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Abstract

Congenital Heart Disease (CHD) is the most common birth defect and leading cause of infant
mortality, yet molecular mechanisms explaining CHD remain mostly unknown. Sequencing
studies are identifying CHD candidate genes at a brisk rate including M/NK1, a serine/threonine
kinase. However, a plausible molecular mechanism connecting CHD and M/NK1 is unknown.
Here, we reveal that mink1 is required for proper heart development due to its role in left-right
patterning. MinkI regulates canonical Wnt signaling to define the cell fates of the Spemann
Organizer and the Left-Right Organizer, a ciliated structure that breaks bilateral symmetry in
the vertebrate embryo. To identify Mink1 targets, we applied an unbiased proteomics approach
and identified the high mobility group architectural transcription factor, Hmga2. We report that
Hmga?2 is necessary and sufficient for regulating Spemann’s Organizer. Indeed, we demonstrate
that Hmga2 can induce Spemann Organizer cell fates even when B-catenin, a critical effector of
the Wnt signaling pathway, is depleted. In summary, we discover a transcription factor, Hmga2,
downstream of Mink1 that is critical for the regulation of Spemann’s Organizer, as well as the
LRO, defining a plausible mechanism for CHD.
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INTRODUCTION

Congenital Heart Disease (CHD) is the most common birth defect globally and the leading
cause of infant mortality and morbidity (Pierpont et al., 2018). Despite this impact,

the molecular basis for most CHD remains undefined. In CHD cohorts, whole exome
sequencing studies are identifying de novo and inherited alleles that become CHD candidate
genes (Homsy et al., 2015; Jin et al., 2017; Zaidi et al., 2013). However, while gene
identification is a critical step, it does not establish plausible disease mechanisms, which
requires testing in animal models. Recent sequencing efforts of multiple parent-offspring
trios identified de novo single nucleotide variations in MINK1 considered to be likely
damaging (Jin et al., 2017; Zaidi et al., 2013). MINK1 was one of 12 genes where the
number of de novo mutations reached genome wide significance (Jin et al., 2017).

MINKZ, a serine-threonine kinase, has not previously been implicated in heart development
(Hu et al., 2004). In Xenopus, a role for MINK1 has been described in convergent extension
cell movements during gastrulation via the Wnt/ planar cell polarity (PCP) pathway (Daulat
et al., 2012; Mikryukov & Moss, 2012; Paricio et al., 1999; Su et al., 1998). PCP signaling

is dictated by the asymmetric accumulation of core PCP proteins (Wallingford, 2012). mink1
knockdown in embryos led to a loss of phosphorylation on the core PCP protein Prickle
disrupting protein localization (Daulat et al., 2012). Unfortunately, despite this knowledge

of MINKZ1 function, we do not have a plausible mechanism that could explain a role for
MINK1 in heart development and CHD.

Here, we show that depletion of mink1 in Xenopus tropicalis leads to heart malformations.
Specifically, mink1 crispant hearts have reversal of the outflow tract along the left-right (LR)
axis. Indeed, depletion of minkI leads to global disruption of LR patterning.

In most vertebrates, the LR axis is established at a conserved structure called the Left-Right
Organizer (LRO) (Blum et al., 2009; Hamada & Tam, 2014). The LRO is a transient

Dev Biol. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Colleluori and Khokha Page 3

structure formed from the posterior mesoderm towards the end of gastrulation. Motile cilia
in the LRO drive fluid flow leftward which breaks initial bilateral symmetry. Earlier in
embryonic development, before gastrulation, the LRO precursors form in the superficial
mesoderm of the Spemann Organizer (Blum et al., 2009). Therefore, mispatterning of the
mesoderm along the dorsal-ventral axis can affect both gastrulation and LR patterning. In
fact, defects in canonical Wnt signaling can alter the dorsal-ventral axis and have been
implicated also in LR patterning (Griffin et al., 2018; Walentek et al., 2012). In our analysis
of mink1 crispants, we find a loss of dorsal mesoderm patterning and disruption in canonical
Whnt signaling, establishing an additional function for mink beyond the Wnt/PCP signaling
previously implicated.

To improve our understanding of the molecular mechanism that connects minkI to dorsal-
ventral patterning of the mesoderm, we sought to identify downstream targets of Mink1
using unbiased proteomic approaches. By testing a subset of proteins identified as less
phosphorylated when mink was depleted, Hmga2 emerged as an attractive potential
downstream effector of Mink1. HMGAZ belongs to the high-mobility group family of
chromatin-associated transcription factors. In Xenopus, hmgaZ is required for neural crest
cell specification (Vignali & Marracci, 2020).

During our analysis of Hmga2, we discovered that Hmga2 is necessary and sufficient for the
cell fate specification of Spemann’s Organizer. In fact, Hmga2 appears essential downstream
of the canonical Wnt signaling molecule, B-catenin, to specify Spemann’s Organizer.
Therefore, our results identify a transcription factor downstream of canonical Wnt signaling
that is essential for specification of Spemann’s Organizer. Starting with the analysis

of a disease candidate gene from CHD patients, we connect cardiac development, LR
patterning, and specification/maintenance of Spemann’s Organizer to mink1. Additionally,
via proteomics, we identify Hmga2 as a downstream effector of Mink1 and discover an
unexpected role of this transcription factor in regulating Spemann Organizer cell fates.

METHODS

Xenopus Husbandry

Xenopus tropicalis were raised, housed, and cared for in according to established protocols
that were approved by Yale IACUC.

