells that were transplanted into
fertilized mouse ovum (detailed in materials and methods) [34]. Floxed-SLMAP mice were
crossbred with aMHC-MerCreMer mice to generate offspring which would contain both a
floxed-SLMAP and cre transgene, to undergo a knockout (KO) or knockdown (KD) of SLMAP

in postnatal mouse hearts (detailed in materials and methods) [35].

PCR genotyping of ear clippings from individual mice determined the presence of floxed-
SLMAP and/or tMHC-MerCreMer. Primers F2/R2 were used to identify floxed-SLMAP by
detecting loxP site 1 and primers CreF/CreR, detected aMHC-MerCreMer as modeled in Figure
3A. The flox-SLMAP F2/R2 PCR product was 424 bp in length, whereas wildtype SLMAP was
282 bp in length (Figure 3B). Genotyping with CreF/CreR, generated a 425bp amplicon

denoting a aMHC-MerCreMer+ mouse (Figure 3B). PCR products ran on separate lanes on 1%
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agarose gel to separate and size DNA amplicons to determine presence of transgenes in each
animal (Figure 3B). The lane labelled KO presented two alleles of flox-SLMAP (one DNA band
at 424bp) and the atMHC-MerCreMer transgene, signifying a KO mouse (Figure 3B). The KD
lane presented one flox-SLMAP allele (424 bp), one wt-SLMAP allele (284 bp) and the aMHC-
MerCreMer transgene signifying a KD mouse (Figure 3B). Finally, the lane that had only one
transgene or none signifies a wildtype (Wt) animal as both a flox and a cre are essential for DNA

modification to take place (Figure 3B) [36].
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Figure 2. Intron-exon junction of mouse SLMAP gene and its splice variants. SLMAP consists of
24 exons (black) and alternatively splices to generate numerous isoforms grouped as three
isoforms, SLMAPI1 (35 kDa), SLMAP2 (45 kDa) and SLMAP3 (80-95 kDa). Start codon for
SLMAP3, SLMAP2 and SLMAPI are found at exon 2/3, 10 or 16 respectively. Alternative
splicing of exons 11, 12, 13, 14, and 17 results in each isoform presenting unique variants. Exon
2 (green) codes for the FHA domain. Exons 6, 8, 9, 10, 18, 19, 20 and 21 (blue) code for coiled-
coil LZ domains. Mutually exclusive exons 23 (yellow) and 24 (red) code for TM1 or TM2.

A. 1 2 3 45 678 & 10 111213 14 15 1617 18 19 2021 22 23
(R ) R i
Cre-F
F2 Exon 3 LoxP
// rh > /. :»@\ ‘j@iﬂ
R2 &
re-R
B. Wt KD KO
424bp
F2/R2
284bp
425bp Cre-F/Cre-R

Figure 3. PCR genotyping detects floxed-SLMAP and aMHC-MerCreMer gene in mice. A. Schematic
representation of primers F2/R2 identifying loxP site 1 on flox-SLMAP gene and primers Cre-F/Cre-R
identifying a MHC-MerCreMer gene. B. PCR amplicons run on separate lanes on an 1% agarose gel
labelled Wt, KD, or KO identifying a wildtype, knocked-down or knockout mouse respectively.
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2.3.2 Cleavage of floxed-SLMAP by activating aMHC-MerCreMer

After generating flox-SLMAP/aMHC-MerCreMer+ mice we wanted to ensure loxP sites
flanking SLMAPs exon 3 and surrounding introns were correctly targeted. This was assessed
through PCR amplification of tamoxifen-treated hearts of Wt and KD mice. Studies have shown
that administration of 30 pg of tamoxifen/g of body weight for 3 days via intraperitoneal
injections is the most effective method for inducing MerCreMer activity because it results in the
highest recombination efficiency [33,37]. After tamoxifen treatment, we extracted DNA from
KD and Wt hearts and performed PCR using primers F2/R1, targeting the sequence between the
two loxP sites, modeled in Figure 3A. Excision of the floxed region would reduce the F2/R1
product to 400bp while the unaffected SLMAP gene’s F2/R1 product would remain 1400bp in
size (Figure 4A). PCR products ran individually on 1% agarose gels to separate and size the
DNA amplicons from Wt and KD hearts (Figure 4B). Amplicons from KD hearts produced
bands at 1400 and 400 bp, demonstrating that only floxed SLMAP allele is targeted by active cre
enzyme (Figure 4B). Floxed-SLMAP/ aMHC-MerCreMer- (Wt) hearts produced an amplicon at
1400 bp, signifying that cre is necessary to cleave floxed genes (Figure 4B). Therefore, the
activation of aMHC-MerCreMer via tamoxifen successfully excised loxP flanked exon 3 from

the floxed-SLMAP gene.
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Figure 4. Administration of tamoxifen cleaves exon 3 of floxed SLMAP gene by activating aMHC-
MerCreMer in mouse hearts. A) Schematic representing cleavage of exon 3 in a KD mouse after
treatment with tamoxifen B) PCR genotyping of hearts treated with tamoxifen (TAM) using primers
F2/R1. Wt lanes indicate unaltered SLMAP which results in 1400 bp band. KD lanes result in two bands
being present, cleaved SLMAP band (400bp; grey arrow) and an unaltered SLMAP gene (1400bp; black

arrow).

2.3.3 Protein and transcript expression of SLMAPs in Wt, KD and KO mice
Next, we wanted to assess the impact on SLMAP protein levels in KD and KO mice.

Adult mice were tamoxifen treated and left for a minimum of three weeks before cardiac lysates
were evaluated for protein expression and western blot analysis on mice designated KD had a
significant reduction in the expression of SLMAP3 (-45.81% + 9.58%, p<0.05, n=6) relative to
the Wt (Figure SA), however no changes were noted in the expression of SLMAP1 or SLMAP2
isoforms. In KO mice, western blot analysis indicated the total loss of SLMAP3 (-89.31% = -
14.50%, p<0.001, n =10) but there were no changes noted in the expression of SLMAPI1 (1.91%
+ 31.94%, p=0.955, n=10) or SLMAP2 (12.86% =+ 35.02%, p=0.74, n=10) in KO hearts when

compared to Wt littermates (Figure 5A).

The transcript levels of the SLMAP isoforms in tamoxifen-treated postnatal mouse hearts with

specific primers; SLPN-F/558-R and GTY-F/GTY-R target exons at the 5’ end, which are
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translated in SLMAP3 but absent in SLMAP1 and SLMAP2 (Figure 2) [2]. We targeted the 5’
region with primers SLPN-F/588-R which would amplify SLMAP3 transcript only. We observed
a significant decrease in SLMAP3 transcripts in the KD (-55.22% =+ 27.%, n=19, p<0.001) and
KO (-93.47% + 31.20%, n=13, p<0.001) hearts (Figure SB). SLMAP1 and SLMAP2 sequences
are highly conserved in SLMAP3 therefore we are unable to amplify these distinct isoforms
individually. Instead, we used GTY-F/ GTY-R, a primer that targets all three isoforms to
determine if there are any differences in total SLMAP mRNA expression. Total SLMAP
expression in KD (-1.29% + 38.35%, n=10, p=0.759) and KO (-34.12% + 40.71%, n=9,
p=0.759) hearts revealed no significant differences compared to Wt (Figure SB). Therefore,
targeting exon 3 of the SLMAP gene impacts SLMAP3 (expressed at very low levels) but not the

abundantly expressed SLMAP1 or SLMAP 2 transcripts [2].
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Figure 5. Protein and transcript expression of SLMAP isoforms in targeted mice. A. Western blot
examining SLMAP protein expression in Wt, KD and KO hearts. Bar graphs represent normalized protein
expression evaluated via densitometry analysis by using a-Tubulin as a loading control. n=10. *p<0.05, p
value was calculated using non-paired two-way t-test. B. SLMAP3 and total SLMAP transcripts levels in
KD and KO hearts compared to Wt. Fold change was calculated using 18S-Ribosome as the normalizing
control. n=9. **p<0.001, p value was calculated using ANOVA statistical analysis.
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2.3.4 Cardiac structure and function of SLMAP3-deficient hearts
Although only SLMAP3 was affected in our cre-lox model, we asked about its impact in

adult mouse hearts, as SLMAP3 has been implicated in many cardiac-specific roles
[22,23,24,26]. Transthoracic echocardiography (ECHO) was performed on 5-week post-
tamoxifen (post-TAM) mice biweekly for 19 weeks to observe any changes to cardiac structure
and function by measuring left ventricle (LV) wall thickness (intraventricular septum (IVS) and
left ventricular posterior wall (LVPW)) and the left ventricular intradiameter (LVID) during
systole and diastole. These measurements are used to calculate cardiac function including the
ejection fraction (EF) and fractional shortening (FS), which measure percentage of cardiac
output and LV muscle contraction respectively [38]. ECHO did not reveal any structural
abnormalities in the young (5-week post-TAM) or old (24-week post-TAM) SLMAP3-deficient
hearts when compared to Wt (Figure 6A). Further, analysis of LV walls revealed no significant
changes to IVS or LVPW wall thickness during systole or diastole in young or old
SLMAP3deficient hearts when compared to wildtype (Supplement Table 1). Further cardiac
functional analysis indicated no significant differences in EF or FS in SLMAP3-deficient hearts
(Figure 6B). The only difference noted between the age groups was an increase in LV mass
however, that was most likely due to age-related cardiac growth which was similar among Wt

and targeted mice (Supplemental Table 1). Therefore, a deficiency of SLMAP3 did not impact

cardiac structure or function in the postnatal young or adult mouse hearts.
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Figure 6. Echocardiography and left ventricular function of SLMAP3-deficient hearts. A) Representative
short axis m-mode images of Wt, KD and KO hearts at 5 weeks and 24 weeks post tamoxifen. B) Bar

graphs represent cardiac functional analysis via ejection fraction(%) and fractional shortening(%) of
young and aged SLMAP3-deficient hearts. n=10.
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2.3.5 Impact of isoproterenol induced stress on SLMAP3-KO hearts
Our next aim was to administer cardiac stressor isoproterenol (ISO) to cardiac depleted

SLMAP3 mice to evaluate the impact of stress on the myocardium [39]. ISO is a non-selective -
adrenergic agonist, overstimulating the adrenergic receptors found on cardiomyocytes forcing
rapid contractions resulting in pathological cardiac hypertrophy [40]. Seven-day delivery of ISO
(30ug/g) or saline-control was mediated through mini-osmotic pumps that were subcutaneously
implanted in tamoxifen-treated eight-week-old adult mice that were genotyped KO or Wt.
ECHOs were performed before pumps were implanted (preISO) and seven days after
implantation (postISO). PostISO ECHOs revealed a significant change in LV wall thickness in
KO and Wt hearts (Figure 7A). LV walls, IVS (~25% increase, n=7, p<0.05) and LVPW (~20%
increase, n= 7, p<0.05) were significantly thicker in postISO mice in both Wt and KO hearts
when compared to their preISO measurements (Figure 7B). Unsurprisingly the weight of the
hearts increased (~25% increase, n=7, p<0.05) as a consequence of cardiac hypertrophy. The
similarity in heart weight and dimensions between the two iso-treated groups indicates the
hypertrophic stress response is identical between the SLMAP3-KO and wildtype heart

(Supplemental Table 2).

Hearts dosed with saline or ISO underwent histological analysis to observe changes to all
chambers of the myocardium. Wt and KO hearts were fixed, sectioned longitudinally and stained
with Masson’s trichrome. Masson’s trichrome stains the cardiomyocytes, nucleus and collagen
thus we are able to visualize the myocardium and detect fibrotic cells. After seven-day ISO
treatment SLMAP3-KO hearts displayed no obvious structural differences nor did we detect any

evidence of fibrosis when compared to Wt (Figure 8).
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Figure 7. Echocardiography and left ventricular function in ISO challenged Wt and SLMAP3-KO hearts. A)
Representative short axis m-mode images of Wt and KO mice prelSO and postlISO. B) Left ventricular
functional analysis and changes in wall sizes between pre-/postISO treated Wt and KO hearts. n=7.
*p<0.05, p value was calculated using paired two-way t-test.
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Figure 8. Histological analysis of I1SO challenged Wt and SLMAP3-KO mouse hearts. Representative
sectioning of Wt or KO hearts after one week of saline or ISO with Masson’s trichome stain to visualize
the myocardium, nucleus and fibrosis. Scale bar =500 pum x 12.5 magnification.
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2.3.6 STRIPAK complex and Hippo signaling in SLMAP3-KO myocardium.
Several studies have indicated that SLMAP3 via it's FHA domain can regulate Hippo signaling

by recruiting MST1/MST2 which comprises STRIPAK. The core STRIPAK components
(striatin, PP2A-A, PP2A-C) were assessed by western blotting of cardiac lysates together with
MST1/2 and YAP. Striatin (n=6, p=0.58), PP2A-A (n=6, p=0.69), PP2A-C (n=6, p=0.28) protein
levels were not significantly altered in adult SLMAP3-KO hearts compared to Wt (Figure 9).
The phosphorylation of MST1/2 (T183) and YAP (S127) was evaluated and quantified and the
phospho-YAP to total YAP ratio (n=6, p=0.34) and phospho-MSTT1 to total MST1 (n=6, p=0.36)

was not significantly altered in postnatal SLMAP3-KO hearts compared to Wt (Figure 9).
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Figure 9. Stripak complex and Hippo signaling in SLMAP3-KO hearts. Western blot of Wt and KO adult

mouse heart lysates evaluating protein expression STRIPAK components (striatin, PP2A-A, PP2A-C) and
phosphorylation of MST1 (T183) and YAP (S127). Bar graphs represent expression of indicated proteins
by normalizing with total protein visualized by Stain-Free™ as a loading control or to total MST1 or total

YAP. n=6.
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2.3.7 Navl.5 expression and electrophysiology in SLMAP3-deficient myocardium.
Mutations in the human SLMAP gene have been linked to Brugada with inappropriate Navl.5

shuttling [24,26]. Western blot analysis indicated that there was a modest albeit significant
decrease of Navl.5 protein levels in KD (-9.81% =+ -6.00%, p<0.05, n=3) and KO heart lysates (-
16.66% + -6.69%, p<0.05, n=3) when compared to Wt (Figure 10A). Since Nav1.5 plays a
major role in initiating the E-C coupling cascade, we determined if modest decrease of Navl1.5
can impact electrophysiology of SLMAP3-deficient hearts [41]. 6-lead surface
electrocardiography (ECG) in a mice aged up to 28 weeks showed no significant changes
between Wt and SLMAP3-deficient hearts (Figure 10B). Electrical properties were quantified
and P, R, Q, S, T waves in each ECG reading, defined in Figure 10B. Our analysis showed that
the PP duration, PR segment, PR interval, QRS duration and QTc interval were not significantly
altered between Wt and SLMAP3-deficient hearts (Table 2). Further, P, R and S amplitudes did
not significantly vary in SLMAP3-deficient hearts when compared to Wt (Table 2). Therefore
the decrease in Nav1.5 protein expression did not significantly alter cardiac electrophysiology in

SLMAP3-deficient hearts.
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Figure 10. Nav1.5 expression and electrocardiography in SLMAP3-deficient hearts. A. Western blot with
anti-Nav1.5in Wt, KD and KO adult mouse hearts lysates. Bar graphs represents quantification of Nav1.5
expression normalized to total protein loading visualized by Stain-Free™. B. Representative electrograms
of lead ii acquired by surface 6-lead ECG in Wt, KD and KO adult mice. n=3. *p<0.05, p value was
calculated using ANOVA statistical analysis.

Table 2. Electrocardiography of SLMAP3-deficienct hearts. Paramters of electrocardiography in Wt, KD,
and KO adult mice (detailed in materials and methods). n=3. p value was calculated using ANOVA
statistical analysis.

Electrocardiography

Wit KD KO p-value

parameter
RR (ms) 123.370+3.163 127.5+2.644 123.407+3.271 0.5738
HR (bpm) 487.4 £12.771 471.224 +9.847 487.248 £+13.116 0.5787

PP duration (ms)
PR segment (ms)
PR interval (ms)
QRS duration (ms)
QTcinterval (ms)
P amplitude (mV)
R amplitude (mV)

S amplitude (mV)

8.941+0.177

29.738 +0.684

45.185 +£0.737

11.954 +1.289

46.010 £2.508

0.0531 £0.009

25.670+0.730

-0.248 £0.023

8.168 £0.737

29.429 +4.568

44.685+2.428

10.298 £0.549

40.969 £6.033

0.069 £0.01

21.351+£0.789

-0.204 £0.031

8.023 £0.651

28.781 +1.557

41.558 £0.883

11.613+0.773

45.713£2.166

0.067 £0.003

0.620 £0.027

-0.219+£0.046

0.5197

0.9148

0.2764

0.4568

0.6262

0.3765

0.5823

0.6749
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2.4 Discussion
Mutations in SLMAP have been linked to Brugada while it has also been shown to be a

component of the STRIPAK complex involved in regulating Hippo signaling. To define the
precise role of SLMAP within postnatal myocardium we generated a cardiac-specific knockout
of SLMAP using the cre-lox system by targeting exon 3 of the SLMAP gene with a view to
nullify it's expression. We employed the aMHC-MerCreMer method to define the impact of
SLMAP loss on myocardium in a temporal manner i.e. in the postnatal myocardium by using

tamoxifen to activate cre and excise floxed SLMAP [33].

To our surprise, cleaving exon 3 of mouse SLMAP gene only impacted the transcript and protein
levels of SLMAP3. The expression and levels of SLMAP1 and SLMAP2 isoforms remained
unchanged while SLMAP3 levels were significantly decreased in KD and lost in KO animals.
We hypothesized that loss of SLMAP3 would impact the growth/function of postnatal
myocardium since SLMAP3 houses the FHA domain, which was shown to integrate MST1/2 to
regulate Hippo signaling [18,19,20,21]. In addition, the loss of SLMAP3 may influence Nav 1.5
shuttling and the electrical properties of myocardium [24]. ECHO analysis indicated that
SLMAP3-deficient hearts showed no significant changes in cardiac structure or function in the
acute or chronic loss of SLMAP3. Administration of ISO to experimental animals did not expose
any underlying phenotypes to this stressor of the myocardium. ECHO and histological analysis
indicated an identical hypertrophic phenotype in iso-treated KO and Wt hearts implying an
unaffected stress response in SLMAP3 KO hearts. These results suggest that SLMAP3 does not
play a role in this aspect of cardiac structure or function and we believe this may be due to
compensation by the abundant levels of SLMAP1 and SLMAP2 that remain unchanged in the

SLMAP3-KO mouse myocardium. SLMAP1 and SLMAP2 could compensate due to the
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significant homology between these isoforms and their robust expression in the myocardium
relative to SLMAP3 (~9x greater) [5]. We theorize that SLMAP1 and SLMAP?2 are not affected
by cleavage of exon 3 because they might be regulated by alternate promoters [42]. SLMAPI
and SLMAP?2 are arguably truncated variants of SLMAP3 and contain unique in-frame start

codons at exon 10 and 16 which could be regulated by promoters upstream of these start codons

[1].

Several studies have indicated that the expression and localization of Nav1.5 can be impacted by
SLMAP3 [24,26]. In SLMAP3-KO hearts, there was a minor but significant decrease in Navl.5
protein expression. However, ECG analysis of adult mice with cardiac SLMAP3-deficiency
displayed no significant differences in any parameters when compared to Wt. Researchers have
shown that mice with at least 50% decrease of Nav1.5 display defects in atrioventricular
conduction parameters, without presenting any obvious cardiac phenotypes [43]. This was also
noted in our SLMAP3 overexpressing transgenic mice as Nav1.5 transcript levels were reduced
by 55%, similarly displaying atrioventricular conduction defects with no overt defects in
myocardium [26]. Additionally, we found the SLMAP3-Tg myocardium had decreased transcript
levels of Nav1.5 and Serca2a, but this was not seen in SLMAP1-Tg hearts, implying that
SLMAP3 may uniquely modulate gene expression in-vivo and further implying a relationship
between SLMAP3 and Nav1.5 [26]. Ishikawa et al, linked mutations in human SLMAP gene at
exons 8 (SLMAP3-specific) and exon 21 (all SLMAP isoforms) in Brugada patients. When
mutated SLMAP3 or SLMAP1 protein were expressed in HEK293 they inhibited trafficking of
expressed hNav1.5 to cell surface [26]. SLMAP isoforms can homo- and heterodimerize via

coiled-coil domains [5], and the overexpression of SLMAP3 could potentially sequester
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endogenous SLMAPs and interacting proteins to subcellular domains impacting the mechanism

that regulates expression/trafficking of Navl.5, although this is yet to be fully interrogated.

The forkhead associated (FHA) domain in SLMAP3 has been shown to recruit MST1/2 kinase
to negatively regulate the Hippo pathway via the STRIPAK complex [44,45]. Evidence indicates
that loss of SLMAP3 in human cells and Drosophila positively regulates Hippo signaling i.e.
increased phosphorylation of MST1/2 (T183) and YAP (S127) [18,19,20,21,46] however no
significant differences were noted in phosphorylation of MST1/2 or YAP in SLMAP3-KO hearts
compared to wildtype myocardium. When Hippo signaling is upregulated in adult mouse hearts
via overexpression of cardiac-specific MST1/2 and/or deletion of YAP it led to cardiomyopathies
and heart failure [47,48]. Therefore if loss of SLMAP3 would have affected Hippo signaling
similarly, it would result in similar phenotypes in postnatal mouse hearts. It is notable that Hippo
deficiency in adult myocardium leads to dysfunction in pressure overload [49] while it reversed
the systolic heart failure after infarction [50]. Although, we used ISO to stress the heart we did
not observe any cardiac dysfunction or changes in Hippo signaling. Whether injury such as
myocardial infarction or pressure overload would impact Hippo in SLMAP3 deficient hearts and
function remains to be investigated [51]. If and how the abundant expression of SLMAP1 and
SLMAP2 isoforms in postnatal myocardium may compensate for SLMAP3 loss in terms of
Hippo signaling and function remains to be examined. The lack of change in Hippo signalling
due to SLMAP3 loss could also be due to the extremely low proliferative rates of
cardiomyocytes in postnatal heart development since Hippo signaling reaches its peak as early as
10 days of age in mice [52,53]. Thus, the lack of phenotype in SLMAP3-deficient postnatal
myocardium could be due to lack of proliferative programing in mature cardiomyocytes [54,55].

Studies to evaluate the impact of SLMAP3 by targeting its prenatal/perinatal expression, where
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cardiomyocyte proliferation/growth is critical are now in progress together with nullifying

SLMAP1 and SLMAP2 isoforms [56,57].

2.5. Conclusions
In conclusion, cardiac-specific loss of SLMAP3 in postnatal myocardium did not significantly

alter structure/function or activity of Hippo signalling in mouse hearts. Although a minor
decrease in Navl.5 expression was noted, it did not affect cardiac electrophysiology in adult
SLMAP3-deficient hearts. We theorize that isoforms SLMAPI and SLMAP2 may compensate
for SLMAP3 due to their robust expression in the adult myocardium. To further investigate in-
vivo roles of SLMAPs studies are in progress to nullify expression of all SLMAP isoforms

during prenatal/perinatal cardiac development.
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Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1

Supplementary Table 1. ECHO analysis on young and old SLMAP3-deficient hearts. Left ventricular
functional analysis, measurements of wall sizes and intradiameter during diastole and systole in 5-week
and 24-week old mice with cardiac SLMAP3 deficiency. p-value was calculated using ANOVA statistics
analysis. n=6. IVS; intraventricular septum, LVID; Left ventricular intradiameter, LVPW; Left ventricular
posterior wall, EF; ejection fraction, FS; fractional shortening, LV mass; left ventricular mass, LV volume;
left ventricular volume, d/s; diastole/systole, LV/BW; left ventricular mass/body weight.

