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Key points 

 ER-Hoxb8 conditional immortalization provides a system for the study of TAFAZZIN deficiency 

in myeloid progenitors and mature neutrophils 

 Barth syndrome (i.e., TAFAZZIN-deficient) murine neutrophils appear to be more sensitive to 

apoptosis, possibly due to increased ER stress 

 

Abstract 

Barth syndrome is an inherited X-linked disorder that leads to cardiomyopathy, skeletal myopathy and 

neutropenia. These symptoms result from the loss of function of the enzyme TAFAZZIN, a 

transacylase located in the inner mitochondrial membrane that is responsible for the final steps of 

cardiolipin production. The link between defective cardiolipin maturation and neutropenia remains 

unclear. To address potential mechanisms of neutropenia, we examined myeloid progenitor 

development within the fetal liver of TAFAZZIN knock-out animals as well as within the adult bone 

marrow of wild-type recipients transplanted with TAFAZZIN-KO hematopoietic stem cells. We also 

used the ER-Hoxb8 system of conditional immortalization to establish a new murine model system for 

the ex vivo study of TAFAZZIN-deficient neutrophils. The TAFAZZIN-KO cells demonstrated the 

expected dramatic differences in cardiolipin maturation that result from a lack of TAFAZZIN enzyme 

activity. Contrary to our hypothesis, we did not identify any significant differences in neutrophil 

development or neutrophil function across a variety of assays including phagocytosis, and the 

production of cytokines or reactive oxygen species. However, transcriptomic analysis of the 

TAFAZZIN-deficient neutrophil progenitors demonstrated an upregulation of markers of endoplasmic 

reticulum stress and confirmatory testing demonstrated that the TAFAZZIN-deficient cells had 

increased sensitivity to certain ER-stress mediated and non-ER-stress mediated triggers of apoptosis. 

While the link between increased sensitivity to apoptosis and the variably penetrant neutropenia 

phenotype seen in some Barth syndrome patients remains to be clarified, our studies and new model 

system set a foundation for further investigation. 
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Introduction 

Barth syndrome (BTHS) is a rare inherited X-linked disorder characterized by cardiomyopathy, 

skeletal muscle myopathy and neutropenia 1,2. This disease arises following a loss-of-function 

mutation in the gene TAFAZZIN (TAFAZZIN, which has also been previously annotated as TAZ)3. 

TAFAZZIN is a mitochondrial enzyme that processes cardiolipin, a phospholipid that is found almost 

exclusively in the inner mitochondrial membrane 4. The lack of normal TAFAZZIN protein activity 

abrogates the final step in cardiolipin maturation, resulting in reduced levels of cardiolipin with greater 

acyl chain diversity and greater saturation, as well as elevated levels of an intermediate, 

monolysocardiolipin, that contains 3 rather than 4 acyl chains. 5 

The clinical manifestation with the overall highest mortality is cardiomyopathy, which can progress to 

heart failure 6. The link between TAFAZZIN-deficiency and myopathy has been explained by the high 

mitochondrial content of myocytes and by their dependence on efficient oxidative respiration. The 

components of the electron transport chain are co-localized with cardiolipin in the inner mitochondrial 

membrane, and their structural organization within the membrane lipid bilayer is dependent on mature 

cardiolipin, which is lacking in individuals with BTHS 7,8. The role of cardiolipins within the 

mitochondria also goes beyond a structural one, with proposed roles in signaling, in modulating 

reactive oxygen species, and in mitochondrial membrane potential and apoptosis (reviewed in 9,10).  

In addition to cardiomyopathy, many individuals with BTHS suffer from recurrent episodes of 

neutropenia and life-threatening infections. The neutropenia has variable penetrance and is frequently 

intermittent. The mechanistic link between TAFAZZIN deficiency and neutropenia is not known 5,11,12. 

Unlike cardiac and skeletal myocytes, neutrophils have relatively few mitochondria per cell and it was 

assumed that neutrophils rely on glycolysis for energy production though this assumption has more 

recently been challenged (reviewed in 13). Within lymphoblasts derived from patients with BTHS, 

mitochondria display ultrastructural abnormalities, showing reduced cristae density, poorly aligned 

cristae, and fragmented cristae distribution 14. However, information on proliferation, survival, or 

function of neutrophils in the BTHS patient is scarce. It is unclear if the underlying mechanism of 

neutropenia in BTHS is due to diminished production or increased clearance of mature neutrophils 

(e.g., increased apoptosis) 15–17.  

Animal models of Barth syndrome have included zebrafish, drosophila and mouse and have been 

used primarily in the study of the cardiomyopathy and skeletal muscle defects 18–21. One murine model 

of BTHS involves knockdown of TAFAZZIN by a doxycycline-inducible short hairpin RNA (shRNA) 21–

23. Hematologic abnormalities in this model have not characterized in depth, and the cardiac 

manifestations are mild and late in onset, likely due to residual TAFAZZIN expression. 
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More recently, a global TAFAZZIN-knockout (KO) mouse model (C57BL6/J) was developed which 

emulates many of the hallmark clinical presentations of BTHS 24. Most of these mice die during the 

perinatal period, due to skeletal muscle weakness. Those few mice that survive into adulthood 

develop progressive cardiomyopathy and cardiac fibrosis. The number of circulating neutrophils in 

TAFAZZIN-KO mice that survive to adulthood (6-months) is reportedly lower than in wild-type (WT) 

mice (p<0.01, data found in Online figure V 24).  

Recent studies have pointed towards the importance of endoplasmic reticulum (ER) stress and the 

unfolded protein responses (UPR) in neutrophil survival, differentiation and function 19, 20, 21. The 

expression of ER stress markers PERK and ATF6 are decreased during neutrophil differentiation in a 

stage-specific manner, suggesting that dysregulation of ER stress in neutrophils may affect the 

differentiation process. These authors linked mitochondrial ATP production and ER stress, showing 

that lower ATP supply from mitochondria promoted higher ER stress, which subsequently impaired 

protein folding and myeloid differentiation 19. These data suggest a mechanistic link between 

mitochondrial defects, ER stress, and an UPR, ultimately resulting in decreased neutrophil survival 

and function.  

Here we investigated the pathogenesis of neutropenia in TAFAZZIN-KO mice. We took advantage of 

our established ER-Hoxb8 system of conditional immortalization to generate granulocyte-monocyte 

progenitors from TAFAZZIN-KO and WT murine fetal liver hematopoietic progenitors 22. These 

progenitors are capable of unlimited culture and expansion ex vivo as well as synchronous 

differentiation to mature and functional neutrophils upon inactivation of the ER-Hoxb8 protein. Overall, 

our in vitro and in vivo findings point towards a mechanism of ER stress and apoptosis underlying the 

phenotype of neutropenia in patients with Barth syndrome.  

 

Methods 

Detailed methods are provided in the Supplemental Materials.  

 

Results 

TAFAZZIN deficient mice demonstrate normal fetal liver hematopoietic development 

We hypothesized that the loss of TAFAZZIN may result in a defect in myelopoiesis that would be 

exacerbated during periods of stress or infectious challenge. Unfortunately, the majority of TAFAZZIN-

knockout (TAFAZZINnull/Y; abbreviated in the figures as TAZ-KO) mice do not survive into adulthood, 

preventing a straightforward analysis of adult hematopoiesis.18  
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In the developing embryo, blood development occurs in the fetal liver (beginning around E11.5) before 

the hematopoietic stem cells (HSCs) migrate to bone marrow.23 To investigate whether the TAFAZZIN 

deficiency results in impaired neutrophil development, we characterized the myeloid progenitors within 

the hematopoietic compartment of TAFAZZIN-KO and wild-type (TAFAZZINWT/Y; abbreviated WT) 

fetal livers at five time points (E14 to E16) along embryonic development (Figure 1B). Using timed 

pregnancies, fetal livers were dissected and dissociated into single-cell suspensions for antibody 

staining and flow cytometry (the gating strategy is indicated in Figure 1A) 25. Of note, the percent of 

lineage negative, KITPOS cells was much higher in the fetal liver hematopoietic cells as compared to 

adult murine bone marrow. PCR based genotyping distinguished WT from TAFAZZIN-KO embryos 

(Figure S1A) and distinguished male from female embryos (Figure S1B).  