Xenopus Embryonic Manipulations

Using standard protocols, we carried out embryonic injections at the one-

cell stage (Khokha et al., 2002). For mink1, CRISPR sgRNAs with

the following target sequences (CR1: 5’-AGGGCCGCCATGTCAAGACTGGG-3’,
CR2: 5’-GCTGGCCGCTATCAAGGTCATGG-3’, CR3: 5’-
AGCAGATGGACGTCCTTGAGGGG-3’) were designed from the v9.0 model of the
Xenopus tropicalis genome using CRISPRSCAN (Moreno-Mateos et al., 2015). sgRNAs
(500 pg) and Cas9 protein (1.2 ng) were mixed, incubated at 37°C, and then

were injected into one cell embryos along with a fluorescent tracer (Alexa-488).

For hmgaZ2, CRISPR sgRNAs with the following targeting sequences (CR1: 5’-
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CGGAGCAACCTGCATCCCCC-3’, CR2: 5’-GACCTCGGGGTAGACCAAAA -3’) were
designed and injected as described above. We obtained a full length human MINK1

cDNA (IMAGE clone: 4384442) and human HMGA2 ORFeome clone (1D:100064147)
from Horizon Discovery. We generated /n vitro capped mRNA using mMessage mMachine
Sp6 Transcription Kit (Invitrogen) according to the manufacturer’s instructions. Variants
(MINK1 K54R, HMGAZ2 S18D, HMGAZ2 S43D) were generated using Q5 site directed
mutagenesis (NEB) according to manufacturer’s instructions. Overexpression studies were
performed by injecting MINK1 mRNA (500pg) or HMGA2 mRNA (600pg) into one-cell
embryos with an RFP mRNA fluorescent tracer. Rescue studies were performed by injecting
MINK1 mRNA (75pg), p catenin-GFP (50pg, Addgene #16839), or HMGA2 mRNA (3pg)
in a subsequent injection to CRISPR-Cas9.

Cardiac Looping

Genotyping

Stage 45 Xenopus embryos were paralyzed with tricaine and scored for cardiac looping

by inspection with light stereomicroscopy. Looping was determined by the position of the
outflow tract compared to the anterior-posterior axis of the embryo. Normal outflow tract
looping was defined as looping to the right of the embryo, abnormal looping was defined as
looping to the left of the embryo or remaining unlooped along the midline.

We amplified the CRISPR cut site using PCR with Phusion High-Fidelity DNA Polymerase
(NEB) or Platinum SuperFi 1l Taq Polymerase (ThermoFisher). Amplification conditions for
Phusion High-Fidelity DNA Polymerase were 98°C for 2 minutes, followed by 30 cycles

at 98°C for 15 seconds, 65°C for 30 seconds and 72°C for 30 seconds. Amplification
conditions for SuperFi Il Tag Polymerase were 98°C for 30 seconds, followed by 30 cycles
at 98°C for 10 seconds, 60°C for 15 seconds and 72°C for 15 seconds. Final extension

was at 72°C for 10 minutes. PCR products were purified using PCR & DNA Cleanup Kit
(Monarch) and sequenced with one of the amplification primers. Primers for amplification
were:

sgRNA Forward Primer Reverse Primer

minkICR1 | gcaaccaaactgcactcctg | cccagagaacagcetttttggg

minkICR2 | gcaaccaaactgcactccty | cccagagaacagcttitiggg

minkICR3 | agctgaaatacgaagcccgt | tgatggtgtctgcactccaa

hmgaZ CR1 | ccatcccacagtgaggcatt | gaggagcagctcagcectatc

Whole Mount in situ Hybridization

Whole mount /n situ hybridization was carried out as previously described (Khokha et al.,
2002). Briefly, whole Xenopus embryos were collected and fixed in MEMFA overnight

at 4° and dehydrated stepwise into ethanol. For LROs, stage 14 or 19 embryos were
dissected to reveal the internal posterior mesoderm tissue. MinkZ crispants with open
blastopores were included in this assay. After rehydration, embryos were then hybridized
with digoxigenin-labeled antisense RNA probes. Antisense probes for AmgaZ: XGC7558101
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(Dharmacon), and the remaining from NCBI goosecoid: TGas129E16, nodal3: TGas011k18,
foxj1: Tneu058M03, pitx2c. TNeu083k20, dands. TEgg007d24, nodall: TGas124h10 were
in vitrotranscribed with T7 High Yield RNA Synthesis Kit (NEB). Embryos were then
washed and blocked prior to incubation with anti-DIG-Fab fragments (Roche) for 4 hours

at room temperature. BM purple (Sigma) was used to visualize mRNA expression prior to
post-fixation in 4% paraformaldehyde with 0.1% glutaraldehyde. To eliminate pigments,
embryos were bleached and then imaged in brightfield using a Canon EOS camera
DS126201.

Phosphopeptide Mass Spectrometry

Protein Isolation: Embryos were microinjected with minkZ sgRNA (CR 3)/Cas9 protein
and fluorescent dye 488 as described above. Wildtype and minkZ Crispant embryos were
collected at stages 10, 11 and 12, and subjected to lysis in 1x RIPA buffer (Sigma R0278)
with 1x Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific). Lysates were
subjected to centrifugation at 14,000 rpm for 30 minutes at 4°C. Supernatants were taken as
the soluble fraction and the pellet discarded. Protein concentrations were determined using
the Bradford method (Bradford, 1976).

Phosphopeptide Enrichment, MS Data Analysis and Protein Identification

The samples were subjected to TiO,-based phosphopeptide enrichment using TopTip
MicroSpin Columns (Glygen Corp., USA) as described previously (Goel et al., 2018;
Krishnan et al., 2012; Rich et al., 2016). All samples were analyzed on the LTQ-Orbitrap
XL mass spectrometer (Thermo Scientific). The mass spectrometer was operated in the
Data-Dependent mode with the Orbitrap operating at 60,000 FWHM (Full Width at Half
Maximum) and 17,500 FWHM for MS and MS/MS, respectively. 5uL of each sample (0.05
pg/uL) was randomly injected, interspersed with control samples, allowing for correction
due to potential batch effects. All MS/MS spectra were analyzed using Mascot. Mascot
was set up to search Xenopus tropicalis v9.0. Mascot was searched with fragment ion

mass tolerance of 0.020 Da and parent ion tolerance of 10.0 PPM. Phosphorylation of
serine, threonine and tyrosine were specified as variable modifications. Scaffold v4.8.9 was
used to validate MS/MS based peptide and protein identifications. Peptide identifications
were accepted if they could be established at greater than 90% probability by the 0.2%
false discovery rate. Protein identifications were accepted if they could be established

at greater than 95% probability and contained a minimum of 2 identified peptides.

