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Introduction
Neutrophil granulocytes are critical mediators of innate immuni-
ty (1). In a highly controlled process of granulopoiesis, granulo-
cyte-monocyte progenitors develop into mature neutrophils (2, 3). 
This developmental path is orchestrated by cytokine-dependent 
transcriptional networks and associated with remodeling of cell 
nucleus as well as granule formation (4–6). Besides this genetic 
control of differentiation, metabolism-dependent processes have 
been implicated in this highly coordinated differentiation process.

The autophagy-controlled fatty acid oxidation–oxidative 
(FAO-oxidative) phosphorylation (OXPHOS) pathway functions 
as a critical cellular mechanism to supply sufficient ATP for the 
energy-demanding neutrophil differentiation process (7). Besides 
this critical regulation of the energy-metabolic adaptation during 
hematopoiesis, mitochondria link metabolism-dependent gene 
regulation with proper hematopoietic stem cell function (8).

Mitochondria are well known for their role as biosynthetic and 
bioenergetic organelles and serve as central components for protein 

homeostasis (proteostasis) (9, 10). Mitochondrial proteostasis fac-
es unique challenges as the majority of mitochondrial proteins are 
encoded by the nuclear genome and translated in the cytosol (11). 
These nuclear-encoded mitochondrial proteins need to be import-
ed in their unfolded states to pass through import channels in mito-
chondrial membranes before being processed and assembled into 
their functional states (12–14). Moreover, several mitochondrial 
multiprotein complexes (4 of the OXPHOS complexes) are assem-
bled from both nuclear and mitochondrial polypeptides. Mito-
chondria have evolved complex networks of molecular chaperones  
and proteolytic systems and other quality control factors to main-
tain a functionally competent mitochondrial proteome (11, 15, 16).

The conserved mitochondrial serine proteases Parl (prese-
nilin-associated, rhomboid-like) and HtrA2 (high temperature–
regulated A2; also known as Omi) interact with the antiapoptotic 
HCLS1-associated protein X-1 (HAX1) (17). It has been hypothe-
sized that this protein network may allow Hax1 to present HtrA2 
to Parl, thus facilitating cleavage of HtrA2 and preventing accu-
mulation of mitochondrial outer membrane–associated activated 
Bax and apoptosis (17).

Consistent with its antiapoptotic role in hematopoietic cells, 
HAX1 deficiency in humans causes severe congenital neutrope-
nia associated also with variable neurological impairment (18). 
Recently, HAX1 was shown to interact with the disaggregase 
CLPB, a member of the ATPases associated with diverse cellular 
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HAX1 appears to regulate highly diverse cellular processes 
through binding to a multitude of interaction partners, yet the 
functional relevance of these networks is controversial (30). To 
gain insights into HAX1 protein networks at the IMS, we performed 
immunoprecipitation (IP) experiments. For this interaction analy-
sis, we transfected FLAG-tagged HAX1 into HEK293T cells, high-
ly accessible to transient transfection of DNA and capable of pro-
ducing large amounts of recombinant protein, and determined the 
interacting factors of HAX1 by mass spectrometry (Supplemental 
Figure 1A; supplemental material available online with this article; 
https://doi.org/10.1172/JCI153153DS1). One of the most promi-
nent binding partners of HAX1 was identified as caseinolytic pep-
tidase B protein homolog (CLPB) (Supplemental Table 1). CLPB is 
a member of the ATPases associated with diverse cellular activ-
ities (AAA+) that serve critical functions in proteostasis by pro-
moting disaggregation/solubilization and downstream refolding 
of substrates (31–34). In bacteria, ClpB confers resistance against 
heat shock (35) and regulates thermal stress responses (36) by 
threading unfolded polypeptides through the central channel of a 
hexamer ring (37). In humans, biallelic mutations in CLPB have 
been identified in children suffering from cataracts, neurodevel-
opmental defects, and congenital neutropenia (20, 21).

To verify our mass spectrometry data, the eluate of the HAX1-
FLAG IP was analyzed by immunoblotting, confirming the enrich-
ment of CLPB in the IP (Figure 1E). Importantly, we confirmed 
the binding between HAX1 and CLPB in the human myeloid cell 
line HL-60 (Supplemental Figure 2B). The bidirectional coimmu-
noprecipitation studies further confirmed the mutual interaction 
between HAX1 and CLPB (Figure 1E). The interaction between 
HAX1 and CLPB was also evidenced by an endogenous antibody 
IP (Supplemental Figure 1B).

We next analyzed the submitochondrial localization of CLPB 
(Figure 1D). Similarly to HAX1, CLPB remained intact upon PK 
treatment, whereas under hypo-osmotic buffer conditions both 
proteins were degraded. We next studied the localization of 
HAX1 and CLPB in HeLa cells by confocal microscopy. Interest-
ingly, both HAX1 and CLPB were partially colocalized with the 
IMS-resident protein OPA1 (Figure 1G; for specificity of the HAX1 
and CLPB staining, see Supplemental Figure 1C).

