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Abstract 
Friend of GATA1 (FOG-1) is an essential transcriptional co-factor of the master erythroid 

transcription factor GATA1. The knockout of the Zfpm1 gene, coding for FOG-1, results in 

early embryonic lethality due to anemia in mice, similar to the embryonic lethal phenotype 

of the Gata1 gene knockout. However, a detailed molecular analysis of the Zfpm1 knock-

out phenotype in erythropoiesis is presently incomplete. To this end, we used CRISPR/

Cas9 to knockout Zfpm1 in mouse erythroleukemic (MEL) cells. Phenotypic characteriza-

tion of DMSO-induced terminal erythroid differentiation showed that the Zfpm1 knockout 

MEL cells did not progress past the proerythroblast stage of differentiation. Expression 

profiling of the Zfpm1 knockout MEL cells by RNAseq showed a lack of up-regulation of 

erythroid-related gene expression profiles. Bioinformatic analysis highlighted cholesterol 

transport as a pathway affected in the Zfpm1 knockout cells. Moreover, we show that the 

cholesterol transporters Abca1 and Ldlr fail to be repressed during erythroid differentiation 

in Zfpm1 knockout cells, resulting in higher intracellular lipid levels and higher membrane 

fluidity. We also show that in FOG-1 knockout cells, the nuclear levels of SREBP2, a key 

transcriptional regulator of cholesterol biosynthesis and transport, are markedly increased. 

On the basis of these findings we propose that FOG-1 (and, potentially, GATA1) regulate 

cholesterol homeostasis during erythroid differentiation directly through the down regula-

tion of cholesterol transport genes and indirectly, through the repression of the SREBP2 

transcriptional activator of cholesterol homeostasis. Taken together, our work provides a 

molecular basis for understanding FOG-1 functions in erythropoiesis and reveals a novel 

role for FOG-1 in cholesterol transport.
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Author summary
Erythropoiesis is the process by which the oxygen-carrying red blood cells (RBCs) are 
produced in our body. Friend of GATA1 (FOG-1) and its partner GATA1, are key mol-
ecules that control erythropoiesis by coordinating the activity of the many genes that are 
required for the production of functional RBCs. To obtain more insight as to how FOG-1 
works in erythropoiesis, we knocked out the FOG-1 gene in mouse immature red cells 
and asked the question of how this affects RBC production in a Petri dish. As expected, 
we found that the FOG-1 knockout cells cannot progress to produce mature red cells. 
By analyzing the differences in the RNA profiles between the normal and the FOG-1 
knockout cells, we saw for the first time that proteins called cholesterol transporters 
were affected, in that they were not turned off, as would be the case in the normal cells. 
Cholesterol is a naturally occurring fat-like substance utilized in the cell membrane to 
enhance cell flexibility. This is a key RBC property that allows them to squeeze through 
tight spaces around the body. Our findings are important in understanding (i) key FOG-
1 functions in RBC production and (ii) cholesterol functions in RBCs.

Introduction
Friend of GATA1 (FOG-1) is the founding member of the FOG (Friend of GATA) family 
of proteins, an evolutionarily conserved family of transcriptional co-factors that bind to the 
N-terminal zinc finger domain of the critical GATA family of transcription factors, regulating 
their activity in various cell lineages and developmental pathways [1]. FOG-1 was first isolated 
in a yeast two-hybrid screen using the N-terminal zinc finger of the key erythro/megakaryo-
cytic transcription factor GATA1 as bait [2]. Murine FOG-1 is a large protein (995 amino 
acids) encoded by the Zfpm1 gene, and has an unusual structure in that it contains nine multi-
type zinc fingers (Zfs), four resembling the classical C2H2 configuration (Zf2, Zf3, Zf4, Zf8) 
and five unusual C2HC variants (Zf1, Zf5, Zf6, Zf7, Zf9), in which the final zinc binding histi-
dine is replaced by a cysteine [2]. FOG-1 is not known to bind directly to DNA but, instead, is 
thought to be recruited to DNA through its interaction with GATA1 [3]. FOG-1 also features 
two domains responsible for protein-protein interactions, namely, an N-terminal domain 
mediating interactions with the remodeling and histone deacetylase (NuRD) complex [4,5], 
and a second domain between Zf6 and Zf7 mediating interactions with the CtBP corepres-
sor complex [6]. More recently, FOG-1 was also shown to contain a PR (PRDI-BF1 and RIZ 
homology) domain near its N-terminus, though its function remains unclear [7]. FOG-1 pro-
tein is expressed as two translational isoforms, due to a downstream internal initiation codon 
(ATG) within the canonical transcript [8]. The shorter isoform is an N-terminally truncated 
version of FOG-1 that retains all nine zinc fingers but lacks the NuRD-binding N-terminal 
domain, while maintaining its capacity to interact with GATA1 and the CtBP complex.

The spatio-temporal expression profile of FOG-1 is almost identical to that of GATA1 
[2]. In both primitive (fetal) and definitive (adult) hematopoiesis, GATA1 and FOG-1 are 
expressed at high levels in the erythroid and megakaryocytic cell lineages. Furthermore, the 
overlapping functions of FOG-1 and GATA1 in the two hematopoietic lineages were revealed 
from the knockout phenotypes of the two genes in mice. Specifically, the targeted deletion of 
Gata1 causes early embryonic lethality around embryonic days 10.5-11.5 from severe anemia, 
due to erythroid differentiation arresting at the proerythroblast stage [9,10]. GATA1’s role in 
megakaryopoiesis was also established in mice harboring a megakaryocyte-selective GATA1 
knockout, which leads to megakaryocytic hyperproliferation and defective cytoplasmic 
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maturation [11,12]. Similar to the Gata1 knockout phenotype, deletion of the Zfpm1 gene in 
mice resulted in embryonic lethality between embryonic days 10.5 to 12.5, due to severe ane-
mia [3]. However, compared to the Gata1 knockout, ablation of FOG-1 had a more profound 
effect on megakaryopoiesis [3].

It is now well-established that a physical interaction between FOG-1 and GATA1 is 
essential for physiological erythro/megakaryopoiesis. A yeast two-hybrid altered specificity 
mutant screen, identified specific amino acid residues in the N-terminal zinc finger domain 
of GATA1, especially valine at position 205, as being essential for interaction with FOG-1 and 
for erythro/megakaryopoiesis in vitro and in vivo [13,14]. Importantly, the inherited GATA1 
V205M mutation is associated with familial dyserythropoietic anemia and thrombocytopenia 
in patients [15], once again highlighting the importance of a functional FOG-1/GATA1 inter-
action in hematopoiesis.

The transcriptional co-factor functions of FOG-1 with GATA1 in erythropoiesis have been 
studied extensively [1]. It is well established that FOG-1 and GATA1 serve as both activators 
and repressors of gene expression in erythropoiesis [4,13]. It has also been proposed that 
FOG-1 serves as a chromatin facilitator allowing GATA1 chromatin occupancy of target genes, 
in a context-dependent manner [16–18]. A FOG-1/GATA1 interaction has also been shown to 
be essential for DNA looping between distal enhancer and promoters in the murine β-globin 
and Kit gene loci [19,20]. It has also been shown that FOG-1 mediates interactions between the 
NuRD complex and GATA1 in repressing or activating gene expression [4,5,21]. FOG-1 has 
also been described to interact with the CtBP co-repressor and the TACC3 co-factor, however 
the functional significance of these interactions in erythropoiesis remains unclear [6,22].

Despite all this information regarding FOG-1 and in contrast to the GATA1 erythroid 
knockout phenotype which has been analyzed extensively in a number of erythroid models, 
less is known about the molecular basis of the FOG-1 knockout phenotype in erythropoiesis. 
Here, we used CRISPR/Cas9 mediated gene editing to knock out the Zfpm1 gene in murine 
erythroleukemic (MEL) cells coupled with expression profiling by RNAseq, to provide 
molecular insight into the FOG-1 knockout phenotype in erythroid cells. This work revealed a 
previously unknown function of FOG-1 in regulating cholesterol transport in erythropoiesis.

