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Abstract

Recent studies illustrate the importance of regulation of cellular metabolism, especially glycolysis
and pathways branching from glycolysis, during vertebrate embryo development. For example,
glycolysis generates cellular energy ATP. Glucose carbons are also directed to the pentose
phosphate pathway, which is needed to sustain anabolic processes in the rapidly growing embryos.
However, our understanding of the exact status of glycolytic metabolism as well as genes that
regulate glycolytic metabolism are still incomplete. Sa//4is a zinc finger transcription factor that
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Figure S1 Heatmap with hierarchical clustering of the polar metabolomics results

Relative levels of all metabolites obtained from the mass spectrometry assay is shown.

Figure S2 Comparison of glycolytic metabolite levels in WT and Sall4 cKO forelimb buds

(A-1) Relative levels of intracellular glucose (A), hexose 6-phosphate (H6P, B), fructose 1,6-bisphosphate (FBP, C), glyceraldehyde
3-phosphate (G3P, D), bisphosphoglycerate (BPG, E), 2/3-Phospho-D-glycerate (PG, F), phosphoenol pyruvate (PEP, G), pyruvate
(H), lactate (I) at E9.5 and E10.5.

(J, K) Ratios of pyruvate/phosphoenol pyruvate (J) and lactate/hexose 6-phosphate (K) at E9.5 and E10.5.

Each dot represents a sample, and bars show average + standard deviation. Statistical test was performed by unpaired #test and the
p-values are shown in each panel.

Figure S3 Comparison of TCA cycle metabolite levels in WT and Sall4 cKO hindlimb buds Relative levels of citrate (A),
2-oxoglutarate (2-OG, B), 2-oxoglutaramate (2-OGM, C), succinate (D), fumarate (E) malate (F), and 2-hydroxyglutarate/citramalate
(2-HG, G) at E9.5 and E10.5. Each dot represents a sample, and bars show average + standard deviation. The p-values are shown in
each panel.
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is highly expressed in undifferentiated cells in developing mouse embryos, such as blastocysts and
the post-implantation epiblast. 7Cre, Sall4 conditional knockout mouse embryos exhibit various
defects in the posterior part of the body, including hindlimbs. Using transcriptomics approaches,
we found that many genes encoding glycolytic enzymes are upregulated in the posterior trunk,
including the hindlimb-forming region, of Sa//4 conditional knockout mouse embryos. In situ
hybridization and gRT-PCR also confirmed upregulation of expression of several glycolytic
genes in hindlimb buds. A fraction of those genes are bound by SALL4 at the promoters, gene
bodies or distantly-located regions, suggesting that Sa//4 directly regulates expression of several
glycolytic enzyme genes in hindlimb buds. To further gain insight into the metabolic status
associated with the observed changes at the transcriptional level, we performed a comprehensive
analysis of metabolite levels in limb buds in wild type and Sa//4 conditional knockout embryos
by high-resolution mass spectrometry. We found that the levels of metabolic intermediates of
glycolysis are lower, but glycolytic end-products pyruvate and lactate did not exhibit differences
in Sall4 conditional knockout hindlimb buds. The increased expression of glycolytic genes

would have caused accelerated glycolytic flow, resulting in low levels of intermediates. This
condition may have prevented intermediates from being re-directed to other pathways, such as
the pentose phosphate pathway. Indeed, the change in glycolytic metabolite levels is associated
with reduced levels of ATP and metabolites of the pentose phosphate pathway. To further test
whether glycolysis regulates limb patterning downstream of Sa//4, we conditionally inactivated
Hk2, which encodes a rate-limiting enzyme gene in glycolysis and is regulated by Sa//4. The
TCre; Hk2 conditional knockout hindlimb exhibited a short femur, and a lack of tibia and anterior
digits in hindlimbs, which are defects similarly found in the 7Cre; Sall4 conditional knockout.
The similarity of skeletal defects in Sa//4 mutants and A#k2 mutants suggests that regulation of
glycolysis plays a role in hindlimb patterning. These data suggest that Sa//4 restricts glycolysis in
limb buds and contributes to patterning and regulation of glucose carbon flow during development
of limb buds.
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Introduction

Embryonic development requires metabolic regulation to sustain the anabolic reactions
that are essential to build macromolecules and, ultimately, biomass (Johnson et al., 2003).
Studies in mammalian embryos demonstrated changes of energy metabolism and glycolysis
during embryogenesis. Early pre-implantation embryos use glucose-derived pyruvate and
lactate — byproducts of glycolysis - to feed the tricarboxylic acid (TCA) cycle to generate
adenosine triphosphate (ATP) (Brinster, 1965). Pyruvate is derived from glycolysis or

the external environment, and is used during preimplantation development (Lewis, 2015).
At the blastocyst stage, pyruvate consumption decreases, glucose uptake is increased,

and glycolytic activity elevates (Leese, 2012). The metabolic status of blastocysts is
characterized by high levels of ATP production through glycolysis as well as increased
conversion of pyruvate to lactate (Redel et al., 2012), which is called Warburg metabolism
— a metabolic adaptation that leverages faster rates of ATP generation at the expense

of incomplete glucose oxidation to provide triose carbon backbones to sustain anabolic
reactions (Kukurugya and Titov, 2022; Vander Heiden et al., 2009). Clinically, early-stage
metabolic adaptations in the developing blastocyst are amenable to monitoring via the
blastocoele fluid in the context of in vitro fertilization approaches to determine blastocyst
pre-implantation viability (D’ Alessandro et al., 2012).

