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SUMMARY

Lsd1/Kdm1a functions both as a histone demethylase enzyme and as a scaffold
for assembling chromatin modifier and transcription factor complexes to regu-
late gene expression. The relative contributions of Lsd1’s demethylase and scaf-
folding functions during embryogenesis are not known. Here, we analyze two in-
dependent zebrafish lsd1/kdm1a mutant lines and show Lsd1 is required to
repress primitive hematopoietic stem cell gene expression. Lsd1 rescue con-
structs containing point mutations that selectively abrogate its demethylase or
scaffolding capacity demonstrate the scaffolding function of Lsd1, not its deme-
thylase activity, is required for repression of gene expression in vivo. Lsd1’s
SNAG-binding domainmediates its scaffolding function and reinforces a negative
feedback loop to repress the expression of SNAG-domain-containing genes dur-
ing embryogenesis, including gfi1 and snai1/2. Our findings reveal a model in
which the SNAG-binding and scaffolding function of Lsd1, and its associated
negative feedback loop, provide transient and reversible regulation of gene
expression during hematopoietic development.

INTRODUCTION

Lysine (K)-specific demethylase 1A (LSD1, also known as KDM1A) is a well-established and highly conserved

flavin adenine dinucleotide (FAD)-dependent demethylase that controls gene expression during differen-

tiation and development. LSD1 functions through interaction with multiprotein complexes, such as BHC/

CoREST (BRAF-histone deacetylase complex/Corepressor for element-1-silencing transcription factor),

NuRD (nucleosome remodeling and deacetylase), and CtBP (C-terminal binding protein), to remove

mono- and di-methyl marks from histone 3 lysine 4 (H3K4) and histone 3 lysine 9 (H3K9).1,2 LSD1 also de-

methylates transcription factors such as TP53 and E2F1 to modulate transcriptional programs.3–5 Evidence

from multiple malignancy models indicates that LSD1 may also have non-catalytic functions.6–11 For

example, in acute myeloid leukemia (AML) cells, LSD1 enzymatic activity is not required for cell survival

or differentiation. Instead, LSD1 acts as a scaffold for recruiting the growth factor independence 1 protein

(GFI1) to enhancer regions located adjacent to genes that regulate myeloid differentiation and survival.6,7,9

The relative contribution of LSD1’s catalytic and non-catalytic functions during tumorigenesis and normal

development, however, are not well understood. Such knowledge will be essential for understanding and

manipulating LSD1-dependent gene expression programs for therapeutic purposes.

Hematopoiesis in vertebrates is characterized by two separate developmental programs called the prim-

itive and definitive waves.12–14 The primitive wave primarily gives rise to early erythrocytes and macro-

phages in the developing embryo. Immediately following the primitive wave, the definitive wave generates

hematopoietic stem cells (HSCs) that differentiate into all blood lineages of the adult organism.12–14 LSD1

is essential for the development of HSCs and granulocytes, and for erythroid differentiation.15–20 Germline

deletion of Lsd1 in mice is embryonic lethal by day E6.5, and conditional Lsd1 deletion in hematopoietic

stem cells and erythroid cells causes severe anemia.17,21,22 Similarly, germline mutations in lsd1 in zebrafish

result in embryonic lethality, failure to generate primitive erythrocytes19 and loss of expression of essential

erythrocyte genes such as gata1.19,20 Of interest, recent studies suggest that the primitive hematopoietic

defects in zebrafish lsd1 mutants are demethylase-independent.20 However, the basis for assigning a de-

methylase-independent role for Lsd1 was derived from the use of a presumed catalytically dead lsd1 rescue
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construct,20 which has subsequently been shown to retain up to 20% normal Lsd1 activity.23 Thus, a deme-

thylase-independent role for Lsd1 during hematopoietic differentiation remains debatable. More impor-

tantly, the mechanism underlying Lsd1’s repression of gene expression during primitive hematopoiesis

in vivo remains unknown.

Both the catalytic and scaffolding functions of LSD1 are thought to require a hydrophobic pocket within the

LSD1 protein that enables substrate binding.24,25 The structure of LSD1 includes an N-terminal amino-

oxidase-like domain (AOL), a central tower domain, and a C-terminal AOL domain. The AOL domains

fold around the tower domain to form the substrate-binding hydrophobic pocket that contains an FAD

cofactor essential for LSD1’s catalytic activity.24,25 The binding of histone tails to the hydrophobic pocket

is required for their demethylation by LSD1. The non-catalytic or scaffolding functions of LSD1 appear to be

mediated through direct binding to transcription factors that contain a highly conserved, 21-amino-acid,

N-terminal domain called the SNAIL/GFI (‘‘SNAG’’) domain, which resembles the structure of the tail region

of histone H3 and binds to the same hydrophobic pocket in LSD1.26,27

Transcriptional repressionmediated by either GFI- or SNAIL-family proteins is critical for normal embryonic

development.28,29 The SNAIL family of zinc-finger transcription factors direct many cellular processes,

including the formation of mesoderm and neural crest cells, and the epithelial-to-mesenchymal transition

(EMT) in both development andmalignancy.29 GFI1 andGFI1B are important drivers of both hematopoietic

stem cell (HSC) differentiation and leukemogenesis.18,30,31 GFI1 promotes normal lymphoid and myeloid

development whereas GFI1B promotes the generation of erythrocytes and megakaryocytes.31,32 A com-

mon attribute of these SNAG-domain-containing transcription factors is their ability to negatively regulate

their own gene expression and that of other members of their gene family.29,33–39 The SNAG-dependent

transcriptional feedback loops as well as the GFI- and SNAIL-mediated developmental programs are

dependent on interactions between these transcription factors and LSD1 in vitro26,40; however, whether

such interactions also mediate feedbacks loops during embryogenesis remains unknown.

The mechanistic basis for LSD1-mediated primitive hematopoiesis has not yet been investigated in vivo.

Here, we performed RNA-Sequencing (RNA-Seq) to analyze the transcriptional program regulated by

Lsd1 during primitive hematopoiesis using two previously undescribed lsd1 zebrafish mutants. Surpris-

ingly, only a limited number of genes were upregulated in lsd1 mutants and were enriched for snail1/2

and gfi family genes, suggesting that Lsd1 normally functions to selectively repress SNAG-domain-

containing genes during embryogenesis. As expected,20 we found that loss of lsd1 impaired erythro-

cyte development in vivo and that both wild-type Lsd1 and the Lsd1-K661A catalytic mutant rescued

defective primitive hematopoiesis in lsd1-mutant embryos. Therefore, to determine whether Lsd1

binding to SNAG-domain-containing proteins is needed for Lsd1-mediated hematopoiesis, we

analyzed the structure of SNAG-domain-bound Lsd1 and mutated amino acid residues that were

likely critical for Lsd1 binding to SNAG-domain-containing proteins but not its catalyic activity.

None of these SNAG-binding-compromised Lsd1 mutant proteins were able to rescue defective

hematopoiesis in the lsd1 mutants. Moreover, injection of embryos with an exogenous SNAG peptide

inhibited the ability of wild-type Lsd1 to rescue defective hematopoiesis in the lsd1 mutants. These

experiments show that LSD1 controls gene expression during primitive hematopoiesis primarily via

its scaffolding function, which requires binding to SNAG-domain-containing proteins. In addition, we

demonstrate that SNAG-dependent binding to LSD1 represses the expression of SNAG-containing

genes themselves, thereby reinforcing a negative feedback loop to control gene expression during

embryogenesis.
RESULTS

Newly identified zebrafish lsd1 alleles confirm that Lsd1 function is required for erythrocyte

development in vivo

The zebrafish genome contains one copy of the lsd1 gene, which encodes for a protein that is highly iden-

tical (>90%) to human LSD1 (Figure 1A). Zebrafish lsd1 was previously analyzed using a mutant allele,

lsd1it627, that was identified through an N-ethyl-N-nitrosourea (ENU) mutagenesis screen and found to

contain a premature stop codon (replacing Gln609) that leads to a truncation of the Lsd1 protein within

the C-terminal amine-oxidase-like (AOL) domain19. This mutation was reported to promote endothelial

cell differentiation at the expense of erythroid cell development as early as 12.5 h post-fertilization (hpf),

and to cause lethality by 10 days post-fertilization (dpf).19 To verify that Lsd1 is required for erythroid
2 iScience 26, 105737, January 20, 2023
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Figure 1. Mutant lsd1 alleles in zebrafish

(A) Schematic showing the percent amino acid identity between human and zebrafish Lsd1 as well as the locations of the

mutations in the C-terminal AOL region that are relevant to this study.