Protein probabilities were assigned by the Portein Prophet algorithim (Nesvizhskii et al.,
2003). Peptide data deposited to the ProteomeXchange consortium via the PRIDE partner
repository.

Post Translational Modifications Site Localization

Scaffold PTM (Proteome Software, Portland, Oregon, USA) was used to annotate PTM sites
derived from MS/MS sequencing results obtained using Scaffold (version Scaffold 4.8.9).
Using the site localization algorithm developed by Sean A Beausoleil, Judit Villén, Scott

A Gerber, John Rush & Steven P Gygi, Nature Biotechnology 24, 1285 — 1292 (2006),
Scaffold PTM re-analyzes Scaffold PTM re-analyzes MS/MS spectra identified as modified
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peptides and calculates Ascore values and site localization probabilities to assess the level of
confidence in each PTM localization (Beausoleil et al., 2006). Scaffold PTM then combines
localization probabilities for all peptides containing each identified PTM site to obtain the
best estimated probability that a PTM is present at that particular site.

Western Blot

Total protein lysates were extracted from uninjected and injected embryos as explained
above. Western blotting was carried out with 20 ug of protein loaded in each lane of 4-12%
NuPAGE Bis-Tris Bolt gels. Anti B-catenin (Santa Cruz-7963, 1:1,000 in 5% milk) and
anti-GAPDH (Invitrogen AM4300, 1:10,000 in PBST containing 5% dry milk) primary
antibodies were used. Anti-mouse or anti-rabbit HRP conjugated secondary antibodies

were used (Jackson Immuno Research Laboratories, 715-035-150 or 211-032-171 1:10,000
dilution). Western blot quantifications were performed in ImageJ by a protocol developed by
Hossein Davarinejad.

RESULTS

Mink1 in Heart Development

To study Mink1’s role in heart development, we depleted minkZ via GO CRISPR in
Xenopus tropicalis. Xenopus is an ideal model to study heart development for numerous
reasons. Xenopus is a high-throughput system with year-round breeding (Blum et al., 2009).
Compared to mammalian models, Xenopus has rapid heart development and can be readily
manipulated with gain- and loss-of-function approaches (Blum et al., 2009; Garfinkel &
Khokha, 2017). Additionally, the large clutch sizes are advantageous in order to generate
sufficient numbers for analysis; this is particularly relevant for LR development since mouse
mutants of most LR genes are only 50% penetrant. Finally, compared to other aquatic
systems such as zebrafish, Xenopus has greater evolutionary conservation to human as
evidenced both by cardiac and genome structure (Hellsten et al., 2010; Warkman & Krieg,
2007).

In early cardiac development, the heart tube initially forms in the midline before undergoing
morphogenesis to loop to the right. In Xengpus, cardiac looping can be easily scored by
comparing the orientation of the outflow tract (OFT) in relation to the ventricle, which is
easily visualized through the transparent ventral skin of the stage 45 tadpole. To deplete
minkl, we tested three, non-overlapping sgRNAs targeting different sites (Figure 1A)
(Bhattacharya et al., 2015). In uninjected control embryos, only a small portion (1%) of
tadpoles had abnormal OFT looping; most tadpoles had proper rightward looped outflow
tracts. GO CRISPR based depletion of mink1 led to a statistically significant fraction of
tadpoles having abnormal OFT looping (CR1: 20%, CR2: 18% and CR3: 15%), either
looping to the left or remaining unlooped (Figure 1B,C).

To evaluate the specificity and efficacy of our depletion phenotype, we employed several
tests. First, we show that three different non-overlapping sgRNAs targeting minkZ all
gave similar cardiac phenotypes (Fig 1C). Second, we rescued the minkZ loss of function
phenotype with co-injection of human M/NKI mRNA (Figure 1D). Finally, we confirmed
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targeting of the appropriate locus by our sgRNAs using PCR amplification of the cut

sites and ICE (Inference of Crispr Edits) analysis (Supplementary Fig 1) (Conant et al.,
2022). Using ICE, we detected genome editing (>73% indels) for each Crispr sgRNA.
Crispr sgRNA 1 (CR1) resulted in an early stop codon which may lead to complete protein
degradation or a deletion of the majority of the Citron Homology (CNH) domain. Very little
is known about the function of the CNH domain of Mink1, but overexpression of the Mink1
CNH has been shown to accumulate in the nucleus and suppress secondary axis formation
induced by ectopic p-catenin expression (Mikryukov & Moss, 2012). CR2 resulted in
multiple frame shift mutations likely resulting in protein truncation, and CR3 resulted in
deletion of two highly conserved amino acids within the N-terminal kinase domain.

We also tested the impact of minkZ overexpression on cardiac looping. We microinjected
human M/NKI mRNA into one-cell embryos and examined cardiac looping at stage

45. Compared to uninjected control embryos, overexpression of 500pg of M/NK1 led

to statistically significant abnormalities in OFT looping suggesting that M/NKI must

be carefully titrated for proper patterning of the heart (Figure 1B,E). In order to test

if this effect depends on MINK1 kinase activity, we overexpressed 500pg of MINK1
K54R mRNA, which codes for a kinase-dead variant of MINK1 (Hyodo et al., 2012).
Overexpression of MINKI K54R mRNA led to lower levels of OFT looping defects
compared to overexpression of the wildtype M/NKI mRNA (13% vs 4%) (Figure 1E).
Additionally, overexpression of MINKZ K54R mRNA was unable to rescue abnormal OFT
looping defects induced by minkI depletion (Supplementary Figure 2). In summary, from
these tests, we conclude that Mink1 regulates the direction of cardiac outflow tract looping
which appears to be dependent on its kinase activity.