Analysis of the TAFAZZIN-deficient E14 and E14.5 embryos suggested a lower percentage of 

granulocyte monocyte progenitors (GMPs) as compared to their WT littermates (Figure 1C), though 

statistical power is limited by the limited number of embryos per litter and the lack of multiple 

replicates at each time point. This difference was abrogated at the E15, E15.5 and E16 time points 

where the distribution of myeloid progenitors was strikingly similar between KO and WT embryos 

(Figure 1B). Overall, these experiments suggest that the lack of TAFAZZIN activity may result in 

slightly delayed, but ultimately normal myeloid progenitor development.  

 

TAFAZZIN deficiency does not impact adult hematopoiesis 

The majority of TAFAZZIN-KO animals die in the perinatal stage making an analysis of the adult bone 

marrow compartment challenging. To investigate the developmental potential of TAFAZZIN-deficient 

hematopoietic stem cells (HSCs) and myeloid progenitors we employed a strategy of fetal liver stem 

cell transplantation 26,27.  

This experiment was performed twice, and the results presented in Figures 2 and S2. In the first 

experiment, E15 embryos (2 WT male and 4 TAFAZZIN-KO male) were genotyped, pooled and 

transplanted into wild-type recipients (Figure 2A). Here the fetal liver hematopoietic cells are marked 

with CD45.2 while the lethally irradiated, wild-type, recipients are the congenic CD45.1STEM strain 28. 

CD45.1STEM helper bone marrow was also provided given the limited number of fetal liver cells.  

The contribution of the donor WT and TAFAZZIN-KO cells remained stable over 12-weeks post-

transplant as demonstrated by peripheral blood sampling (Figure 2B). The percentage of CD45.2 

white blood cells was on average 79% and 63% in the WT fetal liver into WT recipients and 

TAFAZZIN-KO fetal liver into WT recipients transplants respectively. The stability of the %CD45.2 

over time suggested that the TAFAZZIN-KO cells had similar reconstitution potential in the 

hematopoietic system. It is possible that we simply transplanted fewer hematopoietic stem cells, and 
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also possible that the TAFAZZIN-KO cells had slightly lower engraftment potential. The mice were 

considered to have stable reconstitution at 16-weeks, establishing a cohort of mice specifically lacking 

TAFAZZIN in their hematopoietic system.  

At approximately 16 weeks, analysis of the complete blood counts (CBC) of these transplanted mice 

consistently demonstrated leukopenia (Figure 2C) in the setting of normal peripheral red blood cell 

and platelet counts. Flow cytometric analysis of the peripheral blood cells, with a focus on cells 

derived from the transplanted fetal liver cells (CD45.2+) revealed fewer white blood cells across the 

spectrum of B, T and myeloid cells without the specific loss of any compartment (Figure 2D, gating 

strategy Figure S2D). Analysis of the bone marrow compartment was performed by flow cytometry 

(Figure 2E, gating strategy Figure S2E); no differences were detected within the bone marrow 

mature or progenitor populations when comparing mice transplanted with WT or TAFAZZIN-KO fetal 

liver cells.  

In the second experiment, E15.5 embryos (4 WT males and 1 TAFAZZIN-KO male) were genotyped, 

pooled and transplanted. Analysis of reconstitution (Figure S2A), complete blood counts 

(Figure S2B), and flow cytometric characterization of peripheral blood leukocytes (Figure S2C) was 

entirely consistent with our first experiment. The degree of fetal liver cell (CD45.2) reconstitution at 16-

weeks was slightly less in the TAFAZZIN-KO transplants (89%) as compared to the WT transplants 

(95%), again suggesting simple technical variability or a mild defect in engraftment. The bone marrow 

compartment of these mice was not assayed, as the mice were used for the in vivo phagocytosis 

experiments described below.  

Overall, these experiments point towards a mild and consistent leukopenia in the mice transplanted 

with the TAFAZZIN-KO fetal liver cells. This leukopenia manifests as a mild decrease across lineages, 

including peripheral B-cells, T-cells, myeloid cells, and neutrophils.  

 

The ER-Hoxb8 system of conditional immortalization establishes TAFAZZIN deficient GMPs 

The ER-Hoxb8 system was first described in 2006 and has been adopted by more than 125 

laboratories worldwide as a model for the study of myeloid progenitors and their mature progeny cells 

including neutrophils, monocytes, eosinophils, basophils and dendritic cells 29. The retrovirally-

delivered ER-Hoxb8 protein is constitutively expressed but active only in the presence of supra-

physiologic concentrations (0.5 µM) of beta-estradiol (E2). While active, ER-Hoxb8 arrests myeloid 

differentiation at the GMP stage of development, allowing for their continuous self-renewal and 

propagation ex vivo. Upon removal of E2, which inactivates the ER-Hoxb8 protein, the cells undergo 

synchronous and terminal differentiation to mature neutrophils over approximately 4-days.  
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Following transduction of wild-type and TAFAZZIN-KO fetal liver cells, we generated conditionally 

immortalized GMP populations and then single-cell clones in the presence of stem cell factor (SCF) 

and E2 (Figure 3A). The genotype of the clones was confirmed by PCR and immunoblotting 

confirmed the lack of TAFAZZIN protein expression (Figure 3B). The proliferation rate varied slightly 

from clone to clone, though overall the TAFAZZIN-KO GMPs proliferated more slowly than the WT 

GMPs. Both WT and TAFAZZIN-KO GMPs exhibited normal morphologic differentiation to mature 

neutrophils as evidence by Wright-Giemsa staining of Cytospin™ preparations 4-days out of E2 

(Figure 3C and Figure S3A). Both WT and TAFAZZIN-KO GMPs exhibited the expected acquisition 

of CD11b and GR1 cell-surface staining upon withdrawal of E2 and differentiation (Figure 3D). 

Multiple WT and TAFAZZIN-KO clones were analyzed for mitochondrial content using parallel 

methods of quantitative RT-PCR (Figure S3B) and MitoTracker™ staining (Figure S3C). The lack of 

TAFAZZIN did not lead to a significant change in the mitochondrial content of the GMP clones.  

On very rare occasions, TAFAZZIN-KO animals survive the perinatal period into adulthood. The 

unexpected availability of a TAFAZZIN-KO adult mouse and wild-type male littermate control 

permitted the isolation and morphologic analysis of Cytospin™ preparations by Wright-Giemsa 

staining of primary bone marrow neutrophils (Figure S3E). The appearance of the primary neutrophils 

was similar to the ER-Hoxb8 derived neutrophils, and in neither setting did the lack of TAFAZZIN 

change the morphologic appearance of the cells.   

 

The loss of TAFAZZIN results in ultrastructural changes within the mitochondria 

Transmission electron microscopy was performed on wild-type and TAFAZZIN-KO GMPs and mature 

neutrophils. Within the progenitors, mitochondrial size appeared equal but mitochondrial cristae were 

more distinct in the WT cells and spiral structures more prevalent in the TAFAZZIN-KO cells 

(Figure 3E and S4A). Intriguingly, the TAFAZZIN-KO mitochondria were often entirely encircled by 

rough endoplasmic reticulum (Figure 3E and S4C). These same findings persisted in the mature 

neutrophils (Figure 3E and S4B).  

 

The loss of TAFAZZIN in myeloid progenitors results in the expected increase in monolysocardiolpin 

The ER-Hoxb8 WT and TAFAZZIN-KO GMPs provided an unlimited source of homogenous 

progenitors for lipodomic analysis following methanol-chloroform extraction from four wild-type and 

four TAFAZZIN-KO clones. The total pool of cardiolipin was significantly reduced in the 

TAFAZZIN-KO cells with the expected shift towards the accumulation of monolysocardiolipin (MLCL) 

(Figure 4A). When looking at specific species of cardiolipins and enumerating the number of 
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unsaturations (e.g., double bonds) within the four cardiolipin lipid tails, there was a clear distinction 

with the expected complete lack of highly-unsaturated cardiolipins in the TAFAZZIN-KO cells 

(Figure 4B), consistent with published findings 30.  