Intrigued by the partial overlap in the clinical manifestation in 
HAX1 and CLPB deficiency, we hypothesized that HAX1 is func-
tionally downstream of CLPB and that the phenotype of congenital 
neutropenia in CLPB deficiency is mediated by defective function 
of HAX1. To address the question of whether the interaction with 
CLPB preserves the function of HAX1 by preventing misfolding 
and aggregation of HAX1, we generated a series of CLPB-knock-
out (KO) cell lines using the CRISPR/Cas9 system. Mutant isogen-
ic clones were isolated and tested for protein expression (Supple-
mental Figure 2C). In mitochondria isolated from CLPB-KO cells, 
HAX1 was recovered mainly from the pellet fraction after either 
nonionic detergent lysis or carbonate extraction (Figure 1F, lane 
5), indicating that it formed insoluble aggregates in the absence 
of CLPB. Importantly, the solubility of TIM44 was not affected by 
the absence of CLPB (Figure 1F, lane 4).

To assess how the absence of CLPB affects the cellular dis-
tribution of HAX1, we performed immunofluorescence studies. 
In control cells, HAX1 was uniformly distributed, while in the 

activities (AAA+) (19). Notably, biallelic autosomal recessive muta-
tions in CLPB have been linked to 3-methylglutaconic aciduria, a 
severe mitochondrial disorder associated with increased levels of 
3-methylglutaconic acid, neurological impairment, and occasion-
ally neutropenia (20, 21).

Recent studies have highlighted the importance of function-
al mitochondria in maintaining hematopoietic stem cell function 
(8) and mitochondrial metabolism for cellular differentiation 
(7, 22–25). However, the molecules and pathways governing the 
dynamics of mitochondrial protein/complex synthesis and per-
sistence critical to preserve mitochondrial proteostasis required 
during neutrophil differentiation are largely undefined. Critical 
downstream pathway target proteins of this axis that act in concert 
to preserve mitochondrial functions remain largely elusive.

Here, we probe mitochondrial proteostatic networks in innate 
immunity and address our hypothesis that neutrophil granulocytes 
are particularly sensitive to disturbances of mitochondrial proteo-
stasis. We define a critical CLPB/HAX1 axis for maintaining mito-
chondrial fitness and functionally link HAX1 to the PRKD2 kinase 
and the small heat shock protein HSP27.

Results
HAX1 is an interaction partner and substrate of CLPB in the mito-
chondrial intermembrane space. HAX1 was found to predominant-
ly localize to mitochondria (26, 27), yet the exact distribution and 
function of HAX1 in promyeloid cells remain largely obscure. To 
study the intracellular localization of HAX1, we chose the promy-
elocytic leukemic PLB-985 cell line. Mitochondrial proteins are 
distributed into 4 different subcompartments: outer membrane, 
inner membrane, intermembrane space (IMS), and matrix 
(scheme in Figure 1A).

To define the spatial organization of HAX1 in mitochon-
dria, we tested the accessibility of HAX1 to externally added 
proteinase K (PK) under iso- or hypo-osmotic buffer conditions 
(sucrose, EDTA, MOPS [SEM] or EDTA, MOPS [EM] buffer). 
While iso-osmotic conditions allow PK to only degrade outer 
membrane proteins accessible from the cytosolic side, hypo- 
osmotic conditions enable the protease to degrade protein 
domains in or exposed to the IMS (28).

Treatment of isolated mitochondria with PK led to the deg-
radation of the outer membrane protein TOM70 (Figure 1B, 
lane 1), whereas TIM23, an IMS protein, remained intact under 
iso-osmotic conditions (Figure 1B, lane 3). Similarly to TIM23, 
HAX1 remained unaffected after PK treatment (Figure 1B, lane 
4). Upon osmotic disruption of the outer mitochondrial mem-
brane, TIM23 and HAX1 became accessible to PK treatment, 
indicating that both proteins were exposing their antibody bind-
ing regions to the IMS (Figure 1B, lanes 3 and 4).

Next, we examined whether HAX1 is a membrane protein and 
performed experiments involving carbonate extraction of isolated 
mitochondria (Figure 1C). TIM44, a peripherally membrane-as-
sociated protein (29), was released from the mitochondrial mem-
brane into the supernatant (S) at pH 11.5 (Figure 1F, lane 1). Sim-
ilarly, HAX1 partially remained in the pellet fraction (P) upon 
carbonate extraction at pH 11.5. Since HAX1 was partially resistant 
to carbonate extraction (Figure 1F, lane 2), we conclude that HAX1 
is associated with the mitochondrial membrane.
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Full-length WT and other truncations coprecipitated with 
CLPB respectively; in contrast, HAX1 lacking exon 3 was unable 
to interact with CLPB (Figure 2B). To further narrow down the 
interaction site in exon 3, we generated additional deletion con-
structs. In particular, a construct lacking residues 126–168 did 
not associate with CLPB (Figure 2C), while a deletion construct 
encompassing amino acids 137–168 could still confer interaction. 
Thus, formation of the CLPB-HAX1 complex is mediated by resi-
dues between HAX1 amino acids 126 and 136. Interestingly, in the 
identified HAX1 binding region resides the known disease-caus-
ing variant L130R, which is associated with severe congenital neu-
tropenia and severe neurological symptoms (40).