(B and C) Brightfield images of 4-dpf embryos derived from an incross between either kdm1a(23095) heterozygotes (B) or

kdm1a(36433) heterozygotes (C). Arrowheads indicate erythrocytes in the heart. The number of animals with a similar

phenotype to the representative image, out of the total number of animals visualized, is shown in the top right to indicate

Mendelian ratio. Scale bar, 200 mm.

(D) The relative mRNA expression levels of kdm1a in mutants and wild-type siblings are shown in the graph.
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cell development in zebrafish, we analyzed two previously uncharacterized ENU-generated lsd1 alleles

called kdm1a(sa23095) and kdm1a(sa36433). The kdm1a(23095) allele contains a donor-splice-site muta-

tion at the C-terminus of exon 19, and kdm1a(36433) contains a premature stop mutation in exon 17 that

replaces Gln632 (Figure 1A).41 Zebrafish that are homozygous mutant for either allele fail to survive to

adulthood. Embryos derived from an incross between either kdm1a(23095) or kdm1a(36433) were grown

to 4 dpf, and the developing cardiac region was examined for red cells (erythrocytes). Consistent with

lsd1it627mutants, a quarter of the embryos derived from either incross exhibited a lack of red cells, suggest-

ing that kdm1a(23095) and kdm1a(36433) homozygous mutants either fail to generate erythrocytes or their

erythrocytes have a reduction or loss of hemoglobin (known as ‘‘pale erythrocytes’’, Figures 1B and 1C). To

better understand the effect of the kdm1a(23095) and kdm1a(36433) mutations on their respective mRNA

expression levels, we performed RNA-Seq and found that lsd1 mRNA levels were similar between

kdm1a(23095) mutants and their wild-type siblings, whereas kdm1a(36433) mRNA was largely undetect-

able, indicating that it is likely degraded through nonsense-mediated decay (Figure 1D). Examination of

the mutant kdm1a(23095) allele with the Integrative Genomics Viewer revealed that it leads to lsd1

mRNA transcripts containing either an excision of exon 19 or a retention of the intron between exon 19

and 20 (Figure S1A). Both scenarios are predicted to produce a non-functional protein because they would

disrupt the C-terminal AOL domain, which is critical for forming the substrate- and FAD-binding subdo-

mains. Finally, to determine if the kdm1a(23095) and kdm1a(36433) mutations disrupt hematopoietic

gene expression programs during primitive hematopoiesis similar to the lsd1it627 mutants,19 we analyzed

the expression of erythrocyte (gata1) and endothelial-cell (etv2 and fli1a) markers by whole-mount in situ

hybridization (WISH). Indeed, kdm1a(23095) and kdm1a(36433) homozygous mutants showed diminished

gata1 expression (Figures S1B and S1E) and elevated fli1a (Figures S1C and S1F) and etv2 (Figures S1D

and S1G) expression. The reduction in primitive erythrocytes did not appear to be driven by an overall

increase in apoptotic cells or decrease in cellular proliferation in the tail region encompassing the
iScience 26, 105737, January 20, 2023 3
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intermediate cell mass (ICM), because there were no significant changes in activated-Caspase-3-positive

cells or phospho-histone-H3-positive cells, respectively, in lsd1 mutants in this region (see Figure S2 and

STAR Methods). Thus, a phenotypic analysis of three different zebrafish lsd1 mutant alleles from two

different laboratories demonstrates highly reproducible and robust primitive hematopoietic defects in vivo

that support a model in which loss of LSD1 function is required for the differentiation of primitive hemato-

poietic cell types, such as erythrocytes, during embryonic development.

gfi1 hematopoietic transcriptional regulators are de-repressed in lsd1 mutants

We next questioned whether the lsd1-mutant primitive hematopoietic phenotypes were because of a

block in differentiation via mis-regulation of hematopoietic stem cell transcription factors. The GFI family

of transcription factors, GFI1 and GFI1B, were likely candidates because they both require LSD1 to

mediate gene repression for lineage-specific differentiation in hematopoiesis.6,9,18,40 Both GFI1 and

GFI1B can autoregulate as well as cross-regulate expression from their respective genes to modulate he-

matopoietic-lineage differentiation.33–37 This autoregulation is dependent on functional SNAG and

DNA-binding domains within the GFI1 and GFI1B proteins.26,33,34,36,42 The zebrafish genome contains

three gfi family members. The gfi1aa and gfi1ab genes are homologous to human GFI1, whereas

gfi1b is homologous to human GFI1B.43 We performed WISH in 24-hpf lsd1 mutants and siblings and

found that gfi1aa expression is normally observed exclusively in the ICM and is upregulated in lsd1 mu-

tants (Figures 2A and 2D). Expression of the gfi1ab gene is normally restricted to hair cells of the devel-

oping ear at 24 hpf44 (Figures 2B and 2E); however, in lsd1 mutants gfi1ab expression is ectopically

induced in the anterior lateral plate mesoderm by 14 hpf (Figures S3A and S3B), as well as the ICM at

24 hpf (Figures 2B and 2E), and remains elevated in the caudal hematopoietic tissue (CHT) at 3 dpf (Fig-

ure S3C). The gfi1b gene is normally expressed in the ICM at 24 hpf, and WISH analysis showed no qual-

itative difference in gfi1b ICM expression between lsd1 mutants and siblings at this stage (Figures 2C

and 2F). However, analysis of gfi1b expression by WISH at 3 dpf showed elevated gfi1b in the CHT (Fig-

ure S3D). These data indicate that Lsd1 is required to repress gfi1 paralog expression during zebrafish

primitive hematopoiesis.

Genetic mutants in gfi1/1b phenocopy lsd1 mutant hematopoietic defects

Gfi1/1b family members control the differentiation of stem/progenitor cells into different lineages during

hematopoiesis,18,30,31 in part through repressing their own expression during lineage commitment.33–37

Our WISH analysis of gfi1/1b genes in lsd1 mutants suggested that Lsd1 is required for Gfi1 and Gfi1b

to repress their own expression in vivo, particularly gfi1ab. Thus, we next hypothesized that the loss of

differentiated hematopoietic cell types in lsd1 mutants is because of loss of Gfi1/1b function. To test

this possibility, we analyzed primitive hematopoiesis in gfi1aa; gfi1ab; gfi1b triple mutants (Figure S4).

We found that loss of gfi1/1b genes in zebrafish caused loss of primitive hematopoietic markers, including

gata1 expression at 24 hpf in the ICM (Figure S4B) as well as other morphological abnormalities (Fig-

ure S4C). Indeed, during the course of this study, another group reported similar results with gfi1/1b triple

mutants.45 We also analyzed individual mutants in the Gfi1 family and found that, similar to Wu et al.,45 loss

of gfi1aa is largely sufficient to phenocopy the lsd1mutant hematopoietic phenotypes, with a minor contri-

bution by loss of gfi1ab (data not shown). Together, these studies support a model in which Lsd1 is required

for Gfi1aa to repress the expression of itself and other family members, particularly gfi1ab, which in turn is

required for the generation of differentiated primitive hematopoietic cell types, such as gata1-expressing

erythrocytes.

Lsd1 broadly regulates the mRNA expression of SNAG domain transcription factors

As a histone demethylase, LSD1 is predicted to impact the expression of multiple genes during embryo-

genesis, mainly through transcriptional repression by demethylation of H3K4. To better understand how

LSD1 controls gene expression during embryogenesis, we used a scalpel to cut 24-hpf embryos derived

from an incross of kdm1a(23095) or kdm1a(36433) heterozygotes just posterior to the yolk sac (Figure 3A).