5 week post TAM WT KD KO P<0.05
IVSd; mm 0.676+0.034 0.734+0.047 0.721+0.039 N
IVSs; mm 0.953+0.06 1.003+£0.070 0.933 +£0.066 N
LVIDd; mm 3.997+0.103 3.843 +0.090 3.985+0.082 N
LVIDs; mm 2.946 £0.101 2.876 £0.079 2.983+0.123 N
LVPWd; mm 0.762 +0.046 0.806 +0.056 0.811+0.068 N
LVPWs; mm 1.014 £0.062 1.012 £0.069 1.025+0.077 N
EF; % 51.836 £2.325 50.400 £1.389 49.897 +3.708 N
FS; % 26.330£1.500 25.217+£0.843 25.207 £2.294 N
LV Mass; pg 82.088 +5.574 84.629+7.178 88.795+7.312 N
LV Vold; pL 70.554+4.213 64.103 +3.414 69.625 +3.380 N
LV Vols; pL 34.133+2.715 31.921+2.148 35.085 +3.566 N
Body Weight; g 27 £2.070 28.714 +£1.899 26+2.470 N
LV/BW; mg/g 2.734£0.132 2.684+0.124 3.078 £0.135 N
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24 week post TAM WT KD KO P<0.05
IVSd; mm 0.744 £0.0182 0.729 £0.024 0.79£0.013 N
IVSs; mm 1.000 +£0.029 1.000+0.052 0.996 £0.081 N
LVIDd; mm 4.194+0.121 4.146 £0.063 3.981+0.042 N
LVIDs; mm 3.281+0.116 3.166 £0.076 3.028 £0.051 N

LVPWd; mm 0.870+0.039 0.763010.025 0.86 £0.049 N
LVPWs; mm 1.074 £0.047 0.9600 +£0.041 1.096 £0.077 N
EF; % 44.6045 £1.2557 47.611+1.764 48.028 £3.780 N

FS; % 21.8941 +0.6923 23.699+1.062 23.897 £2.270 N

LV Mass; pg 103.9300+6.4618 91.016 £2.667 97.316 £4.744 N
LV Vold; uL 79.1529 £5.2612 76.422 £2.683 69.260£1.978 N
LV Vols; uL 44.2800+3.6378 40.199+2.192 35.846 £1.747 N
Body Weight; g 34.4286 £2.8523 35.75+£3.75 34.75+£0.629 N
LV/BW; mg/g 3.2291+£0.1749 2.680+0.226 2.809+0.169 N

72



Supplementary Table 2. ECHO analysis on ISO-treated SLMAP3-KO hearts. Measurement of left
ventricular mass and wall sizes during diastole and systole in prelSO and postISO Wt and KO mouse
hearts. p-value was calculated using two-tailed student. n=7. IVS; intraventricular septum, LVID; Left
ventricular intradiameter, LVPW, Left ventricular posterior wall, EF; ejection fraction, FS; fractional
shortening, LV mass; left ventricular mass, LV volume; left ventricular volume, d/s; diastole/systole.

Parameters prelSO WT postISO WT p-value
IVSd; mm 0.687 +£0.019 0.860 +£0.030 0.000243881
IVSs; mm 0.964 +£0.030 1.212 +0.048 0.001577668
LVPWd; mm 0.794 +0.031 0.917 £0.026 0.008476034
LVPWs; mm 1.044 +0.031 1.227 +0.035 0.002630256
LV Mass; mg 82.61+3.756 111.2+7.461 0.002448262

Parameters prelSO KO postiSO KO p-value
IVSd; mm 0.710+0.0369 0.873 £0.0676 0.004832328
IVSs; mm 0.973 £0.0358 1.199 £0.084 0.029518316
LVPWd; mm 0.721+0.0368 0.905 +0.038 0.010458202
LVPWs; mm 0.976 £0.0675 1.169 £0.038 0.014591292
LV Mass; mg 80.29+4.746 101.74+11.82 0.041526465
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Chapter Three: Cardiac-Specific Cre Induces Age-
Dependent Dilated Cardiomyopathy (DCM) in Mice
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Abstract: The genetic modification of the mouse genome using the cre-lox system has been an
invaluable tool in deciphering gene and protein function in a temporal and/or spatial manner.
However, it has its pitfalls, as researchers have shown that the unregulated expression of cre
recombinase can cause DNA damage, the consequences of which can be very detrimental to
mouse health. Previously published literature on the most utilized cardiac-specific cre, xMHC-
cre, mouse model exhibited a nonlethal hypertrophic cardiomyopathy (HCM) with aging.
However, using the same aMHC-cre mice, we observed a cardiac pathology, resulting in
complete lethality by 11 months of age. Echocardiography and histology revealed that the
aMHC-cre mice were displaying symptoms of dilated cardiomyopathy (DCM) by seven
months of age, which ultimately led to their demise in the absence of any HCM at any age.
Molecular analysis showed that this phenotype was associated with the DNA damage response
through the downregulation of activated p38 and increased expression of JNK, p53, and Bax,
known inducers of myocyte death resulting in fibrosis. Our data urges strong caution when
interpreting the phenotypic impact of gene responses using xMHC-cre mice, since a lethal DCM
was induced by the cre driver in an age-dependent manner in this commonly utilized model

system.

Keywords: cardiac-specific-cre; dilated cardiomyopathy; cre-lox system; mouse model;
cardiotoxic; DNA damage

76



3.1 Introduction

Genetic manipulations in model organisms are the crux of biological and medical research in
terms of ascribing physiological or pathological roles for the gene of interest [1]. Through
modifications of a model organism’s genome, it has been possible to discover, verify, and
establish complexroles of genesand the proteins they encode [2]. The genetically modified mouse
model is very attractive, as mice share a very similar genetic profile, anatomy, and disease
progression to humans [3]. Genetic modifications of the mouse take place through the
manipulation of mouse embryonic stem cells by taking advantage of the stem cells’ natural
inclination toward homologous recombination to selectively replace the endogenous target gene
sequence with modified exogenous DNA [4]. Significant strides in genetic engineering have
allowed us to utilize many models and systems for modifying the genome, such as the cre-lox
system [5].

The cre-lox system is a site-specific recombination system used to modify DNA through
manipulation derived from the P1 bacteriophage [6]. It is a two-part system where the
recombinase, cre, binds to a specific 34-base pair sequence known as a loxP site [7]. To employ
cre-lox, the gene of interest is modified to be flanked by two loxP sites (floxed), and thus when
the cre enzyme is introduced it cleaves the flanked sequence and merges the two excision points
together, resulting in a smaller sequence and thus permanently modifying the floxed gene [8,9].
The use of cre-lox is enticing because the modification by the cre recombinase of the gene target
can be controlled in a temporal and spatial manner [10]. Specific promoter sequences driving the
expression of cre recombinase result in tissue-specific expression, excising floxed genes only
within the specific cell of interest [11]. The fusing of cre to modified estrogen receptors (Mer)

retains cre in the cytosol until it is activated by an estrogen analog, tamoxifen [12]. The simplicity
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of cre, with no additional requirements for recombination (such as cofactors or accessory
proteins) and loxP sites which arenot endogenousin mammals, makes the cre-lox system anideal
candidate for genetic engineering in cells and animal models [13].

To target the floxed genes of mouse myocardium, researchers have implemented the use of
the cardiac specific promoter a-myosin heavy chain (¢ MHC) to ensure that cre is expressed only
within cardiomyocytes [14]. This specific cre has been widely utilized for targeting floxed genes
within the mouse heart to elucidate gene function and impacts on the myocardium [15,16]. This
system, however, has demonstrated pitfalls [15-17].

Overactive cre recombinase can be toxic, as studies have shown that it can inhibit DNA
replication and increase DNA damage: However, regulating the concentration or activity of cre
can minimize toxicity [18]. This may be due to the presence of endogenous lox-like sequences
within the mammalian genome that can be targeted by cre [19,20]. Evidence suggests that cre is
cardiotoxic, as numerous publications using the inducible aMHC-MerCreMer have shown that
large doses of tamoxifen overstimulate cre, resulting in decreased cardiac function through
enhanced myocyte death/fibrosis and DN A damage [21,22]. The focus has been mostly on the
MerCreMer model: however, in anon-inducible aMHC-cre model, there has only been one study
highlighting the development of a nonfatal hypertrophic cardiomyopathy (HCM) that presents
in six-month-old mice [16]. We report here that in the same aMHC-cre mice, an age-dependent
fatal dilated cardiomyopathy (DCM) was prevalent. We believe this to be an important finding,
as this cardiac-specific cre model has been used in over 150 studies, with 14 publications
highlighting an age-dependent fatal DCM attributed to their respective gene modifications

without utilizing the appropriate cre-only controls in a timed manner. The DCM appeared to be
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a byproduct of cre cardiotoxicity, resulting from an accumulation of DNA damage. We hope our
results will further highlight the pitfall of using long-term cardiac-specific cre as well as
encourage the use of proper cre-only controls during gene manipulation studies in the postnatal

heart.
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3.2. Results

3.2.1. The Change in Lifespan of aMHC-cre Mice

We employed mice that express aMHC-cre thathave been used in a large variety of cardiac

gene manipulation studies [14]. The genotype of these animals was determined through PCR to

differentiate wild-type (Wt) littermates and establish the aMHC-cre only (Cre+) experimental

animals. Primers Cre-F and Cre-R were used to detect cre by synthesizing a DNA amplicon 425

base pair (bp) in length: Wt animals lack such an insert (seen in respective agarose gel lanes

(Figure 1A). We examined 11 Cre+ and 11 wild-type littermates to determine any impact of

timed cre exposure in the myocardium and on mouse survival (Figure 1B). We observed a 50%

loss of Cre+ mice by approximately 8 months of age, with the remainder dying before 11

months of age (Figure 1B). All Cre+ animals were seen to be in pain and distress (body

condition scoring = 2-) [23]. Thus, mice carrying aMHC-cre underwent age-dependent death,

with complete loss within one year of age. This data is consistent with the notion that cre is

cardiotoxic and that this particular cre mouse model exhibits timed lethality [15].
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Figure 1. Long-term exposure to aMHC-cre resulted in complete lethality in mice by 11 months of age. (A)
PCR genotyping using primers Cre-F/Cre-R to identify Wt or Cre+littermates. Wtlanes indicate a wild-type
genotype, whereas Cre+lanes indicate the presence of aMHC-cre (425 bp). (B) Kaplan-Meier survival curve
analysis of Cre+ mice compared to Wt littermates. Cre+ animals began dying at 7 months, dropping off
intermittently until 11 months of age (p <0.05, n =11).
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3.2.2. aMHC-cre Mice Presented with an Age-Dependent Dilated Cardiomyopathy

Given the age-dependent lethality noted in the aMHC-cre mice, we examined any changes
in cardiac structure and function to discover the cause. Transthoracic echocardiography
(ECHO) was performed in an age-dependent manner in mice, beginning at three months of age
and repeated monthly until they perished. The left ventricle wall thickness (interventricular
septum (IVS), left ventricle posterior wall (LVPW)) and the left ventricle internal diameter
(LVID) in systole and diastole were determined. These measurements were used to evaluate
cardiac function by calculating the ejection fraction (EF), fractional shortening (FS), which
measure percentage of blood output and muscle contraction respectively [24]. Table 1 shows a
comprehensive evaluation of the data acquired at different time points for ECHOs in Wt and
Cre+ mice. Before six months of age, aMHC-cre and Wt mice had identical left ventricle
structure and function (Figure 2). However, at six months of age, the left ventricle wall of
aMHC-cre was thinner with the presence of dilation compared to Wt hearts (Figure 2). At seven
months, a significantly thinner IVS;d(18.62% decrease, n =8, p <0.05) and LVPW;d (16.3%
decrease, n =8, p < 0.05) and a significantly larger ventricle interdiameter at systole (29.5%
increase, n=8, p <0.05) in Cre+ hearts compared to Wt was notable (Table 1). An analysis of
these changes indicated a significant reduction in the EF (37.25% decrease, n=8, p <0.05) and FS
(40.76% decrease, n = 8, p < 0.05) in Cre+ hearts when compared to Wt (Figure 3). Thinning of
the left ventricle wall and a dilation of the chamber were clear indications of a lethal phenotype:
Dilated cardiomyopathy (DCM). This phenotype was further exacerbated as aMHC-cre animals
aged, resulting in an even greater change in cardiac structure and significantly diminished

function at eight months of age (Figures 2 and 3). Therefore, aMHC-cre induced an age-
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dependent DCM, which significantly reduced cardiac function and resulted in observable

respiratory distress and death.

4 months

5 months ==

6 months E

7 months

8 months

Figure 2. Echocardiography imaging revealed significant comparisons between aging Wt and Cre+hearts.
Representative short-axis m-mode transthoracic echocardiography (ECHO) images of wild-type and Cre+
animals at 3-8 months of age (1 = 8).
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Figure 3. Age-dependent changesin cardiac function to Wtand Cre+hearts. Cardiac function was analyzed with
ECHO and the calculated ejection fraction and fractional shortening in Wtand Cre+animals 3-8 months of age is

presented. (* indicates a p value less than 0.05, nn = 8).
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Table 1. Left ventricular wall thickness and functional analysis of Wt and Cre+animals. Left ventricle analysis on

Wtand Cre+mice from ECHO sstudies from 3 to 8 months of age. Functional analysis was done via measurements

of left ventricle wall sizes and interdiameters during diastole and systole. IVS: Interventricular septum; LVID:

Left ventricular interdiameter; LVPW: Left ventricular posterior wall; EF: Ejection fraction; FS: Fractional

shortening; LV mass: Left ventricular mass; LV volume: Left ventricular volume; d/s: Diastole/systole. Here, n=

8.

3 months Wt Cre+ p-value 4 months Wt Cre+ p-value

IVS;d (mm) 0.630 £ 0.025 0.620 +0.027  0.291692478 IVS;d (mm) 0.645 + 0.028 0.675 + 0.033 0.788462538
IVS;s (mm) 0.841 +0.024 0.752+0.042  0.088168344 IVS;s (mm) 0.840 + 0.031 0.799 + 0.006 0.063367682
LVID;d (mm) 3.988 £0.120 3.891£0.062  0.844773361 LVID;d (mm) 3.945 £ 0.130 3.816 +0.170 0.854738647
LVID;s (mm) 2.965 + 0.104 3.062+0.078  0.533414051 LVID;s (mm) 2.983 £0.210 2.923 £ 0.180 0.816015832
LVPW;d (mm) 0.752 £ 0.039 0.703 +0.009  0.421564695 LVPW;d (mm) 0.741 +0.033 0.692 + 0.031 0.163169522
LVPW;s (mm) 0.950 + 0.058 0.865+0.023  0.186036258 LVPW;s (mm) 0.917 £ 0.021 0.903 + 0.052 0.612779363
EF (%) 51.078 £1.225 43.930+1.415 0.050885727 EF (%) 49.190 + 4.900 47.703 £2.932  0.626142978
FS (%) 25.670 +0.730  21.351+0.789  0.040507965 FS (%) 24.692 +2.920 23.568 +1.676  0.592817029
LV Mass (mg) 77478 £ 6.617  69.760 £ 0.624  0.462915868 LV Mass (mg) 76.123 +4.930 70.596 + 4.086  0.474495439
LV Vol;d (uL) 69.792 £ 4975  65.625+2.444  0.828743538 LV Vol;d (uL) 68.114 £ 5.262 63.086 + 6.373  0.875915463
LV Vol;s (uL) 34.230 £2.917  36.890 +2.231  0.540609259 LV Vol;s (uL) 35.345 £5.924 33.372 £4.70 0.832144194
Heart Rate (bpm) 475.063+31.085 426.813+25030 0.24795013 Heart Rate (bpm) 442.375+15.083 488.813+18.431 0.131686783
5 months Wt Cre+ p-value 6 months Wt Cre+ p-value

IVS;d (mm) 0.703 £ 0.055 0.621 +0.033  0.221718131  IVS;d (mm) 0.645 + 0.0270 0.623 + 0.025 0.582227989
IVS;s (mm) 0.867 +0.037 0.760 +0.032  0.066845485 IVS;s (mm) 0.770 + 0.046 0.773 £ 0.036 0.944541382
LVID;d (mm) 4.015 +0.070 4.24 +0.022 0.011199612  LVID;d (mm) 3.860 + 0.086 4.267 +0.050 0.000984789
LVID;s (mm) 3.010 £ 0.094 3.428 +0.029  0.007459428 LVID;s (mm) 3.111 £0.115 3.480 +0.073 0.015556863
LVPW;d (mm) 0.771 £ 0.045 0.720+0.019  0.292980414 LVPW;d (mm) 0.741 +0.013 0.670 = 0.022 0.037445862
LVPW;s (mm) 0.941 +0.033 0.853 +0.036  0.123190118 LVPW;s (mm) 0.881 £ 0.058 0.840 + 0.038 0.533692627
EF (%) 46.214 +3.352  39.801 +0.561 0.070796387 EF (%) 40.113 + 4.339 38.503 £2.380  0.728792586
FS (%) 22.836 +2.019  19.160 +0.307  0.081406368  FS (%) 19.377 +2.510 18.545+1.313  0.75158218
LV Mass (mg) 85.180+7.413  82.324+3.134 0.711666602 LV Mass (mg) 73.251 +2.367 79.583 £3.594  0.228762289
LV Vol;d (uL) 70.721 £2.901  80.372+0.981 0.010393045 LV Vol;d (uL) 64.510 £ 3.442 81.820 £2.206  0.000959293
LV Vol;s (uL) 38.018 £2.791  48.402+0.994 0.006305021 LV Vol;s (uL) 38.590 + 3.453 50.370 £ 2.421 0.015009289
Heart Rate (bppm) 468.229+19224 437.563+22691 0.470433394 HeartRate (bpm) 456.333+23.479 457.083+21.667 0.985755943
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7 months Wt Cre+ p-value 8 months Wt Cre+ p-value

IVS;d (mm) 0.652 + 0.046 0.530£0.017  0.004871736  IVS;d (mm) 0.672 +0.038 0.525 +0.020 0.002876701
IVS;s (mm) 0.852+0.075 0.655+0.028  0.004820388 IVS;s (mm) 0.897 +0.038 0.583 +0.023 2.01935E-05
LVID;d (mm) 4.153 +0.107 4.710+0.085  0.00075479 LVID;d (mm) 3.992 +0.087 5.0120 £ 0.733  0.002527764
LVID;s (mm) 3.100 £ 0.078 4.015+0.146  0.000380906 LVID;s (mm) 2.911 +0.181 4.613 +0.218 0.000506287
LVPW;d (mm) 0.731+0.035  0.612+0.0260 0.010122283 LVPW;d (mm) 0.729 + 0.043 0.607 +0.029 0.037276373
LVPW;s (mm) 0.960 + 0.063 0.735+0.033  0.001783791 LVPW;s (mm) 0.899 +0.048 0.658 + 0.047 0.009337212
EF (%) 50.140 £2.792  31.463 +£3.171  0.000971708 EF (%) 53.049 + 5.311 17.836 £ 4.746  0.001064173
FS (%) 25.264 +1.830  14.966 +1.571  0.000618349  FS (%) 27.203 + 3.350 8.287 £ 2.190 0.000655345

LV Mass (mg)
LV Vol,d (uL)

LV Vol;s (uL)

Heart Rate (bpm)

83.423 +9.092

76.765 + 4.640

38.055 + 2.364

458.750 +33.700

80.60 +2.389

103.311 + 4.489

71.912 + 6.740

488.292 +20.507

0.667096037

0.001168324

0.002004722

0.509364526

LV Mass (mg)
LV Vold (uL)
LV Vol;s (uL)

Heart Rate (bpm)

78.378 + 3.758

69.821 + 3.655

33.135 £ 5.253

426.833+45.470

90.433 + 6.474

120.755 + 9.005

100.210 +10.261

503.890 +12.685

0.242979928

0.00328618

0.001357712

0.308473653

3.2.3. Lack of Hypertrophy and Robust DCM in aMHC-cre Mice

Here, aMHC-cre mice exhibited a notable age-dependent DCM that led to their demise. A

previous study indicated the presence of hypertrophic cardiomyopathy at 6 months of age in

these aMHC-cre mice [16]. To determine if the aMHC-cre mice developed any HCM, we

evaluated the wall thickness of mice beginning at 3 months of age, and no observable or

significant thickening of ventricle walls was seen in ECHOs from the Wt or Cre+ animals (Table

1). Sex-separated analysis on 4—6-month-old female Cre+ mice versus Wt littermates indicated

no difference in hypertrophy (Figure 4). In fact, female Cre+ hearts at 6 months of age trended

toward ventricular wall thinning, not thickening (Figure 4). Thus, the collective (male/female)

or female-only ECHO data suggested that aMHC-cre exhibited a robust DCM in an age-

dependent manner in the absence of any notable HCM.
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Figure 4. Left ventricular wall parameters in female Wt and Cre+hearts. Left ventricle wall thickness of 4 to
6-month-old female mice. Here, n=3.IVS: Interventricular septum; LVID: Left ventricular internal diameter;

LVPW: Left ventricular posterior wall; d/s: Diastole/systole.

3.2.4. aMHC-cre Mice Exhibited Dilated Hearts and Fibrosis

The presence of a lethal DMC in the aged aMHC-cre mice was surprising and was further
examined by histological analysis. Hearts from 8-month-old wild-type and aMHC-cre mice
were fixed, sectioned, and stained with Masson’s trichrome to visualize the myocardium (red
stain) and acquire evidence of any overt fibrosis (blue stain). Hearts from the Cre+ mice had
significantly thinner walls and a dilated chamber compared to Wt (Figure 5). Magnification of
the image at 5x revealed significant blue staining indicative of fibrosis in the Cre+ hearts
(arrows). The thin walls, dilated ventricle, and evident fibrosis confirmed that aged aMHC-cre

mice were exhibiting DCM, and this was noticeably absent in the hearts of Wt mice [25].
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Figure 5. Histological analysis of 8-month-old Wt and Cre+ hearts. Representative images of 8-month-old
wild-type and Cre+ mouse hearts that underwent histological sectioning and staining, imaged under a
brightfield microscope. Masson’s trichrome stain was used to visualize the myocardium walls (red) and
fibrosis (blue). In addition, 5 magnification using a brightfield microscope was used to identify the presence

of fibrosis in Wt or Cre+ hearts, marked with black arrows in fibrotic regions. Scale bar = 500 um.
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3.2.5. A DNA Damage Response Presented in aMHC-cre Myocardium

Cre recombinase has been shown to cause DNA damage when overly stimulated or highly
expressed [26]. Though steps are taken to reduce the amount of cre in cells, hemizygous (one
allele) MerCreMer animals have been shown to cause phenotypes when overly stimulated by
tamoxifen [21,22]. The aMHC-cre mice were examined for any changes in DNA damage by
evaluating phospho-p38 and p53, both shown to be upregulated when DNA stress is applied
[27,28]. The relative amount of DN A stress response proteins assessed with western blots of
lysates isolated from 8-month-old Wt and aMHC-cre myocardium (Figure 6) showed a sizable
increase in the expression of p53 in two Cre+ hearts, while no change was noted in one of the Cre+
hearts compared to Wt hearts (38.9% + 41.5%, n =3, p = 0.47). A substantial decrease of
phosphorylated p38 in two Cre+hearts was observed, while the other remained unaffected when
compared to Wt (—40.8% + —16.8%, n =3, p =0.10). JNK (c-Jun NHz Kinases) is negatively regulated
by p38, while ]NKitself has been demonstrated to positively regulate p53 [29,30]. Western blot
data indicated thatall three Cre+hearts had a modest increase in JNK (84.9% + 59.3%, n=3, p =
0.29) compared to Wt (Figure 6). The death protein Bax, which is a direct downstream target of
p53 signaling, was significantly increased in Cre+ myocardium (213.8% + 71.4%, n=3, p = 0.04)
compared to Wt myocardium (Figure 6) [31]. Taken together, the expression data showed that
aMHC-cre resulted in increased amounts of DNA damage, which activated the stress kinase

pathway, potentially causing myocyte loss and fibrosis, leading to DCM (Figure 7).
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Figure 6. Expression of DNA damage markers in Wt and Cre+ hearts. (A) Western blot was utilized to determine
the expression of DNA damage related (p53, p38, JNK) to the pro-death protein Bax in 8-month-old Wt or
Cre+ hearts. (B) Bar graphs representing relative expressions of p53, Bax, and JNK normalized to total
proteins visualized by stain-free technology (Bio-Rad, Hercules, U.S.A). Phospho-p38 was normalized to

total p38.
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Figure 7. Proposed molecular mechanism for the induction of DCM in aMHC -cre mice. The decrease in p38
activity enhanced JNK, resulting in an upregulation of the p53/Bax causing myocyte death. The change in
P38 activity due to cre-induced DNA damage and external signaling initiated a cascade that eventually
resulted in DCM.
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3.3. Discussion
The cre-lox system is an important tool that is used to determine gene function in many

different models. The toxicity of cre is well documented, and without the use of proper controls,
it can go unobserved. In this study, we showed that the most utilized aMHC-cre mice could
develop an age-dependent DCM in the absence of hypertrophy. This cardiac phenotype is
unique and distinct from recently published data using the same aMHC-cre mice, where the
mice developed an age-dependent nonlethal HCM [16]. Histological analysis via Masson’s
trichrome staining of 8-month-old hearts clearly identified thin walls, a dilated chamber, and
fibrosis in the Cre+ hearts, which are typical symptoms of DCM. ECHO analysis showed that by
seven months of age, the left ventricle walls of Cre+ hearts were significantly thinner and
dilated compared to wild-type hearts. Interestingly, no observable hypertrophy was present in
aMHC-cre hearts at any age examined or when sex-separated analysis was performed. The
accumulation of DNA damage, as seen with the increase in p53 and the pro-death protein Bax
(which are associated with apoptosis and cell death), was notable in aMHC-cre hearts [32,33].
p53 hasbeen demonstrated to be impacted by DN A damage and directly targets the expression
of genes involved in cell cycle arrest and apoptosis. [27]. Phosphorylation of p38 has been
shown to increase in the presence of environmental stress and signal the launch of an apoptotic
response [29,34]. Our data indicated a markedly decreased activation of p38 and an increase in
JNK in Cre+ hearts, providing an alternative mechanism of myocyte death, as p38 has been
shown to negatively regulate JNK [35,36]. The upregulation of JNK positively regulated the
activity of p53, potentially leading to Bax-mediated myocyte death and the increased fibrosis
notable in the dilated aMHC-cre myocardium, as modeled in Figure 7 [37-39]. There was

considerable variation in the level of DNA damage within the aMHC-cre hearts, although they
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all exhibited a robust DCM. While individual (two) aMHC-cre hearts exhibited some very
dramatic changes, no overall significant changes to p53, JNK, and p38 were evident due to
variation (one heart) among the cohort. This indicated that there were multiple factors that
impacted the exhibition of the DN A damage response in aMHC-cre myocardium, which in turn
may determine the extent of the cardiac phenotype.