After implantation, vitelline circulation and chorioallantoic branching are established
during the early organogenesis stage, which provides oxygen and nutrients from the
maternal circulation (Arora and Papaioannou, 2012; McGrath et al., 2003). While oxidative
phosphorylation replaces glycolysis as an efficient system for glucose-derived carbon
oxidation (Miyazawa et al., 2017; Solmonson et al., 2022) (in terms of full glucose-derived
carbon oxidation, but not net energy production (Kukurugya and Titov, 2022)), regulation
of glycolysis still plays an important role for rapidly growing embryos. Specifically,

it has been demonstrated that levels of intracellular glucose metabolites downstream

of phosphofructokinase decrease, while levels of pyruvate increase from E8.5 to E10.5
(Miyazawa et al., 2017). This change is driven by the reduced activities of key glycolytic
enzymes, phosphofructokinase and aldolase, which direct glucose carbon flow to the pentose
phosphate pathway. Re-directed carbon is used for anabolic processes to produce biomass
and reducing power (NADPH) for proliferating cells (DeBerardinis et al., 2008; Palsson-
McDermott and O’Neill, 2013; Patra and Hay, 2014).

Other recent studies demonstrated the roles of the spatially controlled glycolysis gradient in
tissue patterning in chick and mouse embryos. In the presomitic mesoderm, the unsegmented
paraxial mesoderm at the posterior end of the elongating body, a posterior high — anterior
low glycolytic activity gradient regulates cell differentiation in both chick and mouse
embryos (Bulusu et al., 2017; Oginuma et al., 2017). Furthermore, higher levels of
glycolysis at the posterior part of the presomitic mesoderm activates 3-catenin signaling,
which promotes mesodermal differentiation form neuromesodermal progenitors (Oginuma
et al., 2020). Despite these advances in understanding the status and roles of glycolysis in
post-gastrulation embryos, our understanding of the glycolytic metabolic status and its roles
in post-gastrulation embryos are still incomplete.
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Sall4 encodes a transcription factor with multiple zinc finger domains (de Celis and Barrio,
2009; Sweetman and Munsterberg, 2006) involved in the maintenance of undifferentiated
cell phenotypes in mouse embryonic stem cells (Miller et al., 2016; Ru et al., 2022; Zhang et
al., 2006). Several studies provided evidence that SALL4 acts as a transcriptional repressor
through two mechanisms. The N-terminus of SALL4 interacts with the nucleosome
remodeling and deacetylase (NuRD) co-repressor complex and can facilitate transcriptional
repression (Lu et al., 2009). In addition, a zinc finger cluster of SALLA4 binds to AT-rich
sequences in putative regulatory elements and represses neural gene expression in mouse
embryonic stem cells (Miller et al., 2016; Pantier et al., 2021). Sa//4is highly expressed

in undifferentiated cells in developing mouse embryos, such as blastocysts and the post-
implantation epiblast (Akiyama et al., 2015; Elling et al., 2006; Kohlhase et al., 2002;
Sakaki-Yumoto et al., 2006; Tahara et al., 2018; Tsubooka et al., 2009; Xu et al., 2017).
During development of post-gastrulation stages, Sa//4 expression rapidly deceases, but is
maintained in the posterior part of the body and distal limb buds (Akiyama et al., 2015;
Kohlhase et al., 2002; Tahara et al., 2018). Other than recent studies in human cancer cells
on glycolysis (Shao et al., 2020) and oxidative phosphorylation (Tan et al., 2019), whether
Sall4is involved in cell metabolism remains unknown. Conditional knockout (cKO) of Sa//4
by the 7Credriver caused severe skeletal defects in the hindlimb and posterior axial skeleton
(Akiyama et al., 2015; Tahara et al., 2019).

In this study, we revisited our published RNA-seq data comparing the posterior trunk
tissues from wild type (WT) and 7Cre,; Sall4 cKO embryos (Tahara et al., 2019). We found
that genes encoding glycolytic enzymes are upregulated in Sa//4 cKO embryos. Through
comprehensive metabolite analysis of limb progenitor cells and limb bud cells in WT and
Sall4 cKO embryos by mass spectrometry, we found that glycolytic metabolite levels are
lower and end-products pyruvate and lactate ratios to earlier glycolytic intermediates are
higher in Sa//4 cKO hindlimb buds. Moreover, conditionally knocking out Hk2, which
encodes a rate limiting glycolytic enzyme, phenocopied Sa//4 cKO hindlimb defects. Our
results support the idea that glycolysis is accelerated in Sa//4 cKO embryos. Together with
our observation that SALL4 is enriched on many of the glycolytic enzyme genes that are
upregulated in Sa//4 cKO embryos, our results suggest that Sa//4 restricts glycolysis in the
limb progenitor cells and the limb bud cells for hindlimb growth and patterning.

2. Materials and Methods

2.1. Animal breeding

Embryos for in situ hybridization were collected by timed mating of Sa//4™/f females and
TCre™¥79- Sall4™* males (Akiyama et al., 2015). After fixation in 4% paraformaldehyde

in PBS + 0.1%Tween 20 overnight, embryos were washed and dehydrated in graded series
of PBS + 0.1%Tween 20/methanol and stored in 100% methanol. Hk2" mice (Patra et al.,
2013) were crossed with 7Cre mice (Perantoni et al., 2005), and embryos were collected
from the timed mating of Hk2™" females and TCre’9*; Hk2"* males. For skeletal analysis,
embryos at E14.5 or E15.5 were collected and fixed in 50% ethanol and processed for
Alcian Blue staining as previously described (Akiyama et al., 2015). Animal breeding was
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performed according to the approval by the Institutional Animal Care and Use Committee of
the University of Minnesota.