The head was used to genotype the embryo and the tail was preserved in RNA stabilization solution. On

completion of genotyping, five tails from homozygous lsd1 mutants or wild-type siblings were pooled,

and RNA-Seq was performed on the pooled RNA (Figure 3B, Table S4). Despite Lsd1’s established role

as an epigenetic modifier, we found that the expression of only a small subset of genes was significantly

affected by loss of lsd1 at this stage of embryogenesis. Of 21,497 genes, 409 were upregulated and 524

were downregulated (p<0.05, Figure 3B, Table S4). Examination of the most differentially expressed genes

in lsd1 mutants revealed three important findings: (1) An enrichment among the upregulated genes for
4 iScience 26, 105737, January 20, 2023



kdm1a(23095)
n=4/4

sibling
pr

ob
e:

 g
fi1

b
pr

ob
e:

 g
fi1

aa
pr

ob
e:

 g
fi1

ab

C

24 hpf

n=22/23

A

24 hpf

n=16/16

B n=19/19

24 hpf

sibling

n=2/2

n=7/8

n=4/4

pr
ob

e:
 g

fi1
b

pr
ob

e:
 g

fi1
aa

pr
ob

e:
 g

fi1
ab

F

D

E

n=19/20

n=11/13

24 hpf

24 hpf

24 hpf

n=16/16

kdm1a(36433)

n=4/4

n=4/4

n=8/8

Figure 2. Expression of GFI-family transcription factors are dysregulated in lsd1 mutants

(A–F) Whole-mount in situ hybridization (WISH) of embryos derived from an incross of either kdm1a(23095) heterozygotes

(A–C) or kdm1a(36433) heterozygotes (D–F) using probes to detect gfi1aa (A and D), gfi1ab (B and E), or gfi1b (C and F), as

indicated. Representative images are shown with the number of animals with similar staining patterns for the indicated

genotype shown in the upper right corner of each image. The lower left corner indicates the approximate stage of the

animal at the time of fixation. Embryos were imaged, blindly scored by expression levels and then genotyped by HRMA.

Carons indicate ICM expression; closed arrowheads indicate posterior blood island/caudal hematopoietic tissue; narrow

triangles indicate inner-hair-cell expression. Scale bar, 200 mm.
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SNAG-domain-containing transcription factors (Figure 3B), including both gfi and snail family genes, (2)

elevated levels of endothelial/hematopoietic stem or progenitor genes, including tbx16, etv2, lmo2, gfi1aa

and tal1 (Figure S5), and (3) decreased levels of differentiated hematopoietic cell markers, such as lyz and

hbbe1.3 (Figure S5). These findings were consistent with the WISH analysis above showing differential
iScience 26, 105737, January 20, 2023 5
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Figure 3. SNAG-domain proteins are dysregulated in lsd1 mutants

(A) Schematic of the sample preparation workflow.

(B) Heatmap of the top 40 differentially expressed genes in kdm1a(23095) and kdm1a(36433) mutants compared to wild-

type siblings. SNAG-domain proteins are boxed.

(C–H) WISH of embryos from an incross of kdm1a(23095) heterozygotes for snail1a, snail1b, and snail2 at 14 hpf (C–E),

lateral (left) and dorsal (right) views) and 24 hpf (F–H). Representative images are shown with the number of animals with

similar staining patterns for the indicated genotype shown in the upper right corner of each image. The lower left corner

indicates the approximate stage of the animal at the time of fixation. Embryos were imaged, blindly scored by expression

and then genotyped by HRMA. Carons indicate somite expression; narrow triangles indicate tail bud; double carons

indicate adaxial cell expression; arrows indicate neural plate border; closed arrowheads indicate trunk neural crest cells

(snail1b) or ventral mesoderm (snai2). Scale bar, 200 mm.
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effects on gfi1 and gata1 gene expression in lsd1mutants. In addition, they show Lsd1 is normally required

to repress hematopoietic/endothelial stem cell genes during embryogenesis, including all gfi1/1b genes.

The RNA-Seq analysis suggests that Lsd1 function is required to regulate a limited number of genes during

early embryogenesis, and that SNAG-domain-containing genes as a group are targeted by Lsd1 for repression.

To determine the extent to which Lsd1 is required to repress the expression of SNAG-domain-containing

genes in other embryonic tissues, WISH experiments were performed on embryos from a lsd1-heterozygous

mutant incross at 14 and 24 hpf (Figures 3C–3H). We observed the upregulation of snail1a, snail1b and

snai2 in a number of different cell types, including muscle, lateral plate mesoderm, neural crest and tailbud.

These data show that LSD1 functions in a number of embryonic tissues to selectively repress the expression

of SNAG-domain-containing genes.

Wild-type Lsd1 restores normal expression levels of primitive hematopoietic transcription

factors in lsd1 mutants

To determine if expression of lsd1mRNA can repress expression of gfi1aa and gfi1ab in kdm1a(23095) and

kdm1a(36433) mutants, we injected embryos derived from a heterozygous in-cross of each mutant line with

mRNA encoding either wild-type zebrafish lsd1 (zlsd1) or human LSD1 (hLSD1). We then confirmed the level

of protein expression via western blot (Figure S6) and performedWISH. Indeed, the injection of either wild-

type zlsd1 mRNA or wild-type hLSD1 mRNA was sufficient to repress gfi1aa and gfi1ab expression, and to

restore gata1 expression, in both kdm1a(23095) and kdm1a(36433) embryos (Figures 4A–4F and S7A–S7F).

Moreover, the injection of mRNA encoding zlsd1-DQ632, which mimics the predicted kdm1a(36433) pro-

tein product (a premature stop codon substituted at Gln632), and mRNA encoding lsd1 lacking the C-ter-

minal AOL domain failed to rescue changes in the transcriptional program (Figures S8 and S9). Although

our data is consistent with previous reports showing conservation of Lsd1 function with respect to restoring

gata1 expression,20 it shows that the ability of LSD1 to repress expression of gfi1aa/ab genes during prim-

itive hematopoiesis is also conserved. As Lsd1 is largely associated with the repression of gene expression,

such findings allowed us to design assays to interrogate the mechanism(s) required for Lsd1’s repressive

function in vivo.

Lsd1 variants that impair catalytic activity have differential effects on restoring gene

expression during primitive hematopoiesis

LSD1 catalytic activity occurs through an FAD cofactor intermediate.24,25 In the LSD1 hydrophobic pocket,

the H3K4 residue from the bound histone H3 tail is located in close proximity to the N5 atom of FAD,46

which enables FAD to oxidize the methylated lysine. This converts the methylated lysine to an intermediate

imine molecule and a demethylated side chain.47 The imine is then hydrolyzed to formaldehyde, and the

flavin cofactor is reoxidized by molecular oxygen to complete the enzymatic cycle.47 Several residues

are required for LSD1 demethylase activity on in vitro substrates such as dimethylated histone H3 peptides

or reconstituted nucleosomes.23–25 In general, there are two groups of mutations that impair LSD1 catalytic

activity on histone substrates: (1) Mutations that interfere with stabilization and subsequent oxidization of

the reduced flavin, such as the LSD1 K661A allele and (2) mutations located in the hydrophobic pocket that

are required for the binding of LSD1 to the histone H3 tail, such as the LSD1 A539E allele.23,25,27 Notably,

because the LSD1 K661A allele does not demethylate histone peptides, it has been widely used to infer

catalysis-independent functions of LSD1 in different cell- and animal-based processes, including zebrafish

primitive hematopoiesis.20 However, recent studies showed that the LSD1 K661A allele retains approxi-

mately 20% of its wild-type histone demethylase activity when combined with reconstituted nucleosome

substrates.23 In contrast, the demethylase activity of the LSD1 A539E allele is significantly impaired using

both peptide and nucleosome substrates, retaining only �5% of wild-type LSD1 activity. We therefore

determined the extent to which these catalytically impaired LSD1 mutations could restore primitive he-

matopoietic gene expression programs in vivo. Similar to wild-type zlsd1 mRNA, injection of zlsd1K661A

mRNA into both kdm1a(23095) and kdm1a(36433) mutants rescued normal expression patterns of gfi1ab

and gata1 expression during primitive hematopoiesis (Figures 5 and S10).20 In contrast, injection of

mRNA encoding zlsd1A539E failed to repress gfi1ab expression or restore gata1 levels (Figures S11A and