 

The loss of TAFAZZIN does not affect neutrophil phagocytosis or cytokine production 

The terminally differentiated neutrophil has myriad effector functions for efficient pathogen clearance 

including phagocytosis, cytokine production, and the release of antimicrobial proteins. The ER-Hoxb8 

GMPs were differentiated ex vivo and experiments performed 4-days following removal of E2. Mature 

neutrophils were incubated with fluorescently labeled BioParticles Staphylococcus aureus (S. aureus) 

and Escherichia coli (E. coli) to assess phagocytic capacity. Imaging flow cytometry (ImageStream®) 

confirmed the process of phagocytosis by demonstrating that bacteria were truly internalized as 

compared to stuck to the extracellular membrane (Figure 4C). The capacity for phagocytosis of both 

S. aureus and E. coli in vitro was strikingly similar across multiple WT and TAFAZZIN-KO clones 

(Figure 4D).  

To examine phagocytosis in vivo we took advantage of wild-type mice that had received 

hematopoietic stem cell transplantations from both WT and TAFAZZIN-KO fetal livers, as described 

above (Figure 2A). At 20-weeks post-transplant, >85% of their hematopoietic cells were derived from 

the transplanted fetal liver cells (CD45.2) and could be distinguished from host (CD45.1) on the basis 

of CD45 staining. These mice received a single intraperitoneal injection of fluorescently labeled E. coli 

BioParticles to stimulate neutrophil recruitment and phagocytosis within the peritoneal cavity. At 

3-hours post-injection there was no difference in the degree of recruitment (data not shown) or in the 

degree of in vivo phagocytosis (Figure 4E) between WT and TAFAZZIN-KO neutrophils.  

In similar fashion to the in vitro phagocytosis assays described above, ER-Hoxb8 neutrophils were 

stimulated with lipopolysaccharide (LPS) as a strong TLR4 agonist mimicking infection with gram-

negative rod bacteria. Using ELISA-based assays, we quantified the production and release of tumor 

necrosis factor alpha (TNF-α), neutrophil elastase (ELA2), and neutrophil gelatinase associated 

lipocalcin (NGAL). Similar to our phagocytosis assays, there were no significant differences between 

WT and TAFAZZIN-KO clones in their ability to produce TNF-α, ELA2 or NGAL (Figure 4F). In 

addition, there were no significant differences in the ability of mature neutrophils to migrate across a 

semi-permeable transwell membrane in response to LPS stimulation (Figure S3D).  

Together, these results suggest that TAFAZZIN is dispensable for the terminal neutrophil effector 

functions of phagocytosis, cytokine production and antimicrobial granule release.  
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The loss of TAFAZZIN does not affect neutrophil production of reactive oxygen species (ROS) 

Neutrophils generate a variety of reactive oxygen species (ROS) for pathogen killing including 

superoxide (O2
-) and hydrogen peroxide (H2O2). Figure 5A outlines some of the commonly 

understood ROS pathways as well as the reagents used to measure and to distinguish the different 

species. Using the ER-Hoxb8 mature neutrophils, we compared oxygen consumption, superoxide 

generation and hydrogen peroxide generation between the WT and TAFAZZIN-KO cells.  

Neutrophils were stimulated by phorbol myristate acetate (PMA), an activator of protein kinase C, and 

oxygen consumption monitored over time using the the Seahorse XF platform; there was no 

significant difference when comparing WT and TAFAZZIN-KO cells (Figure 5B).  

Neutrophils were stimulated with PMA as well as the chemotactic peptide formyl-methionyl-leucyl-

phenylalanine (fMLP), or the multivalent peptide poly-arginine-glycine-aspartate (poly-RGD). 

Extracellular superoxide anion production was measured over time using a technique of cytochrome 

C reduction and the area under the curve (AUC) was calculated as a measure of total superoxide 

production (Figure 5C). There were no differences in superoxide production of neutrophils when 

comparing WT and TAFAZZIN-KO clones.  

The cell-permeant dye H2DCFDA (fluorescein 2', 7'-dichlorodihydrofluorescein diacetate) can be 

converted intracellularly to the fluorescent molecule DCF (2’, 7’-dichlorofluorescein) in the presence of 

intracellular H2O2. Thus, the accumulation of DCF, and of green fluorescence can be monitored by 

flow cytometry as a surrogate of intracellular H2O2. WT and TAFAZZIN-KO neutrophils responded 

similarly to the three stimuli of PMA, fMLP and RGD in terms of H2O2 production and DCF 

fluorescence (Figure 5D).   

Wild-type and TAFAZZIN-KO GMPs and mature neutrophils were assayed under homeostatic 

conditions to measure the amount of mitochondrial superoxide using the dye indicator MitoSOX. 

There was no significant difference between the two genotypes in terms of the amount of measurable 

mitochondrial superoxide (Figure 5E).  

Together, these results suggest that TAFAZZIN is dispensable for the generation of ROS in response 

to multiple stimuli within the context of the mature neutrophil. 

 

The loss of TAFAZZIN does not affect mitochondrial complex assembly  

Given the role of mature cardiolipin in the organization of the inner mitochondrial membrane and the 

close relationship with complexes and supercomplexes of the electron transport chain 31–34, we 

examined the effect of TAFAZZIN deficiency on complex assembly in our model GMP cell lines. 

Following the isolation of purified mitochondrial, a system of BN-PAGE (Blue native polyacrylamide 
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gel electrophoresis) was used to separate the high molecular weight complexes under non-denaturing 

conditions 35–37. These were stained with Coomassie Brilliant Blue G-250 (Figure 6A) and 

quantification done on the LI-COR scanner as Coomassie can be readily imaged in the 700 nm 

channel (Figure 6B). A comparison of three WT and three TAFAZZIN-KO clones did not reveal 

significant differences in mitochondrial complex assembly in our model GMPs. Higher molecular 

weight supercomplexes were not readily visible in the mitochondrial isolated from our neutrophil 

progenitors. Overall, these results are fairly consistent with previous results in wild-type and Barth 

syndrome human lymphoblasts, where the RNAi knockdown of TAFAZZIN in the wild-type 

lymphoblasts did not lead to changes in the mitochondrial complexes 37.  

 

Gene expression analysis suggests increased endoplasmic reticulum (ER) stress 

Given the functional similarity of neutrophils in our assays, we turned to a transcriptomic comparison 

(RNA-sequencing) of ER-Hoxb8 GMPs. The lack of TAFAZZIN did not lead to widespread 

transcriptomic changes (Figure 6C). Furthermore, there were no obvious and significant changes at 

the pathway level that resulted from the loss of TAFAZZIN (e.g., Gene ontology, DAVID, GSEA, data 

not shown). In manually curating the gene expression data, we noted that TAFAZZIN was the gene 

most differentially expressed (as would be expected) and that housekeeping genes such as beta-actin 

(ACTB) were unaffected by the loss of TAFAZZIN expression (Figure 6D).  

One of the most differentially expressed genes was the transcription factor DDIT3 (DNA Damage 

Inducible Transcript 3), also known as CHOP (C/EBP homologous protein) (Figure 6E). Given the 

role of CHOP as a terminal effector of endoplasmic reticulum (ER) stress 38, we examined the 

expression of other canonical ER stress pathway genes and found significant changes in the 

expression of ATF4 and ERN1 as well as apoptosis pathway genes BCL2 (Figure 6E). Notably, many 

of the other genes in the ER stress and apoptotic pathways did not show significant differences at the 

transcriptomic level.  

Gene expression data is publicly available in GEO (GSE151006) and the complete list of CPM, logFC, 

and FDR can be found in Table 1.  