2.2. Whole mount in situ hybridization

Whole mount in situ hybridization was performed as previously described (Akiyama et
al., 2015). Three to five embryos per probe per stage were examined. Partial sequences of
glycolytic enzyme genes were amplified by RT-PCR (Table S1) and cloned in pGEM-T
EASY (Promega). The sequence of each clone was confirmed by Sanger sequencing. The
Aldoaprobe is described previously (Miyazawa et al., 2017).

2.3. Metabolite analysis

Mouse embryos at E10.5 were dissected in cold PBS, and limb buds were manually
dissected from the trunk with fine forceps and collected in cold PBS. Forelimb buds from
E9.5-9.75 embryos were collected similarly. The E9.5-9.75 posterior tissue was dissected
from the embryo by cutting at the 24t — 25t somite boundary, and the neural tissue

was removed as previously described (Tahara et al., 2019). For simplicity, we refer to

this mesoderm-enriched posterior trunk tissue as E9.5 hindlimb buds in this study. After
removing PBS, the tissue was snap frozen, stored in liquid nitrogen, and shipped to the
University of Colorado on dry ice.

Frozen specimens were weighed then metabolites were extracted using ice-cold
methanol:acetonitrile:water (5:3:2, v:v:v) at 15 mg/mL in the presence of GB10 (Next
Advance) glass beads. Samples were homogenized in a Bullet Blender (Next Advance, Troy,
NY, USA) for 5 minutes at setting 4 and 4°C then vortexed vigorously for 30 min at 4

°C. Insoluble material was pelleted via centrifugation at 18,000 g for 10 min at 4 °C, and
supernatants were analyzed by UHPLC-MS.

2.4 UHPLC-MS Analysis

High throughput metabolomics analyses were performed as previously described in detail
using a Thermo Vanquish UHPLC (San Jose, CA, USA) coupled online to a Thermo

Q Exactive mass spectrometer (Bremen, Germany) (Nemkov et al., 2019). Extracts (10
UL) were randomized then resolved over a Kinetex C18 column, 2.1 x 150 mm, 1.7 ym
(Phenomenex, Torrance, CA, USA) with a 5 min gradient in positive and negative ion modes
(separate runs) exactly as described (Nemkov et al., 2019). The Q Exactive MS scanned
in Full MS mode from 65 to 950 m/z at 70,000 resolution with 4 kV spray voltage (ESI),
45 sheath gas, and 15 auxiliary gas. A technical mixture was injected after every 15 runs
to verify instrument performance. Acquired data was converted from .raw to .mzXML file
format using RawConverter. Metabolites were assigned and peaks integrated using Maven
(Princeton, NJ, USA) in conjunction with the KEGG database.

2.5 Statistical test

Statistical examination of relative metabolite levels was performed by unpaired #test. The
heat map of all metabolites in Fig. S1 was constructed by GENE-E (Broad Institute). Graphs
in figures were drawn by Prism software (GraphPad Software).
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2.6 RNA-seq and ChlIP-seq data analysis

RNA-seq data was obtained from the Sequence Read Archive database (BioProject
accession number PRINA525663). The analysis used the previously published CHURP
pipeline (https://doi.org/10.1145/3332186.3333156). Briefly, after quality control with
fastQC, and reads trimming with Trimmomatic (Bolger et al., 2014), reads were aligned

to the GRCm38 genome by Hisat2 (Kim et al., 2019). Aligned reads were sorted with
SAMtools (Danecek et al., 2021) and gene counts were determined with featureCounts (Liao
et al., 2014). Differential expression testing with edgeR revealed differentially expressed
genes (Robinson et al., 2010). GO analysis was performed using PANTHER (Mi et al.,
2019; Thomas et al., 2022). SALI4 ChIP-seq data was obtained from the Sequence Read
Archive database (BioProject accession number PRINA525663). Reads were mapped to the
mm10 genome with Bowtie2 (Langmead and Salzberg, 2012), and potential PCR duplicates
were removed with Samtools rmdup (Danecek et al., 2021). Peaks were called on replicates
with Macs2 (Jeon et al., 2020) and binding enrichment testing was done with DiffBind
(Ross-Innes et al., 2012).

2.7 Quantitative RT-PCR analysis

Hindlimb buds from WT or Sa//4 cKO embryos at E10.5 were manually dissected using
fine forceps and a carbon steel scalpel (No. 1316-14, Fine Science Tools). Total RNA
was isolated using the Direct-zol RNA MicroPrep kit (Zymo Research) and cDNA was
synthesized using iScript cDNA synthesis kit (BioRad) according to the manufacturers’
instructions. gPCR was performed using SYBR green master mix (ThermoFisher) and
primers in Table S2.