S11B) despite robust Lsd1 A539E protein expression (Figure S6). These data show that catalytically

impaired Lsd1 alleles have differential outcomes with respect to rescue of gene expression programs,

revealing that either a threshold level of LSD1 nucleosome-based catalytic activity (between 5 and 20%),

or integrity of the substrate binding domain of LSD1, or both, are required to control gene expression pro-

grams during primitive hematopoiesis in vivo.
iScience 26, 105737, January 20, 2023 7
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expression and then genotyped by HRMA. Carons indicate ICM expression; closed arrowheads indicate posterior blood

island/caudal hematopoietic tissue; narrow triangles indicate inner-hair-cell expression. Scale bar, 200 mm.
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SNAG-domain binding to Lsd1 is required for Lsd1-mediated regulation of primitive

hematopoiesis

To determine whether SNAG-domain binding is specifically required for LSD1-mediated transcription dur-

ing primitive hematopoiesis, we sought to design SNAG-binding mutations in LSD1. We analyzed the crys-

tal structure of LSD1 in complex with an N-terminal SNAIL SNAG peptide27 and identified LSD1 residues in

the hydrophobic pocket that were within 4 Å of the first six amino acids of the peptide (Table S1). To inter-

fere with SNAG-dependent binding of Lsd1 without significantly impacting its FAD-dependent catalytic

activity, we chose to analyze the Asp555 residue, which is conserved from humans to zebrafish (D555, Fig-

ure 6A) and located within 4 Å of the proline-2 residue of the SNAG domain that is essential for its binding

to LSD1 (Figure 6B, top panel).40,42 We mutated the negatively charged Asp555 to a positively charged Lys

(D555K, Figure 6B, bottom panel). We found that, similar to injection of substrate-binding-mutant

zlsd1A539E mRNA, injection of zlsd1D555K mRNA into lsd1 mutants was unable to restore gata1 (Figure 6C)

or repress gfi1ab (Figure 6D) gene expression. As the LSD1 D555K mutant protein retains more LSD1 de-

methylase activity than the LSD1 K661Amutant protein on histone peptides,24,25 our data supports a model

in which LSD1’s regulation of primitive hematopoietic gene expression programs is largely catalysis-

independent.
8 iScience 26, 105737, January 20, 2023
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To our knowledge, the LSD1 K661Amutation represents the most well-characterized catalytically-impaired

molecule that does not interfere with substrate binding.23–25 Mutations at other LSD1 residues, such as

D555 and A539, have been shown both to impair catalytic activity and interfere with substrate binding,23–25

and we found no published LSD1 mutants that block substrate binding without also negatively impacting

LSD1 catalytic activity. Therefore, to test whether blocking substrate binding to LSD1 is sufficient to disrupt

gene expression in vivo, we synthesized a peptide representing the SNAG domain (Figure 7A), which we

and others have previously shown to bind to LSD1 in vitro.6,26,27,48,49 We injected the SNAG-domain pep-

tide with wild-type lsd1mRNA into one-cell-stage zebrafish embryos derived from an incross between het-

erozygous lsd1 mutants and analyzed gata1 and gfi1ab expression by WISH. We found that the SNAG-

domain peptides blocked the ability of wild-type Lsd1 to both restore normal gata1 expression and repress

gfi1ab expression in lsd1mutants (Figures 7B and 7C). These data further support a model in which LSD1’s

regulation of gene expression during primitive hematopoiesis in vivo relies primarily on scaffolding and

SNAG-domain transcription factor binding, rather than its demethylase activity.

The Lsd1 tower domain is required for Lsd1-mediated regulation of primitive hematopoiesis

Once LSD1 is recruited by SNAG-domain-containing transcription factors to specific genomic locations, it

can form a variety of different multiprotein complexes, including BHC/CoREST, NuRD, and CtBP, to regu-

late gene transcription.1,5,50 The tower domain of LSD1 is its most well-established protein-protein inter-

action domain and is critical for binding RCOR1, MTA1, MTA2, and SIN3A.24,50,51 To determine whether

the SNAG-dependent function of Lsd1 requires the tower domain for multiprotein-complex recruitment

and subsequent transcriptional regulation, we injected mRNA encoding a zebrafish lsd1 allele with dele-

tion of the tower domain (zlsd1-DTower) into embryos derived from an incross between kdm1a(23095) het-

erozygotes and examined gene expression by WISH. Indeed, the zlsd1-DTower mRNA was unable to

restore normal gata1 or gfi1ab expression (Figures 7D and 7E), showing that the LSD1 scaffolding function

is critical for LSD1-mediated transcriptional regulation during primitive hematopoiesis.

We propose a model in which the SNAG domains of SNAG-domain-containing proteins recruit LSD1,

which acts as a scaffold to assemble chromatin-modifying complexes (such as BHC/CoREST) to repress

early developmental programs (such as primitive hematopoiesis, Figure 7F, panel I). In the absence of

LSD1, repressive complexes are not recruited to SNAG-bound targets, preventing the down-regulation

of endothelial/hematopoietic stem cell programs required to initiate primitive myeloid and erythroid dif-

ferentiation (Figure 7F, panel II). A catalytically impaired form of LSD1 (K661A) is still able to bind SNAG-

domain proteins and repress target genes (Figure 7F, panel III); however, SNAG-binding-impaired LSD1

proteins (e.g., D555K) are unable to repress gene expression (Figure 7F, panel IV). As gfi1/1b genes are

themselves a target of the LSD1-GFI repressive complex, the scaffolding function of LSD1 also controls

a negative feedback loop with GFI1/1B. Thus, the LSD1-GFI1 complex would repress stem and/or
iScience 26, 105737, January 20, 2023 9
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endothelial genes to promote the initial wave of primitive hematopoietic differentiation, however the

subsequent down-regulation of LSD1 scaffold function (through repression of Gfi1/Gfi1b levels) would

re-establish the hematopoietic stem cell program to drive definitive hematopoiesis. The catalysis-indepen-

dent function of LSD1 therefore creates a dynamic system that allows for reversible control of gene expres-

sion programs in a progenitor population at different developmental time points, and obviates the need

for the reversal of epigenetic/histone events to mediate hematopoietic program switching.

DISCUSSION

LSD1 regulates a diverse array of biological processes through both catalytic and non-catalytic mecha-

nisms that involve interactions with a wide variety of transcription factors and multiprotein complexes.

Thus, the inherent complexity of LSD1-mediated gene regulation presents a significant challenge to under-

standing how LSD1 orchestrates distinct biological outcomes. In this study, we sought to understand the

mechanism driving LSD1-mediated transcriptional regulation during primitive hematopoiesis. The catalyt-

ically impaired LSD1 K661A mutant protein has been used in a number of studies to identify potential non-

catalytic functions both in vitro and in vivo.6–11,20 For example, a recent study concluded that LSD1 drives

primitive hematopoiesis in a demethylase-independent manner because zlsd1K661A was able to restore

primitive hematopoiesis in lsd1-mutant zebrafish.20 However, it was subsequently shown that the LSD1

K661A mutant protein retains 20% of its catalytic activity in nucleosome assays.23 In light of this data, no

conclusions can yet be made about whether LSD1’s catalytic activity is required for primitive hematopoie-

sis. Moreover, because all previous reports using lsd1-mutant alleles have proven capable of rescuing prim-

itive hematopoiesis in lsd1-mutant zebrafish, the domains within LSD1 that are required for LSD1-mediated
10 iScience 26, 105737, January 20, 2023
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regulation of primitive hematopoiesis have remained elusive. Here, we use multiple lsd1-mutant alleles

that have similar levels of impaired catalytic activity but differential effects on rescuing lsd1 mutant prim-

itive hematopoiesis, with SNAG peptides to interfere with the LSD1 substrate-binding pocket, to show

that (1) Lsd1 represses hematopoietic gene expression in a catalysis-independent manner, (2) the interac-

tion between Lsd1 and Gfi1 creates a negative feedback loop that represses gfi1mRNA expression, and (3)

the Lsd1 SNAG-binding and tower domains are critical for Lsd1-mediated transcriptional regulation during

primitive hematopoiesis in vivo.