 

TAFAZZIN deficient myeloid progenitors are more sensitive to apoptosis and ER stress in vitro 

Given the gene expression differences, we wished to assay the sensitivity of the WT and 

TAFAZZIN-KO ER-Hoxb8 GMPs to triggers of apoptosis. Cells were exposed to an inhibitor of BCL2 

(ABT199), an inhibitor of MCL1 (AMG176), and a trigger of ER stress (thapsigargin). Thapsigargin is 

an inhibitor of the sarcoplasmic endoplasmic reticulum Ca2+ ATPase (SERCA) which leads to ER 
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stress and activation of the unfolded protein response and ultimately cell death. Viability was assayed 

at 24-hours. The TAFAZZIN-KO cells showed increased sensitivity to apoptosis following inhibition of 

BCL2, but not MCL1, and were slightly more sensitive to thapsigargin (Figure 7A). Given the subtle 

nature of the differences, these assays were repeated on multiple clones and on five to six different 

experimental days to account for any technical differences; the data in Figure 7A is displayed without 

error bars for the sake of clarity (the same data with standard deviation error bars is presented in 

Figure S5A).  

To validate the findings of our ER-Hoxb8 GMPs, primary fetal liver hematopoietic cells from the litters 

of three timed pregnancies were also exposed to ABT199 and viability assayed at 24-hours. 

Consistent with the data in the ER-Hoxb8 cell lines, the primary fetal liver TAFAZZIN-KO cells also 

demonstrated a significantly increased sensitivity to apoptosis (Figure S5B).  

 

TAFAZZIN deficient neutrophils are more sensitive to ER stress in vivo 

Recognizing the limitations of in vitro assays, we wished to assess the sensitivity of mature 

neutrophils to ER stress in vivo. We took advantage of our system of fetal liver transplantation 

(Figure 2A) to reconstitute adult mice with a TAFAZZIN-deficient hematopoietic compartment. This 

experiment was performed twice. In the first iteration, mice were exposed to a single dose of 

thapsigargin delivered by intraperitoneal injection, and the protein expression of CHOP in peripheral 

blood neutrophils was assayed by intracellular antibody staining three hours after injection 

(Figure 7B, gating strategy shown in Figure S5C). The increase in CHOP expression was more 

pronounced in TAFAZZIN-deficient neutrophils, suggesting an increased propensity towards 

apoptosis following a trigger of ER stress. 

In the second experiment, the protein expression of an expanded number of ER stress markers was 

evaluated (Figure 7C). Consistent with the first experiment, the TAFAZZIN-deficient neutrophils again 

appeared to have an increased propensity to undergo apoptosis following treatment with thapsigargin, 

as evidenced by the increased expression of CHOP in addition to ATF4, ATF6 and BiP. In this second 

experiment, the lack of difference within the lymphoid population of peripheral blood cells was highly 

suggestive that this propensity towards apoptosis was limited to cells of the myeloid compartment.  

Together, these data suggest that the loss of TAFAZZIN expression results in increased sensitivity to 

ER stress-induced apoptosis both in myeloid progenitors when assayed in vitro and in mature 

circulating neutrophils in vivo. 
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Discussion 

In this study we took advantage of a TAFAZZIN-KO mouse and combined in vivo studies with in vitro 

studies using the ER-Hoxb8 system of conditional immortalization to assess the effect of TAFAZZIN-

deficiency on myeloid progenitors and mature neutrophils. The strengths of our study include the 

analysis of embryonic hematopoietic development in parallel with the analysis of adult hematopoiesis 

using a transplantation model. Furthermore, we were successful in the generation of ER-Hoxb8 GMPs 

from both wild-type and TAFAZZIN-KO fetal liver cells, providing an inexhaustible source of 

progenitors and mature neutrophils for mechanistic studies, and a useful and practical reagent for the 

field. Where possible, data generated in the context of the ER-Hoxb8 model system was validated 

using primary cells, though the paucity of cells (in most cases available from the embryonic fetal liver) 

made this challenging and spoke to the practical advantage of the ER-Hoxb8 lines.  

The neutropenia of Barth syndrome can be pleiotropic with almost 90% of patients affected to some 

degree though individual patients can have periods of neutropenia alternating with normal neutrophil 

counts 6,39. The molecular basis of the neutropenia has been elusive and difficult to replicate in model 

systems 16. The original description of Barth syndrome reported histologic and electron microscopic 

analyses of patient bone marrow and concluded that “a maturation arrest was observed at the 

myelocyte stage… myeloblasts, promyelocytes and myelocytes had abnormal mitochondria” 1. 

Functional studies of patient neutrophils, including phagocytosis, oxygen consumption and 

chemotaxis were normal 1. Later, neutrophils isolated from patients demonstrated increased 

Annexin-V binding in vitro in the absence of other markers of apoptosis 15. In these patients, colony 

formation (CFU-GM) from peripheral blood mononuclear cells (PBMCs) in methylcellulose media 

demonstrated the same number of colonies as controls, arguing against a developmental defect 15.  

Another group used shRNA-mediated knockdown of TAFAZZIN in human acute myeloid leukemia 

cells lines (e.g., HL60 and U937) and similarly demonstrated increased Annexin-V binding. This was 

accompanied by changes in mitochondrial membrane potential as well as leaking of mitochondrial 

cytochrome c, activation of caspase-3 and increased apoptosis 17. These changes seemed specific to 

the myeloid leukemia cell lines as TAFAZZIN knockdown in lymphoid cell lines had minimal to no 

effect 17.  

The first murine model of Barth syndrome was based on a doxycycline-inducible transgenic short 

hairpin RNA for the knockdown of TAFAZZIN 40,41. Though the data was not shown, the authors 

reported neutropenia in 50% of TAFAZZIN-KO animals (2 months old) as well as 20% of WT control 

animals. However, they attributed this to the confounding variable of doxycycline (administered to the 

mice via drinking water or chow), which can decrease circulating neutrophil numbers in mice 42.  
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In this historical context, our results are quite consistent with what has been published. We were 

expecting a more dramatic functional phenotype under the hypothesis that our system was one of 

complete lack of TAFAZZIN activity (due to the murine genetic knockout) rather than a knock-down 

(shRNA) or potential low level residual TAFAZZIN activity (e.g., hypomorphic mutation) that can be 

seen in patient samples. The lack of deficit does not appear to be due to a compensatory mechanism, 

in the sense that there are striking differences in the cardiolipin content and makeup of wild-type and 

TAFAZZIN-KO myeloid progenitors.  

In our transplantation model, where TAFAZZIN-KO bone marrow was transplanted into WT recipient 

mice, might the lack of in vivo hematopoietic phenotype be due to the compensatory presence of 

intact TAFAZZIN within the stromal and endothelial cells of the bone marrow? This question is made 

more relevant by the observation that mitochondria can be transferred between hematopoietic and 

bone marrow stromal cells, particularly in the context of leukemia or other inflammatory settings 43–45. 

Cell-to-cell mitochondrial transfer has not been well-characterized in populations of normal GMPs or 

mature neutrophils, so we suspect that this is less likely to be a confounding variable in our system.  

The lack of a functional deficit may be due to the observation that mature neutrophils have relatively 

few mitochondria (on a per cell basis) and even those mitochondria are quite small 46 (in comparison 

to the very high number of large mitochondria seen in the cardiac myocytes). Still, we were surprised 

that there did not appear to be a difference in the production of ROS, which is felt to be dependent on 

the efficient function of the mitochondrial electron transport chain complexes. Our mitochondrial 

supercomplex data, based on Blue Native PAGE, did not show any obvious changes in supercomplex 

assembly in the absence of TAFAZZIN. Our transmission electron micrographs of TAFAZZIN deficient 

neutrophils demonstrated the known ultrastructural differences as well as a previously undescribed 

tendency of the rough endoplasmic reticulum to completely encircle the TAFAZZIN-deficient 

mitochondria.  