3. Results

3.1. Upregulation of expression of glycolytic enzyme genes in Sall4 cKO embryos

In order to understand the roles of Sa//4in post-implantation embryo development, we
revisited our RNA-seq data, obtained from the trunk tissue posterior to the 24/25 somite
levels (Tahara et al., 2019). Using gene ontology (GO) analysis of differentially expressed
genes between WT and Sa//4 cKO embryos, we noticed that glucose metabolism is
overrepresented (Fig. 1A). Specifically, the glucose catabolic process (GO:0006007), hexose
catabolic process (G0:0019320), and regulation of glucose import (GO:0046324) exhibited
2.05-3.21 fold enrichment, which are comparable to the 2.78 and 2.24 fold enrichment of
hindlimb morphogenesis (G0O:0035137) and limb development (GO:0060173), respectively.
Therefore, we looked at genes involved in glycolysis and found that they exhibited
upregulation in Sa//4 cKO embryos (Fig. 1B). These genes include S/c2aland S/c2a3,
encoding glucose transporter-1 and glucose transporter-3, respectively. They also include
genes encoding hexokinase (Hk1, Hk2), phosphofluctokinase (Pfkp, Prkl) and pyruvate
kinase (Pkm), which catalyze rate-limiting steps of glycolysis. Moreover, genes encoding
other enzymes in the glycolytic pathway are also upregulated in Sa//4 cKO embryos, which
include glucose 6-phosphate isomerase (Gpr1), aldolases (Aldoa, Aldoc), triosephosphate
isomerase ( 7prZ), glyceraldehyde 3-phosphate dehydrogenase (Gapadh), phosphoglycerate
kinase (Pgkl), phosphoglycerate mutase 1 (PgamZI), and enolase (£nol) (Fig. 1). Pyruvate
is converted into lactate by lactate dehydrogenase, which consists of combinations of two
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subunits, which are encoded by Ldhaand Ldhb. In Sall4cKO, Ladhawas upregulated,

while Lahbwas downregulated. Lactate can be extruded from cells by the action of
monocarboxylate transporter 4, encoded by S/c16a3, whose expression was also upregulated
in Sall4 cKO. Pyruvate, together with NAD™ and coenzyme A, is also converted into acetyl-
CoA by the pyruvate dehydrogenase complex. Pahb, encoding pyruvate dehydrogenase
(lipoamide) beta, was downregulated in Sa//4 cKO. Pdk1, encoding pyruvate dehydrogenase
kinase, which inactivates pyruvate dehydrogenase by phosphorylating it, was upregulated in
Sall4 cKO.

To gain insight into whether Sa//4 may directly regulate these genes, we also re-visited

our SALL4 ChlP-seq data obtained from the E9.5 posterior trunk mesoderm (Tahara et al.,
2019). SALLA is enriched within 1,000 bp upstream to +100 bp of transcription start sites
(TSS) of Slc2al, Slc2a3, Aldoc, Pgkl, Pgaml, Enol, Pkm, and Pdkl (Fig. 1C, Table S3).
SALLA4 enrichment was also observed in distantly upstream regions (Hk2, Pfkl, Gpil, Ldhb)
or in the gene bodies (Hk1, Hk2, Gpil, Pikl, Pfkp, Aldoa, Pkm, Ldha, Ldhb, Pdha, Pdhx,
Slc16a3). These results suggest that Sa//4 represses expression of glycolysis enzyme genes
through binding to those genes.

3.2. Upregulation of glycolysis enzyme genes by whole mount in situ hybridization

We further examined expression patterns of several glycolytic genes by whole mount in

situ hybridization at E9.5 and E10.5. Since glycolysis is a fundamental metabolic process,
many genes are broadly expressed at E9.5, including in the hindlimb forming region.
Expression patterns of Gpil, Pgkl1, Enol and Pkm were comparable in WT and Sa//4 cKO
at E9.5 as detected by in situ hybridization; however, Hk2, Pfkl, Aldoa, Tpil, Ldhaand
Pdk1 exhibited stronger signals in the hindlimb-forming region (Fig. 2A-J’). The overall
expression patterns at E9.5 are consistent with RNA-seq data (Fig. 2A”-J”") and showed
upregulation of glycolytic gene expression in the hindlimb forming region. At E10.5, several
genes showed localized expression patterns in WT. Specifically, 7psZ expression is stronger
in the anterior and posterior margin of the hindlimb bud (Fig. 20); £nol and Ldha exhibited
stronger signals in the distal periphery of the hindlimb bud (Fig. 2Q, S); PdkI signals

are stronger in the proximal part than distal part (Fig. 2T). In Sa//4 cKO embryos, the
glycolytic genes examined exhibit stronger signals in the hindlimb bud than WT by in situ
hybridization (Fig. 2K’-T"). To further confirm changes of expression levels at E10.5, we
performed qRT-PCR analysis using RNA isolated from hindlimb buds (Fig. 2K”-T”). The
results showed significant upregulation of these genes at E10.5 (p<0.05 by #test) except
Ldha (Fig. 2S™). The greater degree of variation in relative gene expression in Sa/l4 cKO
hindlimb buds may be derived from morphologically perturbed hindlimb buds at this stage.
These results support the idea that Sa//4 represses glycolytic enzyme gene expression during
early phase of limb development.

3.3. Global analysis of metabolites in limb buds between WT and Sall4 cKO embryos

To further examine glycolysis status at E9.5 and E10.5, we performed high throughput
global metabolomics by mass spectrometry (Nemkov et al., 2019). For this analysis, we
prepared forelimb buds and hindlimb buds from E9.5 and E10.5 embryos, from WT and
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Sall4 cKO embryos. In the global analysis, relative quantification was utilized to establish
comparative profiles of the polar metabolome (Table S4, Fig. S1).