In this study, we show that loss of lsd1 results in an upregulation of gfi1ab and a downregulation of gata1,

similar to what we and others have observed with loss of gfi1aa.42,52,53 These data suggest a model whereby

Gfi1aa normally recruits Lsd1 to repress the expression of stem cell genes, such as scl1, lmo2, tbx16 and

etv2, in a common hemato-vascular mesoderm (HVM) cell, thereby providing a permissive landscape for

driving cells toward primitive hematopoietic cell fates. Loss of, or interference with, either Lsd1 or Gfi1aa

would then lead to elevated levels of stem cell genes in HVM cells, promoting a shift toward endothelial

and/or HVM cell fates at the expense of primitive erythrocyte andmyeloid cells. In this model, the reversible

nature of SNAG-binding to LSD1 would allow for the repression of HVM stem cell genes to occur tran-

siently, thereby ensuring such programs can be reactivated later in development.

An LSD1-SNAG-dependent negative feedback loop would represent an ideal mechanism for controlling

oscillating gene expression programs in HVM cells. Indeed, it is known that SNAG family proteins nega-

tively regulate their own gene expression, as well as expression of other members of their gene family,

by unknownmechanisms.33–39 In lsd1-mutant zebrafish, we found that Lsd1 negatively regulates GFI-family

genes in the ICM, where primitive hematopoiesis takes place in the developing embryo. We also observed

the upregulation of SNAIL-family genes in neural-crest-related tissues in lsd1 zebrafish mutants, suggest-

ing that LSD1 may also regulate SNAIL-mediated processes, such as neural crest development. This latter

possibility was suggested in a recent study that showed upregulation of SNAI2 following LSD1 inhibition in

epidermal progenitor cells.54 LSD1 is also recruited by SNAIL1 and SNAIL2 to prompt the epithelial-to-

mesenchymal transition (EMT), a process critical for both development and cancer progression.49,55

Thus, LSD1 is likely to be intricately linked with diverse biological programs through its interactions with

SNAG-family proteins, particularly during embryogenesis. It is likely that the design of LSD1mutant alleles

that can effectively uncouple LSD1 demethylase activity from its substrate binding capacity will be neces-

sary for understanding the role of LSD1 in controlling these feedback loops.

A model is emerging in which LSD1, GFI-family proteins and the BHC/CoREST complex function together

to regulate transcriptional programs that drive hematopoiesis. We and others found that the BHC/CoREST

complex is critical for GFI-family-mediated regulation of the hematopoietic lineage,5,40 and the GFI-LSD1

interaction is required for AML cell survival.6–9 In this study, we found that the LSD1 tower domain, which is

important for binding to RCOR1 (a member of the BHC/CoREST and CtBP complexes), MTA1 and MTA2

(members of the NuRD complex), and SIN3A,24,50,51 is critical for maintaining early hematopoietic

programs. Although the BHC/CoREST complex is widely associated with the GFI family and hematopoietic

lineage regulation,5–8,18,40,56–60 links to the NuRD, CtBP, and Sin3A complexes have also been re-

ported.30,61–63 Future studies involving the use of LSD1-protein-partner mutants will clarify the complexes

that are necessary for LSD1-mediated transcriptional programs that drive primitive hematopoiesis.

LSD1 has become a therapeutic target-of-interest because of its elevated expression in malignancies such

as neuroblastoma, small-cell lung cancer, and leukemia.64–66 Like-wise, SNAG-domain transcription fac-

tors, many whose functions in transcriptional control depend on LSD1, are emerging as critical determi-

nants of malignant behavior. For example, GFI1 has pro-survival functions in both myeloid and lymphoid

leukemias, in medulloblastoma and in the pre-malignant condition, severe congenital neutropenia.67–70

Similarly, SNAIL family members figure prominently in the development and progression of breast can-

cer.71,72 Inhibitors of LSD1 could therefore have broad reaching implications for cancer treatment. The first

available inhibitors of LSD1 included tranylcypromine derivatives that irreversibly inactivate LSD1 through

covalent modification of FAD.73 However, disrupting interactions between LSD1 and its protein partners

may be a more effective therapeutic strategy than inhibiting its catalytic activity. Indeed, uncoupling

LSD1 from GFI1 or GFI1B alters cellular differentiation in cancer.6,8,9,74,75 A better understanding of the

catalysis-dependent and-independent functions of LSD1, the specific multiprotein complexes with which

LSD1 interacts, the post-translational modifications of histones and other transcription factors governed

by LSD1, the changes brought on by LSD1 inhibition, and the loci that LSD1 regulates will better inform
12 iScience 26, 105737, January 20, 2023
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the design of effective therapeutic strategies targeting LSD1 and its SNAG domain transcription factor

partners for cancer treatment.

Limitations of the study

LSD1/KDM1A is a multifaceted protein because of its ability to demethylate substrates (histones and transcrip-

tion factors) and provide a scaffold to recruit various chromatin-modifying complexes. Unraveling the different

functions of LSD1 will require methods that uncouple its enzymatic and structural functions for testing in both

biochemical and in vivo assays. Previous studies have relied heavily on the use of one point mutation that abol-

ishes LSD1’s demethylase activity on mono- or di-methylated histone peptide substrates in vitro, called the

K661Amutation. However, recent studies showed that the K661Amutation still retains 20%activity when recon-

stituted nucleosomes are used as substrate, limiting our ability to interpret LSD1’s potential non-catalytic func-

tions in prior cell- or animal-based experiments. Indeed, to our knowledge, there are no described LSD1 point

mutations that completely uncouple its catalytic activity from its substrate binding capacity. The A539E point

mutation used in this study was recently shown to have less than 5% catalytic activity on nucleosomes; however,

this is likely because of its inability to effectively bind substrates because the hydrophobic pocket is disrupted

by a charged residue. Therefore, based on LSD1 activity toward nucleosome substrates alone, our data could

support the conclusion that LSD1 catalytic activity is required for controlling gene expression in vivo, as the

K661A allele (20% activity) rescued Lsd1-mediated gene regulation but the A539E allele (5% activity) did not.

For this reason, we also analyzed the ability of the D555K point mutation to rescue lsd1 mutants, as D555K

is located in the hydrophobic pocket and was reported to exhibit higher catalytic activity (>20%) than K661A

on histone peptides,23–25 although its activity on reconstituted nucleosomes is not known. The inability of

D555K to restore lsd1 mutant phenotypes bolsters the conclusion that the substrate-binding property of

LSD1 is more critical than its catalytic activity during primitive hematopoietic development. This conclusion

was further strengthened by the use of exogenous SNAG peptides to block wild-type LSD1 function in vivo.

However, at this time our data cannot rule out an alternative model in which both substrate binding and a

threshold level of LSD1 catalytic activity (between 5 and 20%) is required for control of gene expression pro-

grams in vivo. To address this possibility, biochemical assays using nucleosomes as substrates will be required

in combination with new LSD1 mutants that can clearly uncouple catalytic activity from substrate binding.

Nonetheless, our studies show that LSD1 substrate binding, particularly to SNAG-domain-containing transcrip-

tion factors, is a prerequisite for mediating LSD1’s function in vivo, regardless of whether LSD1 catalytic activity

is required.
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et al. (2016a). GFI1 proteins orchestrate the
emergence of haematopoietic stem cells
through recruitment of LSD1. Nat. Cell Biol.
18, 21–32. https://doi.org/10.1038/ncb3276.