Neutrophil mitochondria have been reported to play a limited role in supporting ATP production, but a 

more important role in apoptosis and cell death 47. These findings led us to investigate the sensitivity 

to apoptosis in cells lacking TAFAZZIN. We demonstrated that the lack of TAFAZZIN leads to an 

increased sensitivity to BCL2 inhibition and to ER stress triggered by the chemical thapsigargin. The 

variable presentation of neutropenia in patients with Barth syndrome is likely due to the pleiotropic 

effects of other modifying genes, possibly due to the variability of residual TAFAZZIN enzyme activity, 

and certainly influenced by the nuanced differences in how patients respond to periods of stress. It is 

not clear how environmental, nutritional, or infectious stresses, may be affecting the pool of circulating 

neutrophils in certain patients with Barth Syndrome and may be contributing to susceptibility to 

apoptosis and therefore to neutropenia. 
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The link between TAFAZZIN deficiency and increased sensitivity to the ER stress induced apoptosis 

is unknown. The communication between ER and mitochondria and its role in regulating critical 

biological functions and apoptosis has been described 47,48 and our electron micrographs clearly 

demonstrate physical contact between these organelles. The ER–mitochondrial contacts allow for the 

transport of metabolites, such as lipids, between the ER and mitochondria. In fact, cardiolipin is 

synthesized from phosphatidyl acid (PA) that is transported from the ER to the mitochondrial inner 

membrane 49. It is possible that the depletion of CL or the accumulation of monolysoCL that results 

from TAFAZZIN deficiency may disrupt the normal lipid crosstalk between the ER and mitochondria, 

leading to an accumulation of undesired lipid species in the ER. Dysregulation of lipid metabolism is 

known to activate the ER stress and apoptotic signaling pathways 50, pointing towards a potential 

mechanism to explain why TAFAZZIN deficiency results in an increased sensitivity to apoptosis.  

Patients with Barth syndrome and neutropenia are typically treated with granulocyte colony 

stimulating factor (G-CSF) to boost their circulating neutrophil count, with most patients responding to 

G-CSF therapy 39. G-CSF is known to inhibit neutrophil apoptosis in vitro and in vivo 51,52. Overall, the 

clinical response to G-CSF in patients with Barth syndrome, possibly counteracting a predisposition 

towards apoptosis, is thus consistent with our model data.  

We hope that these studies, and the generation of ER-Hoxb8 myeloid progenitors, will set the 

foundation for further mechanistic studies and help point towards therapeutic strategies to address 

Barth syndrome neutropenia. While this is a very rare disease, these model systems will also be 

useful in addressing fundamental questions of how loss of TAFAZZIN and changes in mitochondrial-

specific cardiolipin composition impact myeloid development, function, and survival, possibly linked to 

other sub-cellular systems including protein trafficking through the endoplasmic reticulum.  

  

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2021005720/1857326/bloodadvances.2021005720.pdf by guest on 11 January 2022



A new model of Barth syndrome neutropenia Sohn et al. 

Page 16 of 26 

Acknowledgements 

We are grateful to Douglas Strathdee for the generation and sharing of the TAFAZZIN knock-out 

mouse strain. We thank Maris Handley and the staff of the Harvard Stem Cell Institute-Center for 

Regenerative Medicine Flow Cytometry Core for assistance with flow cytometry and cell sorting, Fred 

Preffer and Scott Mordecai for aiding with the imaging flow cytometry, and Sunia Trauger and Charles 

Vidoudez at the Harvard Center for Mass Spectrometry for the lipid and cardiolipin measurements. 

Thank you to Grant Hatch who provided a detailed protocol for the BN-PAGE. A special thank you to 

Brittany Hallgren, Elizabeth Zanetakos and Aathmika Krishnan for their experimental assistance. This 

study was supported by research funding from the Barth Syndrome Foundation (DBS), American 

Society of Hematology Scholar Award (DBS), NIH (R01 HL128694) (WTP) and Alex’s Lemonade 

Stand Foundation (NvG).  

 

Data Sharing Statement 

Further information and requests for reagents may be directed to the corresponding author D.B.S. 

(dbsykes@mgh.harvard.edu). 

 

Author Contributions 

The authors confirm contribution to the paper as follows: study conception and design: DBS, JS; data 

collection: DBS, JS, JM, TB, JE, NA, SW, SFT, DRK; analysis and interpretation of results: DBS, JS, 

JM, TB, JE, NVG, MC, RS, SFT, DRK, SW, WP; writing original draft: DBS, JS, TB; manuscript review 

and editing DBS, JS, TB, NVG, JM, NA, WP. All authors reviewed the results and approved the final 

version of the manuscript. 

 

Conflict of Interest Disclosures 

JS is currently employed by Biogen and declares no competing interests with this work performed at 

the Massachusetts General Hospital. DBS is a co-founder and holds equity in Clear Creek Bio, is a 

consultant and holds equity in SAFI Biosolutions, and is a consultant for Keros Therapeutics. WTP 

and SW hold intellectual property in TAFAZZIN gene therapy. WTP is on the Barth Syndrome 

Foundation Scientific and Medical Advisory Board. Other authors have no relevant disclosures.  

 

 

  

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2021005720/1857326/bloodadvances.2021005720.pdf by guest on 11 January 2022

mailto:dbsykes@mgh.harvard.edu


A new model of Barth syndrome neutropenia Sohn et al. 

Page 17 of 26 

References 

 

1. Barth PG, Scholte HR, Berden JA, et al. An X-linked mitochondrial disease affecting cardiac 

muscle, skeletal muscle and neutrophil leucocytes. J Neurol Sci. 1983;62(1–3):327–355. 

2. Aprikyan AA, Khuchua Z. Advances in the understanding of Barth syndrome. Brit J Haematol. 

2013;161(3):330–338. 

3. Bione S, D’Adamo P, Maestrini E, et al. A novel X-linked gene, G4.5. is responsible for Barth 

syndrome. Nat Genet. 1996;12(4):385–389. 

4. Houtkooper RH, Turkenburg M, Poll-The BT, et al. The enigmatic role of TAFAZZIN in cardiolipin 

metabolism. Biochimica Et Biophysica Acta Bba - Biomembr. 2009;1788(10):2003–2014. 

5. Barth PG, Valianpour F, Bowen VM, et al. X‐linked cardioskeletal myopathy and neutropenia (Barth 

syndrome): An update. Am J Med Genet A. 2004;126A(4):349–354. 

6. Clarke SL, Bowron A, Gonzalez IL, et al. Barth syndrome. Orphanet J Rare Dis. 2013;8(1):23. 

7. Paradies G, Paradies V, Benedictis VD, Ruggiero FM, Petrosillo G. Functional role of cardiolipin in 

mitochondrial bioenergetics. Biochimica Et Biophysica Acta Bba - Bioenergetics. 2014;1837(4):408–

417. 

8. McKenzie M, Lazarou M, Thorburn DR, Ryan MT. Mitochondrial Respiratory Chain 

Supercomplexes Are Destabilized in Barth Syndrome Patients. J Mol Biol. 2006;361(3):462–469. 

9. Lu Y-W, Claypool SM. Disorders of phospholipid metabolism: an emerging class of mitochondrial 

disease due to defects in nuclear genes. Frontiers in genetics. 2015;6(e102738):3. 

10. Maguire JJ, Tyurina YY, Mohammadyani D, et al. Known unknowns of cardiolipin signaling: The 

best is yet to come. Biochimica et biophysica acta. Molecular and cell biology of lipids. 

2017;1862(1):8–24. 

11. Barth PG, Wanders RJA, Vreken P. X-linked cardioskeletal myopathy and neutropenia (Barth 

syndrome)—MIM 302060. J Pediatrics. 1999;135(3):273–276. 

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2021005720/1857326/bloodadvances.2021005720.pdf by guest on 11 January 2022



A new model of Barth syndrome neutropenia Sohn et al. 

Page 18 of 26 

12. Kelley RI, Cheatham JP, Clark BJ, et al. X-linked dilated cardiomyopathy with neutropenia, growth 

retardation, and 3-methylglutaconic aciduria. J Pediatrics. 1991;119(5):738–747. 

13. Kumar S, Dikshit M. Metabolic Insight of Neutrophils in Health and Disease. Frontiers in 

immunology. 2019;10:519–17. 