Results

CRISPR/Cas9 generated FOG-1 knockout MEL cell lines
We used CRISPR/Cas9 to knockout (KO) the Zfpm1 gene in mouse erythroleukemic (MEL) 
cells, which serve as a cellular model for murine terminal erythropoiesis. Stably transfected 
MEL cells were G418 selected and single cell clones were isolated by sorting for GFP expres-
sion. The efficiency of knocking out Zfpm1 was assessed by Western immunoblot analysis of 
FOG-1 expression. Using two different anti-FOG-1 antibodies, no FOG-1 protein was detected 
in three KO MEL clones tested (Fig 1A). We proceeded to characterize in greater detail the edits 
in the Zfpm1 gene in the three FOG-1 KO clones by PCR exon analysis of the first five 5’ exons 
using genomic DNA (S1A Fig). From this analysis it is evident that exons 2 and 3 can be used 
to distinguish between the three clones, since exon 2 is deleted only in clone D3 and exon 3 is 
intact only in clone G9 (S1C Fig). Furthermore, the alignment of all Zfpm1 sequences extracted 
from the RNAseq analysis of the three FOG-1 KO clones (see below), is in agreement with the 
PCR exon analysis (S1B Fig; example shown for exon 4). Lastly, by utilizing these sequences to 
check for open reading frames (ORFs), it was evident that in all three clones the FOG-1 protein 
is completely knocked out and there is no expression of a truncated version of FOG-1, as a stop 
codon is generated early on in the protein sequence by complete and/or partial deletion of 5’ 
exons corresponding to N-terminal domains of the protein (S1C Fig).
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Fig 1.  Phenotypic characterization of terminal erythroid differentiation in FOG-1 knockout MEL cell clones. (A) Western immunoblot analysis showing the lack 
of FOG-1 protein in the MEL knockout (KO) clones D3, C8 and G9, compared to wild type (WT) MEL cells. Two antibodies recognizing the FOG-1 long isoform (top 
panel) and all FOG-1 isoforms (middle panel) were used. GATA1 was used as a protein loading control. (B) May-Grunwald Giemsa staining (left panels) of non- 
induced and DMSO-induced WT MEL cells and FOG-1 KO clones D3, C8 and G9. Benzidine staining (right panels) shows a lack of hemoglobin accumulation in the 
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Phenotypic characterization of the FOG-1 MEL knockout cells
The three selected FOG-1 KO MEL clones, D3, C8 and G9, were then subjected to phenotypic 
characterization by assessing their differentiation and hemoglobinization profiles. Knock-
ing out FOG-1 in MEL cells results in defective DMSO-induced terminal differentiation, as 
suggested by morphological characterization. Specifically, May-Grünwald-Giemsa (MGG) 
staining shows that only DMSO-induced wild type (WT) MEL cells can differentiate to the 
polychromatic stage, with some cells even reaching the orthochromatic state (Fig 1B). By 
contrast, following DMSO induction of terminal differentiation, cells in the FOG-1 KO MEL 
clones remain in the proerythroblast stage (Fig 1B). Furthermore, benzidine staining showed a 
complete lack of hemoglobinization in the KO cells (Fig 1B). Additional evidence of defec-
tive DMSO-induced terminal differentiation in FOG-1 KO MEL cells, was obtained by flow 
cytometry using the erythroid cell surface marker CD44, which is extinguished during termi-
nal erythroid differentiation [23]. As expected, CD44 extinction was observed in WT MEL 
cells, but not in DMSO-induced FOG-1 KO cells, though it is possible that CD44 expression is 
directly affected by the loss of FOG-1 (Figs 1C; S2A). In addition, propidium iodide (PI) stain-
ing was used to measure the percentage of proliferating cells in G2 phase, versus terminally 
differentiated cells which arrest in G1 phase. PI staining showed that an appreciable propor-
tion of FOG-1 KO MEL cells continued to proliferate following DMSO induction, as evi-
denced by a higher number of KO cells in the G2 phase and, concomitantly, a lower number 
of cells in the G1 phase, compared to DMSO-induced differentiated WT MEL cells (Figs 1D; 
S2B). We also observed increased apoptosis (Figs 1E; S2C) and ROS levels (Fig 1F) in FOG-1 
KO MEL cells during DMSO induction of differentiation. Considering GATA1’s anti- 
apoptotic functions [24] and antioxidant capacity [25] in erythropoiesis, these observations 
suggest that FOG-1 is also likely to be cooperating with GATA1 in fulfilling these functions.

Expression profiling of FOG-1 knockout MEL cells by RNAseq
We next proceeded to carry out differential expression profiling by RNAseq of the FOG-1 KO 
MEL clones compared to WT MEL cells, before and after DMSO induction of differentiation. 
Principal component analysis (PCA) of the aligned sequences showed that the biological 
replicates of the FOG-1 knockout clones C8 and D3 clustered tightly together in both induced 
and non-induced samples, whilst G9 clustered independently (Fig 2A). Consequently, the G9 
samples were excluded from downstream bioinformatic analysis, but were included in the 
functional validation work described below.

Comparison of bulk RNA expression between WT and the C8 and D3 FOG-1 knockout 
clones in uninduced and DMSO-induced MEL cells, showed differential expression (FC> ± 
1.5, p < 0.01) in 1,151 genes (560 genes upregulated versus 590 down-regulated genes in wild 
type MEL versus FOG-1 knockout cells; S1 File) (Fig 2B). Down-regulated genes include, as 
expected, the Zfpm1 gene, the erythroid Hbb-b1 (βmajor) and Hba-a1 globin genes and the 
Alas2 heme biosynthesis gene (Figs 2B and S2). Upregulated genes include non-erythroid 
hematopoietic genes, such as the hematopoietic stem cell and megakaryocytic specific Gata2 
gene and the mast cell specific Mcpt4 and Cma1 genes (Figs 2B and S2).

induced FOG-1 KO MEL cells, in contrast to the dark brown stained hemoglobinized cells in the DMSO-induced WT MEL panel. (C) Quantitation of DMSO-induced 
MEL differentiation as a percentage of cells that are negative for the CD44 cell surface marker, which is extinguished with terminal differentiation. Data were obtained 
by flow cytometry analysis (n = 4). (D) Cell cycle analysis of differentiating WT and FOG-1 KO MEL cells using propidium iodide and flow cytometry (n = 4). Left 
panel: percentage of cells in G1 phase; right panel: percentage of cells in G2 phase. (E) Quantitation of apoptosis/necrosis as a percentage of total cells using annexin and 
propidium iodide measured by flow cytometry (n = 4). (F) Fold-change quantitation of Reactive Oxygen Species (ROS) in FOG-1 KO MEL cells compared to WT MEL, 
measured by flow cytometry in non-induced (left panel) and DMSO-induced (right panel) cells (n = 4). n.i.: non-induced cells; ind.: DMSO-induced cells.

https://doi.org/10.1371/journal.pgen.1011617.g001

https://doi.org/10.1371/journal.pgen.1011617.g001
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Fig 2.   Principal Component Analysis (PCA). (A) The first two principal components are plotted for all samples (left panel) and for selected samples (right 
panel). Samples cluster according to genotype and induction status. In the left panel, the G9 FOG-1 KO clone clustered separately and was thus left out of subse-
quent differential gene expression analysis. Each point in the PCA plots represents an RNAseq replicate sample. Genotypes and induction status are indicated by 
using different colors and shapes as indicated in the legend provided. (B) Volcano plot of differentially expressed genes (DEGs) (>1.5-fold change, adjusted p-value 
< 0.01) between WT MEL and the C8 and D3 FOG-1 KO clones with induction status as a co-variate and selected representative genes labelled.

https://doi.org/10.1371/journal.pgen.1011617.g002

https://doi.org/10.1371/journal.pgen.1011617.g002


PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011617  March 6, 2025 7 / 27

PLOS Genetics FOG-1 and cholesterol transport in erythropoiesis

Hierarchical clustering divided differentially expressed genes (DEGs) into distinct groups, 
based on their relative expression profiles (Fig 3). Specifically, group A (591 genes, S1 File) 
includes genes that are expressed in non-induced WT cells but are not expressed, or are 
expressed at very low levels, in non-induced FOG-1 KO cells. In response to DMSO-induced 
differentiation in WT cells, these genes were either down-regulated (subcluster A1: 150 genes; 
S1 File), upregulated (subcluster A3: 242 genes, S1 File), or showed relatively unchanged 
expression (subcluster A2:199 genes, S1 File). By contrast, in FOG-1 KO cells, all group A 
genes are expressed at low levels in both non-induced and DMSO-induced MEL cells (Fig 3). 
Examples of the expression profiles of A1 genes (Pld4 and Havcr2) and A2 genes (Abcg1 and 
Zfpm1) are given in S2 Fig. Interestingly, A3 group genes include erythroid specific genes, 
such as Hbb-b1, Hbb-a1 and Alas2, indicating that this group of genes represent the  
erythroid-specific transcription program (S2 Fig; see also below).