Cardiomyopathy is associated with structural changes within the myocardium due to
pathological remodeling, when the heart enlarges the left ventricle to compensate for a pressure
or volume overload [40, 41]. The mechanism through which aMHC-cre causes cardiomyopathy
remains unclear, as two phenotypes (HCM or DCM) were found to be expressed within the
same cardiac-specific cre model and mouse strain. The molecular changes to p53 and Bax were
similar, with the cell death pathways activated leading to the two different phenotypesi.e.,
DCM or HCM. However, it is difficult to reconcile how myocyte cell loss would lead to an
HCM given that robust fibrosis was apparent [16]. The one difference noted between the two
studies, however, was the upregulated expression of phospho-p38 seen in HCM [16]. Studies
have demonstrated that activated p38 signals a hypertrophic response in cardiomyocytes
through the upregulated gene expression of atrial natriuretic peptide, brain natriuretic peptide,
and alpha-skeletal actin [42]. Further, the consistent activation of p38 displayed dilated
cardiomyopathy in adult mouse hearts probably due to depressed function as a consequence of
the fetal gene program [43]. However, a decreased activation of p38 was found in patients
exhibiting symptoms of DCM and end-stage heart failure [44], a molecular signature and
phenotype similar to the aged cre mice in our studies. Our data showed that the decreased

activity of p38 could impact JNK and transgenic mice with increased JNK activity exhibited
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DCM, while overactive JNK was reported in patients exhibiting idiopathic DCM [38, 45—47]).
p38 and JNK are stress kinases regulated by extracellular signals, which can be influenced
through differences in animal husbandry, diets, genetics, and environmental stresses [34]. DCM
or HCM has also been attributed to such diverse factors [48,49]. Although the specific effect of
the molecular changes in p38 and JNK in the mouse heart remains controversial, there is a
definite impact on cardiac health [47,50]. Therefore, molecular changes due to DNA damage
(and its extent) induced by cre exposure are likely impacted by diverse factors, including
environmental stress, which in turn may determine distinct pathology.

DCM has been previously implicated in two different cardiac-specific cre models,
indicating the extremely cardiotoxic nature of the cre recombinase. The use of tamoxifen
stimulates the activation of aMHC-MerCreMer, resulting in a transient DCM that may result in
lethality with a tamoxifen overdose [21] while the high-level expression of aMHC-cre resulted
in mice perishing before reaching 3 months of age [51]. This aMHC-cre mouse model was a
different strain, FVB, compared to the C57B6 strain utilized here. The FVB model was generated
under different conditions, which yielded offspring with different expressers of cre
recombinase, with high expressers leading to DCM in young mice and lower expressers not
showing any phenotypes although the impact of age was not examined [51]. Thus, regulating
the amount of cre is critical in hearts, and the use of low-expressing cre can minimize off-target
effects. However, consistent with other reports (15, 16, 51) we further stress that caution, even
with the low-level expression of aMHC-cre, as two cardiac phenotypes, due to chronic cre
exposure, can be exhibited in an age-dependent fashion. Fourteen studies that have utilized

aMHC-cre mice have reported age-dependent DCM, which was attributed to a respective
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genetic modification. However, cre-only controls at the appropriate age were lacking or not
shown [52-65]. Further, in many of the studies lacking cre controls, the respective gene targets
(EP4, ESRRf3, ATE1, Mdm4, NEMO/IKKgamma, the glucocorticoid receptor) had not been
previously or subsequently shown to cause DCM [52-57]. Our data strongly urges the use of an
appropriate cre control in a timed manner which will reveal a more accurate result of any
impact of the genetic modification of interest.

In conclusion, our findings show that caution must be exercised when performing long-
term studies using aMHC-cre mice, as different cardiac phenotypes can arise from low-level
chronic cre exposure. The use of cre-only controls is critical and interrogating the impact of
environment on the expression of DCM versus HCM in these aMHC-cre mice may help reveal

the mechanisms differentiating the two phenotypes.
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3.4. Materials and Methods

3.4.1. Maintenance of aMHC-cre Mouse Colonies

The aMHC-cre mice were generously donated by Dr. Patrick Burgon (University of
Ottawa, Faculty of Medicine, Ottawa) for our experiments. The mouse colony was maintained
through backcrossing transgenic males with wild-type C57B6 females (Charles Rivers
Laboratories, Wilmington, U.S.A). Mice were genotyped by extracting genomic DNA from ear
clips by boiling for 10 min at 95 °C in 180 puL of 50 mM NaOH per ear. DNA solution was then
neutralized using 20 uL of 1 M Tris-Cl, pH 8.0. The aMHC-cre (Cre+) or wild-type (Wt) mice
were identified by polymerase chain reaction (PCR) using a DreamTaq Green PCR Master Mix
2x (Thermo Fisher Scientific, Waltham, U.S.A) for the PCR mix. To determine Cre+ animals, we
utilized forward primer Cre-F (5-ACG ACC AAG TGA CAG CAA TG-3') and reverse primer
Cre-R (5'-AAC CAGCGT TTT CGT TC-3'). PCRs were visualized by Red Safe (Sigma-Aldrich,
St. Louis, U.S.A) staining on a 1% agarose gel.

Mice were handled in accordance with the guidelines set by Canadian Council on Animal
Care, Guide to the Care and Use of Experimental Animals, 2 vols. (Ottawa, Ont.: CCAC, 1980-1993)
and Animals for Research Act, R.S.0. 1990, c.A. 22. All animal protocols and procedures were

approved by the Animal Care Committee of the University of Ottawa.

3.4.2. Protein Isolation from Mouse Hearts

Hearts of adult mice were collected after CO2 euthanasia and immediately frozen at —80 °C.
Each heart was later washed with ice-cold 1X phosphate buffered saline (PBS) and homogenized
using a Fisher handheld Maximizer homogenizer (Thermo Fisher Scientific, Waltham, U.S.A)in
ice-cold lysis buffer (I mM ethylene glycol tetraacetic acid (EGTA), 1 mM

ethylenediaminetetraacetic (EDTA), 20 mM Tris base, 1% Triton, 150 mM sodium chloride, 1x
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complete mini EDTA-free protease inhibitor cocktail (Roche, Basel, Switzerland), and 1x
PhosSTOP (Roche, Basel, Switzerland)). The suspension was centrifuged for 15 min at 12,000 g to
separate the proteins from the cell debris. The supernatant containing protein was collected in

Eppendorf tubes and stored in a freezer at —80 °C.

3.4.3. SDS-PAGE and Western Blots

For western blotting experiments, 10 ug of protein wasloaded in each well of a 5%—-15% SDS-
PAGE gel. The gels were transferred overnight on a polyvinylidene fluoride (PVDF) membrane
(Bio-Rad, Hercules, U.S.A) in a buffer containing 25 mM Tris, 190 mM Glycine, and 20%
methanol. All membranes were blocked at room temperature for 1 h in Tris-buffered saline
(TBST) containing 1 M Tris, 290 mM NacCl, 0.1% Tween 20, pH 7.4, and 5% nonfat dry milk.
Primary antibodies were incubated overnight at 4 °C with 5% bovine serum albumin (BSA). A
comprehensive list of primary antibodies, manufacturers, and working dilutions are shown in
Table 2. Membranes were washed 5 times for 5 min each in TBST prior to adding the appropriate
horseradish peroxidase-labeled secondary antibody (Jackson ImmunoResearch, West Grove,
U.S.A)in a 1:10,000 dilution in TBST with 5% nonfat dry milk. Membranes were shaken slowly
at room temperature for 1 h while incubating with secondary antibody, followed by 5 washes for
5 min each with TBST. Membranes were treated with a BioRad western blotting kit (Bio-Rad,
Hercules, U.S.A) ) and developed using ChemiDoc machines (Bio-Rad, Hercules, U.S.A). Bands
were quantified by densitometry using Image Lab software v.6.0.0 (Bio-Rad, Hercules, U.S.A) ).
Membranes were stripped (25 mM glycine, 10% SDS, and pH 2.2 in dH20) and reprobed with
different antibodies. When using stain-free technology, stain-free gels (Bio-Rad, Hercules, U.S.A)

) and low-fluorescence PVDF membranes (Bio-Rad, Hercules, U.S.A) ) were used.
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Table 2. List of antibodies used in this study. All antibodies used in this study are listed with the corresponding

distributor, catalog number, and dilution used for western blot.

Antibody Manufacturer Dilution
Phospho-p38 Cell Signaling Technology (9215) 1:1000
p38 Santa Cruz (sc-81621) 1:250
p53 Santa Cruz (sc-126) 1:250
JNK Cell Signaling Technology (9252) 1:1000
BAX Cell Signaling Technology (2772) 1:1000
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3.4.4. Echocardiography
All echocardiographic analysis was done using the VEVO 2100 system (FUJIFILM

VisualSonics, Toronto, Canada). Adult mice were anesthetized using 2% isoflurane and
strapped onto a heated pad facing upwards, exposing the thoracic cavity. A 40 MHz probe was
used to capture short-axis B-mode and M-mode images of the left ventricle. VEVO v1.6
software (FUJIFILM VisualSonics, Toronto, Canada) was utilized for measuring LV wall
thickness and inner diameters in diastole and systole. The formulas used by the VEVO v1.6

software to calculate EF, FS, LV mass, and LV Vol;d/s are listed below:

EF: 100 x ((LV Vol,d - LV Vol;s)/LV Vol;d) )

FS: 100 x ((LVID;d - LVID;s)/LVID;d) 6)

LV mass: 0.8 x 1.053 x ((LVID;d + LVPW;d + IVS;d)? - LVID;d?) @)
LV vol; d/s: ((7.0/(2.4 + LVID;d/s)) x LVID;d/s? 8)

3.4.5. Histological Analysis

Hearts were extracted from animals and fixed using 10% Neutral Buffered Formalin
(Thermo Fisher Scientific, Waltham, U.S.A). After fixing for 48 h, hearts were sectioned 4 um
longitudinally per section. Sectioned hearts were stained with Masson’s trichrome to visualize
the myocardium and fibrosis.

3.4.6. Statistical Analysis

The statistical analysis was performed using GraphPad Prism software version 5 for
Windows (La Jolla, USA). All comparisons between wild-type and Cre+ groups were analyzed
using two-tailed Student’s T-test. All error bars presented in graphs are represented using the

standard error of the mean. All sample size values (1) represent biological replicates (Kaplan-

Meier, westerns, and ECHO)
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Chapter Four: Deletion of sarcolemmal membrane
associated protein isoform 3 (SLMAP3) from cardiac
progenitors delays embryonic growth of myocardium
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Abstract: The slmap gene is alternatively spliced to generate many isoforms that are abundant
in developing myocardium. The largest protein isoform SLMAP3 is ubiquitously expressed
and has been linked to cardiomyopathy, Brugada syndrome and Hippo signaling. To examine
any role in cardiogenesis, mice homozygous for floxed slmap allele were crossed with Nkx2.5-
cre mice to nullify its expression in cardiac progenitors. Targeted deletion of the simap gene
resulted in the specific knockout (KO) of the SLMAP3 (~91 KDa) isoform without any changes
in the expression of the SLMAP2 (~43 kDa) or the SLMAP1 (~35 kDa) isoforms which
continued to accumulate to similar levels as seen in Wt embryonic hearts. The loss of SLMAP3
from cardiac progenitors resulted in decreased size of the developing embryonic hearts
evident at E9.5 to E16.5 with four small chambers and significantly thinner left ventricles. The
proliferative capacity assessed with the phosphorylation of histone 3 or with Ki67 in E12.5
hearts was not significantly altered due to SLMAP3 deficiency. The size of embryonic
cardiomyocytes, marked with anti-Troponin C, revealed significantly smaller cells, but their
hypertrophic response (AKT1 and MTOR1) was not significantly affected by the specific loss of
SLMAPS3 protein. Further, no changes in phosphorylation of MST1/2 or YAP were detected in
SLMAP3-KO embryonic myocardium, ruling out any impact on Hippo signaling. Rat
embryonic cardiomyocytes express the three SLMAP isoforms and their knockdown (KD) with
sh-RNA, resulted in decreased proliferation and enhanced senescence but without any
impact on Hippo signaling. Collectively, these data show that SLMAP is critical for normal
cardiac development with potential for the various isoforms to serve compensatory roles. Our

data imply novel mechanisms for SLMAP action in cardiac growth independent of Hippo

signaling.
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4.1 Introduction

During embryogenesis, the first functional organ is the heart, derived from mesoderm and
endoderm due to the expression of cardiogenic transcription factors Nkx2.5, Mef2, GATA, Tbx
and Hand that work in tandem to differentiate precardiac cells and to control the expression of
cardiac genes to mediate cardiac morphogenesis [1]. Cardiac morphogenesis or cardiogenesis is
the stage-by-stage development of the heart during embryogenesis beginning at embryonic day
7.5 (E7.5) in mice, where cardiogenic mesoderm cells coalesce at splanchnic mesoderm to form
the cardiac crescent. Cells within the cardiac crescent are divided into a collection of cells
known as the first heart field (FHF), which migrate to venous poles to form the linear heart tube
(E8.5) [2,3] . A subgroup of cells derived from FHF known as secondary heart field (SHF)
migrate caudally to further develop the linear heart tube into the looping heart (E9.5). The FHF
cells differentiate and proliferate to form the left atria and ventricle, and the SHF cells migrate
anteriorly and posteriorly; the anterior SHF cells give rise to the right ventricle and aorta, while
the posterior SHF cells generate the atria and the pulmonary artery in maturing embryos, thus
generating the immature four-chambered heart (E10.5), which septate to form mature four-
chamber heart by E14.5 [4,5]. During the late stages of cardiac development, immature
cardiomyocytes grow and increase cardiac function due to a series of structural, metabolic, and
transcriptional modifications in a process referred to as cardiomyocyte maturation [6].

Cardiomyocytes will exit the cell cycle shortly after birth; therefore, cardiac growth is sustained
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through cardiomyocyte maturation to maintain the growing supply of nutrients and oxygen
demands of the growing body [7]. Impacting cardiac development at the morphogenesis or
maturation stage can increase the risk of developing congenital heart disease and predisposing
individuals to later-stage cardiomyopathies. Therefore, understanding the mechanisms that

govern cardiac maturation and/or morpho-genesis is of much interest.

We have defined the sarcolemmal membrane-associated proteins SLMAP1 (~35 kDa),
SLMAP2 (~45 kDa), and SLMAP3 (~80-95 kDa) (Figure 1) that are expressed in myocardium as
early as E9 and continue to be accumulated in cardiomyocytes during their maturation and
postnatal development [8,9]. The SLMAPs target subcellular organelles including nuclear
envelope, endoplasmic/sarcoplasmic reticulum, mitochondria, and the microtubule organizing
center (MTOC) [10,11]. The SLMAPs have been shown to associate with cardiac myosin,
colocalize with a-actinin and calcium release channels, as well as being found in close
apposition to the sarcolemma [9]. Aberrant SLMAP expression has been shown to cause heart
failure due to gene mutations present in Brugada patients [12]. Studies indicate that SLMAPs
may play roles in regulating the diverse organelles, influence electrophysiology, metabolism,
and cardiac function [13-15]. However, the role of SLMAPs in the growth and maturation of
myocardium remains un-known. The slmap gene is alternatively spliced to generate numerous
isoforms that are expressed in a tissue-specific manner, with SLMAP1 and SLMAP2 being
abundant in cardiomyocytes [16]. The C-terminus of all SLMAP isoforms comprises an
alternatively spliced transmembrane do-main, TM1 or TM2, which can target different
subcellular membranes, while the extended coiled coil leucine zipper domain and the n-

terminal sequences diversify the polypeptide structure for cytoplasmic interactions [10,17]. For
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example, the SLMAP3 isoform which is ubiquitously ex-pressed carries an n-terminal forkhead-
associated (FHA) domain (Figure 1) that can mediate phosphoprotein—protein interactions
[11,18] and has been shown to negatively regulate Hippo signaling via the STRIPAK (Striatin-
interacting phosphatases and kinases) complex. The Hippo pathway is important for
organogenesis through effects on cell proliferation and apoptosis [19]. SLMAP-STRIPAK
interactions can inhibit phosphorylation and enhance nuclear translocation of transcriptional
co-activators YAP/TAZ and influence TEAD-mediated gene expression [20-22]. Hippo signaling
has been linked to cardiac development and maturation and can directly impact the size and
function of the myocardium [23-27]. SLMAP3 has been reported to regulate the proliferation of
cancer cells through Hippo signaling [28]; whether it can impact this pathway to influence
growth and development in vivo remains to be examined. Here, we have engineered the

specific removal of SLMAP3 from cardiac progenitors to examine its role in cardiogenesis in

mice and its impact on the Hippo pathway.

TM1/2 | SLMAP3 (~95 kDa)

TM1/2 | SLMAP2 (~ 45 kDa)

TM1/2 | SLMAPI (~35 kDa)

Figure 1. Sarcolemmal membrane associated protein isoforms and protein domains. SLMAP gene alternatively splices to
generate three main protein isoforms, SLMAP1 (~35 kDa), SLMAP2 (~45 kDa) and SLMAP3 (~95 kDa). FHA (green)
symbolizes forkhead associated domain. C.C. domains (purple) symbolize coiled-coil leucine zipper domains.
TM1/TM2 (orange) symbolizes alternatively spliced transmembrane domain 1 or 2.
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4.2 Results

4.2.1 The specific loss of SLMAP3 isoform in cardiac progenitors delays cardiogenesis
We examined the prenatal knockout of SLMAP gene by crossing floxed SLMAP mice with

Nkx2.5-Cre (asearly as E7.5) [30] to assess the role of SLMAP during early cardiogenesis. Western
blot analysis of E18.5 heart lysates with anti-SLMAP displayed significant loss in SLMAP3
protein levels in heterogyous (KD) mice (-66.05% *-15.10%, 0<0.05, n=3) and knockout (KO)
mice (-97.36% + -11.39%, 0<0.05, n=3) while no changes were noted in SLMAP1 or SLMAP2,
indicating the generation of mice with the specific loss of SLMAP3 in developing embryonic
myocardium (Figure 2A). We excised embryos at different developmental stages of cardiac
development (E9.5, E12.5, and E16.5) and performed cross-section histology with H&E to
visualize Wt and SLMAP3-KO myocardium (Figure 2B). Microscopic analysis indicated that
prenatal SLMAP3-KO hearts were significantly smaller at every developmental stage, E9.5 (-
25.16%+-11.10%, 0<0.05, n=3), E12.5 (-29.36% + -7.86%, 0<0.05, n=3) and E16.5 (-40.27%, + -6.51%,
0<0.05, n=3) compared to Wt littermates (Figure 2C). Further, the left ventricular walls were
significantly thinner in E9.5 (-48.65% +-6.61%, 0<0.05, n=3), E12.5 (-33.49% * -5.44 %, 0<0.05, n=3)
and E16.5 (-41.12%, + -1.39%, 0<0.05, n=3) SLMAP3-KO hearts (Figure 2C). However, it is notable

that we did not observe any differences in cardiac chamber formation or septation (Figure 2B).