14. Gonzalvez F, D’Aurelio M, Boutant M, et al. Barth syndrome: Cellular compensation of 

mitochondrial dysfunction and apoptosis inhibition due to changes in cardiolipin remodeling linked to 

TAFAZZIN (TAZ) gene mutation. Biochimica Et Biophysica Acta Bba - Mol Basis Dis. 

2013;1832(8):1194–1206. 

15. Kuijpers TW, Maianski NA, Tool ATJ, et al. Neutrophils in Barth syndrome (BTHS) avidly bind 

annexin-V in the absence of apoptosis. Blood. 2004;103(10):3915–3923. 

16. Finsterer J, Frank M. Haematological features in Barth syndrome. Curr Opin Hematol. 

2013;20(1):36–40. 

17. Makaryan V, Kulik W, Vaz FM, et al. The cellular and molecular mechanisms for neutropenia in 

Barth syndrome: The cellular and molecular mechanisms for neutropenia. Eur J Haematol. 

2011;88(3):195–209. 

18. Saric A, Andreau K, Armand A-S, Møller IM, Petit PX. Barth Syndrome: From Mitochondrial 

Dysfunctions Associated with Aberrant Production of Reactive Oxygen Species to Pluripotent Stem 

Cell Studies. Frontiers Genetics. 2016;6:359. 

19. Xu Y, Condell M, Plesken H, et al. A Drosophila model of Barth syndrome. Proc National Acad 

Sci. 2006;103(31):11584–11588. 

20. Khuchua Z, Yue Z, Batts L, Strauss AW. A Zebrafish Model of Human Barth Syndrome Reveals 

the Essential Role of TAFAZZIN in Cardiac Development and Function. Circ Res. 2006;99(2):201–

208. 

21. Acehan D, Vaz F, Houtkooper RH, et al. Cardiac and Skeletal Muscle Defects in a Mouse Model 

of Human Barth Syndrome. J Biol Chem. 2011;286(2):899–908. 

22. Kim J, Lee K, Fujioka H, Tandler B, Hoppel CL. Cardiac mitochondrial structure and function in 

TAFAZZIN-knockdown mice. Mitochondrion. 2018;43:53–62. 

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2021005720/1857326/bloodadvances.2021005720.pdf by guest on 11 January 2022



A new model of Barth syndrome neutropenia Sohn et al. 

Page 19 of 26 

23. Huang Y, Powers C, Moore V, et al. The PPAR pan-agonist bezafibrate ameliorates 

cardiomyopathy in a mouse model of Barth syndrome. Orphanet J Rare Dis. 2017;12(1):49. 

24. Wang S, Li Y, Xu Y, et al. AAV Gene Therapy Prevents and Reverses Heart Failure in A Murine 

Knockout Model of Barth Syndrome. Circ Res. 2020; 

25. Challen GA, Boles N, Lin K-YK, Goodell MA. Mouse hematopoietic stem cell identification and 

analysis. Cytometry Part A. 2009;75A(1):14–24. 

26. Rebel V, Miller C, Eaves C, Lansdorp P. The repopulation potential of fetal liver hematopoietic 

stem cells in mice exceeds that of their liver adult bone marrow counterparts. Blood. 

1996;87(8):3500–3507. 

27. Gudmundsson KO, Stull SW, Keller JR. Somatic Stem Cells, Methods and Protocols. Methods in 

molecular biology (Clifton, NJ). 2012;879:123–133. 

28. Mercier FE, Sykes DB, Scadden DT. Single Targeted Exon Mutation Creates a True Congenic 

Mouse for Competitive Hematopoietic Stem Cell Transplantation: The C57BL/6-CD45.1(STEM) 

Mouse. Stem cell reports. 2016;6(6):985–992. 

29. Wang GG, Calvo KR, Pasillas MP, et al. Quantitative production of macrophages or neutrophils ex 

vivo using conditional Hoxb8. Nat Methods. 2006;3(4):287–293. 

30. Cadalbert LC, Ghaffar FN, Stevenson D, et al. Mouse TAFAZZIN Is Required for Male Germ Cell 

Meiosis and Spermatogenesis. Plos One. 2015;10(6):e0131066. 

31. Pfeiffer K, Gohil V, Stuart RA, et al. Cardiolipin Stabilizes Respiratory Chain Supercomplexes. J 

Biol Chem. 2003;278(52):52873–52880. 

32. Dudek J, Cheng I-F, Balleininger M, et al. Cardiolipin deficiency affects respiratory chain function 

and organization in an induced pluripotent stem cell model of Barth syndrome. Stem Cell Res. 

2013;11(2):806–19. 

33. Mejia E, Cole L, Hatch G. Cardiolipin Metabolism and the Role it Plays in Heart Failure and 

Mitochondrial Supercomplex Formation. Cardiovasc Hematological Disord Targets. 2014;14(2):98–

106. 

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2021005720/1857326/bloodadvances.2021005720.pdf by guest on 11 January 2022



A new model of Barth syndrome neutropenia Sohn et al. 

Page 20 of 26 

34. Zhang M, Mileykovskaya E, Dowhan W. Gluing the respiratory chain together. Cardiolipin is 

required for supercomplex formation in the inner mitochondrial membrane. J Biological Chem. 

2002;277(46):43553–6. 

35. Timón-Gómez A, Pérez-Pérez R, Nyvltova E, et al. Protocol for the Analysis of Yeast and Human 

Mitochondrial Respiratory Chain Complexes and Supercomplexes by Blue Native Electrophoresis. 

Star Protoc. 2020;1(2):100089. 

36. Wittig I, Braun H-P, Schägger H. Blue native PAGE. Nat Protoc. 2006;1(1):418–428. 

37. Mejia EM, Zegallai H, Bouchard ED, et al. Expression of human monolysocardiolipin 

acyltransferase-1 improves mitochondrial function in Barth syndrome lymphoblasts. J Biol Chem. 

2018;293(20):7564–7577. 

38. Oyadomari S, Mori M. Roles of CHOP/GADD153 in endoplasmic reticulum stress. Cell Death 

Differ. 2004;11(4):381–389. 

39. Steward CG, Groves SJ, Taylor CT, et al. Neutropenia in Barth syndrome. Curr Opin Hematol. 

2019;26(1):6–15. 

40. Soustek MS, Falk DJ, Mah CS, et al. Characterization of a Transgenic Short Hairpin RNA-Induced 

Murine Model of TAFAZZIN Deficiency. Hum Gene Ther. 2011;22(7):865–871. 

41. Ren M, Miller PC, Schlame M, Phoon CKL. A critical appraisal of the TAFAZZIN knockdown 

mouse model of Barth syndrome: what have we learned about pathogenesis and potential 

treatments? Am J Physiol-heart C. 2019;317(6):H1183–H1193. 

42. Abdul-Hussien H, Hanemaaijer R, Verheijen JH, et al. Doxycycline therapy for abdominal 

aneurysm: Improved proteolytic balance through reduced neutrophil content. J Vasc Surg. 

2009;49(3):741–749. 

43. Islam MN, Das SR, Emin MT, et al. Mitochondrial transfer from bone-marrow–derived stromal 

cells to pulmonary alveoli protects against acute lung injury. Nat Med. 2012;18(5):759–765. 

44. Jackson MV, Morrison TJ, Doherty DF, et al. Mitochondrial Transfer via Tunneling Nanotubes is 

an Important Mechanism by Which Mesenchymal Stem Cells Enhance Macrophage Phagocytosis in 

the In Vitro and In Vivo Models of ARDS. Stem Cells Dayt Ohio. 2016;34(8):2210–23. 

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2021005720/1857326/bloodadvances.2021005720.pdf by guest on 11 January 2022



A new model of Barth syndrome neutropenia Sohn et al. 

Page 21 of 26 

45. Griessinger E, Moschoi R, Biondani G, Peyron J-F. Mitochondrial Transfer in the Leukemia 

Microenvironment. Trends Cancer. 2017;3(12):828–839. 

46. Maianski NA, Geissler J, Srinivasula SM, et al. Functional characterization of mitochondria in 

neutrophils: a role restricted to apoptosis. Cell Death Differ. 2004;11(2):143–153. 