MINK1 is Required for Left-Right (LR) Axis Patterning

Cardiac looping is dependent on morphogenesis of the heart tube and global patterning

of the LR axis. In order to distinguish between these two possibilities in minkI depleted
embryos, we examined molecular markers of the LR axis. In most vertebrates, the LR axis
is established in the Left-Right Organizer (LRO), which forms in the posterior mesoderm
near the end of gastrulation (Blum et al., 2014; Shook et al., 2004). In the early gastrula,
cells from the superficial Spemann Organizer will give rise to the LRO (Pohl & Knochel,
2004; Stubbs et al., 2008). The cells of the LRO are ciliated, with a subset of cilia beating
in a manner that creates leftward extracellular fluid flow (Hamada, 2016; McGrath et al.,
2003; Tabin & Vogan, 2003). This leftward flow is sensed by immaotile cilia leading to the
suppression of dand5 mRNA expression (Schweickert et al., 2010; Vonica & Brivanlou,
2007). Prior to cilia-mediated flow, at stage 14, dand5 and nodall are symmetrically
expressed at the margins of the LRO. Dand5 is an extracellular antagonist of Nodall.
Suppression of dands expression on the left derepresses Nodal signaling on this side of
the LRO. This nodal signal is then transmitted to the left lateral plate mesoderm, activating
pitx2c expression only on the left side (Kawasumi et al., 2011; Logan et al., 1998; Vonica
& Brivanlou, 2007). Therefore, both dand5 and pitx2c are useful markers of global LR
patterning.
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We performed /n situ hybridization to assess the expression of dana5 mRNA and pitx2c
MRNA in minkI depleted embryos (Figure 2 A—D). Comparing minkI depleted tadpoles to
uninjected controls, 33% of mink crispants had abnormal expression of p/tx2c compared
to just 6% in controls. In minkI crispants, the most common pitx2c expression pattern
abnormality was bilateral pitx2c (52% of abnormal pitx2c expression) compared to left-
sided only expression seen in controls (Figure 2A). Other patterns of abnormal expression
seen in mink1 crispants were bilaterally absent pitx2c and pitx2c expression only on the
right side (approximately split between the two phenotypes). Upstream of pitx2c, we also
detected dana’ expression abnormalities in 35% of mink1 depleted embryos compared

to just 7% in controls. Of note, in mink depleted embryos, dand5 expression was
predominantly reduced bilaterally (75% of abnormal dand5 expression) (Figure 2C). Other
patterns of abnormal dand5 expression seen in minkZ crispants were no reduction in dand5
within the LRO or a reduction of dand5 on the right side only. Based on these studies, we
conclude that global LR patterning is affected in mink depleted embryos.

Two mechanisms have been proposed to explain loss of dand5 bilaterally at stage 19. First,
cilia driven flow in the LRO may be chaotic and go both left and right, repressing dand5
on both sides of the LRO (van Veenendaal et al., 2013). Alternatively, the LRO may fail to
form properly (Beyer et al., 2012; Griffin et al., 2018; Walentek et al., 2012). To distinguish
between these two mechanisms, we examined dand5and nodall expression at stage 14
(Figure 2 C-F). At stage 14, both dand5 and nodall are normally expressed bilaterally at
the lateral borders of the LRO (Blum et al., 2009). However, in 52% and 56% of mink1
depleted embryos, dand5and nodall expression, respectively, were reduced compared to
10% and 20% in respective controls. This indicates that expression of these markers was
compromised prior to flow, suggesting broader disruption of the LRO. From these results,
we hypothesized that depletion of mink1 perturbs LR patterning due to a required role
during patterning of the LRO.

Gastrulation Defects Precede LR Patterning Defects in mink1 Crispants

The LRO is derived from the superficial mesoderm that involutes during gastrulation (Shook
et al., 2004). Thus, failure to properly gastrulate can result in patterning defects of the

LRO. Interestingly, 22% of minkI crispants failed to gastrulate normally (compared to 1%
in controls) (Supplementary Figure 3 A,B). Indeed, defects in gastrulation were positively
correlated with cardiac looping and LR patterning defects (Supplementary Figure 3 C,D).
24% of mink1 crispants with gastrulation defects had abnormal outflow tract looping
compared to only 6% of minkI crispants without gastrulation defects. 70% of mink1
crispants with gastrulation defects also had abnormal pitx2c expression compared to only
18% of minkl crispants without gastrulation defects (2% abnormal pitx2c expression in
uninjected controls). This finding, combined with our previous finding of absence of dand5
and nodall in the LRO, led us to hypothesize that gastrulation defects in minkZ crispants
disrupt patterning of the LRO leading to downstream LR and outflow tract looping defects.