Thus, this suggests that SLMAP3 protein can regulate normal cardiac growth during cardiogenesis.
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Figure 2. Embryonic heart development in SLMAP3-KO mice. A. Representative Western blot
displaying SLMAP isoform expression in Wt, KD, and KO in E18.5 mouse heart lysates. Bar
graphs represent normalized expression of SLMAP isoforms via densitometry analysis by using
Stain-Free™ total protein as a loading control #=6. *;0<0.05. B. Representative sections of Wt and
KO hearts at E9.5, E12.5 and E16.5 with H&E stain to visualize nucleus (blue) and the
myocardium (pink). Lens Magnification=5x. Scale bar=0.5mm. C. Bar graph represents
quantification of measurement of left ventricle wall thickness (upper graph) and heart surface

area (lower graph) at indicated embryonic ages in Wt and KO hearts. *;0<0.05.
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4.2.2 STRIPAK and Hippo signaling were unaltered in prenatal SLMAP3-KO mice

Given the dramatic effects of SLMAP3 on retardation of cardiac growth and it's proposed role in

Hippo signaling via STRIPAK [22,30] we examined STRIPAK components (striatin, PP2A-A, PP2A-C,
Striatin-3) and activity of Hippo in E16.5 Wt and SLMAP3-KO cardiac lysates with Western blot and
quantified changes showing that expression of striatin-1 (-2.56% +-22.05%, 0=0.93, n=4), striatin-3 (-0.21%
*-19.46%, 0=0.89, n=4), PP2A-A (-16.34% * -16.23%, 0=0.54, n=4), and PP2A-C (23.58% + 11.65%, 0=0.20,
n=4) were not significantly affected in KO hearts when compared to Wt (Figure 3A). To assess Hippo
signaling, we analyzed phosphorylation of MST1 and YAP, however our western blot analysis indicated
that phospho-to-total ratio of MST1(-6.61% * -23.56%, 0=0.63, n=4) and phospho-to-total ratio of YAP (-
8.43% +-12.25%, 0=0.64, n=4) were unaltered in SLMAP3-KO hearts (Figure 3B). Thus, cardiac-specific
knockout of SLMAP3 isoform in cardiac progenitors does not regulate Hippo signaling to impact

cardiogenesis.
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Figure 3. STRIPAK and Hippo signaling in prenatal loss of SLMAP3. A.Representative Western blot examining
the expression of STRIPAK components (striatin-1, striatin-3, PP2A-A and PP2A-C) in Wt and KO E16.5
hearts. Bar graphs represent normalized expressions of indicated protein to total proteins visualized by
Stain-Free™ technology. N=3. B. Representative Western blot evaluating phospho to total MST1 and YAP
in E16.5 hearts. Bar graphs represent relative expression of phospho-YAP(S127) to total YAP and phospho-
MST1 (T183) to total MST1 via densitometry analysis. N=3.
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4.2.3 Proliferation is not affected in SLMAP3-KO hearts
Cardiac growth isregulated by cardiomyocyte proliferation and hypertrophy mechanisms

involving Hippo and other pathways including FGF, Notch, and Wnt signaling [32]. Thus, we
evaluated proliferation with immunofluorescence microscopy using two markers for
proliferation pH3 and Ki67, costained with cardiomyocyte marker, Troponin C (TnC) in e12.5
hearts from Wt and SLMAP3-KO mouse embryos (Figure 4). The pH3 detects cell division at
the G2/M phase (Figure 4A) while Ki67 tags cells at G1 phase of cell cycle (Figure 4B) thus
providing a profile of proliferating, however no significant differences in pH3* or Ki67* positive
cardiomyocytes in SLMAP3-KO vs Wt embryos was detectable (Figure 4C). The prenatal loss of
SLMAP3 in cardiac progenitors did not impact cardiomyocyte proliferation to delay the notable

embryonic development.
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Figure 4. Proliferation of cardiomyocytes in Wt and SLMAP3-KO embryonic hearts. Representative
immunofluorescent images of sectioned Wt and KO hearts at el12.5. with A. Nucleus (DAPLblue),
phosphorylated Histone 3 (pH3;green) and anti-troponin C (TnC;red) or B. Nucleus (DAPLblue), Antigen
Kiel 67 (Ki6;green), and anti-troponin C (TnC;red). Lens Magnification=5x or 63x. Scale bar= 0.2mm or
0.02mm. C. Bar graph representing pH3 or Ki67 proliferation events within TnC* positive cells. N=3.
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4.2 .4 Cardiomyocyte size is reduced in SLMAP3-KO embryonic hearts

We investigated if cardiomyocyte cell size was affected by loss of SLMAPS3.
Immunofluorescent images of TnC were used to measure the diameter of cardiomyocytes (white
bracket) in E12.5 hearts which indicated that cardiomyocytes surface area was significantly
smaller in KO (-19.43% + -7.55%, 0<0.05, n=3) when compared to Wt (Figure 5A). The
cardiomyocytes also appeared to be disorganized in SLMAP-KO embryos. Cardiomyocyte
hypertrophy is most classically linked to the regulators, Insulin Growth Factor 1 (IGF-1) and
downstream targets AKT1 and MTORI1 [33] known to affect cell survival and growth. The
activity of AKT1 and MTORI assessed in Western blot indicated that phospho-to-total ratios of
AKT1 (1.45% + 26.50%, 0=0.97, n=3) and mTOR (-12.87% + -51.12%, 0=0.64, n=3) were not
significantly altered in E16.5 SLMAP3-KO hearts compared to Wt (Figure 5B). Thus, the changes
in cardiomyocyte size in SLMAP3-KO hearts do not appear to be regulated by classical

hypertrophic signaling.
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Figure 5. Cell size and hypertrophy in Nkx2.5/SLMAP3-KO mice. A. Representative immunofluorescent
images of sectioned Wt and KO hearts at e12.5. with nucleus (DAPLblue) and anti-troponin C (TnC;red).
Bar graph represents cardiomyocyte cell area (white brackets) in Wt and KO. *; 0<0.05, n=3. B.
Representative western blot looking at expression of phospho-to-total ratios of AKT1 and mTOR and in
E16.5 Wt and KO hearts. Bar graphs represent quantification of relative expression of phospho-mTOR
(52448) to total mTOR and phospho-AKT1 (5473) to total AKT1 with densitometry of the Western blots.

N=3.
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4.2.5 SLMAP3-KO hearts exhibit normal size and function during postnatal development

The SLMAP3-KO neonatal pups were born (normal breathing, active movement) and did
not present any obvious cardiac phenotypes and survived into adulthood. We sectioned PO and
P7 SLMAP3-KO and Wt hearts and stained with H&E. Surprisingly, at postnatal day 0 (P0O) the
left ventricle size of KO hearts (-14.19% * -7.55%, 0=0.10,n=3) was almost similar to Wt hearts
(Figure 6A). AtP7, H&E stain revealed no differences in left ventricle wall size in KO hearts (-
0.08% = -0.7 8%, 0=0.97, n=3) (Figure 6 A). Further, examination of adult SLMAP3-KO with ECHO
at 10-week of age indicated no significant differences in cardiac structure or function (Figure 6B)

with equivalent survival with age as Wt.

We quantified the expression of the other SLMAP isoforms in SLMAP3-KO hearts and
Western blot analysis indicated no differences in SLMAP1 and SLMAP2 protein expression in
KO vs Wtat E9.5 however the relative expression of SLMAP1/SLMAP3 and SLMAP2/SLMAP3
was 6.5x and 2.2x greater in PO hearts when compared to E9.5 (Figure 6C). The data indicates that
as the myocardium develops there is a substantial increase in the expression of the smaller
SLMAP isoforms compared to SLMAP3 and loss of SLMAP3 did not influence their expression

in embryonic or postnatal myocardium.
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Figure 6. Analysis of postnatal mouse hearts from Nkx2.5-Cre/SLMAP3-null mice. A. Representative
histological staining of Wt and KO Nkx2.5-Cre/SLMAP3-null PO and P7 hearts using H&E. Scale
bar=0.5mm. B. Representative short axis echocardiography m-mode images of 10-week-old Wt
and KO. Bar graphs represent ejection fraction, fractional shortening and left ventricle wall
thickness. LV; Left ventricle. IVS, LVPW; intraventricular septum, LV posterior wall. d,s;diastole,
systole. n=6. C) Representative Western blot displaying expression of SLMAP isoforms
(SLMAP1, SLMAP2 and SLMAP3) in Wt and KO hearts at E9.5 and P0. Bar graph represents the
quantification of relative expression of SLMAP1 or SLMAP2 compared to SLMAP3 in E9.5 and
PO Wt hearts. n=3
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4.2.6 Depletion of SLMAP isoforms in rat embryonic cardiomyocytes (H9C2 cells) impacts their

growth
To examine whether all three isoforms expressed in heart are important for the growth of the

embryonic myocardium we investigated the expression of SLMAPs in the rat embryonic
cardiomyocyte cell line H9C2. Western blots indicate that H9C2 cells express the three SLMAP
isoforms-SLMAP-1, 2 and 3 (Figure 7A) identical in molecular size to that seen in mouse
embryonic hearts (Figure 6C). H9C2 cells transduced with shRNA-54 (54) or shRNA-S5 (S5)
displayed decrease in SLMAP expression (Figure 7A) when compared to the shRNA-Sc (Sc),
only S5 drastically reduced expression of all three SLMAP isoforms and was employed in all
subsequent studies (Figure 7A). Notably, depletion of all SLMAP isoformsin H9C2 cells
resulted in a decrease in growth rate (Figure 7B). Further, the depletion of SLMAP isoforms
lead to increase in X-gal positive cells in the Senescence Associated-3-Galactosidase (SA-B-Gal)
Assay (Figure 7C) and a decrease in proliferation, as indicated by the reduced number of Ki67
positive cells (Figure 7D). Western blots of transduced H9C2 lysates indicated that depletion of
SLMAPs had no impact on the phosphorylation of YAP in H9C2 cells (Figure 7E). Thus SLMAP

isoforms appear to play a important role in growth of cardiomyocytes, independently of Hippo

signaling.
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4.3 Discussion

Here, we report that the specific loss of SLMAP3 isoform in cardiac progenitors by gene
targeting with Nkx2.5-cre mice leads to a growth delay in the formation of the heart during
early cardiogenesis. The developmental delay in cardiac formation was not due to changes in
the proliferation or hypertrophic response in embryonic cardiomyocytes, alt-hough a difference
in cell size was evident at E12.5 due to SLMAP3 deletion. Intriguingly, the early delay in
cardiogenesis was completely reversed at birth and the postnatal devel-opment and function of
the heart was unaffected in these mice in the absence of any SLMAP3. While the expression of
SLMAP3 protein was completely nullified in cardiac progenitors, due to Nkx2.5-cre, the
expression of the more abundant SLMAP1 and SLMAP2 remained unchanged and continued to
accumulate normally during embryonic and postnatal development to levels that were similar
to those in wildtype mouse hearts. SLMAP2 and SLMAP1 expression levels remained
unaffected, most likely due to the utili-zation of alternative promoters in cardiomyocytes (Salih
and Tuana, unpublished data). Whether SLMAP1 and SLMAP2 can compensate for a loss of
SLMAPS3 function needs to be considered because of the very close structural similarities
between these isoforms, which are derived by alternative splicing mechanisms from a single
gene (Figure 1). In this regard, SLMAP3 is clearly distinguishable from the other SLMAPs due
toits extended N-terminal sequences which encompass an FHA domain that was shown to bind
MST1/2 kinases and regulate Hippo to impact proliferation of 293 T cells [30]. The in vivo data
here did not support a role for SLMAP3 in the proliferation of embryonic cardiomyocytes or the
regulation of MST or YAP phosphorylation, since SLMAP3 deletion had no impact on these

parameters during cardiogenesis. The loss of SLMAP3 did not affect Hippo sig-naling in the
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postnatal heart either, and the myocardium appeared normal in terms of its structure and
function in adulthood. These data are consistent with our studies on the tar-geted deletion of
the SLMAP3 isoform in postnatal myocardium [33]. Our previous data have shown that SLMAP
is expressed early during cardiogenesis, and thus could influ-ence the growth and maturation
of cardiomyocytes. Perhaps the deletion of the other SLMAP isoforms is necessary to observe
the critical nature of SLMAP in developing myo-cardium. Cardiac development begins at E7.5
in mice with the formation of the cardiac crescent, when the cardiac homeobox transcription
factor Nkx2.5is highly expressed within cardiac progenitor cells [34]. Nkx2.5-Cre mice are often
employed to study genes during early cardiogenesis [29,35], and the deletion of SLMAP3
expression at this stage within FHF and SHF did not apparently impact cardiomyocyte
differentiation/migration; however, there was a growth delay in septation with underdeveloped
cardiac chambers in these mice hearts at E12.5 but without any obvious structural
abnormalities. In order to in-terrogate the potential role of the other SLMAP isoforms, we
employed rat embryonic car-diomyocytes (H9C2 cells) that were found to express SLMAPI,
SLMAP2, and SLMAP3 with similar molecular characteristics to those in mouse embryonic
heart tissue. Our con-structed sh-RN As-targeting SLMAPs resulted in a significant decrease in
the expression of the three SLMAP isoforms accompanied by a profound deficit in growth and
proliferation as well as enhanced cellular senescence in these embryonic cardiomyocytes. It is
notable that depletion of the three SLMAPs in H9C2 cells had no impact on the main
components of Hippo signaling. Thus, the mechanisms of SLMAP action that impact the
embryonic growth of cardiomyocytes are independent of any regulation through Hippo

signaling. The data support the contention that SLMAP isoforms are collectively critical for
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embryon-ic cardiomyocyte growth and that they can potentially compensate for each other
since the specific embryonic KO of the SLMAP3 isoform in early heart development was non-
lethal. It is conceivable that the more abundant SLMAP1 and SLMAP2 proteins may substitute
for the loss of SLMAP3 during cardiogenesis. Given that the knockdown of all three SLMAP
isoforms in H9C2 cardiomyocytes lead to defective growth and cellular senes-cence, it would be
meaningful to delete SLMAP1 and SLMAP?2 in cardiac progenitors in vivo to gauge the
contribution of SLMAP to heart development, although the HOC2 data would suggest that it
would be lethal. The size of cardiomyocytes was noticeably smaller in embryonic hearts due to
Nkx2.5-Cre-mediated SLMAP3 loss, but there was no change in hypertrophic signaling
(AKT/mTOR), and nor was there any change in cardiomyocyte numbers. We aim to employ
additional stereological analysis by isolating embryonic car-diomyocytes and further staining to

decipher the mechanisms that may impact their size and shape at the cellular level.

It is notable that unique structural elements in SLMAP3 (i.e., FHA domain) target the MTOC
[11], which has been shown to be critical for mitosis and differentiation [36]. The microtubules
and the cytoskeleton serve important roles in cell shape and function, and their contributions to
cardiomyocyte growth and size/shape in vivo remain elusive. The data here further point to a
unique structural mechanism for SLMAP actions through their interactions with subcellular

organelles, microtubules, and the cytoskeleton to guide car-diac development.
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4.4 Materials and Methods

4.4.1 Generating and genotyping the SLMAP knockout model

The Nkx2.5-Cremice [29] were generously donated by Dr. Kyoung-HanKim and backcrossed
with wildtype B6C3F1 mice to generate the B6C3F1 Nkx2.5-cre mice. The generation of our flox-
SLMAP, breeding strategies, and PCR genotyping were performed as described previously [33].
Briefly, B6C3F1 flox-SLMAP mice were crossed with B6C3F1 Nkx2.5-cre mice to generate
heterozygous floxed-SLMAP;Nkx2.5-cre or knockdown (KD) mice. Crossing KD mice with each
other generates homozygous floxed-SLMAP;Nkx2.5-cre or knockout (KO) mice. Mice harboring
heterozygous or homozygous Nkx2.5-cre were followed for one year and did not exhibit any

abnormalities. Thus, chronic expression of cre did not result in any phenotypes.

For embryo studies, pregnant mothers that were plug checked (day of plug was E0.5) and
carrying our experimental embryos at the desired stage were anesthetized with a standard
ketamine—xylazine-acepromazine (KXA) drug cocktail during embryo isolation and euthanized
after they were harvested. The embryos were dissected in ice cold 1x PBS and whole embryos or
prenatal hearts were fixed in 10% neutral buffered formalin for 48-96h or snap-frozen in liquid

nitrogen for proteomic analysis. Caudal tissues or tails were used for genotyping.

Mice were handled in accordance with the guidelines set by Canadian Council on Animal
Care, Guide to the Care and Use of Experimental Animals, 2 vols. (Ottawa, Ont.: CCAC, 1980-

1993) and Animals for Research Act, R.S.0.1990, c.A. 22. All animal protocols and procedures

were approved by the Animal Care Committee of the University of Ottawa.
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4.4.2 Protein isolation and western blotting

Hearts of embryonic (E9.5-E18.5) and newborn (P0) mice and immediately frozen at—80 °C.
Each heart was later washed with ice-cold 1x phosphate buffered saline (PBS) and homogenized
using a Fisher handheld Maximizer homogenizer (Thermo Fisher Scientific) in ice-cold lysis
buffer (1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM ethylenediaminetetraacetic (EDTA),
20 mM Tris base, 1% Triton, 150 mM sodium chloride, 1x complete mini EDTA -free protease
inhibitor cocktail (Roche), and 1x PhosSTOP (Roche). The suspension was centrifuged for 15 min
at 12,000x g to separate the proteins from the cell debris. The supernatant containing protein was
collected in Eppendorf tubes and stored in a freezer at -80 °C. Protein quantities were calculated

using the BSA method.

For western blotting experiments, 10 pg of protein was loaded in each well of a 5-15% SDS-
PAGE gel. The gels were transferred overnight on a polyvinylidene fluoride (PVDF) membrane
(Bio-Rad) in a buffer containing 25 mM Tris, 190 mM Glycine, and 20% methanol. All membranes
were blocked at room temperature for 1 h in Tris-buffered saline (TBST) containing 1 M Tris, 290
mM NaCl, 0.1% Tween 20, pH 7.4, and 5% nonfat dry milk. Primary antibodies (listed in Table
1) were incubated overnight at 4 °C with 5% bovine serum albumin (BSA). Membranes were
washed 5 times for 5 min each in TBST prior to adding the appropriate horseradish peroxidase-
labeled secondary antibody (Jackson ImmunoResearch) in a 1:10,000 dilution in TBST with 5%
nonfat dry milk. Membranes were shaken slowly at room temperature for 1 h while incubating
with secondary antibody, followed by 5 washes for 5 min each with TBST. Membranes were
treated with a BioRad western blotting kit (Bio-Rad, Hercules, CA, USA) and developed using

ChemiDoc machines (Bio-Rad, Hercules, CA, USA). Bands were quantified by densitometry
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using Image Lab software v.6.0.0 (Bio-Rad) Membranes were stripped (25 mM glycine, 10% SDS,

and pH 2.2 in dH20) and reprobed with different antibodies. When using stain-free technology,

stain-free gels (Bio-Rad) and low-fluorescence PVDF membranes (Bio-Rad) were used.

Table 1. List of antibodies used in this study. All antibodies used in this study are listed with the

corresponding distributor, catalog number, and dilution used for western blot (WB) or

immunofluorescence (IF).

Antibody Manufacturer Dilution
SLMAP Novus Biologicals (NBP1-81397) 1:1000(WB)
Striatin-1 BD Transduction Laboratories (610838) 1:1000 (WB)
Striatin-3 Novus Biological (NBP-74572) 1:1000 (WB)
STRIP1 Bethyl Laboratories (A304-644A) 1:1000 (WB)
PP2A-C /3 subunit Santa Cruz Biotechnology (sc-80665) 1:200 (WB)
PP2A-A a subunit Millipore Sigma (07-250) 1:600 (WB)
Phospho-YAP (5127) Cell Signaling Technology (13008S) 1:1000 (WB)
YAP Cell Signaling Technology (14074S) 1:1000 (WB)

pH3 Abcam (ab5176) 1:200 (IF)

Ki67 Abcam (ab15580) 1:200 (IF)

Troponin C (TnC) Santa Cruz (sc-52265) 1:200 (IF)
pAKT1 Cell Signaling Technology (9018S) 1:1000 (WB)
AKT1 Cell Signaling Technology (9272) 1:1000 (WB)
pMTOR1 Cell Signaling Technology (5536) 1:1000 (WB)
MTORI1 Cell Signaling Technology (2972) 1:1000 (WB)
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4.4.3 Echocardiography

All echocardiographic analysis was performed using the VEVO 2100 system (FUJIFILM

VisualSonics) identically to our previous publication [33].

4.4 .4 Histological and Immunofluorescent analysis

Embryonic and postnatal mouse hearts were fixed using 10% Neutral Buffered Formalin
(Thermo Fisher Scientific). After fixing for 48 hours, hearts were sectioned 4 um longitudinally
per section. Paraffin-embedded slides were rehydrated through well-established protocols for
rehydration and then incubated with citrate buffer for antigen retrieval [37]. Sectioned hearts
were stained with hematoxylin and eosin (H&E) stain to visualize the myocardium and nuclei.
For immunofluorescence, rehydrated slides were subjected to 1 hour of 5% BSA in PBS-T (1xPBS,
0.01% Triton X-100) of blocking. After rinsing with PBS, we diluted antibodies according to Table
1 in blocking solution and incubated them overnight at 4°C. Samples were then washed 5x for 5
mins with PBS and then secondary Alexa-555 (Thermo Fisher Scientific, USA) or Alexa 647
(Thermo Fisher Scientific, USA) were incubated for 1 hour at room temperature. We used
VectaShield Plus DAPI (MJS Biolynx, CA) mounting medium with 1.5mm coverslips (Fisher
Scientific, USA) sealed with nail polish and imaged when completely dried. Images were

captured on Zeiss Axiolmager M2 and analyzed using Image].
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4.4.5 Creation of short-hairpin RNA (sh-RNA) Lentivirus for depletion of SLMAP3

To stably deplete SLMAP3 expression in H9C2 cells, we designed two shRN As target-ing mouse
SLMAP sequences from exon 22 (Ensembl reference transcript ENSMUST00000139075.8), which
were conserved in rat SLMAP gene. The targeting se-quences are 5'-
GCAATCAATCACAGATGAGCTCAAA and 5-GCTGCTGCGAGAGAAAGGAAATAAT,
which were called S4 and S5, respectively. The control scramble target sequence is 5'-
AGGATAAGCGTCAACGAATAGGTGA, referred to as SC, and was generated by inputting the
S5 plasmid sequence into GenScript Sequence Scramble tool [38]. The shRN As were designed in
a lentivirus vector with the VectorBuild-er design tool [39]. VectorBuilder cloned and delivered
the plasmids in Escherichia coli (VB UltraStable). Plasmids were isolated via PureYield Plasmid
Midprep System protocol (Promega Cooperation, Technical Manual #TM253) and transfected in
Lenti-X 293 T cells with the packing and envelope plasmids psPAX2 [40] and pMD2.G [41] via
polyeth-yleneimine (PEI), following an established protocol [42]. The supernatants of Lenti-X 293
T cells containing lentiviruses were harvested 48 and 72 h after transfection and filtered with 0.45
um sterile syringe filter. The viral particles were concentrated via Lenti-X-Concentrator
(Clontech, Mountain View, CA, USA, catalog number PT4421-2), and the titer was quantified

with the PCR Lentivirus Titer Kit (abm, New York, NY, USA, catalog num-ber LV900).

4.4.6 Maintenance and transduction of H9C2 rat cardiomyocyte cell line

H9C2 cell line was originally acquired from ATCC and gifted by the Megeney Laboratory at
University of Ottawa. H9C2 cells were kept at 37°C with 5% carbon dioxide in high humidity.
H9C2 media consisted of high glucose (4.5g/L) Dulbecco modified essential media (DMEM)

Multicell, Catalogue #319-005-CL) containing 1.00% pen-strep, 1.00% non-essential amino acids
gu g P p
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(Gibco, Reference #11140-050). The H9C2 cell line has been tested in the lab for mycoplasma
contamination and tested negative in all instances. The lentiviral reverse transduction was
performed following Addgene protocol [43] H9C2 cells were plated at 25,000 cells per cm? of
growth area and transduced with 54, S5, and Sc at multiplicity of infection (MOI) of 150. Selection
for successfully transduced cells was carried out by incorporating puromycin into cell media (3
ug/mL) for 3 days. For induction of YAP phosphorylation to be used as a positive control, HOC2

cells were treated with 1.5 uM okadaic acid for 1 hour. Protein lysate was isolated soon after that.

4.4.7 Senescence analysis on H9C2

Cellular senescence was analyzed via Senescence Beta-Galactosidase Staining Kit protocol
outlined by manufacture (Cell Signaling Technology, Cat. #9860). All the cells were plated in
triplicates, and cells were quantified in 3 fields of each. Total and positive X-gal cells were
counted blindly to avoid any bias. For positive control, we induced cellular senescence in H9C2

WT cells by 600 um H20: treatment for 2 hours in two consecutive days.

4.4.8 H9C2 Growth Curve Analysis

Cells were plated at 9000 cells per cm? and left overnight to attach. Cells were fixed with 4%
paraformaldehyde in 1X PBS, pH 7.4 (warmed to 37°C) for 20 minutes followed by distilled
water wash. Samples were incubated with 0.1% crystal violet for 20 minutes at room
temperature followed by 4 distilled water washes. Samples were left to air dry at room
temperature for a minimum of 2hrs followed by 10% acetic acid incubation for 20 minutes at
room temperature, while shaking, to dissolve the crystal violet. Quantification was performed

by measuring absorbance of samples at 590 nm relative to each other using Synergy Hybrid
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Multi-Mode Microplate Reader (BioTek Instruments, Highland Park, VT, USA). Procedure was

performed 3 times corresponding to number of day (days 1, 3, and 5) for each sample.