47. Rainbolt TK, Saunders JM, Wiseman RL. Stress-responsive regulation of mitochondria through 

the ER unfolded protein response. Trends Endocrinol Metabolism. 2014;25(10):528–537. 

48. Marchi S, Patergnani S, Pinton P. The endoplasmic reticulum–mitochondria connection: One 

touch, multiple functions. Biochimica Et Biophysica Acta Bba - Bioenergetics. 2014;1837(4):461–469. 

49. Kameoka S, Adachi Y, Okamoto K, Iijima M, Sesaki H. Phosphatidic Acid and Cardiolipin 

Coordinate Mitochondrial Dynamics. Trends Cell Biol. 2018;28(1):67–76. 

50. Basseri S, Austin RC. Endoplasmic Reticulum Stress and Lipid Metabolism: Mechanisms and 

Therapeutic Potential. Biochem Res Int. 2012;2012:841362. 

51. MOLLOY EJ, O’NEILL AJ, GRANTHAM JJ, et al. Granulocyte Colony-Stimulating Factor and 

Granulocyte-Macrophage Colony-Stimulating Factor Have Differential Effects on Neonatal and Adult 

Neutrophil Survival and Function. Pediatr Res. 2005;57(6):806–812. 

52. Raam BJ van, Drewniak A, Groenewold V, Berg TK van den, Kuijpers TW. Granulocyte colony-

stimulating factor delays neutrophil apoptosis by inhibition of calpains upstream of caspase-3. Blood. 

2008;112(5):2046–2054. 

  

  

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2021005720/1857326/bloodadvances.2021005720.pdf by guest on 11 January 2022



A new model of Barth syndrome neutropenia Sohn et al. 

Page 22 of 26 

Figure Legends 

Figure 1. TAFAZZIN is dispensable for fetal liver myelopoiesis. (A) Flow cytometry gating strategy for 

fetal liver myeloid progenitor populations. Common myeloid progenitors (CMP), megakaryocyte-

erythrocyte progenitors (MEP), and granulocyte-macrophage progenitors (GMP) were identified based 

on CKIT, SCA1, CD16/32 and CD34 staining. (B) Myeloid progenitors were enumerated in the WT or 

TAFAZZIN-KO fetal livers harvested at embryonic days 14, 14.5, 15, 15.5, and 16. The numbers of 

fetal livers included in the analysis is indicated. (C) A focus on the frequency of GMPs, combined from 

the other panels, within the fetal livers of WT or TAFAZZIN-KO embryos shows as significant 

difference only at E14. Error bars indicate the mean ± SD. T-tests were performed. *P< .05. Other 

results are not statistically significant.  

 

Figure 2. TAFAZZIN deficiency leads to a mild peripheral leukopenia in adult mice. (A) Schematic 

outlining the approach of transplanting fetal liver cells from WT or TAFAZZIN-KO donors (CD45.2) 

into wild-type recipient mice (CD45.1). CD45.1 and CD45.2 staining of leukocytes in the peripheral 

blood quantifies the degree and contribution of engraftment. (B) The frequency of CD45.2 donor cells, 

both WT and TAFAZZIN-KO, in the peripheral blood remains stable following transplantation. 

(C) Complete blood counts of the peripheral blood demonstrate a mild leukopenia in mice 

transplanted with TAFAZZIN-KO fetal liver cells. (D) Flow cytometry was used to enumerate specific 

populations within the peripheral blood, with a focus on the transplanted CD45.2 cells. The lack of 

TAFAZZIN results in significantly fewer B-cells, T-cells, myeloid cells, and neutrophils. (E) Flow 

cytometric analysis of mature and progenitor populations within the bone marrow did not reveal any 

differences between mice reconstituted with WT or TAFAZZIN-KO fetal liver cells. Error bars indicate 

the mean ± SD. T-tests were performed. **P < .01; ***P < .001; ****P < .0001. NS=not statistically 

significant. 

 

Figure 3. Conditionally immortalized GMPs generated from WT and TAFAZZIN-KO fetal liver 

hematopoietic progenitors. (A) Schematic outlining the generation of conditionally immortalized WT 

and TAFAZZIN-KO GMPs via the retroviral expression of the ER-Hoxb8 fusion protein, resulting in 

unlimited ex vivo expansion of progenitors in the presence of estrogen. (B) Immunoblotting confirms 

the absence of TAFAZZIN expression in the TAFAZZIN-KO GMPs using two different antibodies;  β-

actin and COX-IV are included as housekeeping controls. (C) Wright-Giemsa staining of WT and 

TAFAZZIN-KO mature neutrophils. (D) Cell surface staining of CD11b (Mac1) and GR1 (Ly6G/C) was 

assayed by flow cytometry in the GMPs (Day 0) and as the cells differentiated out of estrogen to 

mature neutrophils (Day 3 and 5). There was no apparent difference between WT and TAFAZZIN-KO 
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clones. (E) Transmission electron microscopy of WT and TAFAZZIN-KO GMPs demonstrated more 

distinct mitochondrial cristae in the WT cells (black arrows, upper), with spiral cristae structures more 

prevalent in the KO (white arrow, lower). In many cases, the mitochondria within the TAFAZZIN-KO 

cells was encircled by RER (black arrows, lower). Scale bar: 500 nm. 

 

Figure 4. TAFAZZIN deficiency results in cardiolipin changes but does not affect neutrophil function. 

(A) Quantification of cardiolipin and monolysocardiolipin content in WT and TAFAZZIN-KO GMPs. 

Total CL and MLCL values are normalized to the average of WT cells. (B) The degree of unsaturation 

within the cardiolipin acyl chains was compared between WT and TAFAZZIN-KO cells. The average 

of the 4 clones is displayed, demonstrating the expected decrease in # of unsaturations in the 

TAFAZZIN-KO cells. (C) Imaging flow cytometry was used to confirm phagocytosis of FITC-labeled 

BioParticles within the WT or TAFAZZIN-KO mature neutrophils. The intracellular S. aureus or E. coli 

BioParticles (green) can be quantified separated from the extracellular particles simply adherent to the 

cell’s surface. CD11b (blue) was used to highlight the membrane and DAPI (red) the nuclei of the 

neutrophils. (D) The degree of in vitro phagocytosis was quantified by flow cytometry across multiple 

WT and TAFAZZIN-KO clones. This assay was performed on three independent occasions. (E) In 

vivo analysis of phagocytosis was performed in a limited number of adult mice (CD45.1) that had 

been transplanted with WT or TAFAZZIN-KO fetal liver hematopoietic cells (CD45.2) as described in 

Figure 2A. Mice received an intraperitoneal injection of BioParticles and peritoneal fluid was collected 

at 3-hours for flow cytometric analysis. This experiment was performed twice and data from both 

experiments combined. (F) The amount of TNF-alpha, neutrophil gelatinase (NGAL) and neutrophil 

elastase (ELA2) secreted from LPS-stimulated (4-hours, 10 ng/ml) mature neutrophils was quantified 

by ELISA. This experiment was performed twice. Error bars indicate the mean ± SD. T-tests were 

performed. ***P < .001. NS=not statistically significant. 

 

Figure 5. The loss of TAFAZZIN does not affect the production of neutrophil reactive oxygen species. 