For gastrulation to proceed normally, cells must be specified properly and then engage
in morphogenetic movement (Huang & Winklbauer, 2018). Gastrulation defects in mink1
crispants led us to wonder whether cell fate specification or morphogenetic movements were
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affected due to loss of minkd. First, we assayed cell fate specification since it is required

for and precedes morphogenesis in gastrulation. We began by examining the patterning of
the Spemann Organizer by assaying Organizer cell fates that are marked by foxj1, goosecoid
and nodal3in stage 10.5 embryos. The expression of each of these markers was reduced

in mink1 crispants compared to controls (Figure 3 A-C). To quantitate the reduction in
expression, we measured the angle corresponding to the arc of expression of each gene. For
example, foxjI expression swept an arc on average of 100° in wild-type embryos compared
to an average of 87° in minkl crispants (Figure 3A). Foxj1 specifically marks the superficial
dorsal mesoderm that will form the LRO (Shook et al., 2004; Stubbs et al., 2008). Similarly,
the expression of goosecoid (82° in mink1 crispants compared to 94° in controls) and nodal3
(70° in mink1 crispants compared to 98° in controls) were reduced (Figure 3 B-C). Based
on our findings at stage 10.5, we conclude that Mink1 regulates Spemann Organizer cell fate
specification and/or maintenance during gastrulation.

mink1: Regulator of p-catenin-Dependent Wnt Signaling

Specification of Spemann’s Organizer cell fates depends on canonical Wnt signaling
(Fagotto et al., 1997; Harland & Gerhart, 1997; Heasman et al., 1994; Khokha et al., 2005).
In the Wnt signaling pathway, ligand activation leads to the sequestration of proteins that
degrade p-catenin leading to its stabilization and nuclear entry. In the nucleus, B-catenin
complexes with transcription factors to activate a program of Wnt-dependent genes (Liu et
al., 2005; Molenaar et al., 1996). In the context of dorsal-ventral development, depletion

of B-catenin eliminates the specification of Spemann’s Organizer, while overexpression

of B-catenin can induce a secondary axis (Funayama et al., 1995; Heasman et al., 1994;
Khokha et al., 2005).

We speculated that reduction in Spemann’s Organizer genes in mink depleted embryos may
be due to loss of Wnt signaling. First, to determine if m/nkZ is functioning in canonical Wnt
signaling, we performed a western blot to measure total p-catenin protein levels in stage
10.5 uninjected and minkZ crispant embryos (Figure 3E). We found that mink1 depletion by
all three CRISPR sgRNAs led to B-catenin protein loss.

While a reduction in B-catenin protein in mink1 depleted embryos at st 10.5 suggests a role
in Wnt signaling, in the specification of the Organizer, B-cateninplays a critical role at an
earlier stage. Therefore, we sought to test our hypothesis directly with a rescue experiment.
We injected a dose of B-catenin mRNA just below the threshold (50pg) to induce secondary
axes into minkI crispants and assayed stage 10.5 embryos for goosecoid gene expression.
Embryos injected with g-catenin mRNA displayed a full rescue of goosecoid expression

to 103°, similar to uninjected embryos, compared to 85° in minkI crispants (Figure 3D).
The loss of B-catenin in minkI crispants and the rescue of dorsal cell fates of the Spemann
Organizer with B-catenin mRNA indicated that /minkZ functions upstream of -catenin in
canonical Wnt signaling.

We previously demonstrated an association between gastrulation defects and LR patterning
defects possibly due to failure to properly specify the LRO (Figure 2; Supplementary Figure
3). We now sought to test if rescue of Spemann Organizer gene expression with S-catenin
in mink1 depleted embryos would also rescue LR patterning defects. We depleted mink1 by
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GO CRISPR, injected 50pg of B-catenin mRNA into a subset of these embryos, and then
compared the expression of pitx2c between these two subsets. We observed a reduction of
abnormal pitx2c expression from 23% to 11% in minkZ crispants versus minkZ crispants
subsequently injected with B-catenin mRNA (1% abnormal p/txZc in uninjected controls),
respectively (Figure 3F). This supports our hypothesis that LR patterning defects in mink1
crispants result from Spemann Organizer cell fate specification and/or maintenance defects
due to misregulation of Wnt signaling.

Global Phosphoproteomic Analysis Reveals HMGA2 As a Potential Downstream MINK1

Effector

Our work identifies a role for minkZ during patterning of the early embryonic mesoderm

at the onset of gastrulation that then goes on to affect LR patterning. This role for mink1

in development appears to be kinase dependent (Figure 1D-E); therefore, to identify targets
of Mink1, we performed an unbiased quantitative phosphoproteomic analysis. We collected
uninjected and minkZ crispant embryos at stages 10, 11 and 12, which span gastrulation.

We extracted protein lysates and digested with trypsin, and then the phosphopeptides were
enriched using TiO, affinity. Both flow-through and TiO, enriched samples were analyzed
by LTQ-Orbitrap XL mass spectrometer and raw MS data were searched and quantified with
Mascot. Using a 95% minimum protein confidence interval and minimum of two peptides
per protein, our analysis revealed 2,248 differentially phosphorylated and expressed proteins
(Figure 4 A,B). This experiment was performed once as a target discovery tool. Next, we
planned to experimentally validate proteins of interest.

Of note, B-catenin protein was mildly depleted during all stages of gastrulation in mink1
crispants coinciding with increased phosphorylation at serine-552 (Supplementary Figure
4). This served as further confirmation of our finding that B-catenin protein was reduced
due to mink1 depletion, but that p-catenin is not a target of mink1 kinase activity. GSK3,
an important component of the p-catenin degradation complex, also had 6.4x protein
enrichment.