19. Takeuchi, M., Fuse, Y., Watanabe, M.,
Andrea, C.S., Takeuchi, M., Nakajima, H.,
Ohashi, K., Kaneko, H., Kobayashi-Osaki, M.,
Yamamoto, M., and Kobayashi, M. (2015).
LSD1/KDM1A promotes hematopoietic
commitment of hemangioblasts through
downregulation of Etv2. Proc. Natl. Acad. Sci.
USA 112, 13922–13927. https://doi.org/10.
1073/pnas.1517326112.

20. Tamaoki, J., Takeuchi, M., Abe, R., Kaneko,
H., Wada, T., Hino, S., Nakao, M., Furukawa,
Y., and Kobayashi, M. (2020). Splicing- and
demethylase-independent functions of LSD1
in zebrafish primitive hematopoiesis. Sci.
Rep. 10, 8521. https://doi.org/10.1038/
s41598-020-65428-9.

21. Wang, J., Scully, K., Zhu, X., Cai, L., Zhang, J.,
Prefontaine, G.G., Krones, A., Ohgi, K.A.,
Zhu, P., Garcia-Bassets, I., et al. (2007).
Opposing LSD1 complexes function in
developmental gene activation and
repression programmes. Nature 446,
882–887. https://doi.org/10.1038/
nature05671.

22. Wang, J., Hevi, S., Kurash, J.K., Lei, H., Gay,
F., Bajko, J., Su, H., Sun,W., Chang, H., Xu, G.,
et al. (2009). The lysine demethylase LSD1
(KDM1) is required for maintenance of global
DNA methylation. Nat. Genet. 41, 125–129.
https://doi.org/10.1038/ng.268.

23. Kim, S.A., Zhu, J., Yennawar, N., Eek, P., and
Tan, S. (2020). Crystal structure of the LSD1/
CoREST histone demethylase bound to its
nucleosome substrate. Mol. Cell 78, 903–
914.e4. https://doi.org/10.1016/j.molcel.
2020.04.019.

24. Chen, Y., Yang, Y., Wang, F., Wan, K.,
Yamane, K., Zhang, Y., and Lei, M. (2006).
Crystal structure of human histone lysine-
specific demethylase 1 (LSD1). Proc. Natl.
Acad. Sci. USA 103, 13956–13961. https://doi.
org/10.1073/pnas.0606381103.

25. Stavropoulos, P., Blobel, G., and Hoelz, A.
(2006). Crystal structure and mechanism of
human lysine-specific demethylase-1. Nat.
Struct. Mol. Biol. 13, 626–632. https://doi.org/
10.1038/nsmb1113.

26. Lin, Y., Wu, Y., Li, J., Dong, C., Ye, X., Chi, Y.I.,
Evers, B.M., and Zhou, B.P. (2010a). The
SNAG domain of Snail1 functions as a
molecular hook for recruiting lysine-specific
demethylase 1. EMBO J. 29, 1803–1816.
https://doi.org/10.1038/emboj.2010.63.
27. Baron, R., Binda, C., Tortorici, M.,
McCammon, J.A., and Mattevi, A. (2011).
Molecular mimicry and ligand recognition in
binding and catalysis by the histone
demethylase LSD1-CoREST complex.
Structure 19, 212–220. https://doi.org/10.
1016/j.str.2011.01.001.

28. Beauchemin, H., and Möröy, T. (2020).
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Donkey Anti-Rabbit Alexa Fluor 568 Life Technologies RRID: AB_2534017; Cat#A10042
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Anti-Flag M2 Sigma Aldrich RRID: AB_259529; Cat#F3165

HRP-Donkey Anti-Mouse IgG Jackson Immunoresearch RRID: AB_2340770; Cat#715-035-150

Anti-Phospho-Histone H3 Cell Signaling Technology RRID: AB_331535; Cat#9701

Chemicals, peptides, and recombinant proteins

SNAG peptide GenScript N/A

Proteinase K Sigma Aldrich Cat#RPROTK-RO

Ambion SP6 RNA Polymerase Invitrogen Cat#AM2071

Ambion T7 RNA Polymerase Invitrogen Cat#AM2082

Ribonucleic Acid Type VI Sigma Aldrich Cat#R6625

Heparin Sigma Aldrich Cat#H3393

Maleic Acid Sigma Aldrich Cat#M0375

Blocking Reagent Roche Cat#11096176001

Fetal Bovine Serum, Heat Inactivated Gibco Cat#10438026

RNAlater Qiagen Cat#76104

Phusion High-Fidelity DNA Polymerase NEB Cat#M0530S

Protease Inhibitor Cocktail Sigma Aldrich Cat#P8340

gfi1b sgRNA This paper N/A

Critical commercial assays

OneStep RT-PCR Qiagen Cat#210210

QuikChange II Site-Directed Mutagenesis Kit Agilent Cat#200523

QIAquick Gel Extraction Kit Qiagen Cat#28704

pGEM-T-Easy Vector Systems Promega Cat#A1360

LightScanner Master Mix BioFire Defense Cat#HRLS-ASY-0003

mMessage mMachine SP6 Transcription Kit Invitrogen Cat#AM1340

NucAway Spin Columns Thermo Fisher Cat#AM10070

DIG RNA Labeling Mix Sigma Aldrich Cat#11277073910

BCIP/NBT Substrate Kit Vector Laboratories Cat#SK5400

PureLink RNA MicroKit Invitrogen Cat#12183016

SuperSignal West Femto Maximum Sensitivity

Substrate

Thermo Fisher Cat#34095

Cas9 IDT Cat#1081058

HiScribe T7 Quick High Yield RNA Synthesis

RNA Kit

NEB Cat#E2050S

RNeasy Plus Mini Kit Qiagen Cat#74134
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PVDF membrane Millipore Cat#IPVH00010
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SuperSignal West Femto Maximum Sensitivity

Substrate

Thermo Fisher Cat#34095

Autoradiography film Genesee Scientific Cat#30-507

Deposited data

Raw data This paper GEO: GSE198476

Experimental models: Organisms/strains

Zebrafish: kdm1a 23095 ZFIN: ZDB-ALT-131217-16908

Zebrafish: kdm1a 36433 ZFIN: ZDB-ALT-161003-15414

Zebrafish: gfi1aa 16850 ZFIN: ZDB-ALT-131217-13025

Zebrafish: gfi1ab 40706 ZFIN: ZDB-ALT-160601-6870

Zebrafish: plrg1 hi3174aTg ZFIN: ZDB-ALT-040826-6

Zebrafish: gfi1b D17 This paper N/A

Oligonucleotides

Primers for genotyping, see Table S2 This paper N/A

Primers for cDNA amplification, see Table S2 This paper N/A

Primers for site directed mutagenesis, see

Table S2

This paper N/A

Recombinant DNA

pUC57-zlsd1-3XFLAG This paper N/A

pUC57-zlsd1-K661A This paper N/A

pUC57-zlsd1-DQ632-3XFLAG This paper N/A

pUC57-zlsd1-D555K-3XFLAG This paper N/A

pUC57-zlsd1-A539E-3XFLAG This paper N/A

pUC57-zlsd1-DTower-3XFLAG This paper N/A

pUC57-zlsd1-DAOLC This paper N/A

pUC57-hLsd1-3XFLAG This paper N/A

pUC57-hLsd1-DAOLC This paper N/A

pGEM-T-Easy-gfi1b This paper N/A

pGEM-T-Easy-gfi1aa This paper N/A

pGEM-T-Easy-gfi1ab This paper N/A

pGEM-T-Easy-fli1a This paper N/A

pBluescript-gata1 Detrich et al.76 N/A

pUC57-etv2 Sumanas et al.77 N/A

pBK-snail1a Thisse et al.78 N/A

pBK-snail1b Thisse et al.79 N/A

pBS-IISK-snai2 Thisse et al.80 ZFIN: ZDB-EST-030328-40

Software and algorithms

ImageJ

LightScanner Call-IT Idaho Technology Inc.