(A) Schematic outlining commonly understood ROS pathways as well as reagents used to quantify 

and distinguish the different species within neutrophils. Microbial pathogens can be recognized and 

engulfed by neutrophils. In the process of phagocytosis, neutrophils activate membrane-associated 

NADPH oxidase to generate a powerful oxidative burse (measured by the Seahorse assay). During 

this oxidative burst, oxygen is consumed generating ROS including superoxide (O2•−) (measured by 

the Cytochrome C assay) and hydrogen peroxide (H2O2) (measured by the H2DCF assay). The 

mitochondria are also an important source of ROS, in particular, O2•− (measured by the MitoSOX 

reagent). (B) The oxygen consumption rate (OCR) was measured within the XF Neutrophil Activation 
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Assay. Cells were stimulated with phorbol 12-myristate 13-acetate (PMA, 100 ng/ml) and OCR 

monitored over 240 minutes. This experiment was performed twice. (C) WT and TAFAZZIN-KO 

neutrophils were stimulated with PMA, fMLP, or RGD and the production of superoxide monitored 

over 60 minutes. The total superoxide (area under the curve) is displayed. This experiment was 

performed three times. (D) WT and TAFAZZIN-KO neutrophils were stimulated with PMA, fMLP, or 

RGD and the conversion of H2DCF to its fluorescent product was quantified by flow cytometry and 

displayed as mean fluorescence intensity (MFI). Unstimulated cells are displayed as a negative 

control. This experiment was performed three times. (E) Mitochondrial ROS was quantified by 

MitoSOX staining and flow cytometry in both GMPs and mature neutrophils. Data is displayed the MFI 

normalized to the WT clones. This experiment was performed twice (GMP) and once (neutrophils). 

Error bars indicate the mean ± SD. T-tests were performed. NS=not statistically significant. 

 

Figure 6. Transcriptomic analysis implicates genes associated with endoplasmic reticulum stress 

induced apoptosis. (A) Blue native polyacrylamide gel electrophoresis (BN-PAGE) of purified 

mitochondrial from three WT ER-Hoxb8 clones and three TAFAZZIN-KO clones. The gel is 

Coomassie stained. The five mitochondrial supercomplexes are highlighted on the right. (B) Following 

quantification of the mitochondrial supercomplexes, the relative contributions of each supercomplex 

within each clone depicted. (C) Heat map representation of gene expression from WT (n=6) and 

TAFAZZIN-KO (n=5) GMP clones. (D) TAFAZZIN is the most highly differentially expressed gene. (E) 

The count per million (CPM) are displayed for select genes involved in mediated ER stress and 

apoptosis. The false discovery rate (FDR) is displayed with each gene.  

 

Figure 7. TAFAZZIN deficient myeloid progenitors are more sensitive to apoptosis and ER stress 

signals. (A) Viability was assessed in vitro (CellTiter Glo®) at 24-hours after exposure to ABT199, 

AMG176, or Thapsigargin. This assay was performed on >5 different days with multiple clones; the 

total N is displayed on each graph. The same data with error bars is displayed in Figure S5A. A two-

way analysis of variance (ANOVA) was used to determine the statistical difference between viability 

curves. (B) In vivo CHOP protein expression following thapsigargin treatment was assayed by 

intracellular antibody staining on peripheral blood neutrophils from adult mice transplanted and 

reconstituted with WT or TAFAZZIN-KO fetal liver hematopoietic cells as described in Figure 2A. 

CHOP expression was quantified as mean fluorescence intensity (MFI) by flow cytometry. (C) The 

above experiment was repeated on additional mice to quantify CHOP as well as other intracellular 

proteins. The expression of CHOP and BiP in the peripheral blood circulating myeloid populations 

following treatment with thapsigargin demonstrated a trend towards increase in the TAFAZZIN-KO 
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animals. T-tests were performed, and p values are indicated on the plots. All other results are not 

statistically significant.  

 

Figure S1. Validation of WT- and TAFAZZIN-KO genotypes by polymerase chain reaction (PCR) 

genotyping. (A) Two WT and two TAFAZZIN-KO clones are displayed to highlight the published 

genotyping strategy. A 2% agarose gel was used to resolve the PCR products. (B) An example of the 

expected results from the gender genotyping PCR are displayed to highlight how to distinguish female 

and male embryos.  

 

Figure S2. Analysis of adult hematopoiesis in the setting of TAFAZZIN deficiency: Trial #2. (A) The 

frequency of CD45.2 donor cells, both WT and TAFAZZIN-KO, in the peripheral blood remains stable 

following transplantation out to 16-weeks. (B) Complete blood counts of the peripheral blood 

demonstrate a mild leukopenia in mice transplanted with TAFAZZIN-KO fetal liver cells. Hematocrit 

and platelet counts are not altered in the setting of TAFAZZIN deficiency. (C) Flow cytometry was 

used to enumerate specific populations within the peripheral blood, with a focus on the transplanted 

CD45.2 cells. The lack of TAFAZZIN results in significantly fewer B-cells, T-cells, myeloid cells, and 

neutrophils. (D) Flow cytometry gating strategy for identifying mature cells in the peripheral blood. (E) 

Flow cytometry gating statregy for identifying myeloid progenitors in the bone marrow. Error bars 

indicate the mean ± SD. T-tests were performed. **P < .01; ***P < .001; ****P < .0001. NS=not 

statistically significant. 

 

Figure S3. The lack of TAFAZZIN does not affect morphology, mitochondrial content, or transwell 

migration. (A) Wright-Giemsa staining and 100x oil light micrographs of WT and TAFAZZIN-KO GMP 

progenitors [(+)E2] and mature neutrophils [(-)E2 4-days]. (B) Mitochondria were quantified by 

comparing copies of mitochondrial DNA to genomic DNA by quantitative RT-PCR. This experiment 

was performed three times and the data was combined and is displayed. (C) Analysis of mitochondrial 

mass using Mitotracker staining and quantification by flow cytometry was performed in both GMPs 

and mature neutrophils and normalized to the wild-type clones. (D) Neutrophil migration towards LPS 

(100 ng/ml) was assayed by transwell migration. (E) Wright-Giemsa staining and 100x oil light 

micrographs of WT and TAFAZZIN-KO primary adult bone marrow neutrophils. Error bars indicate the 

mean ± SD. T-tests were performed. NS=not statistically significant. 

 

D
ow

nloaded from
 http://ashpublications.org/bloodadvances/article-pdf/doi/10.1182/bloodadvances.2021005720/1857326/bloodadvances.2021005720.pdf by guest on 11 January 2022



A new model of Barth syndrome neutropenia Sohn et al. 

Page 26 of 26 

Figure S4. The lack of TAFAZZIN results in ultrastructural changes in mitochondria. (A) WT and 

TAFAZZIN-KO progenitors. Mitochondria cristae tended to be more distinct in the WT (black arrows, 

upper right), with spiral structures more prevalent in the KO (white arrow, lower right).  Although not 

specific to the KO, mitochondria tended to be encircled by rough endoplasmic reticulum (RER, black 

arrows, lower right).  The density of the mitochondria lumen was greater in the WT. Scale bars:  left 

panels 2 um; right panels 500 nm. (B) WT and TAFAZZIN-KO mature neutrophils. The size of the 

mitochondria was approximately equal, with well-defined cristae more commonly resolved in the WT 

neutrophils (black arrows, upper right).  Spiral structures with the lumen of the mitochondria were 

occasionally noted in WT but were considerably more prevalent in the KO neutrophils (black arrows, 

lower right).  Autophagasomes were present in both groups but were considerably more prevalent in 

the KO (white arrows, lower right). Scale bars:  left panels 2 um; right panels 500 nm. 

(C) TAFAZZIN-KO progenitors. Mitochondria were commonly encircled by RER (black arrows). Spiral 

structures within the lumen of the mitochondria were common (white arrows).  Scale bar = 500 nm.  

 

Figure S5. TAFAZZIN deficient myeloid progenitors are more sensitive to apoptosis and ER stress 

signals. (A) ER-Hoxb8 GMP were set up in 96-well plate format and viability was assessed in vitro 

(CellTiter Glo®) at 24-hours after exposure to ABT199, AMG176, or Thapsigargin. This assay was 

performed on >5 different days with multiple clones; the total N is displayed on each graph. This same 

data without error bars is displayed in Figure 7A. A two-way analysis of variance (ANOVA) was used 

to determine the statistical difference between viability curves. (B) Primary fetal liver hematopoietic 

cells from the embryos derived from three timed pregnancy litters were set up in 96-well plate format 

and viability was assessed in vitro (CellTiter Glo®) at 24-hours after exposure to ABT199. (C) Flow 

cytometry gating strategy for identification of the CD45.2 lymphoid and myeloid cells within the 

peripheral blood.  
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