Fig 3.  Heat map of transcription patterns of the wildtype MEL and the two FOG-1 knockout cell lines D3 and C8 displaying the expression profiles of the 
1151 differentially expressed genes with greater than 1.5-fold change in expression and an adjusted p-value of < 0.01. Each row of the heat map represents a 
gene, each column represents a sample, and each cell displays normalized gene expression values, as indicated above. Groups of co-expressed genes (A1, A2, A3, B) 
identified by hierarchical clustering are marked to the right of the heatmap.

https://doi.org/10.1371/journal.pgen.1011617.g003

https://doi.org/10.1371/journal.pgen.1011617.g003
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Group B includes 560 genes that are not expressed, or are expressed at very low levels, 
in both non-induced and DMSO-induced WT MEL type cells (Fig 3; S1 File). By contrast, 
these genes are generally expressed at higher, but variable, levels in non-induced and 
DMSO-induced FOG-1 KO cells, displaying complex patterns of differential expression 
(Fig 3). Hence, group B genes most likely represent genes that, in the absence of FOG-1, 
become de-repressed in non-induced cells and remain active, or become variably repressed 
upon DMSO induction of differentiation (Fig 3; S1 File). Examples include the mast cell 
specific Cma1 and Cpa3 genes which are de-repressed in non-induced cells in the absence 
of FOG-1, but become strongly repressed upon DMSO-induced differentiation, and the 
Rps6ka2 and Grin2d genes that are derepressed in non-induced cells in the absence of 
FOG-1, remaining active in DMSO-induced cells (S2 Fig). Klf10 is an example of a gene 
that becomes more upregulated upon DMSO induction in the FOG-1 KO cells, compared 
to the wild type cells (S2 Fig). Interestingly, the Gata2 and Gata3 genes also belong to the B 
group of genes (S1 File), as they become derepressed in non-induced FOG-1 KO cells and 
remain active, albeit at lower levels, in the induced FOG-1 KO cells (S2 Fig). By contrast, 
as also seen previously with the Zfpm1 knockout in mice [3], Gata1 expression is not sig-
nificantly affected in the FOG-1 KO cells (S2 Fig) suggesting that (i) Zfpm1 is downstream 
of GATA1, and (ii) the phenotypic effects we observe in the FOG-1 KO MEL cells are not 
due to deregulation of Gata1 expression.

Gene ontology (GO) and pathway analysis of differentially expressed genes
Analysis of the differentially expressed gene sets in subclusters A1 to A3 in the FOG-1 KO 
cells against curated databases using ShinyGO (0.77) [26], showed that group A genes were 
enriched for GO Biological Process terms associated with hemato/lymphopoiesis and eryth-
roid development (Fig 4). Specifically, A1 genes were enriched for GO Biological Process 
terms associated with lymphoid cells and immune-related functions (Fig 4A), indicating that 
these genes are expressed in non-induced MEL cells but become repressed upon terminal 
differentiation of MEL cells. Interestingly, the expression profiles of A1 genes in the FOG-1 
KO MEL cells suggest that, in the absence of FOG-1, they fail to be expressed in non-induced 
MEL cells (Fig 3), even though the lymphoid-specific GATA3 transcription factor is expressed 
in non-induced FOG-1 KO MEL cells (S2 Fig). The precise nature of a potential involvement 
for FOG-1 in lymphoid-related gene expression in WT non-induced MEL cells is unclear 
but warrants further investigation. For A2 subcluster genes, the most highly enriched GO 
Biological Process term is related to erythroid differentiation, whereas other enriched terms 
relate to broader cell signaling, developmental and cellular properties and functions (Fig 4B). 
Again, expression profiles of A2 genes in the FOG-1 KO MEL cells suggest that FOG-1 may 
be required for their expression, particularly in non-induced MEL cells (Fig 3). Subcluster A3 
genes are enriched for erythroid-related and hematopoietic GO Biological Process terms  
(Fig 4C), confirming that this subcluster most likely represents the erythroid-specific tran-
scription program that fails to be upregulated with differentiation upon DMSO induction  
(Fig 3). Analysis of B cluster genes shows an enrichment for GO Biological Process terms 
related to cellular functions, signaling and metabolism (Fig 4D).

Transcription factor target gene enrichment analysis using the ChIP Enrichment Analysis 
database (ChEA) [27] in ShinyGO, showed that A cluster genes were enriched for GATA1 and 
TAL1 binding (S3A Fig), whereas ChEA analysis of B cluster genes showed an enrichment for 
targets genes of the megakaryocytic FLI1 and RUNX1 transcription and for the myeloid PU.1 
transcription factor (S3B Fig). KEGG pathway analysis showed an enrichment for pathways 
associated with platelets and inflammation for genes in subcluster A1 (S4A Fig), pathways 
associated with infection for genes in subcluster A2 (S4B Fig) and metabolic pathways, 
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Fig 4.   Gene Ontology (GO) Biological Process analysis of genes in clusters A1 (panel A), A2 (panel B), A3 (panel 
C) and B (panel D) of the hierarchical clustering analysis in  Fig 3. The top 10 GO Biological Process terms are 
shown in each case.

https://doi.org/10.1371/journal.pgen.1011617.g004

https://doi.org/10.1371/journal.pgen.1011617.g004
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including porphyrin metabolism, for genes in subcluster A3 (S4C Fig). KEGG pathway analy-
sis of B cluster genes showed an enrichment for signaling and metabolic pathways (S4D Fig).

We next carried out GSEA analysis of WT MEL cells versus the FOG-1 KO against the 
MSig database [28,29]. This showed that gene sets for heme metabolism, cholesterol homeo-
stasis and Myc targets were strongly overrepresented (Figs 5 and S5). A closer look at the 
expression profiles of genes in the Heme Metabolism Pathway showed that genes become 
inversely (de)regulated in the FOG-1 KO cells compared to WT cells. For example, genes that 
are expressed in WT cells, fail to express in FOG-1 KO cells, or genes that are not expressed 
in WT cells, become de-repressed in the FOG-1 KO cells (S5 Fig). Similarly, when inspecting 
the expression profiles of genes in the Cholesterol Homeostasis gene set, we see evidence of 
genes becoming de-repressed in the non-induced FOG-1 KO cells compared to WT cells, or 
of genes that are not active in non-induced cells and/or in DMSO-induced FOG-1 KO cells, 
compared to WT cells (S5 Fig). Interestingly, inspection of the expression profiles of the Myc 
Target Genes Pathway shows incomplete repression in DMSO-induced FOG-1 KO cells, in 
sharp contrast to WT MEL cells which show a strongly repressed profile upon DMSO induc-
tion (S5 Fig). It is known that GATA1 represses c-Myc expression directly [30] and indirectly 
[31], with GATA1-mediated c-Myc repression being a requirement for proliferation arrest 
during erythroid terminal differentiation [30]. Our observations suggest that FOG-1 plays a 
role in the GATA1-mediated repression of c-Myc and its downstream gene targets, warranting 
further investigation.