Since the glycolytic pathway is linked to the TCA cycle and energy metabolism, we focused
our analysis on metabolites of glycolysis, the TCA cycle, and energy-related nucleotides
among others (Fig. 3). The heatmap shows overall clustering of samples with the same
tissue and same genotype. In WT, these metabolite levels are higher at E10.5 than E9.5 in
forelimb buds and hindlimb buds. In particular, TCA cycle metabolite levels increase from
E9.5to E10.5 in WT in forelimb buds and hindlimb buds. This is consistent with a recent
finding that showed upregulation of TCA cycle metabolites in whole embryos from E8.5

to E10.5 (Miyazawa et al., 2017). In Sa//4 cKO, overall metabolite levels also seem to be
higher at E10.5 than E9.5 in forelimb buds; however, the elevation of metabolite levels does
not appear to be significant in hindlimb buds. When WT and Sa//4 cKO are compared,
metabolite levels appear to be lower in Sa//4 cKO than WT at E9.5. The same trend is the
case in hindlimb buds but not in forelimb buds at E10.5.

3.4. Reduced levels of glycolytic intermediate metabolites in Sall4 cKO hindlimb buds

Given that expression of glycolytic enzyme genes is elevated in Sa//4 cKO in hindlimb
forming region at E9.5 and in hindlimb buds at E10.5 (Fig. 2), we compared metabolite
levels in WT and Sa//4 cKO within the same tissues at the same stage. In E9.5 hindlimb
buds and in E10.5 hindlimb buds, intracellular glucose levels were comparable between
WT and Sa/l4 cKO samples. However, intermediate metabolite levels were consistently
lower in Sall4 cKO in both E9.5 and E10.5 samples (Fig. 4A-G). Specifically, levels

of fructose bisphosphate (FBP), bisphosphoglycerate (BPG), phosphoglycerate (PG), and
phosphoenolpyruvate (PEP) were reduced in Sa//4 cKO compared to WT, except for BPG
in E9.5 and PG in E10.5. In contrast, the levels of pyruvate and lactate were comparable
between WT and Sa//4 cKO in E9.5 hindlimb and E10.5 hindlimb samples (Fig. 4H, I). In
forelimb buds, most of glycolytic intermediate levels did not show a significant difference
between WT and Sa//4 cKO (Fig. S2). Specifically, only levels of intracellular glucose

and pyruvate exhibited lower and higher levels, respectively, in Sa//4 cKO than in WT at
E10.5 (Fig. S2A, H). These results, together with elevated expression of glycolytic enzyme
genes, suggest that glycolytic metabolic flow is accelerated in Sa//4 cKO hindlimb cells.
Importantly, end-product ratios to earlier glycolytic intermediates are higher in Sa//4 cKO
hindlimb. Specifically, the pyruvate/PEP ratio and the lactate/hexose 6-phosphate (H6P,
glucose 6-phosphate and fructose 6-phosphate) ratio are significantly elevated at E9.5 and
E10.5, respectively, in Sal/4 cKO hindlimbs (Fig. 4J, K). The elevated ratios further support
the idea that glycolytic metabolic flow is accelerated in Sa//4 cKO hindlimb cells. Given that
Sall4 cKO mutants exhibit skeletal defects specifically in the hindlimb, observed reduction
of glycolytic metabolites may be related to the skeletal phenotype.

3.5. TCA cycle metabolite levels are comparable between WT and Sall4 cKO hindlimb

buds

Compared to glycolysis metabolites, the levels of TCA cycle metabolites are comparable
between WT and Sa//4 cKO hindlimb buds (Fig. 3, Fig. S3). Specifically, the
levels of citrate, 2-oxoglutarate, 2-oxoglutaramate, succinate, fumarate, malate, and 2-
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hydroxyglutarate/citramalate did not show significant differences at E9.5 and E10.5, except
that the p-value for 2-hydroxyglutarate at E10.5 was 0.050.

3.6. Reduced ATP levels in Sall4 cKO hindlimb buds

Pyruvate can be converted into acetyl-CoA and used in the TCA cycle, which generates ATP
and NAD*. Pyruvate can also be reduced to lactate, which regenerates NAD* from NADH.
The RNA-seq data showed reduced expression of Pahband increased expression of Pakl
(Fig. 1), which suggested reduction in generation of acetyl-CoA from pyruvate. In contrast,
Ldhaand Slci6a3were upregulated, which suggests increased conversion of pyruvate

to lactate and exclusion of lactate. In our mass spectrometry analysis, acetyl-CoA was
undetectable, and lactate levels and NAD™ levels were comparable in hindlimbs between
WT and Sa//4cKO at E9.5 and E10.5 (Fig. 41, 5A). In contrast, ATP levels were reduced
in Sall4 cKO, although the p-value at E9.5 was 0.051 (Fig. 5B). These results suggest that
pyruvate may be preferentially converted into lactate, which might be excluded from the
cells, rather than generating acetyl-CoA to feed the TCA cycle in hindlimb buds.

3.7. Reduction of 6-phosphogluconate levels in Sall4 cKO hindlimb buds

It has been reported that glucose carbon flow is directed to the pentose phosphate pathway
(PPP) in the stage we examined (Miyazawa et al., 2017). Although we did not obtain full
coverage of the PPP (Table S3), 6-phosphogluconate, sedoheptulose phosphate, and ribose
phosphate were detected. Among them, the level of 6-phosphogluconate was significantly
lower in Safl4 cKO hindlimb buds, compared to WT hindlimb buds, both at E9.5 and E10.5
(Fig. 5C). Moreover, the 6-phosphogluconate ratio to an earlier intermediate H6P is lower
in the Sal/l4 cKO hindlimb (Fig. 5D). This data suggests that glucose carbon flow into the
pentose phosphate pathway is impaired in Sa//4 cKO hindlimb buds.