4.4.9 Statistical Analyses

The statistical analysis was performed using GraphPad Prism software version 8 for
Windows (GraphPad Software). All comparisons between wildtype and knockout groups were
analyzed using non-paired two-tailed Student’s T-test. If three groups were analyzed, we used
one-way ANOVA with post hoc Tukey test to determine significance. All values and points on
graphs represent mean values obtained from multiple experiments. All error bars presented in
graphs are represented using the standard error of the mean. All sample size values (1) represent

replicates.
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Abstract:

SLMAP3 is a tail-anchored membrane protein that targets subcellular organelles and is believed to
regulate Hippo. The knockout (KO) of SLMAP3 in mice was lethal presenting with craniorachischisis.
Loss of SLMAP3 did not impact Hippo signaling or cell proliferation. SLMAP3-KO Embryos displayed
reduced length and width of neural plates signifying arrested convergent extension. Expression of planar
cell polarity (PCP) components, disheveled-2 and -3, and activity of downstream targets, phospho-
ROCK2, phospho-cofilin and phospho-JNK1/2 was deregulated in SLMAP3-KO E12.5 brains. The
cytoskeletal proteins, actin and nestin, and apical PKC{, were not polarized to their specified apical or
basal domains and adherens and tight junctions were mislocalized in neural tubes and neuroepithelial cells
(NEPCs) that were deficient in SLMAP3. Proteomics revealed new associations of SLMAP3 with the
apical-basal polarity (ABP) protein, Scribble, and components of the centrosome (AKAP9, Pericentrin,
Cep170),Golgi (Golgb1, Golga3) and transport machinery (Kif5c). Depletion of SLMAP3 altered the
localization of these components with defective differentiation. These datareveal a new role for SLMAP3

in convergent extension through mechanisms that involve centrosomal and Golgi dynamics.
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5.1 Introduction:
Organization and dynamics of subcellular organelles play a crucial role in embryonic development, as

alterations in their structure and distribution critically impact the spatiotemporal patterning of tissue

growth and morphogenesis [1]. During neurulation the neural plate, a layer of specialized ectoderm cells
called neuroepithelial cells (NEPCs), will organize in a pseudostratified manner allowing this plate to
bend, form bilateral neural folds that will fuse to generate the hollow neural tube (NT) aided by the

positioning/movement of organelles [2, 3]. For example, the movement of nuclei during different stages
of'the cell cycle known as interkinetic nuclear migration shifts nuclei basally to narrow the NEPCs at the
apical side to promote apical constriction. Apical constriction initiates the shaping of neuroepithelial cells
to a wedge or bottle shaped to enable contractile forces of actin-myosin on apical surface to constrict to
bend and fold the neural plate [4]. Further, defining the apical-basal polarity (ABP) axis in these cells is
ensuring appropriate distribution (apical or basal) of organelles such as the centrosome and Golgi to
maintain the polarity gradient [5]. However, the molecular mechanisms that regulate organelle positioning
and movements are not well understood, and if perturbed can result in neural tube defect (NTD), a

common structural birth defect in humans where prognosis depends on location of open neural tube,

varying from mild disability to death [6, 7].

We have previously defined the sarcolemmal membrane associated protein (SLMAP) as a core
component of centrosomes, endoplasmic reticulum, mitochondria, and perinuclear membrane and could
impact function of these organelles [8-12]. SLMAPs are categorized as three main polypeptide isoforms,
SLMAPI1 (35 kDa), SLMAP2 (45 kDa) and SLMAP3 (83-91 kDa), generated by alternative splicing and
diverse start sites from a single gene we localized to 3p.13-21 in humans [10,13]. The c-terminal
sequences of SLMAP isoforms are highly conserved and comprise coiled-coil domains and an
alternatively spliced mutually exclusive transmembrane domain (TM1/TM2) that localize SLMAP to
subcellular membranes [8]. The largest isoform, SLMAP3 uniquely houses an N-terminal forkhead
associated domain (FHA) that acts as regulator for phosphoprotein interactions and targets the

microtubule organizing center (MTOC) [12, 14, 15]. SLMAP3 is ubiquitously expressed and

138



developmentally regulated [11, 16]. Recent studies have indicated that SLMAP3 can negatively regulate
the Hippo signaling pathway by interacting with Hippo activating kinase, MST1/2, and cause a
dephosphorylation cascade viathe striatin interacting phosphatase and kinases (STRIPAK) complex to

modulate the transcriptional coactivators YAP/TAZ, to boost proliferation and repress apoptosis [17-20].

Our aim was to discern the role of SLMAP3 during embryonic development by investigating a previously
generated global knockout (KO) of SLMAP3 by crossing flox-SLMAP mouse with the CMV-cre mouse
to nullify SLMAP3 during embryogenesis [21-23]. We report here that the loss of SLMAP3 results in
embryonic lethality with some embryos presenting with a neural tube defect, craniorachischisis. We found
no evidence that loss of SLMAP3 impacts Hippo signaling but rather plays a pivotal role in regulating
planar cell polarity (PCP) and ABP for neurulation. The data points to a unique role for SLMAP3 in

neural tube development by regulating convergent extension through novel mechanisms that influence

dynamics of organelles such as the centrosome and Golgi.
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5.2 Materials and Methods:

5.2.1 Generating and genotyping the SLMAP3 knockout mice
The procedure to create flox-SLMAP mouse and mechanism that generates knockout is well

described in our previous publication [21,23]. In this study, we crossed flox-SLMAP mice with CMV-cre
mice to create a heterozygous flox-SLMAP mouse that knockdown (KD) SLMAP3 expression we termed
“cre-dependant” breeding. As CMV-cre will cleave SLMAP gene at exon 3 in every cell type, we crossed
KD-SLMAP mice with Wt mice, to pass on the cleaved-SLMAP gene but not cre. Therefore, for “cre-
independent” breeding, crossing male and female mice harboring one copy of cleaved SLMAP, will
generate mice that are homozygous for cleaved-SLMAP resulting in our knockout (KO) animals (Figure
1A). These mice were genotyped by extracting genomic DNA from ear clips by boiling for 10 minute at
95°C in 180pL of 50mM NaOH per ear. DNA solution was then neutralized using 20pL of 1M Tris-CI pH
8.0. SLMAP KO/KD mice were identified by polymerase chain reaction (PCR) using DreamTaq Green
PCR Master Mix 2x (Thermoscientific) for the PCR mix. Forward F2 primer (5°-CCT GGA GAG CCT
CCG TGT GAGT-3’), reverse R2 primer (5'-GTC AACTGC CCAATGTACAGAAATAGTAAG -3")
targeted loxP site 1 and reverse R1 primer (5’-GGA GAG ACT ATC ACA GCC ACA GGA-3’) on flox-
SLMAP gene (Figure 1B). Primers F2/R2 will identify loxP1 sites, absence of which will suggest cleaved
SLMAP3. This is confirmed by primers F2/R1 as cleaved SLMAP gene will produce an amplicon size at
400bp whereas Wt-SLMAP will produce an amplicon size of 1400bp (Figure 1C). PCRs were visualized

by Red Safe (Sigma) staining on a 1% agarose gel.

Pregnant mothers were plug checked and the morning of first plug was designated as E0.5.
Mothers were anesthetized and embryos were dissected away at desired stage in ice-cold 1x PBS.
Embryos were either fixed in 10% neutral buffered formalin or tissues (brain, whole embryo) were snap-

frozen for protein or transcript analysis and/or cultured for cell analysis.

Mice were handled in accordance with the guidelines set by Canadian Council on Animal Care,

Guide to the Care and Use of Experimental Animals, 2 vols. (Ottawa, Ont.: CCAC, 1980-1993) and
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A)

Animals for Research Act, R.S.0. 1990, c.A. 22. All animal protocols and procedures were approved by

the Animal Care Committee of the University of Ottawa.

B)

Cre-dependent

13 A Cre-F

(

SLMAP./Cre (25%) F2 Exon 3 Loxp
( J ) i n %ﬂ

(2 X 2 ¥ 3 " 1l
) ( ) ( ) ( ) o] T Tnd

C) Wt KD KO

w Cre-independent Wt-SLMAP;1400bp

i —

][ SLMAP+/+ (Wt)(25%) ]

Wt-SLMAP; 284bp

Figure 1. Breeding diagram to generate global knockout of SLMAP in mice. A. During the cre-dependent
phase, flox-SLMAP mice are crossed with CMV -cre mice to generate offspring which contains one

+/-
wildtype/one cleaved SLMAP allele and cre (SLMAP :Cre). Backcrossing with a wildtype mouse will
+/-
produce an animal that contains one cleaved SLMAP allele without cre (SLMAP ), thus beginning the

cre-independent breeding phase. Breeding SLMAPH— together, will generate experimental animals,
wildtype Wt (SLMAP*), knockdown KD (SLMAP*"), and knockout KO (SLMAP"). B) Schematic
representing flox-SLMAP gene, exon 3 flanked with LoxP sites. Primers F2 and R2 target sequences
upstream and downstream of LoxP site 1, whereas R1 targets sequence downstream of LoxP site 2. C)
PCR amplicons run on separate lanes on a 1% gel to identify amplicon sizes produced from primers
F2/R1 pairing and F2/R2 pairing. These will identify Wt, KD, or KO experimental animals.
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5.2.2 Histological and Immunofluorescent analysis
We paraffin-embedded the fixed embryos and transversally sectioned them targeting the hindbrain-

cervical boundary to examine neural tube closure at this site. Paraffin-embedded slides were processed
through well-established protocols for rehydration and citrate buffer antigen retrieval [24]. Sectioned
slides were stained with Hematoxylin and eosin stain to identify cells (pink) and nuclei (purple blue)

visualizing neural tube and neighboring tissues.

For immunofluorescence of histological sections, rehydrated slides were subjected to 1 hour of 5%
BSA in PBS-T (1x PBS, 0.01% Triton X-100) of blocking. After rinsing with PBS, we diluted antibodies
according to Table I in blocking solution and incubated them overnight at 4°C. Samples were then
washed 5x for 5 mins with PBS and then secondary Alexa-555 (Thermo Fisher Scientific, USA) or Alexa
647 (Thermo Fisher Scientific, USA) were incubated for 1 hour at room temperature. We used
VectaShield Plus DAPI (MJS Biolynx, CA) mounting medium with 1.5mm coverslips (Fisher Scientific,

USA) sealed with nail polish and imaged when completely dried.

For immunofluorescent imaging of cells, we placed autoclaved circular 1.5 mm coverslips (VWR,
USA) in 12-well plates and incubated with poly-I-lysine (MilliporeSigma, USA) according to
manufacturer protocol. The poly-I-lysine solution was rinsed with 1x PBS and airdried in hood for 30
minutes before cells were plated onto the wells containing the coverslips. After attachment, cells were
rinsed gently with 1x PBS before adding 4% paraformaldehyde for 20 minutes. After washing 3 times for
5 mins with 1x PBS, we blocked and permeabilized cells for 20 minutes with PBS-T (1% BSA, 1x PBS,
0.3% Triton X-100). After 3 more washes for 5 minutes each with 1x PBS, we added primary antibody
overnight at 4°C. Samples were thoroughly washed 5 times for 5 minutes with 1x PBS then we added
either secondary Alexa-555 (Thermo Fisher Scientific, Waltham, MA, USA) or Alexa 647 (Thermo Fisher
Scientific, Waltham, MA, USA) for 1 hour at room temperature. We used VectaShield Plus DAPI (MJS
Biolynx, CA) mounting medium on coverslips, placing them face down on slides, and sealed them with
nail polish. Images from the dried slides were captured on Zeiss Axiolmager M2 and analyzed using

ImageJ and Cell Profiler.
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Immunofluorescent imaging of transverse section of E8.5 and E9.5 neural tube experiments were
performed by staining sections of 3 Wt and 2 KO embryo for each protein. For apical and basal proteins,
measurements were taken the respective domains and comparing to subdomain. Golgi size was measured
by measuring the length of Golgi apparatus extension. All measurements assessed mean fluorescent
intensity from each embryo and was repeated up to 4 times. The standard deviation represents the

variance between embryos and n represents the number of embryos analyzed.

For cell size and Golgi apparatus analysis, we utilized the Cell Profiler software using a published

pipeline [25].

5.2.3 Protein isolation and SDS-Page
Whole embryo orel2.5 brains frozen at =80 °C were washed with ice-cold 1x phosphate buffered

saline (PBS) and homogenized using a Fisher handheld Maximizer homogenizer (Thermo Fisher
Scientific) in ice-cold lysis buffer (1 mM ethylene glycol tetraacetic acid (EGTA), 1 mM
ethylenediaminetetraacetic (EDTA), 20 mM Tris base, 1% Triton, 150 mM sodium chloride, 1 x complete
mini EDTA-free protease inhibitor cocktail (Roche), and 1x PhosSTOP (Roche). The suspension was
centrifuged for 15 min at 12,000x g to separate the proteins from the cell debris. The supernatant
containing the protein lysate was collected and stored at —80 °C. Approximately 8-10 pg of protein lysate
was loaded in each well of a 5-15% SDS-PAGE gel. The gels were transferred overnight on a
polyvinylidene fluoride (PVDF) membrane (Bio-Rad) in a buffer containing 25 mM Tris, 190 mM
Glycine, and 20% methanol. All membranes were blocked at room temperature for 1 h in Tris-buffered
saline (TBST) containing 1 M Tris, 290 mM NacCl, 0.1% Tween 20, pH 7.4, and 5% nonfat dry milk.
Primary antibodies (listed in Table 1) were incubated overnight at 4 °C with 5% bovine serum albumin
(BSA). Membranes were washed 5 times for 5 min each in TBST prior to adding the appropriate
horseradish peroxidase-labeled secondary antibody (Jackson ImmunoResearch) in a 1:10,000 dilution in
TBST with 5% nonfat dry milk. Membranes were shaken slowly at room temperature for 1 h while
incubating with secondary antibody, followed by 5 washes for 5 min each with TBST. Membranes were

treated with a BioRad western blotting kit (Bio-Rad, Hercules, CA, USA) and developed using
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ChemiDoc machines (Bio-Rad, Hercules, CA, USA). Bands were quantified by densitometry using Image
Lab software v.6.0.0 (Bio-Rad). Membranes were stripped (25 mM glycine, 10% SDS, and pH 2.2 in
dH20) and reprobed with different antibodies. When using stain-free technology, stain-free gels (Bio-

Rad) and low-fluorescence PVDF membranes (Bio-Rad) were used.

5.2.4 Primary neuroepithelial cell culture
For primary neuroepithelial cell culture, embryosat E9.5-10.5 were harvested from plug-checked

dams and rinsed in ice cold 1x PBS before hindbrain-spinal neural tube was harvested from embryos by
shearing the neighboring tissues away by using forceps [26]. The rest of the body was used for PCR
genotyping. Isolated neural tube tissues were placed in 300puL 1x Trypsin-LE (ThermoFisher) for 5
minutes at 37°C and pipetted up and down to dissociate neuroepithelial cells. This procedure was repeated
up to 3 times for complete breakdown of the neural tube. Cells in Trypsin-LE were inactivated with equal
volume of serum-free culture medium and centrifuged at 0.3g for 5 mins to pellet cells. Cells were
resuspended with serum-free medium and placed on prepared 1.5mm coverslips for 24-48 hours before
proceeding to immunofluorescent imaging (section 2.2). The serum-free culture medium was made

following this manuscript [26].
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5.2.5 RNA-sequencing
Our RNA-seq methodology was previously described and GEO series accession was previously deposited

in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number:
GSE230748 [23, 27]. Briefly, total RNA was isolated from4 WT and 3 KO E11.5 embryos and submitted
to the StemCore Laboratories Genomics Core Facility at University of Ottawa for RNA -sequencing.
RNA-seq post-processing and differential expression analysis was prepared by the Ottawa Bioinformatics
Core Facility. RNA-sequencing data was uploaded to Galaxy web platform where the data was displayed

with heat maps [28].

5.2.6 Immunoprecipitation-Mass Spectroscopy (IP-MS)
Our IP-MS methodology was previously described, and the mass spectrometry proteomics data were

previously deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD041687 and 10.6019/PXD041687 [23]. Briefly, IP of SLMAP3 and anti-IgG was
performed on E12.5 mouse brain wildtype lysates. The resulting samples were submitted to Montreal

Clinical Research Institute for MS.

5.2.7 Creation of short-hairpin RN A Lentivirus for depletion of SLMAP3

To stably deplete SLMAP3 expressionin NE-4-C cells, we designed two shRNAs targeting sequences
from exon 22 (Ensembl reference transcript ENSMUST00000139075.8). The targeting sequences are 5’ -
GCAATCAATCACAGATGAGCTCAAA and 5 -GCTGCTGCGAGAGAAAGGAAATAAT, which were
called S4 and S5, respectively. The control scramble target sequence is 5°-
AGGATAAGCGTCAACGAATAGGTGA, referred to as SC, and was generated by inputting the S5
plasmid sequence into GenScript Sequence Scramble tool [29]. The shRNAs were designed in a lentivirus
vector with the VectorBuilder design tool [30] VectorBuilder cloned and delivered the plasmids in
Escherichia coli (VB UltraStable). Plasmids were isolated via PureYield Plasmid Midprep System
protocol (Promega Cooperation, Technical Manual #TM253) and transfected in Lenti-X 293T cells with
the packing and envelope plasmids psPAX2 [31] and pMD2.G [32] via polyethyleneimine (PEI),

following a established protocol [33]. The supernatants of Lenti-X 293T cells containing lentiviruses were
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harvested 48 and 72 hours after transfection and filtered with 0.45 pm sterile syringe filter. The viral
particles were concentrated via Lenti-X-Concentrator (Clontech, catalog number PT4421-2) and the titer

was quantified with the PCR Lentivirus Titer Kit (abm, catalog number LV900).

5.2.8 Maintenance, transduction, and differentiation of NE-4C cells

NE-4C cells (ATCC #CRL-2925) were grown at 37°C and 5% CO2 in 1x Eagle’s minimum essential
medium (Wisent) supplemented with 10% FBS (Wisent), 1x Antibiotic-Antimycotic (ThermoFisher) and
2mM L-Glutamine (Invitrogen). The NE-4C cell line has been tested in the lab for mycoplasma
contamination and tested negative in all instances. SLMAP depletion was mediated by shRNAs in a
lentivirus vector. The reverse transduction was preformed following Addgene protocol [34] but using
25,000 cells per cm? of growth area and considering a multiplicity of infection (MOI) of 200. Selection
for successfully transduced cells was carried out by treatment of 3 pg/mL puromycin for 4 days. To
induce differentiation, transduced NE-4C cells we incubated with 10pm retinoic acid (Millipore Sigma)
for >96hrs to generate radial glial and astrocytes, aggregating to form neurospheres [35, 36]. Retinoic

acid storage, handling and dilutions were followed through manufacturers protocol.

5.2.9 Real-Time Quantitative PCR

Total mRNA from NE-4C cells was extracted using the RNeasy Fibrous Tissue Kit (Qiagen). The
concentration and purity of the obtained mRNA was determined by measurement of 260/230 nm
absorbance ratio and 280/260 absorbance ratio using NanoDrop 2000 UV-Vis Spectrophotometer
(Thermo Fisher Scientific). RNA wasused as a template to generate cDNA using SuperScript II reverse
transcription protocol following the manufacturer’s guidelines (Invitrogen). RT-qPCR was carried out
using the BioRad CFX96 system and Luna Universal qPCR mater mix according to manufacturer
instructions. Equal amounts of cDNA were utilized in real-time PCR using primers for SLMAP3 cDNA
(SLPN-F: 5°-GGA ATT CGATGC CGT CAG CCTTGG C -3°, 558-R: 5’-TTG CTC GTC TTG TGA
TCA AAC CAG -3°), Pax6 (Pax6-F: 5’-CTGAGGAACCAGAGAAGACAGG -3’, Pax6-R: 5°-

CATGGAACCTGATGTGAAGGAGG -3°), Sox2 (Sox2-F: 5’-AACGGCAGCTACAGCATGATGC -3°,
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Sox-R: 5’-CGAGCTGGTCATGGAGTTGTAC-3") and Actin loading control (F: 5°-
ACCCAGGCATTGCTGACAGGAT-3’, R: 5’-CGCAGCTCAGTAACAGTCCGC-3’). Fold change was
calculated using the AACt method. The primers were validated by serial dilution curves and PCR product

size.

5.2.10 Image generation

Models utilized in Figure 6A, Figure 8A, Figure 9A, Figure 10A, Figure 11 were created with

BioRender.com.

5.2.11 Statistical Analyses

The statistical analysis was performed using GraphPad Prism software version 8 for Windows (GraphPad
Software). All comparisons between wildtype or knockout groups were analyzed using two-tailed

Student’s T-test. To analyze three groups, (Wt vs KD vs KO) we utilized ANOVA one-way to evaluate
significance with post-hoc Tukey test. All values and points on graphs represent mean values obtained
from multiple experiments. All error bars presented in graphs are represented using the standard error of

the mean. All sample size values (n) represent replicates.

147



Table 1. List of antibodies used in this study. All antibodies used in this study are listed with the

corresponding distributor, catalog number, and dilution used for western blot.

Antibody Manufacturer Application Dilution
SLMAP Novus Biologicals (NBP1-81397) IF, WB 1:1000
Striatin-1 BD Transduction Laboratories (610838) 1:1000
STRIP1 Bethyl Lab (A304-644a-m) 1:1000
PP2A-A o subunit Millipore Sigma (07-250) 1:600
PP2A-C o/p subunit Santa Cruz Biotechnology (sc-80665) 1:1000
Phospho-YAP (S127) Cell Signaling Technology (13008S) 1:1000
YAP Cell Signaling Technology (14074S) 1:1000
F}lf;g?loé(l)\;[STlﬁ Cell Signaling Technology (493325) 1:1000
KRS2(MST1) Santa Cruz Biotechnology (sc-515051) 1:1000
DVLI ProteinTech (27384-1-AP) 1:1000
DVL2 Abcam (ab22616) 1:1000
DVL3 Cell Signaling (CS 3218) 1:1000
Phospho-ROCK2 (S1366) GeneTex (GTX122651) 1:1000
ROCK2 Santa Cruz Biotechnology (sc-398519) 1:1000
Phospho-Cofilin (S3) Cell Signaling (3313T) 1:1000
Cofilin Cell Signaling (5175) 1:1000
??f’%?%ﬂg 2 Cell Signaling (9251) 1:1000
INK1/2 Cell Signaling (9252) 1:1000
PKC zeta Santa Cruz Biotechnology (sc-17781) 1:1000
Nestin Millipore (MAB353) 1:1000
N-cadherin ProteinTech (22018-1-AP) 1:1000
SCRIB (Rbt) Proteintech (27083-1-AP) 1:1000
SCRIB (M) Santa Cruz Biotechnology (sc-374139) 1:1000
Pericentrin Covance/Biolegend (PRB-432C) 1:1000
GM130 BD Biosciences (610822) 1:1000
Z0-1 ProteinTech (21773-1-AP) 1:1000
Sox2 Abcam (ab97959) 1:100
Phalloidin CF®488A Biotium (89427-132) 1:40
Alexa-555 Rabbit Secondary IgG Fluorescent marker 1/300
Alexa-647 Mouse Secondary IgG Fluorescent marker 1/300
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5.3 Results:

5.3.1 Loss of SLMAP3 is embryonic lethal in mice
We developed a strategy for global SLMAP3 knockout (KO) in mice by pairing SLMAP-flox mice and

crossing with CMV-cre mice to excise exon 3 which specifically ablated the SLMAP3 isoform expression
(91 kDa) but not the expression of SLMAP1 (~35KDa) and SLMAP2 (~45KDa) as indicated in Western
blots of E11.5 embryonic lysates (Figure 2A). At postnatal day (P)0, SLMAP3-null pups were stillborn,
displaying signs of late embryonic lethality and developmental deformities (Figure 2B). Microscopic
measurements indicated that the SLMAP3-KO embryos were significantly smaller, displayed facial

retrusion, and a truncated tail when compared to KD or Wt littermates (Figure 2B). We have recently
reported similar data regarding the reduction in body weight due to SLMAP3 loss in embryos [23].