Adobe Illustrator Adobe

Adobe Photoshop Adobe

Integrated Genomics Viewer Broad Institute

RStudio RStudio

Pymol Schrodinger Inc.

GraphPad Prism Dotmatics
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to Rodney Stewart

(rodney.stewart@utah.edu).
Materials availability

Plasmids generated in this study are available upon request from the lead contact.

Data and code availability

d Raw RNA sequencing data is publicly available and has been deposited at GEO under the accession

number GEO: GSE198476. Analyzed RNA sequencing data is available via Table S4.

d This paper does not report any original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement

All experiments involving zebrafish conformed to the regulatory standards and guidelines of the University

of Utah Institutional Animal Care and Use Committee.
Zebrafish husbandry

Zebrafish were bred and maintained as described.81 The kdm1a(23095), kdm1a(36433), gfi1aa(16850),

gfi1ab(40706), and plrg1(hi3174aTg) lines were obtained from the Zebrafish International Resource Center

(http://www.zebrafish.org/home/guide.php). The gfi1b(D17) line was generated as described below.
METHOD DETAILS

Molecular biology and cloning

The entire cDNA of zlsd1 (GRCz11 transcript 201) and hLSD1 (GRCh38 transcript 201) was synthesized by

Genewiz into the pUC57 backbone with flanking SP6 and T7 promoter sequences. pUC57-etv2 was synthe-

sized from Genewiz as described by Sumanas et al.77 Site-directed mutagenesis (Agilent 200523) was per-

formed on pUC57-zlsd1 to generate the K661A, DQ632, D555K, and A539E mutations. The reaction was

carried out for 5 min at 95�C, 16 cycles of 30 s at 95�C, 30 s at 55�C, 12 min at 68�C, ending with 15 min

at 68�C and cooling to 4�C. An annealing temperature of 62�C was used to generate the A539E mutation.

Mutagenesis was confirmed by Sanger sequencing. pUC57-zlsd1was used as a template to generate zlsd1-

DTower using Phusion DNA Polymerase (NEB M0530S). The reaction was carried out for 30 s at 98�C,
35 cycles of 10 s at 98�C, 30 s at 68.6�C, 45 s at 72�C, ending with 10min at 72�C and cooling to 4�C. Deletion

from Gln399 to Ser502 was confirmed by BsaI digest and Sanger sequencing.

The zebrafish gfi1aa, gfi1ab, gfi1b, and fli1a cDNAs were amplified from 24-hpf zebrafish RNA using the

One-Step RT-PCR kit (Qiagen 210,210). The reaction was carried out for 30 min at 50�C, 15 min at 95�C,
35 cycles of 30 s at 94�C, 30 s at 55�C (gfi1aa, gfi1ab, gfi1b) or 60�C (fli1a), 80 s at 72�C, ending with

10 min at 72�C and cooling to 4�C. The amplicon was purified via gel extraction (Qiagen 28,704) and ligated

to pGEM via the pGEM-T-Easy Vector System (Fisher Scientific PRA1360). To determine the orientation of

each cDNA, pGEM-gfi1aa and pGEM-gfi1abwere digested with SacI, pGEM-gfi1bwas digested with NdeI,

and pGEM-fli1a was digested with AccI. Sanger sequencing was performed to validate results.
Genomic DNA extraction and high-melt-resolution analysis (HRMA)

Genomic DNA was extracted from adult zebrafish by fin clipping. Fins were lysed in alkaline lysis solution

(25 mMNaOH, 0.2 mM EDTA) at 95�C for 2 h and the solution was neutralized with 40 mM Tris pH 5.0. Isola-

tion of genomic DNA from embryo heads or whole embryos following WISH was modified from Draper

et al.82 Embryos were placed in HRMA lysis buffer (20 mM Tris pH 8.0, 50 mM KCl, 0.3% Tween 20, 0.3%

NP-40, 0.5 mg/mL proteinase K (Sigma Aldrich RPROTK-RO)), incubated at 95�C for 20 min, 55�C for

75 min, and ending with 20 min at 95�C.
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Genotyping was performed by HRMA to amplify a 96-bp and 86-bp product for kdm1a(23095) and

kdm1a(36433), respectively. Similarly, HRMA was used to amplify a 91-bp product for gfi1aa(16850), a

98-bp product for gfi1ab(40706), and a 106-bp product for gfi1b(D17). Briefly, 20 mL of mineral oil was

added to each well of a 96-well plate (BioRad HSP9665). Each reaction contained 2 mL of LightScanner mas-

ter mix (Idaho Technologies HRLS-ASY-0003), 0.5 mM of each primer, and 1 mL of genomic DNA. The plate

was covered with an optically transparent seal, centrifuged at 1800 rcf for 2 min, and cycled with the

following conditions: denaturation at 96�C for 5 min; 55 cycles of 30 s at 96�C, 30 s at 68�C, 30 s at 72�C,
ending with 3 min at 95�C and cooled to 4�C. Genotyping data were collected on a LightScanner (Idaho

Technology) and analyzed with the LightScanner Call-IT Software as previously described.83,84 Homozy-

gous kdm1a mutants were distinguished from wild-type animals, as described by Boer et al.85 All samples

that grouped with known wild-type samples were mixed with 1–4 mL of wild-type reaction, heated to 95�C
for 5 min, and reanalyzed on the LightScanner. HRMA genotyping results were validated by standard

polymerase chain reaction (PCR) of genomic DNA and Sanger sequencing.
Microinjection

To generate capped sense mRNA, the zlsd1-DAOLC mRNA and the hLSD1-DAOLC plasmids were

digested with EcoRV. The pUC57-zlsd1 and pUC57-hLSD1 plasmids were digested with StuI. All other

constructs were linearized with NotI. Linearized plasmids (400 ng) were in vitro transcribed using the

SP6 mMESSAGEmMACHINE kit (Life Technologies AM1340). mRNA was purified using NucAway spin col-

umns (Life Technologies AM10070) and microinjected into the single cell of zebrafish embryos at a dosage

of 50–65 ng.

SNAG domain peptides were synthesized by GenScript to >85% purity. Peptides were reconstituted ac-

cording to manufacturer’s instructions in water at a stock concentration of 1 mg/mL. Equal concentrations

of peptide and zlsd1-3XFLAG mRNA were microinjected into the single cell of zebrafish embryos at a

dosage of 50–65 ng.
Whole-mount in situ hybridization (WISH)

To generate antisense RNA probes, pGEM-fli1a, pGEM-gfi1b, pGEM-gfi1aa,pGEM-gfi1ab were digested

with SacII. pBluescript-gata1 was digested with XbaI,76 pUC57-etv2 with KpnI, pBK-snail1a with

BamHI,78snail1b with XbaI,79 and pUC57-snai2 with NotI.80 A total of 2 ug of digested plasmid was in-vitro

transcribed with either SP6 (Invitrogen AM2071) (fli1a, gfi1b, gfi1aa, gfi1ab, etv2) or T7 (Invitrogen AM2082)

(gata1, snail1a, snail1b, snai2) polymerase and labeled with digoxigenin (Sigma Aldrich 11277073910).

Probes were purified on NucAway spin columns (Life Technologies AM10070).