Since we depleted mink, we searched the data for depleted phosphosites. Several
candidates for downstream effectors of Mink1 emerged, and we tested a subset of these

by CRISPR based depletion for mink1 LOF phenocopy (Supplementary Figure 4,5). For
each candidate, we quantified defects of Spemann Organizer cell fates induced by gene
knockdown. HMGAZ2 emerged as an attractive candidate due to a substantial, 40x reduction
in phosphorylation at residue S18 with a corresponding 2.2x loss of protein. HmgaZ2
depletion by GO CRISPR had statistically significant defects in OFT looping and Spemann
Organizer cell fates (Figure 4 C,D). 14% of AmgaZ crispants displayed abnormal OFT
looping while only 2% of uninjected controls had similar defects. Goosecoid expression
was also reduced to 99° on average in AmgaZ crispants from 116° in uninjected controls.
These results suggest that Hmga2 is necessary for specification and/or maintenance of the
Spemann Organizer, and we next sought to test if Hmga2 acts downstream of Mink1.
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Hmga2 Rescues minkl1l LOF

To test our hypothesis that A#mgaZ2 functions downstream of mink during specification
and/or maintenance of the Spemann Organizer, we attempted to rescue minkI depletion
phenotypes with HMGAZ mRNA. We identified two phosphosites from our data: S18 and
S43. S43 has been previously described (Sgarra et al., 2009; Xiao et al., 2000; Zou & Wang,
2007) validating our assay. Of note, phosphorylation at this site was not reduced in our
minkI depletion study. On the other hand, phosphorylation at S18 is reduced with mink1
depletion. While the S43 phosphosite does not appear affected with mink1 depletion, this
phosphosite is well-characterized and alters the ability of Hmga2 to bind DNA,; therefore we
constructed phosphomimetic constructs of both S18D and S43D for comparison along with
the wild-type (WT) HMGAZ mRNA. We injected mRNA coding for each of the HMGAZ
constructs independently into m/nkZ crispants and observed goosecoid expression at stage
10.5. Both phosphomimetic HMGAZ constructs were able to rescue loss of goosecoid
expression from 85° in mink1 crispants to 97° (S18D) and 94° (S43D) (compared to 98%

in controls) (Figure 5A). Interestingly, injection of wildtype HMGAZ mRNA in mink1
crispants did not result in statistically significant rescue of goosecoid expression (89°).

This suggests that Hmga2 regulates Spemann Organizer cell fate downstream of Mink1 and
requires phosphorylation for its activity. Additionally, the hmga2 S18D phosphomimetic acts
similarly to the well-characterized S43D suggesting that they may have a similar function.

Next, we tested rescue of LR patterning defects in minkZ depleted embryos. Injection of
wildtype HMGAZ mRNA in mink1 crispants led to 16% abnormal pitx2c compared to 33%
abnormal pitx2cin minkl crispants alone which was not significantly different statistically.
However, mMRNAs coding for either the S18D or S43D HMGAZ2 phophomimetics were able
to rescue abnormal pitxZc expression to 8% and 7%, respectively (Figure 5B). Uninjected
embryos had only 5% abnormal p/tx2c expression. Based on these experiments, we believe
Hmga2 functions downstream of Mink1 during specification and/or maintenance of the
Spemann Organizer and left-right patterning in a phosphorylation-dependent manner.

HMGAZ2 is Downstream of p-catenin in Specifying Spemann Organizer Cell Fates

HmagaZ transcripts are highly expressed in the developing embryo but largely absent in
adult tissue (Hock et al., 2006; Zhou et al., 1996). Based on our results, we sought to
determine where AmgaZ transcripts were expressed during gastrulation. Using an antisense
probe against AimgaZ, we found it to be expressed throughout the animal pole of a stage 10.5
embryo (Supplementary Figure 6). We speculated that AmgaZtranscript expression may be
dependent on Wnt signaling; however, AimgaZ2transcript localization remained unchanged in
B-catenin depleted embryos (Supplementary Figure 6).

Our results demonstrate that Hmga2 is necessary for Spemann Organizer cell fates (Fig 4D),
we next sought to determine if Hmgaz2 is also sufficient. When overexpressed, wild-type
HMGA2 mRNA induced ectopic goosecoid expression throughout the animal pole of stage
10.5 embryos (Figure 6A). Interestingly, the HMGAZ phosphomimetics S18D and S43D
also induced ectopic goosecoid expression, albeit in more localized areas of the animal pole.
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Evaluating our results thus far, we have demonstrated that /mink1 is necessary for proper
patterning of the Spemann Organizer and that #mgaZ plays a role as well. Since Hmga2 is a
transcription factor, we wondered what its role might be compared to p-catenin. Therefore,
we depleted B-catenin by injecting a translation-blocking morpholino oligos (MO) and then
injected HMGAZ2 mRNA and examined Spemann Organizer gene expression (Khokha et
al., 2002). Remarkably, HMGAZ mRNA was able to rescue goosecoid expression in the
context of B-catenin-depletion (Figure 6B). In those B-catenin depleted embryos where

we expressed wildtype HMGAZ mRNA, the embryos expressed goosecoid throughout

the animal pole. In contrast in the B-catenin-depleted embryo, S18D and S43D HMGAZ
MRNAS led to goosecoid expression in localized areas reminiscent of goosecoid expression
seen in uninjected controls. These results suggest that Hmga2 can regulate Spemann
Organizer gene expression even when p-catenin is depleted.

DISCUSSION

Integrating the sum of our data, we develop a model whereby Mink1 regulates -
catenin-dependent Wnt signaling during specification and/or maintenance of the Spemann
Organizer leading to proper LR pattering and cardiac development. We created a Xenopus
tropicalis GO CRISPR model for the CHD candidate gene minkZ, which uncovered

heart malformations, abnormalities in left-right patterning and gastrulation defects. The
gastrulation defects we saw were consistent with those previously reported in minkl
depleted Xenopus laevis (Daulat et al., 2012; Mikryukov & Moss, 2012). Based on the
significant correlation between gastrulation defects, LR patterning and heart malformations
in mink1 crispants (Supplementary Figure 3), we hypothesized that the disruption of
gastrulation could explain the downstream tissue patterning abnormalities. In support of
this hypothesis, we found mispatterning of the LRO and Spemann Organizer linking the
gastrulation defects to the LR defects.