Further, 1 out of 3 of SLMAP3-null embryos also exhibited the fatal NTD, craniorachischisis (Figure
2C). Craniorachischisis presents with observable open spinal cord and brain extrusion in affected patients

[37]

Since SLMAP3 was shown to negatively regulate Hippo signaling pathway via the STRIPAK
complex, we investigated if SLMAP3 loss could impact Hippo and account for any observed phenotypes
(Figure 2D). Western blot analysis on E11.5 whole embryo lysates indicated no significant differences in
expression of STRIPAK components (Striatin-1, STRIP1, PP2A/C) or activity in the Hippo activating
kinase, MST1/2 or downstream target of Hippo signaling, YAP (Figure 2E). RNA-Sequencing of Wt and
KO E11.5 embryos and analysis including Euclidean clustering and visualized Heat maps indicated no
changes in Hippo related gene expression in the SLMAP3-deficient embryos (Figure 2F). It is also
notable that major transcriptional programs that regulate embryogenesis such as Sonic Hedgehog, Wnt, or

BMP pathways [38] indicated no significant changes to target genes (Supplemental Table 1).

During early neurulation at E8.5 SLMAP3-KO embryos were significantly shorter (-25%,
p<0.05) and the caudal neural plate (posterior neuropore) was significantly wider (31%, p<0.05) than Wt
embryos, a change that was present in all developmental stages (Figure 3A). As craniorachischisis was

the most common NTD phenotype noted in the SLMAP3-KO embryos, we transversally sectioned Wt
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and SLMAP3-KO embryosat E8.5 and E9.5, to examine hindbrain-cervical boundary (Closure site 1), the
boundary closure site where craniorachischisis defects can occur. Immunofluorescent staining of E9.5
neural tube sections with anti-SLMAP indicated a complete loss of SLMAP in KO when compared to Wt,
consistent with Western blot data indicating that only SLMAP3 is expressed during neurulation is
completely ablated (Figure 3B). Neural tubes were displayed in an open conformation and found to be
underdeveloped at E8.5 and E9.5 in SLMAP3-KO when neurulation was complete in Wt (Figure 3C).
Neurulation is regulated by a tissue morphing process known as convergent extension, which narrows
tissues at the medial-lateral axis whilst elongating them at the anterior-posterior axis [39]. To determine if
SLMAP3-KO embryos display convergent extension defects we analyzed neural plate sections at E§.5
and E9.5 and examined neural plate thickness and neural grove aperture. The loss of SLMAP3 caused
significantly thinner neural plates at E8.5 (-27.42%, p<0.05) and E9.5 (-13.38%, p<0.05) and significantly
wider neural grove aperture (772%, p<0.05) in 9.5 neural tubes when compared to Wt (Figure 3D). The
decreased length and broader width of SLMAP-KO embryos coupled with thinner and wider neural plates
is consistent with convergent extension deficits [40, 41]. RNA-Seq analysis indicated that target genes
commonly associated with neurulation and craniorachischisis were not significantly altered by SLMAP3
loss, implying that NTD phenotype was not occurring via classical mechanisms and suggest a unique role

for SLMAP3 during neurulation. (Figure 3E).

150



5.3.2 Loss of SLMAP3 perturbs planar cell polarity signaling
Planar cell polarity (PCP) signaling provides directional cue to multicellular tissues, which affects

cell polarity, orientation, and migration essential for convergent extension [42]. The core PCP proteins are
asymmetrically distributed throughout the cell, with Van-Gogh Like-protein 1/2 (VANGL1/2) and
Frizzled-3/6 protein (Fzd3/6) on opposing ends respectively (Figure 4A). They coordinate a
multidirectional signal to cells simultaneously via antagonizing effects of the disheveled isoforms -1, -2, -
3 (DVL1,DVL2,DVL3) and Prickle proteins, resulting in cytoskeleton rearrangement by modulating
cofilin-1 and INK1/2 activity (Figure 4A) [43]. Therefore, PCP can propagate signal to adjacent cells via

VANGL1/2 to FZD3/6 establishing planar polarity throughout the entire tissue [44].

Western blot analysis of E12.5 brain lysates from SLMAP3-KO embryos (Figure 4B) indicated
there was a significant change in protein expression of DVL3 (-56%, p<0.05)and DVL2 (108%, p<0.05)
compared to wildtype, without any changes in DVLI1 (Figure 4C). Further, phospho-to-total ratios of the
downstream targets of PCP, ROCK2 (-25, p<0.05), cofilin (40%, p<0.05) and JNK1/2 (-52%, p<0.05)
were also significantly altered in SLMAP3 -null brain lysates (Figure 4C). The expression of other PCP
components such as Scribble (Scrib) or VANGL1/2 were not significantly altered (Supplemental Figure
1A). To identify if changes in DVL expression could impact canonical Wnt signaling we investigated the
activity and expression B-catenin, but no significant changes in their phosphorylation were detected
(Supplemental Figure 1B). The data suggests that SLMAP3 specifically regulates PCP signaling in brain
tissues that descended from the neural tube may affect neurulation. PCP signaling can be affected by
aberrant gene expression of PCP components [45], however given that SLMAP3 deficiency had no effect
on genes that encode components of PCP (Figure 4D), SLMAP3 effect on NT development appear to be

mediated via posttranscriptional mechanisms.

151



5.3.3 Loss of SLMAP3 impacts actin distribution and adherens junctions
Since the activity of cofilin-1 (actin severing protein) was dysregulated in SLMAP3-KO brain,

we examined if this could impact actin filament formation at the apical region of the neural tube, as apical
constriction of actin in NEP cells is necessary to generate forces that bend the developing NT [4].
Immunofluorescence microscopy on E8.5 & E9.5 Wt and KO embryos with phalloidin, indicated a
significant decrease of actin at apical region in E8.5 (-90%, p<0.05) and E9.5 (-24%, p<0.05) due to

SLMAP3 loss (Figure 5A).

Because apical actin is important to identify ABP of epithelia we examined if other components
involved in this process were mislocalized [46]. Epithelial tissues require ABP to regulate tissue integrity
and organization with proper polarity complexes. The atypical protein kinase ¢ zeta (PKC{) localizes to
apical side of epithelial tissues, was found to redistribute to subapical regions in SLMAP3-KO E9.5
neural tubes with a significant (-46%, p<0.05) decrease in the apical/subapical distribution ratio (Figure
5B). Next, we determined if basal regions are affected by examining Nestin, a neurofilament that localizes
to basal region within neuroepithelium and its basal/subbasal distribution ratio was significantly (-22,

p<0.05) lower in E9.5 KO neural tubes (Figure 5B).

The loss of ABP could dysregulate the mediolateral cell-cell contact in epithelial cells by
affecting the stability and localization of adherens junctions (AlJs), as the proper localization of junctions
has conventionally been used to assess the cell polarity [47]. AJs such as cadherins mediate epithelial cell-
cell interaction and bind actin filaments at apical ends to aide in apical constriction which is necessary for
bending epithelial tissues [48]. During neurulation, the neural plate can express varying cadherins at
different developmental stages [49]. At E7.5 it expresses E-cadherin (E-cad), at ES.5 the neural tube will
express N-cadherin (N-cad) and by E9.5 N-cad is the predominant cadherin expressed in fused neural
tube [50]. The localization of E-cad and N-cad in Wt and KO neural tube sections indicated a significant
decrease of N-cad junction intensity at apical regions in E8.5 (-50%, p<0.05) and E9.5 (-65%, p<0.05)
SLMAP3-KO neural tubes and decrease in E-cad mediolateral junction intensity at apical regions in E8.5

(-51.4%, p<0.05) and E9.5 (-59.6, p<0.05) SLMAP3-KO neural tubes (Figure 5C). The transition of
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NEPCs expressing E-cad to N-cad and E-cad/N-cad ratio is essential for proper neurulation [51], and
Western blot analysis of E12.5 brain lysates revealed that E-cad was significantly upregulated (252%,
p<0.05) whereas N-cad expression remained stable (-21%, p=0.57) in SLMAP3-KO (Figure 5D). These
data indicate that SLMAP3 regulates ABP within the neuroepithelial tissue for proper distribution of PCP

components.

5.3.4 SLMAP3 interacts with centrosomal and Golgi proteins to regulate apical-basal polarity
Given the impact of SLMAP3 loss on neurulation, we sought to evaluate unique SLMAP3

interactors that we performed previously viaimmunoprecipitation-mass spectroscopy (IP-MS) using anti-
SLMAP on E12.5 mouse brains lysates to examine SLMAP3 specific interactions [23]. We observed
unique interactions as seen in a protein-protein interaction network in Figure 6A. Interactions with
centrosomal proteins (AKAP9, Pericentrin, Cep170), Golgi (Golgb1, Golga3), microtubule transport
proteins (Kif5c, Klc1/2/4) and the polarity protein Scrib were notable. Further, GO analysis [52] of
highest peptide discovery counts revealed that SLMAP3 binds to numerous facets of cytoskeletal
architecture; actin, tubulin and intermediate filaments (Figure 6B). The STRIPAK components (striatin-1,
PP2A and MAP4K4) were also present in complex with SLMAP3 as described previously [17]. IP of
embryonic E12.5 mouse brain lysates with anti-SLMAP and Western blotting indicated the presence of

STRNI1, Scrib and Nestin in these samples consistent with the MS data (Figure 6C).

The centrosome and Golgi apparatus play a unique role in mediating ABP in epithelial tissues.
The centrosome localizes to apical regions, to aid in the transport and migration of cells by nucleating
microtubules [53]. The dynamics of Golgi apparatus is imp ortant in maintaining polarity, as it dictates the
directionality of membrane trafficking and cellular materials [5]. Golgi can reside in apical regions in
epithelial cells however during cell migration or delamination, the Golgi apparatus will migrate to basal
domains to aid in transport of proteins and organelle movement generating a defined polarity axis [5].
Given the new interactors of SLMAP3 we examined any impact of SLMAP3 deficiency on their

localization by immunofluorescent microscopy with centrosomal marker, pericentrin and Golgi marker,
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GM130 in E8.5/E9.5 Wt and KO neural tube sections (Figure 7A). At E8.5, we observed significantly
weaker pericentrin (-72.9%, p<0.05) and GM130 (-50.9%, p<0.05) staining at the apical region in
SLMAP3- KO neural tubes compared to Wt (Figure 7B). At E9.5, we similarly observed significantly
weaker intensity of pericentrin (-21.7%, p<0.05) and GM130 (-70.4%, p<0.05) at apical regions in
SLMAP3-KO neural tube compared to Wt (Figure 7B). The Golgi apparatus appears elongated in Wt NT
but was fragmented in SLMAP3-KO with decrease in size in E8.5 (-83.2%, p<0.05) and E9.5 (-76.4%,

p<0.05) (Figure 7B).

Scrib regulates ABPand PCP [54] and since SLMARP is associated with Scrib we examined its
localization as its expression was not significantly altered due to SLMAP3 deficiency. We observed that
in E9.5 neural tubes Scrib was localized at basolateral membrane of NEP cells, whereas in SLMAP3-KO

its localization was reduced (-43.9%, p<0.05) and became more dispersed (Figure 7C).

To determine if the loss of SLMAP3 would lead to changes in proliferation of NEPCs we
performed immunofluorescence with phosphorylated histone-3 (pH3) on E8.5 and E9.5 neural tube
sections (Supplemental Figure 2) and there were no significant differences in number of pH3 -positive

NEPCs in the KO neural tube compared to Wt.
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5.3.5 NEPCs with SLMAP3-KO display decreased cell size, mislocalization of pericentrin and

Golgi fragmentation
We examined the precise distribution of centrosome and Golgi apparatus within NEP cells

isolated from Wt and SLMAP3-KO neural tube tissues from E10.5 embryos, cultured in media for 2-3
days and plated onto coverslips (Figure 8A). For each immunofluorescence experiment, staining was
performed with phalloidin and Nestin to distinguish total cells from NEPCs respectively (Figure 8§B).
Immunofluorescent analysis of phalloidin in nestin-positive cells indicated a significant decrease in cell
area (-27%, p<0.05), perimeter size (-24%, p<0.05), major axis (-23%, p<0.05) and minor axis (-39%,
p<0.05) of the SLMAP3-KO NEPCs compared to Wt (Figure 8B). In Wt NEPCs centrosome
(pericentrin) appeared adjacent to the nucleus and Golgi (GM130) was tightly bound to centrosomes
(Figure 8C). However, in SLMAP3-KO NEPCs the centrosome fluorescent signal was significantly
weaker (-79%, p<0.05) compared to Wt (Figure 8C). Further, the Golgi apparatus had become
significantly dispersed, with decreased Golgi compactness (-33%, p<0.05) and increased fragmentation

(107%, p<0.05) in SLMAP3-KO NEPCs.

5.3.6 Knockdown of SLMAP3 in NE-4C cells affects localization of Scrib, AJs and TJs
Due to difficulties with generating SLMAP3-KO embryos and inconsistent isolation of primary

NEPCs, we utilized an immortalized mouse neuroepithelial cell line, NE-4C and shRNA to knock down
SLMAP3. Two shRNA plasmids (sh-S4, sh-S5), designed to target the SLMAP mRNA at exon 22,

(Figure 9A) or scramble control (sh-Sc) were packaged into lentivirus and transduced into NE-4C cells
(Figure 9A). Western blot analysis indicated that were was a significant knockdown of SLMAP3 (91kDa)

in S4 (-91.26%, p<0.05) and S5 (-92.62%, p<0.05) cells relative to the Sc control cells (Figure 9B).

Scribble location at junctions was significantly reduced as indicated by immunofluorescence
which was now more dispersed throughout the cytosol in S4 and S5 NE-4C cells compared to Sc (Figure
9B). Further, immunofluorescence of N-cad in NE-4C cells was significantly downregulated at junctional
sites by S4 (-71.9%, p<0.05)and S5 (-74.6%, p<0.05) when compared to Sc (Figure 9C). Further, we
examined the localization of tight junctions (TJs) interconnected to AJs to regulate cell-cell adhesion and

barrier function by associating with the actin cytoskeleton to aid in apical constriction of neural tube [55].
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The localization of TJ, ZO-1 was significantly decreased at junctional sites by S4 (-61.9%, p<0.05) and
S5 (-19.4%, p<0.05) when compared with Sc transduced cells (Figure 9D) and was significantly more
retained in the cytoplasm in S4 (76.9%, p<0.05) and S5 (25.6%, p<0.05) when compared with Sc (Figure
9D). SLMAP3 deficiency leads to mislocalization of Scrib, AJ and TJ in NE-4C cells implicating a

perturbed ABP.

5.3.7 SLMAP3 impacts differentiation of NE-4C cells

NE-4C cells can be differentiated with 10 um retinoic acid to form progenitor astrocytes or radial
glial cells with impact on expression of the molecular markers Sox2 and Pax6 (Figure 10A). Sox2 is
involved in the regulation of neural stem cell proliferation, self-renewal, and fate determination during
neurogenesis [56]. It plays a critical role in maintaining the undifferentiated state of neural stem cells and
promoting their differentiation into neurons [56]. Pax6 plays a critical role in neurogenesis by controlling
progenitor cell identity, neuronal fate determination, and cortical layer formation [57]. The data indicated
that during differentiation in both S4 and S5 transduced cells there was a significantly lower expression of
transcript for Sox2 whilst only S5 showed a reduced expression of Pax6 compared to Sc (Figure 10B).
Immunofluorescence of Sox2 in differentiated, transduced NE-4C cells indicated significantly fewer
Sox2+cells in the S4 (-32.6%, p<0.05) and S5 (-68.7%, p<0.05) compared to Sc (Figure 10C). Further,
the Sox2+ cells would aggregate into neurospheres which were significantly smaller in the S4 (-69%,

p<0.05) and S5(53%, p<0.05) NE-4C cells compared to Sc (Figure 10C).

Since centrosome and Golgi function is important for neuronal differentiation [58], we assessed if
deficiency of SLMAP3 could influence the positioning of centrosome or Golgi in differentiating NE-4C
cells. Immunofluorescent analysis with pericentrin and GM130 indicates that centrosome localization was
not significantly affected however a significant change in Golgi area in S4 (-61%, p<0.05) and S5(-
0.57%, p<0.05and Golgi compactnessin S4 (-12.6,p<0.05) and S5 (-31.2%, p<0.05) transduced cells was

evident (Figure 10D). Golgi fragmentation or impaired Golgi function can impact neuronal
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differentiation [59] and the data here points a novel role for SLMAP3 in maintaining normal Golgi

structure in neuronal differentiation and NT development as observed in our isolated NEPCs.

5.4 Discussion:

Our data here defines a critical role of SLMAP3 in embryonic development, specifically in
developing the neural tube since its loss results in failure to close leading to craniorachischisis. Our data
shows that lack of SLMAP3 exhibited changes in centrosomal and Golgi dynamics, perturbing ABP and
PCP signaling. NT formation is critically dependent on proper PCP signaling and ABP as perturbations
can cause NTDs [60, 61]. The embryonic knockout of SLMAP3 isoform only resulted in embryonic
lethality, exemplified by small size, short limbs, faulty tail growth, and craniofacial defects shown here
and previously [23]. The embryonic expression of the other SLMAP isoforms remained unchanged and it
is notable that tissues such as the NT and brain express only the SLM AP3 isoform and thus were severely
compromised during development. We did not observe any defects in embryonic cardiac development
like what we previously reported in the conditional KO of the SLMAP3 isoform in the postnatal mouse
heart [21]. This is most likely due to the abundant expression of other SLMAP isoforms in cardiac tissue
which potentially compensate for the loss of SLMAP3 [21]. While SLMAP3 has recently been linked to
Hippo signaling [62, 63], we did not find any impact on this pathway at the phenotypic or molecular level
in embryos or tissue null for this SLMAP3 isoform. It appears that SLMAP3 mediates organogenesis
through unique mechanisms in cell and tissue specific manner as we recently reported in muscle

development [23].

NTDs represent some of the most common birth defects globally, approximately affecting 1:1000
births [3, 64]. Many of these defects are linked to folate metabolism and genetic factors however a
significant number of cases remain idiopathic, particularly craniorachischisis [65]. Most observed cases of
NTD in SLMAP3-KO mice manifested as craniorachischisis, while the occurrence of spina bifidia and

exencephaly was also evident in embryos. SLMAP3 may be a novel biomarker for NTDs particularly
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craniorachischisis consistent with phenotypes observed with ablation or suppression of PCP components

[66-68].

PCP signaling pathway is essential for convergent extension and SLMAP3-KO embryos display
defects with reduced length to width ratios and significantly wider neural plates in E§.5 and E9.5
embryos. SLMAP3-KO in neural tube descendent tissues, brain, revealed substantial changes in the
expression of PCP signaling transducers, DVL2 and DVL3 as well as the downstream targets such as
ROCK?2, Cofilin, and JNK, which are all associated with NTDs[69]. The deficiency in DVL2 and DVL3
has been reported to result in NTDs[70] our data suggests that DVL2 and DVL3 are dysregulated and
could contribute to the observed phenotypes. The SLMAP3 mediated regulation in the DVL2/3 protein
levels most likely occurs through posttranscriptional mechanisms [71] since there wasno change in their

gene expression.

The dysregulation of cofilin due to SLMAP3 loss led us to investigate actin within the neural tube,
as it is pivotal in facilitating apical constriction, essential for convergent extension and neurulation [72,
73]. Ablating actin cytoskeletal regulators can causes incomplete neurulation at cranial and spinal regions
causing NTDs such as exencephaly, anencephaly, spina bifidia [74-76]. Studies have shown that
aberrating expression of PCP components such Scrib, Vangl2, DVLs can influence activity of actin
cytoskeletal regulators such as cofilin and ROCK to negatively impact convergent extension and apical
constriction resulting in craniorachischisis [77]. The findings that SLMAP3 can regulate Cofilin and
ROCK further imply a new role for this protein in convergent extension and apical constriction to ensure
proper neurulation. The requirement of actin for proper localization of AJs and TJs is well established and
the data that SLMAP3 can influence these key regulators further supports a critical role for this protein in
PCP/ABP in the context of neurulation [78, 79]. It is notable that SLMAP can accumulate at adjacent cell

membranes to potentially influence AJs and TJs.

The absence of SLMAP3 also affected the localization of PKC{ and Nestin to appropriate apical or

basal domains suggesting a defective ABP. IP-MS analysis indicated that SLMAP3 predominantly
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interacts with centrosomal and Golgi proteins and loss of SLMAP3 in neural tubes and NEPCs led to
changes in centrosome organization and Golgi dispersion. Centrosomal and Golgi positioning play an
important role in regulating ABP as they are localized apically to mediate microtubule nucleation and
transport of vesicles to proper locations in the cell [80]. Centrosomal localization and function has been
shown to impact neurulation or neural fold closure in zebrafish and mice [81, 82]. Polarized behavior of
Golgi establishes differentiation of neuroepithelial cells to generate radial glia and astrocytes, an essential
part of central nervous system formation [83]. Knockout of different Golgi compartments can give rise to
a variety of phenotypes such as embryonic lethality and defects in brain development [59, 84]. Our data in
NEAC cells and NTs implies that SLMAP3 is essential to maintain Golgi structure which is necessary for
differentiation and neurulation. Factors such as Sec24b that can impact the transport ofproteins from ER-
Golgi and SPCA1 that regulates calcium homeostasis in Golgi are linked to craniorachischisis, suggesting
that Golgi dysfunction can contribute to NTDs [85, 86]. We have previously shown that SLMAP can
regulate vesicle trafficking and calcium signaling hence Golgi dispersal may impact these processes
leading to NTD’ due to SLMAP3 depletion [87, 88]. The new interactions of SLMAP3 with components
of Golgi and centrosome may promote the close proximity of organelles connected by the microtubule
network. While the loss of SLMAP3 did not alter their proximity in undifferentiated NEPCs, there was a
marked dispersion of the Golgi apparatus upon differentiation cues. SLMAP3 is also in complex with
motor proteins such as kinesins which drive vesicle transport. Thus, the deficiency of SLMAP3 may
impact Golgi structure and function leading to defective production and targeting of the observed PCP
components. The significant increase in cytosolic E-cad in SLMAP3 deficiency is consistent with a study

which shows accumulation of E-cad in Golgi due to defective transport via Scrib [89].

The new finding that SLMAP3 is in a complex with Scrib and that it may guide localization of this
protein is of significance as Scrib serves a critical role in ABP, PCP and NT development [54, 90]. The
PCP axis lies orthogonal to the ABP polarity axis cooperating to generate polarized cell behavior and
arrangements mediating tissue integrity and structure [91]. The link between these two can be in the
distribution of their respective protein regulators [92]. Scrib was the first gene to link PCP and ABP, as it

159



was found to regulate the localization and stability of Vangl2, AJs (ECAD/NCAD), and TJs (ZO-1) thus
impacting both polarity pathways to restrict convergent extension, apical constriction, and neurulation
[93, 94]. The localization of Scrib is altered due to SLMAP3 deficiency with consequences on targeting
junctional domains in NEPCs with profound impact on the localization of AJs and TJs supporting a role
for SLMAP3 in Scrib mediated actions. It is notable that mutations in Scrib or its deficiency resemble the
phenotypes we report here with the loss of SLMAP3 [93]. The interactions of SLMAP3 with centrosomal
and Golgi components as well as the trafficking machinery that critically impacts important players which
can guide PCP and ABP define an entirely new mode of action for this tail-anchored membrane protein in
developing NT as modeled in Fig 11. In the absence of SLMAP3, the structural aspects of centrosome and
Golgi have been impacted which in turn regulate the production, distribution, and localization of DVL2/3,
Scrib, TJs, AJs, Nestin, and Actin with smaller cell size so that normal formation and morphogenesis of

the NT is interrupted (Figure 11).