WISH was performed in either biological duplicates or triplicates, as previously described.78 Briefly, em-

bryos were grown to the desired stage, dechorionated, and fixed overnight in 4% paraformaldehyde at

4�C. The following day embryos were rinsed three times in PBST (1X PBS with 0.1% Tween 20) and dehy-

drated overnight at �20�C in methanol. To rehydrate, embryos were washed three times in PBST and

placed in prewarmed HYB(�) solution (50% formamide, 5X SSC, 0.1% Tween 20) for 15 min at 68-70�C while

gently rocking. The HYB(�) solution was replaced with HYB(+) solution (HYB(�), 5 mg/mL Torula RNA Type

VI (Sigma Aldrich R6625), 50 ug/ml heparin (Sigma Aldrich H3393)) and rocked for 1 h at 68-70�C. The RNA

probe was added and hybridization was performed overnight at 68-70�C. Embryos were washed at 68-70�C
in 2X SSCT (2X SSC, 0.1% Tween 20) with 50% formamide two times for 30 min each, one time for 15 min in

2X SSCT, and two times for 30 min each in 0.2X SSCT. Embryos were transferred to room temperature and

washed three times for 5 min each in 1X MABT pH 7.5 (100 mMmaleic acid (Sigma Aldrich M0375), 150 mM

NaCl, 100 mM Tris pH 9.5, 0.1% Tween 20) and subsequently placed in blocking solution (MABT, 2% BMB

blocking reagent (Sigma Aldrich 11096176001), 10% heat-inactivated fetal bovine serum (Fisher Scientific

10438026) for 1 h. Anti-digoxygenin FAB fragment antibody (Sigma Aldrich 11093274910) was added at

a 1:5000 final dilution and rocked overnight at 4�C. The next day embryos were washed at room temper-

ature in blocking solution for 30 min, 1XMABT for 1 h, 1XMABT for 30 min, and 0.1M Tris pH 9.5 three times

for 5 min each. BCIP/NBT substrate (Vector Laboratories SK-5400) was added, and embryos were covered

with aluminum foil and rocked at room temperature until stained. Following staining, embryos were rinsed

in PBST two times for 5 min each to stop the reaction, gradually transferred to 80% glycerol and imaged.

Embryos older than 30 hpf were initially treated with 10 mg/mL of proteinase K, rinsed three times with PBST

and fixed again in 4% paraformaldehyde overnight at 4�C before beginning the dehydration step.
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RNA sequencing

Embryos from a heterozygous incross of kdm1a(23095) or kdm1a(36433) were dissected at 24 hpf just pos-

terior to the yolk sac. The head was used for genomic DNA extraction andHRMAwhile the tail was placed in

RNA stabilization solution (QIAGEN 76104) until genotyping was completed. Three independent clutches

were collected and five tails from homozygous lsd1 mutants or wild-type siblings were combined per

clutch. Tails were rinsed in 1X PBS and pelleted. Tissue homogenization and RNA isolation was performed

using the PureLink RNA Micro kit (Invitrogen 12183016) according to manufacturer’s instructions with the

following exceptions. Tails were only homogenized with an 18.5-gauge needle 10 times before proceeding

directly to the binding, washing and elution steps. Carrier RNA was not utilized.

RNA quality was assessed using the Agilent ScreenTape Assay (Agilent 5067-5579 and 5067-5580) and the

Illumina TruSeq Stranded Total RNA kit with Ribo-Zero Gold (Illumina 20020598) was used for library prep-

aration. Sequencing libraries were chemically denatured and applied to an Illumina NovaSeq flow cells us-

ing the NovaSeq XP chemistry workflow (Illumina 20021665). The flow cell was transferred to an Illumina

NovaSeq instrument and a 2 x 150 cycle paired-end sequence run with 100 M reads was performed using

a NovaSeq S2 reagent kit (Illumina 20012860). DESeq2 was used to perform differential gene expression

analysis.86 A heatmap of the top 40 differentially regulated genes was generated using RStudio. RNA se-

quences were visualized using integrated genomics viewer (IGV version 2.4.9).87
Whole-mount antibody staining

Immunofluorescence for activated Caspase-3 and phospho-histone H3 was performed as described.88

Briefly, dechorionated, fixed and dehydrated 24-hpf embryos were washed at room temperature in 1X

PDT (1X PBS, 0.1% Tween 20, 0.3% Triton X-, 1% DMSO) two times for 30 min and then transferred to block-

ing buffer (1X PBS, 0.1% Tween 20, 10% heat-inactivated fetal bovine serum, 2% BSA) for 1 h. Anti-activated

Caspase 3 antibody (BD Biosciences 559,565) or anti-phospho-histone H3 antibody (Cell Signaling Tech-

nology 9701) was added at a 1:500 or 1:200 dilution for 2 h at room temperature, respectively. Embryos

were washed in 1X PDT overnight at 4�C and transferred to blocking buffer the next day for 1 h at room

temperature. Secondary anti-rabbit Alexa 568 antibody (Life Technologies A10042) was added at a 1:200

dilution for 2 h at room temperature; embryos were washed in 1X PDT overnight at 4�C and imaged the

following day. Mutant plrg1(hi3174aTg) embryos display severe developmental cell death and were

used as a positive control for the activated Caspase-3 assay.89
Protein lysates and western blotting

Wild-type embryos were microinjected with 3XFLAG-tagged mRNA constructs as described above. Ten

embryos per condition were pooled at 24 hpf in 20 mL of RIPA buffer (150 mM NaCl, 50 mM Tris pH 8.0,

0.5% Deoxycholate, 1%NP-40, 0.1% SDS) supplemented with 0.7 mM PMSF and 1:100 of protease inhibitor

cocktail (Sigma Aldrich P8340). Samples were homogenized and denatured at 95�C with 10 mL of 2X LSB/

DTT (0.125 M Tris pH 6.8, 4% SDS, 20% glycerol, 0.005% bromophenol blue, 20 mM DTT). Samples were

separated by SDS-PAGE, transferred to PVDF membranes (Millipore IPVH00010) using transfer buffer

(1X Tris-Glycine buffer, 20% methanol, 0.1% SDS) for 1.5 h at 4�C. Membranes were blocked with 5%

milk in PBST (1X PBS, 0.05% Tween 20) for 1 h at room temperature. Anti-Flag M2 (Sigma Aldrich F3165)

primary antibody was added at 1:1000 and incubated overnight at 4�C. Membranes were washed 3X for

5 min each with PBST and incubated with anti-mouse-HRP (Jackson Immunoresearch 715-035-150) second-

ary antibody at 1:10,000 for 1 h at room temperature. Membranes were washed 3X for 5 min each with PBST

and proteins were visualized by chemiluminescence detection (Thermo Fisher 34,095) using autoradiog-

raphy film (Genesee Scientific 30-507).
CRISPR/Cas9

A sgRNA was designed against exon 2 of gfi1b (GRCz10 transcript 201) (agaatcacggaatcatgccacgg).

sgRNA was made using the HiScribe T7 Quick High Yield RNA Synthesis RNA kit (NEB E2050S) and purified

using the RNeasy Plus Mini kit (Qiagen 74,134) for small RNAs. sgRNA (400 ng/mL) and Cas9 (1000 ng/mL,

IDT 1081058) were combined and injected into the single cell of zebrafish embryos. Injected embryos were

grown to adults and genotyped to identify individuals with potential gfi1b exon 2 mutations. These adults

were outcrossed to wild-type AB animals and progeny examined for transmission of gfi1bmutations. Adult

F1 individuals were then outcrossed again to establish an F2 generation containing a deletion of 17 bp in

exon 2 (Chr 21: 17295972-17295988) which was confirmed by DNA and RNA sequencing.
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Image acquisition and processing

Both brightfield and fluorescent images were acquired on an Olympus SZX16 microscope with an aperture

of 0.3 and configured with an Olympus DP74-CU camera. Embryos were imaged in 80% glycerol (WISH) or

4% methylcellulose (whole-mount antibody staining) on a 35-mm glass-bottom dish (Mattek Corporation

P35G-1.0 20-C) at 4 to 53 magnification. Olympus cellSens Entry software was used for image acquisition.

Adobe Illustrator CC 2017 and Adobe Photoshop CC 2017 were used to generate figures. The brightness/

contrast of images was adjusted as indicated in the figure legends using Adobe Photoshop CC 2017.
Statistical analysis

The Wald test was used to determine statistical significance and the Benjamini-Hochberg test for false dis-

covery rate in DESeq2.86 An unpaired t-test with Welch’s correction was performed using GraphPad Prism

to determine if the number of phospho-histone H3 cells in the tail were significantly different between lsd1

siblings.
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