MINK1 has been shown to regulate cell movements during gastrulation via non-canonical
Wnt/PCP signaling (Daulat et al., 2012). Based on our evidence, we postulated it may

also regulate cell fate specification and/or maintenance via canonical Wnt signaling. There
are multiple lines of evidence that support this hypothesis: 1) depletion of mink1 leads

to reduction in the expression of nodal3 (a direct target of Wnt signaling) as well as
goosecoid. 2) B-catenin rescues the minkI loss of function phenotypes including the
Spemann Organizer marker goosecoid as well LR patterning 3) depletion of minkI leads

to reduction in B-catenin levels (assayed at st 10.5). These multiple lines of evidence

support a hypothesis that minkI functions upstream of p-catenin in Whnt signaling to regulate
Spemann Organizer cell fates and LR patterning. To establish a role for Mink1 in the initial
specification of the Spemann Organizer, we would need to analyze a maternal-zygotic mink1
mutant, an ongoing study in the lab. Future studies are also necessary to determine the
mechanism by which Mink1 regulates p-catenin protein levels. One possibility is that Mink1
leads to the degradation of GSK3, which we found to be elevated in mink1 crispants
(Supplementary Figure 4). Elevation of GSK3p could then degrade p-catenin in mink1
crispants. Interestingly, we noted a slight increase in phosphorylation at S-552 in -catenin,
which could possibly be activating (Chowdhury et al., 2015), so there are multiple findings
that need to be addressed in further studies.
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Mechanistically, we took advantage of proteomic tools for enriching for phophopeptides,
to identify downstream targets for Mink1 and identified numerous candidates including
Nucks1, Rpl30 and Chafla (Supplementary Figure 4). Each candidate exhibited significant
phosphorylation loss. Hmga2 emerged as a strong candidate for our studies as a result of
heart malformation and cell fate specification defects in AmgaZ2 crispants that phenocopied
minkI depletion.

Our proteomics data identified two phosphosites on Hmga2, S18 and S43. As validation,
S43 has been previously described as a substrate for PKC. Phosphorylation at this site
reduces HMGA2 DNA binding affinity (Sgarra et al., 2009; Xiao et al., 2000; Zou & Wang,
2007). Our results also identify phosphorylation at S18, which showed a 6-fold reduction

in phosphorylation in mink1 depleted embryos compared to controls. Both phosphosites
are adjacent to DNA binding AT hooks suggesting that, like S43, S18 phosphorylation
would reduce DNA binding activity, although this will need to be tested rigorously in future
studies. We tested and confirmed that #mgaZ2is downstream of minkZ in the context of both
Spemann Organizer fate specification and LR patterning. However, whether Mink1 directly
phosphorylates Hmgaz2 is not clear, and our results would suggest that it does not do so
directly.

There is plentiful research documenting HMGAZ2’s interaction with the canonical Wnt
signaling pathway, especially during tumor cell proliferation and cell cycle progression
(Jiang et al., 2019; Shi et al., 2016; Tan & Chen, 2021; Wang et al., 2021; Wend et al.,
2013; Yang et al., 2019; Zha et al., 2013). However, whether HMGAZ2 acts agonistically

or antagonistically to the Wnt pathway appears to be context dependent. In the developing
lung, HmgaZ™'~ mice exhibited enhanced canonical Wnt signaling (Singh et al., 2014).
However other studies have shown that HMGAZ2 has an agonistic role in numerous cancers
(Jiaetal., 2020; Qu et al., 2017; Zha et al., 2013). In these studies, overexpression of
HMGAZ2 activates canonical Wnt signaling to enhance oncogenic properties, while depletion
had the opposite effect. Our work indicates that, in the context of the late blastula embryo,
Hmga2 appears to act agonistically.

Our results indicate that Hmga2 is both necessary and sufficient for Wnt-dependent
Spemann Organizer cell fates. Importantly, overexpression of HMGAZ can rescue Spemann
Organizer gene expression in S catenin-depleted embryos (Figure 6). This, in combination
with the fact that AmgaZ crispants do not display loss of p-catenin protein (Supplementary
Figure 5), leads us to hypothesize that Hmga2 may function either downstream of p-catenin
in Wnt signaling or an in independent, parallel pathway to induce goosecoid expession.
Since Mink1 appears upstream of B-catenin, this would suggest that Hmga2 is not a direct
target of Mink1. An interesting avenue of future research venture would be to identify the
kinase directly responsible for phosphorylation of HMGAZ2 at S18 and/or S43.

Interestingly, the wildtype and phosphomimetic variants of HMGAZ appear to behave
differently. Wildtype HMGAZ induces goosecoid expression broadly, while S18D and
S43D HMGAZ phosphomimetics create a more localized expression. S18D and S43D
phosphomimetics also rescue laterality defects in minkI depleted embryos, but the wildtype
construct does not. In the late blastula embryo, AmgaZtranscripts are broadly expressed
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across the ectoderm/mesoderm of the embryo which is unaffected by g-catenin depletion.
However, goosecoid expression is confined to the dorsal mesoderm. A possible explanation
is that Hmga2 protein, including the phosphorylated form, is more narrowly localized than
HmgaZ mRNA. Our hypothesis is that Hmga2 is phosphorylated at S18 and/or S43 in the
dorsal region of the gastrulating embryo leading to induction of Spemann Organizer cell
fates. The fact that phosphomimetic S43D, which is known to reduce DNA binding, behaves
similarly to S18D indicates that the phosphorylation site S18 discovered in our study may
also play a role in this process. Further study will be required to test this hypothesis and to
understand the mechanisms by which the domain of Hmga2 protein is restricted.

We began our studies investigating a disease candidate gene identified in patients with

CHD. By using our high-throughput animal model, Xengpus tropicalis, we identified LR
patterning and Spemann Organizer specification and/or maintenance defects in mink1
crispant embryos. Given our desire to understand a molecular mechanism for mink1 we
identified a downstream effector, Hmga2, by phosphor-enriched proteomics. We elucidated a
new role for AmgaZ2in regulating Wnt-dependent gene expression downstream of -catenin
in the late blastula embryo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MINK1 is a novel regulator of left-right patterning and heart development.