3.8. TCre; Hk2 conditional knockout phenocopied TCre; Sall4 hindlimb defects

Our data show that Sa//4 negatively regulates expression of glycolytic enzyme genes (Fig.

1, 2, Table S2), among which HK2 catalyzes the first reaction of the glycolysis pathway.

In order to further assess the role of glycolysis, we conditionally inactivated Hk2by TCre.

A previous study showed that A2/~ embryos were retarded in growth around E7.5-E8.5
(Heikkinen et al., 1999). In contrast, we were able to recover Hk2cKO embryos at E14.5-
15.5, which exhibited smaller bodies than either WT or littermate controls ( 7Cre**; Hk2™*,
TCre** ; HK2A TCre’9*: Hk2™*) (Fig. 6A, B). The Hk2cKO hindlimb skeleton exhibited
a hypoplasic pelvic girdle, small cartilage condensation at the position of femur, and loss of
tibia and anterior digits (Fig. 6E, F, Table 1). They also exhibited loss of posterior digits in
half of the forelimbs examined in this study (Fig. 6C, D, Table 1). These data demonstrate
the requirement of Hk2 for proper hindlimb skeletal patterning. The hindlimb skeletal
defects in Hk2cKO embryos are similar to the defects of proximal-anterior skeletal elements
in 7Cre; Sall4 cKO hindlimbs (Fig. 6G) (Akiyama et al., 2015). Since Sa//4 regulates Hk2
expression (Fig. 1, 2, Table S3), our data provides genetic evidence that Sa//4 regulation of
glycolysis controls limb skeletal patterning.
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4. Discussion

Cellular metabolism supports development by multiple mechanisms. These include
supplying metabolic intermediates for the synthesis of macromolecules, energy production,
and epigenetic regulation (Gandara and Wappner, 2018; Lu and Thompson, 2012).
Compared to pre-implantation embryos, the detailed metabolic status of post-implantation
embryos is only just starting to be understood. Recent studies revealed detailed status of
changes in glycolytic metabolite levels in the whole embryo (Miyazawa et al., 2017) or in
the presomitic mesoderm (Bulusu et al., 2017; Oginuma et al., 2017); however, metabolite
levels in developing limb buds have not been studied. Our comprehensive metabolite
profiling by mass spectrometry is the first report of the status of metabolism in forelimb
buds and hindlimb buds during early outgrowth stages in limb development.

Accelerated glycolysis and failure to re-direct carbon flow to the pentose phosphate
pathway in Sall4 cKO hindlimb buds

Re-visiting our RNA-seq data and SALL4 ChlP-seq data provided a striking display of
upregulation for glycolytic gene expression in Sa//4 cKO embryos. The data suggests

that SALL4 directly represses many glycolytic enzyme genes. In situ hybridization data

and gRT-PCR analysis also supported this notion. Regarding glycolytic metabolites, many
glycolytic intermediate metabolites exhibited reduced levels in Sa//4 cKO hindlimb buds,
but not in forelimb buds. Elevated expression of glycolytic enzyme genes would have caused
accelerated glycolytic metabolism that would give rise to a rapid flow of glucose to pyruvate
and reduced intermediate metabolite levels. The elevated end-product ratios of pyruvate and
lactate compared to earlier glycolytic intermediates also support this idea. This condition
might prevent re-directing glucose carbon flow to the pentose phosphate pathway, which

is consistent with reduced levels of 6-phosphogluconate in Sa//4 cKO hindlimb buds. Our
previous analysis showed reduced proliferation of mesenchyme cells in Sa//4 cKO hindlimb
buds and tails (Akiyama et al., 2015; Tahara et al., 2019), which could contribute to small
hindlimb buds and tail truncation in Sa//4 cKO. The glucose carbon, directed to the PPP,

is used in biomass production and maintenance of the redox balance to support rapidly
growing embryos (Patra and Hay, 2014; Yamamoto et al., 2014). The failure to direct
glucose carbon flow to the PPP by accelerated glycolytic flow in Sa//4 cKO hindlimbs may
also underlie the small size of hindlimb buds and posterior body truncation in Sa//4 cKO
embryos.

The reduced expression of Pdhb and increased expression of PdkZ in Sall4 cKO embryos in
the RNA-seq data and qRT-PCR data suggests that the use of pyruvate for the TCA cycle
may be restricted in Sa//4 cKO. Given that Ldhaand S/c16a3are concomitantly upregulated
in the RNA-seq data, we speculate that pyruvate is preferentially converted to lactate and
excreted from the cell in Sa//4 cKO hindlimb buds. Taken together, we propose that Sa//4
restricts glycolysis, which contributes to directing glucose carbons to the PPP and generating
proper energy levels for rapidly proliferating cells in hindlimb buds.
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Glycolysis and hindlimb development