FOG-1 reguvlation of cholesterol transport
The KEGG pathway analysis highlighted ABC transporters as being enriched primarily in 
A3 cluster genes (S4 Fig). Differentially regulated ABC transporter genes in the FOG-1 KO 
MEL cells include Abca1, Abca4, Abca5, Abcb6, Abcb9, Abcb10 and Abcg1 (S1 File). Of those, 
Abcb10 (also known as ABC-me) and Abcb6 are known to have functions in erythropoiesis. 
Specifically, Abcb10 is a GATA1-regulated gene [32] known to play an essential role in heme 
biosynthesis [33], whereas Abcb6 is a known mitochondrial porphyrin transporter [34]. Abcb9 
is a lysosomal peptide transporter [35] and Abca1, Abca5 and Abcg1 are cholesterol transport-
ers associated with cholesterol efflux [36]. Interestingly, cholesterol homeostasis was enriched 
in the GSEA analysis (Fig 6) and together with the differential expression of ABC cholesterol 
transporters in the FOG-1 KO cells, suggest a novel function for FOG-1 (and, most likely, 
GATA1) in cholesterol homeostasis, potentially through regulation of cholesterol transport. 
Hence, we next focused on investigating the involvement of FOG-1 in cholesterol transport 
in greater detail. Utilising FOG-1 and GATA1 ChIP-seq data in differentiated WT MEL 
cells [37], we assessed the GATA1 and FOG-1 occupancies of cholesterol transporter genes 
(Fig 6). For completeness, we also included in our analysis the Abcg5/Abcg8 and Ldlr choles-
terol transporters. By comparing ChIPseq profiles, it is evident that a number of cholesterol 
transporter genes regulatory regions are occupied by both GATA1 and FOG-1 (Fig 6). We also 
interrogated histone modification marks in ChIPseq data from DMSO-induced MEL chroma-
tin, namely, histone H3 lysine 4 trimethylation (H3K4me3, associated with active or poised 
promoters) and histone H3 lysine 4 monomethylation (H3K4me1, associated with enhancers 
and with DNA regions downstream of transcription start sites), as well as occupancies of RNA 
polymerase II (RNAPol II). From these it can be seen that FOG-1/GATA1 binding concoides 
mostly with intragenic sequences that may serve as enhancers (Abca1, Ldlr, Abca5, Abcg1), 
and less frequently with promoters (e.g., Ldlr and Srebf2, see below)(S6 Fig). Of interest, 
FOG-1 appears to bind to a sequence in the Abcg8 gene in the absence of GATA1 binding  
(Fig 6). The significance of this observation is unclear but warrants further investigation.
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Fig 5.  GSEA analysis showing enrichment of gene sets for Heme metabolism, Cholesterol homeostasis and Myc targets.

https://doi.org/10.1371/journal.pgen.1011617.g005

https://doi.org/10.1371/journal.pgen.1011617.g005
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Fig 6.  GATA1 and FOG-1 occupancies by ChIPseq of the Abca1, Abcg1, Abcg5/8, Abca5, Ldlr and Srebf2 genes in DMSO-induced MEL cells. Interestingly, 
the shared promoter of the Abcg5 and Abcg8 genes is occupied only by FOG-1. GATA1 MEL/DMSO ChIPseq dataset used: ENCSR000ETA. FOG-1 MEL/DMSO 
ChIPseq dataset: SRA ID PRJNA1198023.

https://doi.org/10.1371/journal.pgen.1011617.g006

https://doi.org/10.1371/journal.pgen.1011617.g006
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Guided by the ChIPseq analysis, we next assessed the protein levels of the ABCA1, ABCG1, 
ABCG5, ABCG8 and LDLR cholesterol transporters in cell membrane protein extracts by 
Western blot analysis (WB). From this, it is clear that the ABCA1 and LDLR cholesterol 
transporters, which are bound by FOG-1 and GATA1, are deregulated in the FOG-1 KO cells 
(Fig 7A). Specifically, in WT MEL cells, ABCA1 and LDLR levels are repressed with eryth-
roid differentiation, whereas in DMSO-induced FOG-1 KO cells, ABCA1 and LDLR protein 
levels remain high (Fig 7B). This observation was further validated by immunofluorescence, 
which confirmed the higher ABCA1 and LDLR protein levels in the cell membrane of FOG-1 
KO MEL cells, compared to WT MEL cells, following induction by DMSO (Fig 7C). Taken 
together, these observations suggest that, in the absence of FOG-1, expression of ABCA1 and 
LDLR proteins fails to become repressed upon DMSO induction. By contrast, expression of 
the ABCG1 and ABCG5 cholesterol transporters is unaffected in the FOG-1 KO MEL cells 
(Fig 7A, B), despite the fact that the former apears to be bound by GATA1 and FOG-1 (Fig 6).

SREBP2 and cholesterol transport
We next turned our attention to SREBP2, a known transcriptional regulator of the Abca1 and 
Ldlr genes [38,39] and of cholesterol biosynthesis and homeostasis in general [40]. Interest-
ingly, recent work showed a functional interaction between GATA1 and SREBP2 proteins in 
erythroid cells, whereby GATA1 binds to SREBP2 to downregulate cholesterol biosynthesis, 
leading to a gradual reduction in intracellular cholesterol levels [41]. ChIPseq data in MEL 
cells suggest that the promoter of the Srebf2 gene, which codes for SREBP2, is occupied by 
GATA1 and FOG-1 binding primarily to its promoter region (Figs 6 and S6). Although 
expression of Srebf2 does not appear to be significantly affected in FOG-1 KO cells (S1 File), 
the aforementioned observations of a SREBP2/GATA1 functional interaction, the possibility 
of erythroid-specific regulation of Srebf2 by GATA1 and FOG-1, and the known transcrip-
tional regulatory function of SREBP2 in regulating the Abca1 and Ldlr genes genes, prompted 
us to examine in greater detail the expression of SREBP2 in FOG-1 KO MEL cells. Western 
immunoblot analysis showed that, indeed, nuclear SREBP2 protein levels are increased in 
FOG-1 KO cells under DMSO induction, compared to induced WT cells (Fig 7A). Nuclear 
SREBP2 protein is detected as a ~70kDa band in nuclear extracts from MEL cells, with a sec-
ond lower band detected in DMSO-induced FOG-1 KO cells, which most likely corresponds 
to a cleaved degradation product [42]. These observations raise the possibility that LDLR 
and ABCA1 protein levels in DMSO-induced FOG-1 KO cells may be the combination of a 
direct effect of the loss of FOG-1 acting through GATA1 and of an indirect effect through the 
upregulation of SREBP2 in the absence of FOG-1. By contrast, the known SREBP2-regulated 
cholesterol biosynthesis Hmgcs1 and Hmgcr genes did not show reproducible changes in their 
protein levels in FOG-1 KO cells (S7 Fig).

Intracellular cholesterol levels and membrane fluidity in FOG-1 KO cells
The lack of repression of the ABCA1 and LDLR cholesterol transporters in FOG-1 KO MEL 
cells under DMSO induction, may lead to alterations in intracellular lipid droplet levels in the 
KO cells, which in turn might have an overall effect on cellular properties such as membrane 
fluidity. To test this, we used Nile Red to stain for intracellular lipid droplets (esterified cho-
lesterol). This showed a significant decrease of intracellular cholesterol levels during DMSO 
induced differentiation of WT MEL cells (Fig 8A), in agreement with previous studies [43]. 
By contrast, the reduction in intracellular cholesterol levels upon DMSO induction was less 
pronounced in FOG-1 KO cells (Fig 8A). This suggests that the net effect is an increase in 
intracellular lipid levels.
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Fig 7.  (A) Western Blot analysis of ABCA1, ABCG1, ABCG5/G8, LDLR and SREBP2 proteins in non-induced and DMSO-induced WT and FOG-1 
KO MEL cell clones D3, C8 and G9. Cell membrane protein extracts were used for the analysis of cholesterol transporters and nuclear extracts for the 
analysis of SREBP2. ATP1A1 (ATPase Na+/K+ transporting subunit alpha 1) and NPM1 (nucleophosmin 1) were used as protein loading controls for cell 
membrane and nuclear extracts, respectively. (B) Quantification of ABCA1, ABCG1, ABCG5/G8 and LDLR protein levels in non-induced and DMSO- 
induced WT and FOG-1 KO MEL cell clones D3, C8 and G9 using cell membrane protein extracts (n = 4). (C) Left panels: Immunofluorescence analysis 
of ABCA1 (top panels) and LDLR (lower panels) expression in non-induced and DMSO-induced WT and FOG-1 KO clone D3 cells. Cell nuclei were 
counterstained with DAPI. Right panels: quantitation (number of speckles per cell) of the immunofluorescence images for ABCA1 and LDLR shown in 
the left panels. ****p < 0.0001 as obtained by t-test compared to signal from WT MEL cells. n.i.: non-induced cells; ind.: DMSO-induced cells.