MINK1 regulates canonical Wnt signaling during induction of the Spemann
Organizer.

HMGAZ2 is an indirect target of MINK1 phosphorylation.

HMGAZ2 functions downstream of b-catenin during induction of Spemann
Organizer.
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Figure 1: Loss of mink1 Induces Abnormal Heart Development.
A) Schematic of Xenopus tropicalis Mink1 protein domains, site of kinase-dead (KD)

mutation, and Crispr target sites (yellow). Protein homology between human and X.
tropicalis Mink1 is 76%. B) Representative images of Xernopus tropicalis normal and
abnormal cardiac outflow tracts (ventral views with anterior at top) at stage 45. OFT:
outflow tract, V: ventricle. C) Quantification of abnormal cardiac outflow tract looping

in minkZ crispants. 5, 3 and 12 biological replicates included for CRISPRs 1, 2 and 3,
respectively. D) Rescue of mink1 depletion cardiac looping phenotype with human MINK1
mRNA. 5 biological replicates. E) Quantification of abnormal cardiac OFT looping in
embryos with overexpression of wild-type and kinase-dead human M/NKIZ RNA. Lower
dose of MINKIRNA used for rescue than for overexpression (see Methods). 7 and 4
biological replicates included. P < 0.0001=**** p < 0.005= **, p < 0.05= * by two-tailed
T-test.
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Figure 2: Mink1 is Required for LRO Patterning.
A) Representative images of pitx2c expression at stage 19. pitx2c is normally expressed on

the left lateral plate mesoderm (arrow, top row). pitx2c expression is impaired in mink1
crispants (typically bilateral, arrows lower row). B) Quantification of abnormal pitx2c

in minkZ crispants. 6 biological replicates included. C) Representative images of dand5
expression at stage 19 and stage 14. Anterior is to the top and posterior is to the bottom;
ventral view. dand5 expression is absent in the left-right Organizer of minkI crispants

after initiation of flow, stage 19 (top row), and before the initiation of flow, stage 14

(bottom row). D) Quantification of abnormal danad5 expression in mink crispants at stages
14 and 19. 4 and 3 biological replicates included for stage 19 and 14, respectively. E)
Representative images of nodall expression at stage 14. Anterior is to the top and posterior
is to the bottom; ventral view. Nodall expression is also absent in the left-right Organizer of
mink1 crispants before the initiation of flow, stage 14. F) Quantification of abnormal noadal!
expression in minkI crispants. 4 biological replicates included. P < 0.0005=***, p < 0.05= *
by two-tailed T-test.
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Figure 3: Mink1 Regulates Canonical Wnt Signaling.

A) Representative images of foxjZ expression in stage 10.5 uninjected embryos and mink1
crispants along with quantification. Pink lines represent angle from center measurements
made in ImageJ. 3 biological replicates B) Representative images of goosecoid expression

in stage 10.5 uninjected embryos and minkI crispants along with quantification. 9 biological
replicates. C) Representative images of nodal3 expression in stage 10.5 uninjected embryos

and minkZ crispants along with quantification. 3 biological replicates. D) Injection of
B-catenin RNA rescues loss of Spemann Organizer gene expression in mink crispants.
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Representative images of goosecoid expression along with quantification. 4 biological
replicates. E) Levels of total B-catenin protein are reduced in minkZ crispants at stage 10

as assayed by western blot. F) Injection of B-catenin RNA also rescues abnormal pitx2c
expression in minkZ crispants. 3 biological replicates. P < 0.0001= **** p < 0.005= **, p <
0.05= * by two-tailed T-test.
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Figure 4: Global Phosphoproteomic Analysis Reveals HMGA?2 As a Potential Downstream
MINKZ1 Effector.

A) Schematic of experimental pathway for phosphoenriched mass spectrometry experiment.

B) Hmga2 exhibited loss of protein and phosphorylation at S18 residue due to depletion

of mink1. Graphic representation of global phospoproteome due to minkI depletion, X-axis

represents protein log, fold change, Y-axis represents phosphorylation log, fold change.

Red represents stage 10, green represents stage 11, blue represents stage 12. Yellow circles
represent Hmga2 protein level changes. C) Quantification of abnormal outflow tract looping
in hmgaZ crispants. 3 biological replicates. D) Hmga2 is required for Spemann Organizer
gene expression. Representative images and quantification of reduced goosecoid expression
in hmgaZ2 crispants. 3 biological replicates. P < 0.0001= **** p < 0.005= **, p < 0.05= * by
two-tailed T-test.
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Figure 5: Phosphomimetic HMGAZ2 rescues mink1l LOF phenotypes.
A) Representative images goosecoid gene expression in mink1 crispants injected with

WT, S18D, or S43D HMGAZ mRNA. 4 biological replicates B) Quantification of pitx2c
expression in minkl crispants injected with WT, S18D, or S43D HMGAZ mMRNA. 4
biological replicates P < 0.0001= **** p < 0.0005= ***, p < 0.005= **, p < 0.05=*

by two-tailed T-test.
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Figure 6: HMGA2 Rescues Spemann Organizer Cell Fates in B-catenin Depleted Embryos.
A) Overexpression of WT HMGAZ is sufficient to induce broad ectopic goosecoid

expression in the animal pole of stage 10.5 embryos. Overexpression of S18D and S43D
HMGAZinduces localized expression of goosecoid. 3 biological replicates. B) In g-catenin
morphants, HMGAZ overexpression can rescue Spemann Organizer gene expression. Wild-
type HMGAZ rescues goosecoid expression in a broad pattern on the animal pole, while
S18D and S43D rescue in a more localized pattern 3 biological replicates. C) MINK1
overexpression cannot rescue Spemann Organizer gene expression in SB-catenin morphants. 3
biological replicates.
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