Conclusion:

Our data show that SLMAP3 is necessary for neural tube closure via interactions with components of
PCP and ABP to guide cells behavior for convergent extension and neurulation. New interactions of
SLMAP3 point to roles in the function of the centrosome and Golgi which can influence the production
and subcellular targeting of components essential for PCP and ABP. SLMAP3 does not influence Hippo

signaling and the data define it as a new target in NTDs including craniorachischisis.
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Figure 2. Loss of SLMAP3 is embryonic lethal without impact on Hippo signaling. A) Representative
western blot image of e11.5 whole embryo lysates genotyped Wt (Wildtype), knockdown (KD) or
knockout (KO) incubated with anti-SLMAP to identify SLMAP isoforms expression. Bar graphs
represent the expression of indicated proteins by normalizing with total protein visualized by Stain-
Free™ technology. N =6. P <0.05, p value was calculated using one-way ANOVA statistical analysis. B)
Representative neonatal pups underwent dissection microscopy to magnify the phenotypic differences in
animals genotyped Wt, KD, or KO. Images were captured with Stereo V.20 to demonstrate size
differences, facial retrusion, tail formation, spine and brain development. Lens magnification=1x,
Microscope Magnification=7.5x, Scale bar= 0.1 mm. Bar graphs represent length differences, craniofacial
retrusion and tail length in experimental animals (KD, KO) compared to wildtype. *p<0.05, p value was
calculated using one way ANOV A statistical analysis. N =3. C) Table displaying penetrance of embryos
displaying NTDs due to a loss of SLMAP3. D) Proposed schematic of SLMAP-STRIPAK components in
Hippo signaling. E) Western blots of Wt, KD or KO lysates from E11.5 embryos with anti-STRIPAK
components (Striatin-1, STRIP1, PP2A-A/C) and activity of Hippo activating kinase, with anti-
phospho/total MST2 and downstream transcriptional co-activator, with anti-phospho/total YAP. Bar
graphs represent the relative expression or activity of indicated proteins by normalizing to Stain-Free or
the phospho-to-total protein ratio. N =3. F) Heatmap representing results of RNA-sequencing on E11.5
Wt and KO whole embryos identifying Hippo signaling target genes with Euclidean clustering to group
similarities in gene expression and experimental animals. Red color signifies lower log2 FC whereas green
represents higher log2FC. N =4.
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whole-mount images of Wt and KO embryos during prenatal development (E8.5-E13.5). Scale bar=
Imm. The bar graph represents body size and posterior neuropore in Wt and KO e8.5 embryos. B)
Representative immunofluorescent imaging of E9.5 neural tube sections comparing expression of
SLMAP in Wt and KO. Magnification=63x. Scale bar=0.02mm. n = 3 C) Representative transverse
sectioning of Wt and KO ES8.5 and E9.5 embryos at closure site 1. Sections were stained with
hematoxylin and eosin to visualize cytoplasm and nucleus. Lens Magnification=20x. Scale bar=0.05mm.
n=3. D) Bar graphs comparing changes to neural plate thickness in E8.5 and E9.5 neural tubes and
changesin E9.5 neural grove aperture in Wt and KO sections. E) Heatmap representing results of RNA-
sequencingon ell.5 Wt and KO whole embryo identifying genes associated with craniorachischisis with
Euclidean clustering to highlight similarities in gene expression and experimental animals. Red color
signifies lower log2 FC whereas green represents higher log2FC. N =4. *: p<0.05. p value was calculated
using non-paired two-way t-test.
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Figure 4. Loss of SLMAP3 perturbs planar cell polarity signaling. A) Schematic representing simplified
PCP signaling regulating cytoskeletal dynamics through the asymmetrical distribution of components to
proximal (Frizzled; Fzd and Dishevelled (DVL)) or distal (Van-gogh like protein; VVangl and Prickle) sides
of the cell B) Representative western blot images with anti-SLMAP in Wt and KO E12.5 brain lysates with
whole embryo (W.E) as a control. C) Representative western blot images with anti-PCP signaling
transducers (DVL1 DVL2, DVL3) and PCP signaling targets (ROCK2, Cofilin, INK1/2) in Wt and KO
E12.5 brain lysates. Bar graphs represent relative expression of indicated proteins normalized to Stain-Free
total protein or phosphorylated to total protein ratio. N=4. *: p<0.05. p value was calculated using non-
paired two-way t-test. D) Heatmap representing RNA-seq of PCP genes with Euclidean clustering analysis
representing gene expression between experimental animals. Red color signifies lower log2FC whereas
green represents higher log2FC. N = 4.
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Figure 5. Loss of SLMAP3 impacts actin and adherens junction. A) Representative immunofluorescent
images of sectioned Wt and KO neural tubes at E8.5 (top) and E9.5 (bottom) labelled with DAPI (nucleus,
blue) and phalloidin (actin, green). Bar graph indicates apical (white arrow) localization of actin in neural
tubes showing apical and basal distribution of actin. B) Representative immunofluorescent images of
sectioned Wtand KO neural tubes at E9.5 labelled with DAPI (nucleus) and apical (white arrow) marker
PKC zeta or basal (grey arrow) marker nestin (red) Bar graphs represent expression of indicate relative
expression of markers at apical/basal regions relative to amounts at subapical/subbasal domains. C)
Representative immunofluorescent images of sectioned Wt and KO neural tubes at E8.5 and E9.5 labelled
with nucleus (DAPI, blue) and N-cad (green). Bar graphs represent apical (white arrow) fluorescent
intensity of N-cadatE8.5andE9.5in Wtand KO neural tube. Lens Magnification=63x. Scale bar=0.02mm.
D) Representative western blot images with anti-E-cad and N-cad in Wtand KO E12.5 brain lysates. Bar
graphs represent relative expression of indicated proteinsnormalized to Stain-Free total protein. n=4. *:
p<0.05. pvalue was calculated using non-paired two-way t-test.

167



Neurofilament Nuclear Envelope STRIPAK components
B) actin filament binding (GO:0051015))
tubulin binding(G0:0015631)|
cytoskeletal protein binding (GO:0008092))
nucleus localization (G0O:0051647)) . ) )
Wnt signaling pathway, planar cell polarity pathway (GO:0060071) Molecular Function
microtubule nucleation (G0O:0007020)j .Bmlugwul Processes
positive skl ion (GO:0031116) W cenutar Components
. N 35)
neural tube development (GO:0021915)
of mi ization (GO:0031113)
izati 173)
iate fil t-based process (GO )
filament ization (GO:0045104)
(GO

Microtubule [
Transport |
Proteins

)
nervous system development (GO:0007399),
y (GO )
microtubule-based process (GO:0007017)
cytoskeleton organization (G0O:0007010)
focal adhesion (GO:0005925)
cis-Golgi network (GO:0005801)
anchoring junction (GO:0070161)|
microtubule (GO:0005874))
growth cone (GO:0030426)
lamellipodium (G0:0030027)|
cytosol (GO:0005829)|

material (GO

Centrosomal and golgi proteins

P ptic cy 1)
C intermediate filament cytoskeleton (G0:0045111)
) neurofilament (GO:0005883)|

Input_Flow Through SLMAP Flow through 18G neuron projection (G0O:0043005))

Anti
195G Ant
Input  AntilgG  SLMAP Anti-SLMAP Anti-  Anti-IgG nti

intermediate filament (GO:0005882)|
microtubule cytoskeleton (GO:0015630)|
centrosome (GO:0005813)
center (GO: 15))

cytoskeleton (GO:0005856))
F

SCRIB|

Nestin| S n—- !......

Striatin-1

T
o 5 10 15 20

SLMAP3 -log (p value)

WL
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Figure 8. SLMAP3 loss leads to decreased cell size, mislocalization of pericentrin and Golgi
fragmentation in primary NEPCs. A) Method of isolating and culturing neural tube tissue to gain a pool
of primary neuroepithelial cells (NEPCs). B) Representative immunofluorescent images of Wt and KO
NEPCs with DAPI (nucleus, blue), phalloidin (actin, green) and nestin (red). Lens Magnification=63x.
Scale bar=0.02mm. The bar graphs represent quantification of cell characteristics such as area, perimeter,
major and minor axis lengths. n=3. *: p<0.05. Lens Magnification=63x. Scale bar=0.02mm. C)
Representative immunofluorescent images of Wt and KO NEPCs with DAPI (nucleus, blue), pericentrin
(centrosome, green), and GM130 (Golgi, red). The left bar graph is quantified signal intensity of
centrosome relative to the nucleus in KO and Wt. The right bar graph is quantification of Golgi
compactness and fragmentation in Wt and KO NEPCs. *: p<0.05. Lens Magnification=63x. Scale
bar=0.02mm.
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Immunofluorescent images depicting DAPI (blue) and Scribble (green). The line graph represents
differences in expression and junctional intensity of Scribble. n=3. D) Immunofluorescent images
depicting localization of tight junction ZO-1 (green) and DAPI (blue). Line graph represents plot profile
of ZO-1 expression across cell borders and cytoplasm of transduced NE-4C cells. The bar graph
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Figure 10. SLMAP3 impacts differentiation of NE-4C cells. A) Experimental procedure to differentiate
NE-4C cells. B) Bar graphs represent transcript analysis for SLMAP, Sox2 and Pax6 in transduced NE-4C
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Scale bar=0.05mm. p value was calculated using one-way ANOVA test. D) Immunofluorescent images
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Figure 11. Novel role of SLMAP3 within neuroepithelial cells during neurulation. SLMAP3 organizes
centrosomal/Golgi architecture, promoting appropriate distribution of PCP signaling and ABP
components to localized to appropriate domains to generate orthogonal polarity axis working in tandem to
bend and close the neural tube. However, loss of SLMAP3 leads to fragmented Golgi, dispersed
centrosomes, altered PCP signaling due to changes in Scrib and actin dynamics with mislocalized TJ/AJs,
resulting in structurally smaller unpolarized cells which are unable to undergo convergent extension to

complete neurulation.
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SUPPLEMENTAL FIGURES

Supplemental Table 1. RNA-sequencing of Wt and SLMAP3-KO displaying the transcript reads of Hippo
signaling, BMP signaling, SSh and Wnt signaling. N=4

Hippo Signaling Target Genes
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RBMS3 8.81828687 10.54551106 10.4196188 11.15959676 9.661837454 8.769908493 7.428672873 0.347470012 -0.112930423
SNAI2 11.43517168 13.60625929 12.91893025 16.44348582 11.95752419 10.91079248 13.08953349 0.66080614 -0.04805573
SOX2 50.26463242 39.86907355 43.17301501 40.51551396 53.41269734 56.49016636 74.48875996 0. 0.415216824
TGFB2 20.18268969 19.85286829 23.16152415 22.32254806 15.62307475 19.04972252 14.2903223 0. -0.309940047,

BMP Signaling Target Genes

8.KO

fpkm.KOAC10.2.WT fpkm.KOAC8.1.WT fpkm.KOAC10.7.WT fpkm.KOAC9.1.WT fpkm.KOAC8.6.KO fpkm.KOAC10.5.KO fpkm.KOAC10.!

BEwr2 BEwrs Bwra B «o-1 B o2 B «o-3 B pvalue Blliog2FC
Nog 4.005384987 4.08607891 4086102122 4.365595505 5.048924561 4.512452824 4.139616724 _0.913784 -0.018146
Gdf7 1.401326769 190235998 1.960925445 142810384 1514279944 1.098614651 147925761 0933938 -0.009198
Bmpl 45.38510408 54.76852032 55.10963917 65.54698632 62.83668145 48.93439244 58.65372769 0.083008 -0.217067]
Bmp10 1.066342165 0.995773458 0.934882996 0.694186594 0.703657212 1.025013344 0933571503 037782 0.081024|
Bmp15 0.049993846 0058621053 0025657586 0109950992 0.028445683 0.020594479 0098526134 NA -0.004729
Bmp2 2176077086 2.719325569 2.892329762 3098364021 3.365318443 1.926539757 2333482085 0.34232 -0.083053)
Bmp2k 5.674569138 4496095359 6.581018389 4910649717 5.578842149 5.381760094 4.962305921 _0.889865 -0.020463
Bmp3 0558101059 0894359347 1.023560141 0.862091755 1198670215 0.525020031 1.002543019 0.112145 -0.401316|
Bmp4 25.49076484 32.48206963 26.65842241 26.26787965 27.98476519 26.21034548 35.00200045  0.959 -0.01063
BmpS 4.114513284 3720218558 4690267274 4.730850537 5.405904499 3.588584859 3817862053 0.304277 -0.124204
Bmp6 1.867396083 2101774837 2.404690212 2.12160101 2.365990312 1.962278165 2703704652 _0.274896 _-0.142277]
Bmp? 11.22792682 1169040038 1124648154 1179912664 1259425355 13.66861605 1208403809 0.959 0.0124074
Bmpsa 0.060064419 0.058557051 0068521021 0.068305021 0.114831301 0.082277907 0058679912 NA -0.003013
Bmpsb 0.399765028 0364316318 039650465 0.30795688 0.456529403 0501940518 0309604049 0.89663 0.0110252)
Bmper 5.905258787 5290388816 5627276241 5.84770836 7.262051677 3.833945008 7.788850298 0.275257 -0.097355,
Bmprla 32.17477483 3218879239 33.84366711 35.86353318 3556135373 32.74101524 33.22745048 _0.462456__-0.07067]
Bmprib 6.763167972 5.611455033 56268993 5281131581 5.283059851 6169610658 5297446233 _0.280768 0.1283236)
Bmpr2 13.12407458 12.7028301 12.87825924 12.33601726 11.12778838 9.782775451 1162168127 0.986507 -0.007511
Bms1 31.5005167 28.65020993 29.99604144 27.93166276 29.3135438 34.3083917 28.92826629 0.597256 0.0693087]
Atoh1 1.919497414 1.580454933 1.478528426 1.094484476 1.217402428 247672281 1.804749354 0.389105 _0.049347|
Hoxb9 2852462928 13.59462866 2141250463 22.12015177 2136131425 27.79482925 20.352518190.903021 0.0143406]
Hoxb1 1524919726 0544910452 0.605523774 0.785064072 0.355505479 2.131979807 1.201425426 _0.429314 0021683
Hoxb2 13.41932138 1098961092 1201247833 1168111708 1176236919 15.56753297 1279843824 0.737698 0.0416664,
Hoxb3 29.40763456 26.872059 26.16047517 2815825126 2516311109 30.74780274 28.74903744 _0.709392_0.0556827]
Hoxb3os 6592938174 4271000018 4.001498409 6107678582 4.070108052 8137629205 3.609410589 0.354892 0.0537893)
Hoxbd 8.499210693 6488012252 7439982733 6.35722148 6.938453065 9.450163881 6630727551 _0.465261 0.0792442)
Hoxb5 12.1143608 10.23702889 12.43736385 11.81818516 13.88625326 13.32535626 12.63463021 _0.839471 -0.029066|
HoxbSos 8.174849932 5586433296 7417248698 7.563774741 8.689466642 9.757779463 6165296824 0.963454 0.0064103)
Hoxb6 15.82344787 8.027656775 13.71076108 12.24064949 12.53454556 10.47740219 13.04916645 0.831707 -0.021261
Hoxb7 12.05609568 6.007279644 8.53532954 1193903235 10.16849631 11.39178437 1084483717 0.959 -0.007101
Hoxb8 2734720163 16.57682801 23.99038399 25.09853399 2973478228 23.41204761 23.75395245 _0.731272_-0.037255)
Hoxb9 28.52462928 13.59462866 2141250463 22.12015177 2136131425 27.79482925 20.35251819 0.903021 0.0143406]
Hoxc10 4.230321617 0041372182 2741352324 3.17815905 1342343784 0.064654521 9211096772 _0.785509 -0.003091]
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SSh Signaling Target Genes [FIRGIYGIERN]

mgi_symbol

fpkm.KOAC8.1.WT

BEwn

WT3

B wra

B ko-2

fpkm.KOAC10.7.WT fpkm.KOAC9.1.WT fpkm.KOAC8.6.KO fpkm.KOAC10.5.KO fpkm.KOAC10.8.KO

B ko-1

KO-3

B pvalue Bl 1og2FC

Fkbp8 149.741843 153.1011676 156.9459327 148.7550819 153.4674185 159.9879025 164.3359409 0.971938 -0.008943
Gli1 25.46659655 23.15330204 19.71558466 24.67582262 21.48048929 33.80436867 22.80674197 0.304277 0.1253532
Gli2 12.52962115 12.4070924 12.32635647 12.17613319 11.02071206 13.12330343 12.45979198 0.722161 0.0474934)
Gli3 19.80241863 17.35251872 17.49872772 18.25601421 16.19193368 19.93460328 17.24701927  0.487607 0.0825014
Luzpl 22.38455337 18.46803387 19.13718908 17.55902804 17.97042034 20.63403843 17.4622287 0.306611 0.1178748
Luzp2 1.163651407 1.371048812 1.378420856 1.237160931 1.502038071 0.833998953 1.17576928 0.716259 -0.031074
Prkaca 67.76866207 67.90300752 71.20129596 73.15642737 79.44005625 75.04032609 75.59164461 0.679397 -0.053743
Prkacb 32.12049188 32.91225607 32.72815818 31.62839645 32.54679933 28.35143957 3171059213  0.889389 -0.027868
Ptchl 23.78829535 21.44139539 20.58361911 20.64217509 18.48620946 23.85529871 22.26501931 0.385467 0.1009815
Rab23 19.31314038 18.61212762 18.95084339 20.64151159 18.75030869 20.68327599 17.74462075 0.929704 0.0199505
Shh 8.046397223 6.650616393 5.266079691 5.470764735 3.92477135 10.02007429 7.212154368 0.117175 0.3804544
Sufu 20.67012091 21.16375806 19.54492346 20.57600024 19.69567193 22.95778514 20.99899085 0.614301 0.0602485
Tulp3 24.09700146 29.00442218 23.0442878 23.48963877 27.4723806 27.44588166 29.7292856  0.939829 0.0146883

Whnt Signaling Target Genes

fpkm.KOAC8.1.WT fpkm.KOAC10.7.WT fpkm.KOAC9.1.WT fpkm.KOAC10.2.WT fpkm.KOAC8.6.KO fpkm.KOAC10.5.KO fpkm.KOAC10.8.KO

mgi_symbol Ewr-2 Ewr3 |- A B ko1 B xo-2 B «o-3 B padj B 1g2rC

POSTN 58.93814733 52.24257392 68.82249039 60.63927148 39.18871324 46.18612203 29.32844328 0.003735979  -0.5721866|
MYCN 22.27494878 21.86195412 21.91051587 26.55761041 28.21579046 27.27494664 39.14723367_0.067118946 _0.336861024)
1AG1 12.71521016 1176527366 1165317907 12.59606304 15.42513702 13.21959741 14.76410461 0.074103662 __ 0.1966976|
IRX3 17.23165622 18.43825049 15.99630084 20.16819265 20.38097312 22.42608086 25.05298085 _0.080445454 _0.251866567]
GCG 2.260480553 2.387905864 2965486884 2220259521 1.517593556 0.17608988 1122613068 0.167802139 -0.025441726|
NKX2-2 3.607765217 2728582957 3.466767967 5.10235717 5.569167411 5.081700456 5.613957485 0.175297727 0.211603354)
PDK1 16.40901849 14.1614694 14.85538982 14.91520789 21.84073132 24.69790514 14.19826126 0.195770608 _0.211791551
NeuroG1 6.656726009 6.396570345 7.679512765 9.878332686 8.968231451 8.870136054 12.89791026 0.318756438 _0.082834512
AXIN2 26.86628767 27.12008228 26.23302853 27.90157445 28.79502752 2862254051 32.898569 0.338768554 0.105517249
NeuroD1 6.581053729 7.000590744 7.581971894 7.134165399 8.076027247 7.490312718 8.808020404 0.364557415 _0.109175273
SIX3 3.641158851 3.755394779 4.168500541 4.95322208 3.893902728 6.065207838 5.007391091 0.575652198 0.047932294|
CCND1 100.1474718 99.41422593 95.69878968 107.7857915 101.5744444 105.2954562 122.3905942 0.623039099 _ 0.06443256|
FN1 214.6338341 223.1998811 205.030034, 2249253419 203.3243705 216.3435509 197.8762056 _ 0.7129778 -0.0:

PTGS2 0.107297788 0.104621744 0.068153688 0.101839938 0.071602711 0.064692154 0.062554965_0.730760445 -0.014005239)
FGF4 0.160709502 0.078545781 0.113874834 0.085124278 0.126245464 0.03026027 0.064122077 0.803107132 -0.008211786|
z8TB2 9.406481651 8.140467312 8.593952848 7.884615211 8.916570106 8.129290176 10.37555706 0808029975 _0.034091277|
SOX9 29.30592482 33.01763028 34.73552476 34.95425131 37.5707357 31.51802622 35.27027105_0.849478196 _0.03047274)
CDH1 4683120096 5.200817353 5.323068368 4.761561843 4.8696467 5.170930772 5739683833 0.854163515 0.029473581,
SFRP2 53.00839682 60.31300882 71.77453882 63.9275646 50.94200844 62.61679706 67.05380767 0.953067146 -0.004890459)
T 0.962047111 1121258123 0.774332404 1.124182797 1.016062593 0.646378933 1481409499 0.973867163 _0.003727249
TBX3 13.73002391 14.34169399 12.88228973 11.32878101 15.04010681 12.49551531 12.16534797 0.982447847 _0.005372638|
EDA 1.839831738 2.113871604 1.732712692 1.866182158 2.13148364 1.929741872 1679092822 0.989762119 _0.002755234|
GBX2 7.490245241 6.888661636 8.246849876 7.799962272 7.452826532 8.170382092 7.336874412_0.991762796 _0.001263283
SP5 1.330658262 1.953240978 1.990328526 2373575374 1.442152626 1.718846761 2.519749531 0.992972888 -0.001124374)
KRT1 0.558387262 1.050199407 1.207651392 0.747175131 0.508980562 1.040282273 1108216708 _0.995027954 -0.000537407|
MYC 15.17811419 14.90791975 19.1161557 12.64021999 13.03175116 13.82313312 19.40929589 0.995770996 -0.000620835
BGLAP 0.171812283 0.640628778 0.975296146 1.094392835 1.276012043 0.830701374 0.657135109 0.9999 0.002946251
cbx1 0.023060848 0.05231613 0.07608881 0.050791547 0.109534461 0.019798068 0.137457824 0.9999 0.005389659)
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Supplemental Figure 1. Loss of SLMAP3 does not impact other PCP signaling components or Scatenin.
Western blot with A) anti-Scrib, anti-VANGL1, and anti-VANGL2 or B) anti-phospho-fcatenin and
Beatenin in Wtand KO E12.5 brain lysates. Bar graphs represent relative expression of indicated proteins
normalized to Stain-Free total protein or phospho-to-total ratios. n=4. p value was calculated using non-
paired two-way t-test.
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Supplemental Figure 2. Cell proliferation in Wt and SLMAP3-KO neural tubes at E8.5 and E9.5.
Representative immunofluorescent images of sectioned Wt and KO neural tubes at E8.5 and E9.5 labelled
with DAPI (nucleus), anti-phospho-histone3 (pH3, green), and anti-nestin (red). The bar graph represents
the number of positive pH3 cells in nestin labelled neuroepithelial cells at ES.5 and E9.5. Lens
Magnification=20x. Scale bar=0.05mm. n = 3.
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Chapter Six: General Discussion and Conclusion

In this thesis my aim was to investigate the in-vivo role of SLMAP as studies from our lab
and various research groups have identified that SLMAP isoforms may play important roles in
the regulation of cell biology. My initial experimental approach was to generate a knockout
mouse model to target all SLMAP isoforms as we believed that the excision of exon 3 of the
SLMAP gene would disrupt transcription of all the SLMAPs. However, this genetic modification
selectively impacted deletion of the largest isoform, SLMAP3, whilst expression of smaller
isoforms, SLMAP2 and SLMAPI1, were unaffected in prenatal and postnatal tissues. This
observation suggests that the regulation of SLMAP isoforms is preserved, potentially due to the
presence of alternative promoters (Ayoubi and Van De Ven 1996) located upstream of identified
start sites at exons 10 and 16 for SLMAP2 and SLMAPI, respectively (Chapter 1, Figure 1).
Therefore, utilizing the appropriate cre-driver mice I ablated SLMAP3 across numerous tissues
to unravel its specific contributions to tissue development and homeostasis, thereby enhancing

understanding of SLMAP3’s physiological and potentially pathological roles.