https://doi.org/10.1371/journal.pgen.1011617.g007

https://doi.org/10.1371/journal.pgen.1011617.g007
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Fig 8.  (A) Quantitation of Nile Red staining of intracellular lipid droplets and neutral lipid levels during DMSO-induced differentiation of WT and FOG-1 
KO MEL cell clones C3, C8 and G9. (B) Quantitation of Nile Red staining of intracellular lipid droplets and neutral lipid levels during differentiation of the G1E 
cell line derivatives G1E-V205M and G1E-ER4 (see the Results section for more information on G1E cells). (C) Membrane fluidity assay during DMSO-induced 
differentiation of WT and FOG-1 KO MEL cell clones C3, C8 and G9. The data is plotted as the ratio between pyrene excimer and monomer (ratio Ie/Im). The 
higher the ratio, the more fluid (or less rigid) the membrane is. (D) Quantitation of plasma membrane cholesterol levels by NR12S staining in DMSO-induced 
differentiation of WT and FOG-1 KO MEL cell clones C3, C8 and G9. Four biological replicates were done for all the above assays. n.i.: non-induced cells; ind.: 
DMSO-induced cells.

https://doi.org/10.1371/journal.pgen.1011617.g008

https://doi.org/10.1371/journal.pgen.1011617.g008
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Next, we tested whether the interaction of FOG-1 with GATA1 is necessary for the reduc-
tion of intracellular cholesterol levels during erythroid differentiation. To do this, we used the 
G1E GATA1 null murine prerythroblastic cell line [44]. Restoration of β-estradiol-inducible 
expression of GATA1 (G1E-ER4), allows G1E cells to complete erythroid differentiation. 
Moreover, inducible expression in G1E cells of the V20M GATA1 mutant (G1E-V205M) 
which abolishes interaction with FOG-1, allows the dissection of GATA1/FOG-1 specific 
functions in erythropoiesis [13]. We stained G1E-ER4 and G1E-V205M cells with Nile Red 
and saw a 2-fold reduction of intracellular cholesterol levels upon induction of GATA1 
expression by β-estradiol in G1E-ER4 cells (Fig 8B). By contrast, there was little change in 
intracellular cholesterol levels in the induced G1E-V205M cells, suggesting that the physiolog-
ical reduction in intracellular cholesterol levels observed in erythropoiesis, requires a func-
tional GATA1/FOG-1 interaction.

Next, we used a membrane fluidity assay that utilizes the properties of pyrenedecanoic 
acid (PDA). PDA incorporates into the cell’s plasma membrane forming either monomers 
or excimers, with the rate of excimer formation being proportional to the membrane fluid-
ity. Using this assay, we tested whether the increased intracellular cholesterol levels in the 
DMSO-induced FOG-1 KO cells had an effect on the cell membrane properties of the cells. 
We found that the FOG-1 KO cells showed a small, but significant, increase in membrane 
fluidity compared to WT MEL cells under DMSO induction (Fig 8C). To assess whether the 
increased membrane fluidity is attributed to higher levels of cholesterol within the plasma 
membrane, we stained WT and KO cells with the Nile Red 12S (NR12S) dye which measures 
lipid order changes in the outer membrane leaflet. The fluorescence emission spectra of the 
NR12S changes in response to lipid order, shifting towards shorter wavelengths when incor-
porated into a liquid ordered (Lo) phase (i.e., increased cholesterol), compared to a liquid 
disordered phase (Ld). The Lo phase was measured with the YG586 filter and the Ld phase 
was measured with the YG670 filter. Interestingly, this assay showed that cholesterol levels in 
the outer plasma membrane leaflet remain the same regardless of DMSO induction, or cell 
condition (KO versus WT; Fig 8D). Further investigation is needed to assess in greater detail 
any changes in the cell membrane of FOG-1 KO cells during erythroid differentiation, for 
example, by cell membrane lipidomics.

Discussion
FOG-1 is a key transcriptional co-factor of GATA1 in regulating erythropoiesis. The Zfpm1 
gene knockout in mice has shown FOG-1 to be essential for erythropoiesis, presenting with 
an erythroid phenotype that is very similar to that of the Gata1 gene knockout [3]. Despite the 
publication of the Zfpm1 knockout in 1998, little is known about the molecular basis of the 
phenotype in erythroid cells. Here, we addressed this by employing CRISPR/Cas9 gene editing 
to knockout the Zfpm1 gene in MEL cells, an in vitro cellular model of murine erythropoiesis. 
The phenotypic analysis, as expected, showed an arrest in DMSO-induced erythroid differ-
entiation of FOG-1 knockout cells at the proerythroblastic to orthochromatic stages and a 
lack of hemoglobinization. In addition, we saw a small (not significant, except for knockout 
clone D3) increase in apoptosis, an incomplete cell cycle arrest and increased ROS levels upon 
DMSO-induced differentiation. Thus, our phenotypic analysis of the FOG-1 knockout MEL 
cells, complements and extends that of the Zfpm1 knockout mice [3].

To explore further the molecular basis of the FOG-1 knockout phenotype, we carried out 
expression profiling of the FOG-1 knockout cells by RNAseq. Consistent with the phenotypic 
analysis, we found a failure of the upregulation of the erythroid transcription program upon 
DMSO induction and an incomplete repression of early hematopoietic (e.g., Gata2) genes 
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and of genes belonging to alternative hematopoietic lineages, such as the mast cell-specific 
genes Cma1, Cpa3 and the lymphoid-specific Gata3 gene (Figs 2 and S2). The case of the mast 
cell-specific Cma1 and Cpa3 genes is of interest. FOG-1 is not expressed in mast cells [2], 
in contrast to GATA1 and GATA2 which are both expressed and play key roles in mast cell 
lineage determination [45]. Importantly, ectopic expression of FOG-1 in mast cell progen-
itors reprograms them towards erythroid, megakaryocytic and granulocytic lineages, pro-
viding strong evidence for an antagonistic role for FOG-1 in supressing the mast cell lineage 
[46,47]. Hence, the derepression of the Cma1 and Cpa3 genes we see in non-induced FOG-1 
KO MEL cells (S2 Fig) is consistent with FOG-1’s documented mast cell repressive function. 
Interestingly, the Cma1 and Cpa3 derepression in non-induced FOG-1 knockout MEL cells, 
which are committed proerythroblasts, suggests that the transcription factor environment in 
the FOG-1 knockout MEL cells can support Cma1 and Cpa3 transcription. For example, it is 
conceivable that the high levels of derepressed GATA2 in non-induced FOG-1 knockout MEL 
cells together with GATA1, which remains unaffected by the FOG-1 knockout (S2 Fig), may 
be sufficient to support Cma1 and Cpa3 expression. Alternatively, or in addition, an increase 
in the expression of the mast cell specific Mitf transcription factor seen in FOG-1 KO MEL 
cells (S2 Fig), may also contribute to the expression of mast cell specific genes. Interestingly, 
Cma1 and Cpa3 expression is extinguished in DMSO-induced FOG-1 knockout MEL cells (S2 
Fig), despite the fact that these cells are incapable of completing erythroid differentiation. This 
loss may be due to the reduction in GATA2 expression observed in the DMSO-treated FOG-1 
knockout MEL cells (S2 Fig) and/or the loss or repression of other factors that are required 
to support Cma1 and Cpa3 expression, such as Mitf which is moderately down-regulated in 
FOG-1 DMSO-induced MEL cells (S2 Fig). It would also be of interest in the future to inves-
tigate the molecular basis of the reduction in GATA2 (and GATA3) expression observed in 
DMSO-induced FOG-1 knockout MEL cells (S2 Fig). FOG-1 cell lineage suppression func-
tions have also been documented in other hematopoietic lineages, for example, in eosinophils 
[48]. However, the molecular basis of the lineage-repressive functions of FOG-1 remains 
poorly understood. The FOG-1 knockout MEL cell lines described here present with a very 
useful tool for exploring the FOG-1 lineage repressive functions, for example, by functional 
complementation assays using transfected FOG-1 deletion, or other, mutants.