Our previous studies have shown that transcription factors, such as those encoded by P/zf;
Gli3and Hox genes, regulate hindlimb skeletal pattern downstream of Sa//4 (Akiyama et
al., 2015; Chen et al., 2020). In addition to the transcriptional network involving these
genes, our current study supports the idea that glycolysis also plays a role in hindlimb
skeletal patterning, downstream of Sa//4. Changes in levels of glycolysis intermediate
metabolites are correlated with the presence of hindlimb defects and the absence of forelimb
defects in Sal/4 cKO. This result suggests that changes in glycolytic pathway activity are
associated with defects in hindlimb development (Akiyama et al., 2015). Moreover, our
genetic analysis of Hk2 provided evidence that Sa//4 regulation of glycolysis contributes to
hindlimb skeletal pattern. Our gene expression analysis and ChIP-seq data analysis suggest
that SALL4 represses expression of Hk2. Since HK2 catalyzes the conversion of glucose

to glucose 6-phosphate, the step that occurs at the beginning of glycolysis, 7Cre-mediated
inactivation of Hk2would have caused restricted glycolysis, which in turn causes reduced
levels of intermediates. Similar defects in hindlimb skeleton in Sa//4 cKO and Hk2 cKO
support the idea that Sa//4 regulation of glycolysis controls the development of the proximal-
anterior skeleton in hindlimbs.

Sall4 regulation of glycolysis in embryos and cancer cells

In the adult body, most cells do not express Sa//4, and high levels of Sall4 expression is
restricted to oocytes and spermatogonia (Eildermann et al., 2012; Hobbs et al., 2012; Xu et
al., 2017). However, many human cancer cells activate expression of SALL4 (Tatetsu et al.,
2016; Zhang et al., 2015). Cancer cells are characterized by aerobic glycolysis or Warburg
metabolism, which is associated with increased glucose uptake and lactate production.
Contrary to our study, a recent study demonstrated that SAL L4 overexpression promoted
and SALL4 knockdown inhibited glycolysis in human gastric cancer cells (Shao et al.,
2020). In gastric cancer cells, overexpression of SAL/L4 caused elevation of glucose uptake
and lactate production. How Sa//4 cKO in mouse embryos and SALL4knockdown in human
cancer cells cause opposite effects on glycolysis remains to be elucidated. One possibility
is that the cellular context in limb bud cells and gastric cancer cells may cause different
regulation of glycolysis by Sa//4. This idea is consistent with a study of a different type

of cancer cells. In human liver cancer cells, it is shown that SALL4 increases oxidative
phosphorylation, oxygen consumption rate, mitochondrial membrane potential, and use

of oxidative phosphorylation-related metabolites to generate ATP (Tan et al., 2019). The
same study also showed that SALL4-expressing liver cancer cells downregulated glycolytic
metabolites, which suggested that SAL L4 expression did not initiate Warburg effect. These
opposite effects of SALL4 expression in two types of cancer cells supports the idea that
Sall4 regulation on metabolism is specific to cellular context.
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Highlights
. Transcription of glycolytic enzyme genes is upregulated in Sa//4 conditional
knockout limb buds.
. SALLA4 binds to many genes encoding glycolytic enzymes.
. Levels of glycolytic intermediates are reduced in Sa//4 conditional knockout
limb buds.
. Sall4 restricts glycolysis in limb buds.
. Hk2 conditional knockout phenocopies hindlimb defects of Sa//4 conditional

knockout
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A Number Fold
Pathway of genes enrichment p value FDR
glucose catabolic process (GO:0006007) 13 3.21 1.53E-03 3.03E-03
hexose catabolic process (GO:0019320) 17 2.72 1.45E-03 2.92E-03
regulation of glucose import (GO:0046324) 26 2.05 2.72E-03 4.86E-03
hindlimb morphogenesis (GO:0035137) 23 2.78 1.60E-04 4.53E-04
limb development (GO:0060173) 83 2.24 4.56E-09 2.99E-07
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Figure 1. Upregulation of glycolytic enzyme genes in Sall4 cKO embryos
(A) Enrichment of GO terms related to glucose metabolism from differentially expressed

genes detected by RNA-seq.

(B) Heatmap of genes related to glucose metabolism. WT, wild type; S4.T, Sal/4 cKO.

(C) Schematic presentation of RNA-seq and ChlP-seq results of genes related to glycolysis.
Genes with red and blue fonts are upregulated and downregulated, respectively, in Sa//4 cKO
samples, compared to WT samples. Asterisks indicate genes that are bound by SALL4

by SALL4 ChIP-seq. G-6-P: glucose 6-phsphate; 1,3-BPG, 1,3-bisphosphoglycerate;

DHAP, dihydroxyacetone phosphate; F-1,6-bp, fructose 1, 6-bisphosphate; F-6-P, fructose
6-phosphate; G-3-P, glyceraldehyde 3-phosphate; G-6-P, glucose 6-phosphate; 2-PG, 2-
phosphoglycerate; 3-PG, 3-phosphoglycerate; PEP, phosphoenol pyruvate.
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Figure 2. Expression patterns and levels of glycolytic enzyme genes in the hindlimb-forming
region at E9.5 and in the hindlimb bud at E10.5 in WT and Sall4 cKO embryos

Dorsal views of expression patterns of Hk2 (A, A’, K, K’), Gpi1 (B, B’, L, L"), Pfkl(C, C’,
M, M*), Aldoa (D, D’, N, N), 7pil (E, E’, O, O’), Enol (G, G’, Q,Q’), Pkm(H,H’, R, R’),
Ldha(1,1’,S,S’),and Pkd1 (3,7, T, T") at E9.5 (A-J’) and E10.5 (K-T’) are shown. Black
arrows point to endogenous expression in WT and comparable expression in Sa//4 cKO. Red
arrows point to stronger expression in Sa//4 cKO.