6.1 Advantages and limitations using cre mouse models

Utilizing aMHC-MerCreMer, aMHC-cre, Nkx2.5-cre, and CMV-cre mouse lines, |
investigated SLMAP3's role in postnatal, perinatal, prenatal hearts, and in a global context. The
aMHC-Cre is widely utilized to target genes in the perinatal cardiac ventricle and atrium,
although there is minute expression between E8-10.5, its robust expression is noted post birth,
therefore can impact SLMAP3 in immature cardiomyocytes (Agah et al. 1997). The tMHC-
MerCreMer model is a drug inducible gene targeting mouse line for greater temporal control for
gene editing, activation of cre is achieved through addition of TAM (Verrou et al. 1999). Thus,
this model is well-suited to evaluate SLMAP3 role in postnatal cardiac maintenance. The CMV-
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cre mouse line can cause genetic modifications within the germ layers as the CMV-cre is
expressed as early as zygote implantation, eviscerating SLMAP3 expression within the three
germ layers allowing us to evaluate the SLMAP3 in a global context (Schwenk, Baron, and
Rajewsky 1995). As loss of global SLMAP3 resulted in embryonic lethal phenotypes, it was hard
to ascribe cardiac phenotypes to SLMAP3-loss or secondary effects. (Davis et al. 2012). Thus,
we chose the cre-driver, Nkx2.5-cre mouse line as it is expressed within primitive

cardiomyocytes during first stages of cardiogenesis; an ideal candidate to study impact of

SLMAP3 during cardiogenesis (Biben et al. 2000; Stanley et al. 2002).

The cardiac-specific cre mouse models can cause cardiotoxicity as unregulated, or
excessive cre recombinase activity can interfere with DNA replication and exacerbate DNA
damage through genetic modifications of non-specific “lox-like” regions within the mammalian
genome (Thyagarajan et al. 2000; Ito et al. 2011). In the aMHC-MerCreMer mouse model,
TAM causes transient pathological cardiomyopathy that will dissipate following cessation of
treatment, however an excessive dose of tamoxifen can prove lethal, due to DNA damage and
myocyte death (Koitabashi et al. 2009; Bersell et al. 2013; Sohal et al. 2001). The aMHC-Cre
mouse model has been extensively cited in over 150 publications (Agah et al. 1997). This model
was reported to display evidence of a non-lethal HCM by 6 months of age, alluded due to DNA
damage markers, p53 and Bax, being significantly upregulated in these hearts (Pugach et al.
2015). In contrast, analysis indicated that the tMHC-cre mice were exhibiting clinical features
associated with lethal DCM by 7 months of age. Histological analysis on aMHC-Cre hearts
indicated significantly thinner walls, dilated left ventricle and pronounced fibrosis network
which was revealed by Masson’s trichrome stain. ECHO analysis of aMHC-Cre hearts revealed

that left ventricular walls were getting progressively thinner, revealing no evidence of HCM
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before DCM took place. The molecular analysis indicated that DNA damage markers, p53 and
Bax, were upregulated, thus we were unsure how to reconcile the two phenotypes. Notably, a
previous study utilized a high-expressing aMHC-Cre strain (FVB) mice displayed DCM in
young mice whilst lower expressers did not exhibit phenotypes although the impact of age was
not examined (Buerger et al. 2006). Our aMHC-Cre caused phenotypes in hemizygous Cre*
mice, thus suggesting these cardiac phenotypes were due to increased activity of cre (Pugach et
al. 2015). Our conclusion aligns with other studies (Davis et al. 2012; Pugach et al. 2015;
Buerger et al. 2006) where we emphasize the need for caution and use of cre-only controls to
avoid misattribution of cardiac phenotypes to genetic modification rather than cre-induced

effects.

Finally, there is no published evidence that suggests the Nkx2.5-Cre mouse model
exhibits cardiotoxicity, even though it can sustain expression until late adulthood in the postnatal
myocardium (George, Colombo, and Targoff 2014). Consistent with this observation, my
monitoring of heterozygous and homozygous Nkx2.5-Cre mice up to one year of age did not
reveal any indication of poor health (Tuana, personal communication). Therefore, expression of
Nkx2.5-cre did appear to cause any cardiac defects. For the CMV-Cre mouse model, I developed
an experimental approach to “breed out” the CMV-Cre gene after generating SLMAP3-deficient
mice to prevent any potential off target effects, thus ensuring the validity of our observations by

ensuring phenotypic changes are linked to SLMAP3 only (Chapter S, Figure 1).
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6.2 The cardiac-specific knockout of SLMAP3 did not impact postnatal or

perinatal mouse hearts.

Cardiovascular disease is a leading cause of death in North America, however despite
recent medical advances many incidences of heart disease are idiopathic, therefore identifying
cardiac regulator genes is critical (Hazebroek, Dennert, and Heymans 2012). These heart
diseases display defects in sarcomere function, regulation of ion channels and ECG activity
(Hazebroek, Dennert, and Heymans 2012). We and others have demonstrated that SLMAP3 is
implicated in these cardiac processes, therefore we aimed to assess effects of'its loss on cardiac
maintenance. After successful crossing with acMHC-MerCreMer, tamoxifen was introduced to 8-
week-old Wt and SLMAP3-KO mice then rested for one week to metabolize residual tamoxifen
and reverse the transient cardiomyopathy. Echocardiography (ECHO) was performed every 4
weeks to identify any myocardium defects. However, ECHO analysis indicated no differences in
cardiac structure or function due to postnatal loss of SLMAP3 in young or aged mice. Next, we
administered isoproterenol to tamoxifen-treated mice to stress the myocardium and expose any
underlying phenotypes (Major, Salih, and Tuana 2015). ECHO and histological analysis
indicated an identical hypertrophic response in iso-treated Wt and SLMAP3-KO hearts implying
that loss of SLMAP3 did not affect the cardiac stress response. SLMAP3 was implicated in
Brugada syndrome, as SLMAP gene in patients had point mutations at exon 8 and 21 (Ishikawa
et al. 2012). These mutations were shown to impair the trafficking of hNav1.5 and reduce
electrophysiological signaling in transfected cells expressing mutant-SLMAP (Ishikawa et al.
2012). However, SLMAP3-KO ECG analysis indicated no significant differences in any cardiac-
conduction parameters despite a minor decrease in Nav1.5 protein expression. Interestingly, in

SLMAP3 overexpression model, we discovered a 50% reduction in the transcript and protein
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level of Nav1.5 with minor aberrations in the ECG analysis (Mlynarova et al. 2019). Thus,

SLMAP3 has a unique relationship with Nav1.5, however the intricacy of it remains elusive.

Further, as postnatal cardiac growth primarily occurs through the process of
cardiomyocyte maturation, we sought to determine the impact of SLMAP3 on cardiomyocyte
maturation we crossed with atMHC-Cre (Tuana, unpublished). ECHO analysis on 7-week-old to
12-week-old experimental mice displayed no significant differences in cardiac structure or
function due to SLMAP3 deficiency. To invoke stress, we dosed these mice with ISO to provoke
pathological hypertrophy in immature cardiomyocytes and potentially exacerbate a cardiac
phenotype, (Yoshida T 2014; Cheng et al. 2023) however echocardiographic analysis revealed
that SLMAP3-deficient mice exhibited cardiac responses identical to Wt. Therefore, our findings

suggest that the perinatal loss of SLMAP3 does not significantly impact cardiomyocyte function.

Despite the complete ablation of SLMAP3 in the postnatal or perinatal mouse heart, they
exhibited normal cardiac maintenance and maturation highlighting potential compensatory
mechanism. SLMAP1 and SLMAP2 expression were unaffected however were approximately
ninefold higher compared to SLMAP3 in the neonatal myocardium (Wielowieyski et al. 2000).
SLMAP1 and SLMAP2 appear as truncated SLMAP3 variants, with conserved sequence identity
at the c-terminus, housing identical protein interaction domains, and anchoring subcellular
domains with TM1/TM2, therefore they may functionally compensate (Wielowieyski et al. 2000;
Nader et al. 2012; Mlynarova et al. 2019). Thus, the interplay between these SLMAP isoforms
could provide valuable insights into the molecular mechanisms underlying cardiac maintenance,

particularly in the context of SLMAP3 deficiency.
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6.3 Loss of SLMAP3 does not impact Hippo signaling

SLMAP3 is shown to negatively regulate the Hippo signaling pathway which will
enhance cell proliferation, repress apoptosis, maintain tissue homeostasis and mediate
organogenesis via transcriptional coactivators YAP and TAZ. (R. Chen, et al. 2019, Bae, et al.
2020, Zhou, et al. 2015). We aimed to investigate the impact to Hippo signaling in SLMAP3-null
perinatal and postnatal heart as studies have shown that dysregulation of Hippo signaling in adult
mice can lead to pathological outcomes such as pressure overload or heart failure (Del Re et al.
2013; Yamamoto et al. 2003; Wang et al. 2014; Xin et al. 2013). However no significant
differences were noted in phosphorylation states of Hippo activating kinase, MST1/2 or YAP in
SLMAP3-KO hearts compared to wildtype myocardium. The minimal impact in Hippo
signalling due to perinatal/postnatal SLMAP3 ablation could be attributable to the extremely low
proliferative rates of cardiomyocytes in postnatal heart development since Hippo signaling

reaches its peak as early as 10 days of age in mice (Heallen et al. 2013; Bergmann et al. 2009).

Thus, our next aim was to assess the loss of SLMAP3 in prenatal tissues and hearts by
crossing flox-SLMAP mouse line with CMV-Cre and Nkx2.5-cre. The prenatal global loss of
SLMAP3 resulted in embryonic lethality with embryos presenting with dwarfed body, shorter
limbs, and organs, whilst prenatal cardiac specific loss impacted cardiac size, all these
phenotypes are linked to defective Hippo signaling (Misra and Irvine 2018; von et al. 2012).
Phospho-protein expression analyzing activation of MST1/2 or YAP in SLMAP3-KO whole
embryo, E12.5 brain or E16.5 cardiac lysates determined that Hippo signaling was not affected.
Further, we performed RNA-Seq analysis on E11.5 whole embryos that in the absence of
SLMAP3 did not significantly affect the target genes of many developmental signaling

pathways, including Hippo signaling. (Durocher and Jackson 2002; Tang et al. 2019; Zhou et al.
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2015). Thus, embryonic and cardiac size alterations in SLMAP3-KO embryos is not mediated

through Hippo signaling.

Hippo signaling may not be affected due to a functional redundancy as several upstream
kinases that can interact with striatin isoforms to create “alternative” STRIPAK complexes that
can regulate Hippo signaling such as STK?25, Striatin-3/4 and MAP4K4, as well as extracellular
signaling molecular lysophosphatidic acid (Zheng et al. 2020) (Seo et al. 2020; Bae, Ni, and Luo
2020; Chen et al. 2019; Migliavacca et al. 2022). It is imperative to acknowledge that most
studies investigating SLMAP-STRIPAK and Hippo signaling were conducted in highly
proliferative cell lines such as HEK293 or in Drosophila. Thus, in an in-vivo mouse model, it

does not appear that SLMAP3 alone can sufficiently disrupt Hippo signaling.

6.4 SLMAP3 delays embryonic cardiac development

SLMAP3 is robustly expressed within the developing myocardium, thus, we aimed to
examine its impact during cardiac development by implementing the Nkx2.5-cre mouse line,
which would ablate SLMAP3 during development of the atria, ventricles and outflow tract (Ma,
Zhou, and Pu 2008; Stopp et al. 2017; Lopes et al. 2011). We discovered that the loss of
SLMAP3 impacted myocardium size resulting in smaller hearts. However, there were no visible
defects during septation of the ventricles, atria formation or outflow tract defects, evidenced by
presence of 4-chambers at E12.5. This suggests that loss of SLMAP3 does not impact FHF/SHF
differentiation or migration as these processes regulate cardiac chamber formation and septation
(Chiapparo et al. 2016). The size differences were not linked with improper cardiomyocyte
proliferation as cardiomyocytes displayed no significant changes to G2/M cell cycle marker, pH3

or G1 cell cycle marker Ki67. As cardiomyocyte proliferation was not affected, cardiogenesis
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pathways such as Notch, Wnt/BCatenin, and FGF signaling were likely not affected either

(Srivastava 2006).

We found that cardiomyocytes was significantly smaller in E12.5 SLMAP3-KO hearts,
however this was not due to any impact to cardiomyocyte hypertrophy PI3K-AKT-MTOR
pathway (Aoyagi and Matsui 2011) as analysis showed that AKT and MTOR were not
significantly altered, suggesting that these cardiomyocytes are smaller due to other factors. We
have previously shown that SLMAP3 interacts with Scribble, with global loss of SLMAP3
impacting Scribble localization, ABP protein localization, and defects in PCP signaling
(Rehmani et al. Submitted). Cardiac-specific Scribble ablation caused cardiomyocyte
disorganization in developing hearts, resulting in a transient non-lethal cardiac hypoplastic-like
phenotype (Phillips et al. 2007; Boczonadi et al. 2014; Stephens et al. 2018). During early
differentiation of the cardiac crescent, the heart will form a linear heart or heart tube which will
exhibit epithelial properties. Research has shown regulation of ABP or PCP signaling is essential
in the generation of the linear heart tube from cardiac crescent stage through the convergence of
crescent to the midline and FHF/SHF migration to the arterial/venous poles (Cortes et al. 2018).
Further, affecting “core” PCP signaling proteins (VANGL, FZD, DVL, Prickle) results in
predominantly critical CHDs such as major septal defects and/or OFT alignment defects
including double outlet right ventricle, overriding aorta, and tetralogy of Fallot (Li and Wang
2018). We did not observe any defects in septum or OFT, however disrupting PCP or ABP
through Scrib or Racl, can also result in minor CHDs that are similar to SLMAP3-KO model
(Leung et al. 2021). Thus, we aim to investigate the early cardiac developmental stages to
determine if the cardiac crescent or linear heart tube are affected in SLMAP3-KO model and if

phenotypes are linked to Scrib, ABP, and PCP signalling.
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Our recent publication highlights that SLMAP3 ablation causes a significant mislocalization
of the centrosome and Golgi apparatus around the nucleus, impacting myofibril length in
embryos and C2C12 myoblasts (Dias et al. 2023). This was linked to SLMAP3 predominantly
interacting with centrosomal (pericentrin, AKAP9) and Golgi (Golga3, Golgb1) proteins in IP-
MS. The myoblast cell and prenatal cardiomyocytes have similar cell architecture and studies
have shown that centrosome and Golgi have been implicated in cardiomyocyte hypertrophy

(Vergarajauregui et al. 2020; Nash et al. 2019).

By birth, the SLMAP3-KO hearts displayed relatively normal hearts. Echocardiographic
evaluation of 10-week-old SLMAP3-null mice revealed no defects in cardiac structure or
function. Despite the apparent normalcy in these animals, it is imperative to conduct further
evaluations under stress conditions to exclude latent cardiac dysfunctions. For example, mice
rendered incapable of oxidizing the ketone body 3-hydroxybutyrate through BDH1 inactivation
displayed normal cardiac function under basal conditions, however through pathological
overload and ischemic stress, these mice exhibited worsened heart failure (Horton et al. 2019).
Thus, hearts may appear normal but may house undiscovered defects due to defective cardiac

maturation.

As discussed earlier, SLMAP1 and SLMAP2 isoforms are identical to the c-terminus of
SLMAP3 therefore they might functionally compensate as truncated variants of SLMAP3
(Guzzo et al. 2004). We discovered that the expression levels of SLMAP1 and SLMAP2
exponentially increased as the myocardium develops. The rat embryonic cardiomyocytes (H9C2
cells) were found to the express SLMAP1, SLMAP2 and SLMAP3 with identical molecular
characteristics as mouse hearts and we discovered that total SLMAP depletion resulted in a

significant decrease in growth and proliferation with enhanced senescence in these embryonic
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myocytes. This data supports the contention that SLMAP isoforms are collectively critical for
cardiomyocyte growth and that they can potentially compensate for each other. The depletion of

SLMAP in H9C2 cardiomyocytes emphasizes the need to assess SLMAP1 and SLMAP?2 in-vivo

to evaluate heart and global tissue development/maintenance.
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6.5 SLMAP3 is required for neural tube closure

Global loss of SLMAP3 resulted in lethality, as these mouse embryos displayed stunted
growth, truncated tail, facial retrusion, and NTDs. SLMAP3-KO embryos mainly exhibited the
fatal NTD, craniorachischisis, however we noted one instance of spina bifida and exencephaly.
NTDs arise from defective neurulation implicating SLMAP3 as a key regulator during
neurulation and suggests its specific involvement in the pathogenesis of NTDs, specifically
craniorachischisis (Copp and Greene 2013). We attribute these neurulation defects through

abnormal centrosomal positioning and Golgi formation which could perturb PCP or ABP in

SLMAP3-KO mice.

The E8.5 and E9.5 SLMAP3-KO embryos were significantly shorter and wider whilst
displaying significantly thinner and wider neural plate, thus implicating defective convergent
extension. As convergent extension is mediated by the PCP signaling pathway (van der Spuy et
al. 2023), analysis revealed substantial changes to the expression of PCP signaling transducers,
DVL2 and DVL3 and downstream signaling targets ROCK2, Cofilin, and JNK. This is a
significant finding as inhibiting PCP and ablating actin cytoskeletal regulators can causes
incomplete neurulation at cranial and spinal regions causing NTDs (Escuin et al. 2015; Butler et
al. 2019; Grego-Bessa, Hildebrand, and Anderson 2015; Roszko, Sawada, and Solnica-Krezel
2009). Our data suggests that DVL2 and DVL3 are dysregulated which could identify a plausible
mechanism resulting in observed phenotypes as DVLs are tightly regulated by ubiquitination as
their expression can enhance or inhibit the propagation of the Wnt signaling within tissues or
embryo (De Marco et al. 2013; Shi and Chen 2021). Interestingly, SLMAP3 has been shown to
interact with complexes that can regulate DVL expression, PLEKHA4-CUL3-KLHL12, USP9X

and Prickle1/2, thus implicating that SLMAP3 may regulate posttranscriptional modification of
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DVLs however it requires further investigation (Shami Shah et al. 2019; Pourhaghighi et al.

2020; Chan et al. 2006; Nielsen et al. 2019).

Our investigation revealed a marked reduction in the apical localization of actin filaments in
SLMAP3-KO neural tubes, indicating that these cells may not be able to undergo apical
constriction, a necessary phase in bending and fusing the neural tube. We assessed ABP domain
localization of other proteins, PKCC and Nestin, and found they were not within their specific
apical or basal domain. Further, as it appeared that these neuroepithelial cells had impacted
polarity, we assessed the localization of AJs and TJs as the proper localization of these junctions
has conventionally been used to assess the cell polarity (Zihni et al. 2016). We discovered that
Als and TJs localization was impacted in SLMAP3-KO NTs and SLMAP3-deficient NE-4C
cells. Thus, findings indicate that SLMAP3-KO may compromises ABP to impede proper cell
formation, thereby obstructing processes like convergent extension, PCP signaling and/or NTC

(Eom, Amarnath, and Agarwala 2012).

The PCP axis and the ABP polarity axis cooperate to generate polarized cell behavior and
intercalation to narrow and elongate the NT for proper folding and fusion (Nishimura, Honda,
and Takeichi 2012). Proteomic analysis displayed an interaction of SLMAP3 with the polarity
protein, Scrib. Further, we showed that SLMAP3 guides Scrib as we saw aberrant junctional
localization in SLMAP3-deficient NTs and NE-4C cells. Scrib may serves as a molecular bridge
linking PCP and ABP, as aberrant expression is linked with mislocalization of PCP (VANGL?2)
and ABP components (AJs and TJs) impacting convergent extension and apical constriction, and
causing craniorachischisis (Lesko et al. 2021; Murdoch et al. 2003). Thus, SLMAP3 may
mediate Scrib localization and stability of AJs and TJs thus causing the craniorachichisis defect

we mainly observed.
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We observed a predominant interaction of SLMAP3 with centrosomal and Golgi proteins in
proteomic analysis. Centrosomal and Golgi are localized apically and can regulate ABP as they
can mediate microtubule nucleation and transport of vesicles to proper domains (Buckley and St
Johnston 2022). SLMAP3-deficiency impacted the centrosomal intensity at apical regions whilst
causing Golgi to become increasingly fragmented in neural tubes and primary neuroepithelial
cells. In mice, knockout of centrosomal proteins (Chavali, Piitz, and Gergely 2014) can cause
NTD, while Golgi is linked with neuronal defects such as ataxia, altered brain development, and
embryonic lethality (Taverna and Huttner 2019; Kim et al. 2012; Liu et al. 2016). Interestingly,
inhibiting the transport of proteins from ER-to-Golgi via Sec24b and improper Golgi calcium
homeostasis via SPCA1, result in craniorachischisis, suggesting that proper Golgi function can

regulate neurulation (Brown and Garcia-Garcia 2018; Merte et al. 2010).

NTDs represent some of the most common birth defects globally, approximately affecting
1% births (Blencowe et al. 2018). NTDs are linked to folate metabolism and genetic mutations in
PCP components, however many cases are idiopathic, particularly craniorachischisis, and
implicated to arise from genetic defects (Murdoch et al. 2014). Our results highlight that

SLMAP3 could be considered a potential genetic biomarker for NTDs, thus, it is imperative to

evaluate SLMAP expression in patients exhibiting NTDs.
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Conclusion:

Overall, this data defines SLMAP3 as a novel and critical component of embryonic
development without impacting Hippo signaling. We show that SLMAP3 is the only isoform
expressed in neural tubes thus its loss impacted neurulation due to mislocalization of Scrib, AJs
and TJs, through altered centrosomal and Golgi dynamics which could perturb PCP and ABP
causing NTDs (Figure 1A). Cardiac-specific prenatal loss of SLMAP3 is shown to impact
cardiogenesis, resulting in a smaller and thinner myocardium, which resolves by birth,
characterizing this defect as a minor CHD (Figure 1B). However, as the knockdown of total
SLMAP impacted growth and enhanced senescence in embryonic cardiomyocytes (Figure 1B),
it suggests that SLMAP1 and SLMAP2 may functionally compensate potentially reversing the
prenatal cardiac phenotype. Further, the perinatal and postnatal cardiac-specific knockout of
SLMAP3 had no impact, which may also be due to accumulation of SLMAP1 and SLMAP2 in
postnatal myocardium. Thus, this advances our understanding of SLMAP3's function and
highlights its potential involvement in various diseases states, including, cardiogenesis,
neurulation, and stunted growth, which should consider SLMAP as a potential as a biomarker for

NTDs and CHDs.
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Figure 1. Loss of SLMAP impacts development. A) SLMAP can impact neurulation. As neuroepithelial
cells express only SLMAP3, its loss leads to fragmented Golgi, dispersed centrosomes, altered PCP
signaling, mislocalized TJ/AlJs, Scrib and actin resulting in smaller, unpolarized cells unable to complete
neurulation. Figure modified with permission from Rehmani (Tuana) B) SLMAPs are essential for normal
cardiac development. Loss of SLMAP3 resulted in smaller cardiomyocytes that formed a smaller
embryonic heart. The SLMAP3-KO embryonic myocardium recovered with age, potentially due to
accumulation of SLMAP isoforms during postnatal cardiac growth. The depletion of all SLMAP isoforms
led to significantly reduced growth of embryonic cardiomyocytes, thus could prevent the proper
formation and function of the heart.
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