We also describe an enrichment for ABC transporters and cholesterol homeostasis in our 
pathway and gene set enrichment analysis, respectively, thus linking FOG-1, and consequently 
GATA1, to the regulation of cholesterol transport and homeostasis in erythroid cells.  
Specifically, we found that ABC transporter genes involved in cholesterol transport were dif-
ferentially expressed, with several of them being occupied by GATA1 and FOG-1 in DMSO- 
induced MEL cells, as evidence by ChIPseq data (Figs 6 and S6). We validated the ABCA1 and 
LDLR cholesterol transporters as being differentially expressed in the FOG-1 knockout MEL 
cells, in that they failed to be completely repressed upon DMSO induction, compared to wild 
type cells. The sustained levels of ABCA1 and LDLR proteins are also reflected by higher levels 
of intracellular lipid droplet in DMSO-induced FOG-1 knockout cells. This accumulation, in 
turn, may exert a broader influence on the mechanical attributes of the cell membrane, such as 
increased fluidity. It is possible that the sustained levels of ABCA1 and LDLR expression and 
subsequent effects on intracellular lipid droplets and membrane fluidity, are due to the incom-
plete differentiation of the DMSO-induced FOG-1 knockout cells. However, the fact that the 
ABCG1 and ABCG5 cholesterol transporters decline in the FOG-1 KO cells to the same extent 
as in wild type cells during differentiation, suggests that the effects we see with ABCA1 and 
LDLR are not due to arrested MEL cell differentiation in the KO cells. If anything, the ABCA1 
protein levels increase slightly with differentiation in the FOG-1 KO cells, again arguing 
for a specific effect rather than a general differentiation arrest defect. Future experiments 
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abrogating FOG-1 and GATA1 binding to the Abca1 and Ldlr gene loci by gene editing will 
establish the erythroid-specific regulation of the two genes by GATA1 and FOG-1 and will 
help elucidate their function in cholesterol transport and homeostasis in erythropoiesis.

We also show that nuclear protein levels of SREBP2, a transcription factor regulating cho-
lesterol biosynthesis and transport, are significantly upregulated in DMSO-induced FOG-1 
knockout cells, compared to wild type cells (Fig 7). SREBP2 levels do not change much with 
DMSO-induced differentiation in wild type MEL cells (Fig 7). By contrast, there is a marked 
upregulation of SREBP2 in induced FOG-1 knockout cells (Fig 7), suggesting a specific dereg-
ulation of SREBP2 in the absence of FOG-1. We note also that GATA1 and FOG-1 bind to 
the promoter of the Srebf2 gene which codes for SREBP2 (Figs 6 and S6). Taken together, our 
observations suggest that GATA1 and FOG-1 binding to Srebf2 serves to keep SREBP2 levels 
low during MEL cell differentiation. In addition, our observations suggest that the observed 
changes in ABCA1 and LDLR may be a direct effect of the loss of FOG-1 binding to their 
corresponding genes (Figs 6 and S6), as well as an indirect effect due to derepressed SREBP2 
acting on the Abca1 and Ldlr genes in DMSO-induced FOG-1 knockout cells. Lastly, it was 
recently reported that GATA1 protein physically interacts with SREBP2 to inhibit the latter’s 
function in activating cholesterol biosynthesis genes during erythroid differentiation [29]. Our 
findings add to the observations of Lu et al. implicating FOG-1, together with GATA1, in sup-
pressing SREBP2 functions in cholesterol homeostasis at the transcriptional level [41]. More-
over, our findings add another layer to the GATA1/FOG-1/SREBP2 cholesterol regulatory 
axis by suggesting that GATA1 and FOG-1 act directly on the Srebf2 gene in erythroid cells. 
Overall, our observations with the FOG-1 knockout cells are consistent with those of Lu et al. 
regarding the cholesterol-repressive functions of GATA1 in erythroid differentiation [41].

In a broader context, our observations and those of Lu et al. [41] raise the question as to 
why cholesterol levels need to be tightly regulated by GATA1 and FOG-1 in terminal eryth-
roid differentiation. Cholesterol is a key factor regulating the membrane fluidity and stability 
of cells. This is of particular relevance to red blood cells, since membrane fluidity allows the 
cells to adapt to various conditions, at the same time preventing them from becoming too 
rigid or permeable and providing them with the ability to withstand the mechanical stress 
of going through smaller blood vessels and capillaries [49]. Cellular cholesterol levels are 
determined by the interplay of de novo biosynthesis, uptake, export and esterification [50]. 
Although all mammalian cells can produce cholesterol, most (except for hepatocytes, adrenal 
cells and gonadal cells) are unable to catabolize it and need to dispose excess cholesterol out 
of the cell, or store it as cholesteryl esters in lipid droplets [51]. Therefore, reverse cholesterol 
transport and inhibiting cholesterol absorption from plasma are important in regulating cellu-
lar levels of cholesterol.

Previous studies have provided evidence for cholesterol homeostasis being an important 
factor in hematopoiesis [52,53]. However, the molecular basis of cholesterol homeostasis in 
erythropoiesis remains largely uncharted. To-date there have been a handful of publications 
investigating the effects of cholesterol homeostasis in erythroid differentiation, focusing 
mainly on cholesterol biosynthesis [54–56] and cholesterol efflux [52,57–60]. Evidence from 
early studies in MEL cells in the 1980s, showed a major decrease in cholesterol content during 
erythroid maturation [43]. Subsequent studies showed that an excess of cellular cholesterol 
levels could block MEL differentiation [41,61], suggesting that cholesterol levels play an 
important role in erythropoiesis. More recent in vitro and in vivo studies raised the possibility 
that cholesterol biosynthesis regulates the differentiation of red blood cells (RBCs), as cho-
lesterol synthesis-related enzymes and their regulators are required to maintain self-renewal 
of primary erythroid progenitors [55,62]. In addition, recent studies suggested an active role 
for RBCs in reverse cholesterol transport in the circulation. For example, a study by Ohkawa 
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et al. [63] indicated that the movement of cholesterol between the red blood cell and plasma 
is saturable and energy, temperature and time-dependent, suggesting an active transport 
mechanism involving cholesterol transporters. Interestingly, recent studies showed a direct 
[63] and indirect [64] involvement of ABCA1 in cholesterol influx, which is contrary to the 
established notion of ABCA1 functioning as a cholesterol exporter. Hence, our observations 
of increased lipid droplet levels in induced FOG-1 knockout cells could be the result of the 
combined effect of ABCA1 and LDLR acting on cholesterol influx. Overall, it is evident that 
the regulation of cholesterol homeostasis during erythroid differentiation is important for the 
specialized physical properties of mature RBCs and their role in reverse cholesterol transport 
in the circulation. Our observations suggest that the fine-tuning of cholesterol homeostasis in 
erythropoiesis is, at least in part, under the control of GATA1 and its co-factor FOG-1.