Relative expression levels of Hk2, Gpil, Pfkl, Aldoa, Tpil, Pgk1, Enol, Pkm, Ldhaand
Pdk1. A”-J” are generated with the RNA-seq data (n=4 for both WT and Sa//4 cKO), and
K”-T” are generated by qRT-PCR (n=5 for WT and n=10 Sa//4 cKO). The average of WT
data is set as 1.0. The data in A” to J” have the same y-axis scale shown in A”. The data in
K to S” have the same y-axis scale shown in K”, and T” has a different y-axis scale shown
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in the right side of T”. The false discovery rate of RNA-seq data (A”-J”) or the p value of
Etest (K”-T™) is shown in each panel.
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Figure 3. Heatmap of metabolites in the glycolytic pathway, TCA cycle and energy-related
nucleotides.

Relative levels of metabolites are shown across WT E9.5 forelimb buds, Sa//4 cKO E9.5
forelimb buds, WT E9.5 hindlimb buds, Sa//4 cKO E9.5 hindlimb buds, WT E10.5 forelimb
buds, Sall4 cKO E10.5 forelimb buds, WT E10.5 hindlimb buds, and Sa//4 cKO E10.5

hindlimb buds.
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Figure 4. Reduced levels of glycolytic metabolites in Sall4 cKO in hindlimb buds

(A-1) Relative levels of intracellular glucose (A), hexose 6-phosphate (H6P, B), fructose 1,6-
bisphosphate (FBP, C), glyceraldehyde 3-phosphate (G3P, D), bisphosphoglycerate (BPG,

E), 2/3-Phospho-D-glycerate (PG, F), phosphoenol pyruvate (PEP, G), pyruvate (H), lactate
(1) at E9.5 and E10.5.
(J, K) Ratios of pyruvate/phosphoenol pyruvate (J) and lactate/hexose 6-phosphate (K) at

E9.5 and E10.5.

Each dot represents a sample, and bars show average + standard deviation. Statistical test

was performed by unpaired #test and the p-values are shown in each panel.
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Figure 5. Reduced levels of NAD+, ATP and 6-Phospho-D-gluconate in Sall4 cKO hindlimb buds
(A-C) Relative levels of NAD* (A), ATP (B), and 6-phospho-D-gluconate (PGD, C) at E9.5

and E10.5.

(D) Ratios of 6-phospho-D-gluconate/hexose 6-phosphate at E9.5 and E10.5. The 6-

phospho-D-gluconate value was 0 for 4 E9.5 cKO and 3 E10.5 cKO samples, which are
excluded from the ratio analysis. The sample size is n=2 for both E9.5 cKO and E10.5 cKO.
Each dot represents a sample, and bars show average + standard deviation. Statistical test

was performed by unpaired #test and the p-values are shown in each panel.
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Figure 6. Hk2 cKO hindlimbs exhibit defects similar to Sall4 cKO hindlimbs
Alcian blue-stained WT (A, C, E), TCre Hk2cKO (B, D, F) and TCre; Sall4cKO (G)

skeleton at E14.5. A and B are on the same scale. Close ups of the forelimb (C, D) and
hindlimb (E-G) are shown. The pound (#) marks the tip of digits whose identity is not
unknown. Digits are labelled with 1-5. The asterisk (*) labels the area where a skeletal
element is missing. Abbreviation: fe: femur, fi: fibula, FL: forelimb, HL: hindlimb, pg:
pelvic girdle, ti: tibia. Scale bar, 1 mm. Note panels D, F, G are at different magnification
compared to panels C and E.
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Table 1

Summary of limb skeletal phenotype of 7Cre; Hk2 cKO embryos

WT Hk2cKO
Femur Normal 30 0
Small condensation 0 12 (100%)
Tibia Normal 30 0
Missing 0 12 (100%)
Digit number 5 30 0
(hindlimb) 4 0 8 (67%)
3 0 4 (32%)
Digit number 5 30 6 (50%)
(forelimb) 4 0 2 (17%)
3 0 3 (25%)
2 0 1 (8%)

Indicated are number of limbs. Normal indicates normal morphology without missing or severely malformed parts.

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

Page 24



	Abstract
	Graphical Abstract
	Introduction
	Materials and Methods
	Animal breeding
	Whole mount in situ hybridization
	Metabolite analysis
	UHPLC-MS Analysis
	Statistical test
	RNA-seq and ChIP-seq data analysis
	Quantitative RT-PCR analysis

	Results
	Upregulation of expression of glycolytic enzyme genes in Sall4 cKO embryos
	Upregulation of glycolysis enzyme genes by whole mount in situ hybridization
	Global analysis of metabolites in limb buds between WT and Sall4 cKO embryos
	Reduced levels of glycolytic intermediate metabolites in Sall4 cKO hindlimb buds
	TCA cycle metabolite levels are comparable between WT and Sall4 cKO hindlimb buds
	Reduced ATP levels in Sall4 cKO hindlimb buds
	Reduction of 6-phosphogluconate levels in Sall4 cKO hindlimb
buds
	TCre; Hk2 conditional knockout phenocopied TCre;
Sall4 hindlimb defects

	Discussion
	Accelerated glycolysis and failure to re-direct carbon flow to the pentose phosphate pathway in Sall4 cKO hindlimb buds
	Glycolysis and hindlimb development
	Sall4 regulation of glycolysis in embryos and cancer cells

	References
	Figure 1
	Figure 2.
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