Our study also presents with limitations. For example, the different Zfpm1 gene edits in the 
three clones (S1 Fig) and possible off-target effects, may account for variability in the expres-
sion profiling patterns, e.g., in clone G9. Also, the lack of a commercially available ChIP-grade 
FOG-1 antibody, precluded us from verifying FOG-1 binding to the cholesterol transport 
and other potential target genes. MEL cells also present with limitations as they do not fully 
recapitulate murine terminal erythroid differentiation. Nevertheless, our findings suggest 
that FOG-1 plays a direct and/or indirect role, possibly mediated through SREBP2, in the 
repression of cholesterol transporters that may be necessary for the progression of erythroid 
differentiation. Additional work is needed to explore this in greater detail. Future studies will 
focus on providing conclusive evidence for FOG-1 and GATA1 regulating the expression of 
cholesterol transporters, for example, by using gene editing to abrogate GATA1 and FOG-1 
binding to ABC cholesterol transporter genes and the Ldlr gene, also in more relevant cellular 
models such as primary proerythoblasts from mouse fetal liver or bone marrow. Lastly, the 
generation of the FOG-1 knockout MEL cell lines and their transcriptomic profiles described 
here, set the stage for future work to unveil the broader role of FOG-1 in erythropoiesis 
beyond the pathways touched on here.

Materials and Methods

Cell lines
Mouse erythroleukemic (MEL) C88 cells (RRID:CVCL_C188) were cultured and induced 
to differentiate with 2% dimethylsulfoxide (DMSO) for 4 days, as previously described [65]. 
G1E, G1E-ER4 and G1E-V205M-ER4 cells [44,66] were a kind gift from Gerd Blobel (The 
Children’s Hospital of Philadelphia, University of Pennsylvania, Philadelphia, USA). These 
cells were cultured and induced with β-estradiol to express GATA1, as previously described 
[44,66].

FOG-1 knockout MEL cells
The murine Zfpm1 gene knockout (KO), coding for FOG-1, was performed by CRISPR/
Cas9 in MEL cells with a commercially available kit designed to disrupt a gene by causing 
a double-strand break (DSB) in a 5’ constitutive exon. The FOG-1 CRISPR/Cas9 KO kit 
(Santa-Cruz, #sc-423807) consisted of a pool of 3 plasmids, each encoding the Cas9 nucle-
ase and a target-specific 20 nucleotide guide RNA (gRNA) derived from the Genome-scale 
CRISPR Knock-Out (GeCKO) v2 library [67]. The sequences of the gRNAs included with 
the kit are not disclosed by the manufacturer. For the transfection, 2.5 x105 MEL cells were 
aliquoted in a 6-well plate containing 3 ml culture medium without antibiotics and cultured 
for 24 hours. The next day, the transfection solution (10 μl of CRISPR/Cas9 plasmid, 10 μl 
of transfection reagent and 280 μl of transfection medium) was prepared and incubated for 



PLOS Genetics | https://doi.org/10.1371/journal.pgen.1011617  March 6, 2025 20 / 27

PLOS Genetics FOG-1 and cholesterol transport in erythropoiesis

25 minutes at room temperature prior to adding to the cultured cells. Transfected MEL cells 
were then cultured further for 1 week under G418 selection prior to GFP single cell sorting 
by FACs, (GFP is expressed from the Cas9/gRNA plasmid) and processing for downstream 
experiments.

RNA isolation and generation of Illumina library for NGS
RNA was isolated from 107 cells using the RNAeasy Mini Kit (QIAgen, #74104), following 
the manufacturer’s protocol. Samples were DNase Q treated and assessed for RNA integrity 
using the Agilent Bioanalyzer. Samples with RNA integrity (RIN) scores of 9.0 or higher were 
used to make a cDNA library using the TruSeq Stranded mRNA from Illumina (#20020594), 
following the manufacturer’s protocol. 1500ng of total RNA was used as input into the TruSeq 
Stranded mRNA kit (Illumina) as per the manufacturer’s protocol, with the following adjust-
ments. Samples were fragmented at 94°C for 3 min, cDNA was reverse transcribed using 
Superscript IV (ThermoFisher, #12594025) under the following conditions: 25°C for 10 min-
utes, 50°C for 12 minutes and 80°C for 10 minutes. PCR was performed under the following 
conditions: 98°C for 30 seconds, followed by 9 cycles of 98°C for 10s/60°C for 30s and 72°C 
35s, followed by 72°C for 5 minutes and hold at 10°C. Libraries were quantified using the 
Quant-iT PicoGreen dsDNA Assay Kit (ThermoFisher, #P11496), and a subset of libraries 
were validated with the Bioanalyzer 2100 using a DNA1000 chip (Agilent). Libraries were 
pooled in equimolar amounts and sequenced using the MGISeq2000 platform (BGI).

RNAseq analysis
Raw sequencing reads (57.3 +/− 8.3 million reads per sample) were quality controlled, dedu-
plicated, trimmed and filtered using Trimmomatic [68] and BBTools (https://sourceforge.
net/projects/bbmap/). Samples were aligned to the Ensembl GRCm38 mouse genome (mean 
aligned reads 80.4% ± 1.7%) using Salmon (1.6.0) [69]. Hierarchical clustering and PCA anal-
ysis revealed no significant batch effects between replicates, hence technical replicates were 
combined for further analysis. Transcript level estimates of gene expression were imported 
into DESeq2 using tximeta [70]. Differential expression analysis was conducted using DESeq2 
(1.42.0) in R via the interactive analysis and visualization tool DEBrowser (1.30.0) [71]. Differ-
ential expression analysis was based on genotype with induction status as a covariate. Differ-
entially expressed genes were determined using the following thresholds: log2 (fold-change) ≥ 
1.5 or ≤−1.5 and p value < 0.01. Clusters of differentially expressed genes were identified using 
the clusterProfiler package (4.10.0) [72] and the Next-Generation (Clustered) Heat Maps 
V2 program (https://bioinformatics.mdanderson.org/public-software/ngchm/). Gene Set 
Enrichment Analysis (GSEA) was conducted on the full normalized counts matrix against the 
orthology-mapped hallmark gene sets (MH) using the stand-alone GSEA program (4.3.2) with 
the MSigDB 2022.1 database. Gene ontology and KEGG analysis plus RNA-Seq and ChIP-Seq 
database comparisons were done using ShinyGO (0.77) [26]. The RNAseq data are accessible 
through the Sequence Read Archive (SRA) with ID number: PRJNA1172098. The FOG-1 
ChIPseq data are accessible through SRA with ID: PRJNA1198023.

May-Grünwald/Giemsa (MGG) staining
For MGG staining, 105 cells were initially spun at 700 rpm for 10 minutes onto glass slides 
using the Cytospin 3 centrifuge (Shandon). The glass slides were stained using May-Grünwald 
(Sigma-Aldrich, #MG500)/Giemsa stain (Sigma-Aldrich, #GS500) according to manufactur-
er’s instructions. Pictures were captured using a Rebel (Echo REB-01-D) brightfield micro-
scope at 40x magnification.

https://sourceforge.net/projects/bbmap/
https://sourceforge.net/projects/bbmap/
https://bioinformatics.mdanderson.org/public-software/ngchm/
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Benzidine staining
One part of benzidine reagent solution (Sigma-Aldrich, #D-9143) was added to 10 parts of cell 
culture and after a 2-minute incubation, 105 cells were used for cytospin followed by MGG 
staining, as above. Pictures from the slides were captured using a Rebel (Echo REB-01-D) 
brightfield microscope at 40x magnification.

Nuclear and membrane protein extracts
Nuclear proteins from all cell types were prepared using the NUN method [73]. Membrane 
extracts were prepared using the Mem-PER Plus Membrane Protein Extraction Kit (Ther-
moFisher, #89842) following the manufacturer’s protocol with the following changes: a higher 
number of cells (107) were harvested in combination with a decreased volume of Solubiliza-
tion Buffer (0.2 mL) to achieve a higher concentration of membrane protein extracts.

Western immunoblotting
SDS-PAGE and Western immunoblotting were carried out as previously described [74],with 
50µg of cell membrane protein extract loaded per lane. Membranes were subjected to 
enhanced chemiluminescence (ECL prime, Cytiva #RPN2236) and developed using the 
ChemiDoc imaging system (Bio-Rad).

Immunofluorescence (IF)
For IF, 105 cells were crosslinked with 1% Paraformaldehyde (PFA) (Sigma-Aldrich, #P6148). 
Cells were next permeabilized and incubated with blocking 1% goat serum for 1 hour at room 
temperature and then with the primary antibodies overnight at 4°C. After four washes with 
PBS/0.05% Tween-20 for 15 minutes, the cells were incubated with the secondary antibod-
ies diluted in the blocking buffer for 1 hour at 37°C. The cells were then washed four times 
with PBS for 15 minutes prior to cytospin and mounting with mounting medium containing 
4′,6-diamidino-2-phenylindole (DAPI) (Abcam, #ab104139). Acquisition was made on an 
LSM700 Zeiss confocal microscope using Zen software at 60x magnification. Analysis was 
performed using Fiji.

Antibodies used with Western blots and IF
The following antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA): 
N6 GATA1 (sc-265), M-20 FOG-1 (sc-9361; no longer available) and A-20 FOG-1 (sc-9362). 
The following antibodies were purchased from Proteintech: ABCG1 (13578-1-AP), ABCG5 
(27722-1-AP), LDLR (10785-1-AP) and SREBP2 (28212-1-AP). The ATP1A1 antibody was 
purchased from Abcam (ab76020), the ABCA1 antibody from Novus Bio (NB400-105SS) 
and the NPM1 antibody was kindly provided by Pui K. Chan (Baylor College, Texas, USA). 
Secondary antibodies conjugated to horseradish peroxidase were purchased from DakoCyto-
mation, Denmark (P0449 & P0162) and Santa Cruz Biotechnology (sc-2357 & sc-2314).

Flow cytometry
Cells were analysed using a BD FACSCanto II or an LSR Fortessa flow cytometer (BD Biosci-
ences) and acquired using the Diva Software version 9 (BD Biosciences). Data was analysed 
using the FlowJo software (v. 10.9.1, BD Biosciences). Erythroid differentiation was assessed 
by flow cytometry as described previously [75], with the only adaptation that CD44 extinction 
was used as a marker for diffrentiation, as MEL cells do not express Ter119. Representative 
examples of flow cytometric analysis are shown in S8 Fig.
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Cell cycle analysis
Cell cycle analysis was carried out by quantification of DNA content to estimate the percent-
age of proliferating versus G1 arrested terminally differentiated cells. Cells (106) were fixed 
with 100% EtOH for 30 minutes at room temeprature. The fixed cells were stained with 500 
μl of 50 μg/ml Propidium Iodide (PI; ThermoFisher, #BMS500PI) and 100 μg/ml RNase A 
(ThermoFisher, #EN0531) for 30 min at room temperature, prior to flow cytometry analysis.

Apoptosis/Necrosis
Cells (5x105) were centrifuged at 300g for 5 minutes and the supernatant was discarded. The 
cell pellet was then washed with 500 μl ice-cold 1x annexin buffer (Santa-Cruz, sc-291903). 
The cells were resuspended in 100 μl annexin buffer and 1 μl of Annexin V FITC (Santa-Cruz, 
sc-4252) with 1 μl of PI (ThermoFisher, #BMS500PI). This suspension was left to incubate at 
room temperature for 15 minutes in the dark and then 400 μl of 1x annexin buffer were added 
prior to flow cytometry analysis.

Reactive Oxygen Species (ROS), Nile Red, Nile Red 12S (NR12S) and 
Membrane Fluidity assays
The following kits were used: for ROS, Abcam ab186029; for Nile Red, Abcam ab228553; for 
NR12S Cytoskeleton Inc. #MG08; for Membrane Fluidity, Abcam ab189819. For all assays, the 
manufacturers’ protocol was followed using 106 cells, per assay. Analysis was carried out by 
flow cytometry, as above.

Statistical analysis
Statistical analyses were performed with GraphPad Prism (version 7). The data was analyzed 
using the unpaired Mann-Whitney test.

Supporting information
S1 File.  Counts matrix of differentially expressed genes in the FOG-1 knockout cells and 
list of genes for each subcluster shown in Fig 3. 
(XLSX)

S1 Table.  Numerical values supporting each graph. 
(XLSX)

S1 Fig.  Analysis of gene edits in the coding sequences of Zfpm1 in the FOG-1 KO MEL cell 
clones G9, C8 and D3. (A) PCR analysis of genomic DNA of the first 5 exons of the Zfpm1 
gene edited CRISPR/Cas9. Expected amplified exon sizes are shown above the gel. (B) Exam-
ple of an alignment of all Zfpm1 exon 4 sequences extracted from the RNAseq data for each 
of the FOG-1 D3, C8, G9 KO MEL clones. Sequences are aligned to a reference sequence (WT 
exon), which is depicted as a dotted black line. Each nucleotide in the exon 4 sequence was 
assigned a colour, with white gaps representing missing sequence, presumably due to dele-
tions. This analysis illustrates that clones D3 and C8 have a near complete deletion of exon 4, 
whereas the G9 clone has a partial deletion of this exon. (C) Top: Schematic representation 
of the WT FOG-1 protein sequence. Zinc finger domains 1 to 9 are indicated as dark blue 
boxes. Exons 1-6 coding for the N-terminal domain of FOG-1 are shown below the protein 
schematic in dark orange colour. Lower: schematic representation of the Zfpm1 gene showing 
the exons that were affected by gene editing in the D3, G9 and C8 MEL FOG-1 KO clones, as 
deduced from the analysis of RNAseq data. A single diagonal line through an exon indicates a 

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011617.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011617.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1011617.s003
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partial loss of sequence, a double diagonal line indicates a complete deletion of an exon. Aster-
isks (*) indicate a newly generated stop codon.
(TIF)

S2 Fig.   examples of expression profiles of specific genes in non-induced and DMSO- 
induced wild type MEL cells and in the FOG-1 KO clones D3 and C8. Blue dots correspond 
to WT profiles, green dots to FOG-1 KO clone D3 and orange dots to FOG-1 KO clone C8. 
G9 is not included in this analyses for reasons discussed in the main text.
(TIF)

S3 Fig.   Transcription factor (TF) target gene enrichment (ChEA) analysis. (A) ChEA 
analysis of A group genes shows an enrichment of gene targets for the erythroid TFs TAL-1 
and GATA1. (B) ChEA analysis of B group genes shows an enrichment of gene targets for the 
megakaryocytic and myeloid TFs FLI1, RUNX1 and PU.1.
(TIF)

S4 Fig.   KEGG pathway analysis of genes in clusters A1 (panel A), A2 (panel B), A3 (panel 
C) and B (panel D) of the hierarchical clustering analysis in Fig 3. Up to top 10 pathways 
are shown in each case.
(TIF)

S5 Fig.   Heat map of expression proflies of GSEA gene sets for Heme metabolism (left 
panel), Cholesterol homeostasis (middle panel) and Myc targets (right panel).
(TIF)

S6 Fig.   GATA1, FOG-1, K3K4me3, H3K4me1 and RNAPolII occupancies by ChIPseq of 
the Abca1, Abcg1, Abcg5/8, Abca5, Ldlr and Srebf2 genes in DMSO-induced MEL cells.
(PDF)

S7 Fig.  Western Blot analysis of HMGCS1 and HMGCR proteins in whole cell protein 
extracts from non-induced and DMSO-induced WT and FOG-1 KO MEL cell clones D3, 
C8 and G9. Actin was used as protein loading control.
(TIF)

S8 Fig.   (A) Representative flow cytometry plots for the data shown in Fig 1C. Non- 
induced WT and FOG-1 KO MEL cell clones D3, C8 and G9 are plotted based on cell size and 
CD44 staining intensity and are depicted in light blue colour. DMSO-induced WT and FOG-1 
KO MEL cell clones D3, C8 and G9 are also plotted based on cell size and CD44 staining 
intensity and are depicted in red colour. (B) Representative flow cytometry plots for the data 
shown in Fig 1D. Non-induced and DMSO-induced WT and FOG-1 KO MEL cell clones D3, 
C8 and G9 were plotted based on propidium iodine staining intensity. (C) Representative 
flow cytometry plots for the data shown in Fig 1E. Non-induced and DMSO-induced WT 
and FOG-1 KO MEL cell clones D3, C8 and G9 were plotted based on propidium iodine and 
annexin staining intensity.
(TIF)
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