We generated FLAG-tagged expression vectors carrying WT 
HAX1 or the patient-specific mutation L130R, transfected them 
into HEK293T cells, and subjected the encoded WT and mutat-
ed proteins to IP. As shown in Figure 2D, only HAX1WT-FLAG was 
able to coprecipitate with CLPB, indicating that L130 of HAX1 is a 
critical residue enabling the interaction to CLPB.

Reciprocally, we next aimed at mapping the HAX1 bind-
ing region in CLPB. CLPB comprises an ankyrin repeat (ANK) 
domain, which consists of 4 well-conserved subdomains; an 
ATPase domain (NBD); and a small C-terminal D2 (CTD2) 
domain (34) (scheme in Figure 2E). By overexpression of CLPB 
isoform 1 (amino acids 1–707) and isoform 2 (amino acids 1–677) 
in HEK293T cells and HL-60 cells, respectively, we found that 
CLPB isoform 2 displayed molecular weight similar to that of 
endogenous CLPB (Supplemental Figure 2A). Unlike in previ-
ous reports, HAX1 interacted with CLPB isoform 2 (amino acids 
1–677) rather than isoform 1 (amino acids 1–707) (Supplemental 
Figure 2B and refs. 21, 34). Meanwhile, reconstitution of CLPB 
isoform 2 reversed the reduced detection of HAX1 in CLPB–/– cells 
(Supplemental Figure 2C). Therefore, we chose isoform 2 (amino 
acids 1–677) for further experiments.

Next, we generated FLAG-tagged full-length and truncat-
ed versions of these important functional elements of CLPB and 
expressed them in HEK293T cells. CLPBWT-FLAG and CLPB lack-
ing the first 79 residues efficiently bound to HAX1 (Figure 2F). In 
contrast, CLPB with either its ATPase domain or its CTD2 domain 
deleted appeared to associate less efficiently with HAX1. The 
absence of the ANK domain fully abolished the interaction with 
HAX1. This suggests that the interaction of CLPB with HAX1 crit-
ically depends on its ANK domain.

Defined variants clustered in the ANK domain of CLPB have 
previously been linked to the rare autosomal recessive mitochon-
drial disorder 3-methylglutaconic aciduria, type VII (MGCA7), 
associating neurological impairment and neutropenia (21). While 
genotype-phenotype relationships in CLPB deficiency remain to 
be established in detail, some variants affecting the ANK domain, 
in particular CLPBY272C, are known to be associated with congeni-
tal neutropenia. We therefore examined whether known genetic 
variants may compromise the binding of CLPB to HAX1.

Among the genetic variants studied, only the CLPBY272C 
mutant within the ANK domain almost completely lost its ability 
to bind to HAX1 (Figure 2G).

Taken together, out results indicate that exon 3 in HAX1 and 
the ANK domain in CLPB confer interaction between these 2 pro-
teins. Specifically, 2 severe-neutropenia-causing mutants in HAX1 

absence of CLPB, HAX1 was enriched in bright puncta (Figure 
1H, top panel). Notably, pre-extraction of cells prior to fixation 
removed soluble HAX1 in control cells, while in CLPB-deficient 
cells, HAX1 remained partially colocalized with the mitochondrial 
matrix protein SLP2 (a mitochondrial protein that assembles into 
large SPY complexes in the inner membrane; ref. 38) (Figure 1H, 
bottom panel). Thus, CLPB ensures proper folding and correct dis-
tribution of HAX1 in the mitochondrial IMS.

Phenotypes of patients with monoallelic variants in CLPB. In our 
Care-for-Rare repository for inborn errors of immunity (refer to 
https://www.care-for-rare.org), we identified 4 patients with het-
erozygous variants in the CLPB gene (Table 1). Clinically, 3 of 4 
patients (patients 1, 2, and 3) presented with severe neutropenia 
in the first year, and patient 4 presented with severe neutropenia 
in the seventh year of life leading to recurrent bacterial infections. 
Examination of the bone marrow revealed a myeloid matura-
tion arrest at the promyelocyte stage. Interestingly, only patient 
1 showed severe central nervous system involvement associated 
with neurocognitive developmental delay and spasticity. Thus, 
monoallelic mutations in CLPB may present with typical features 
of severe congenital neutropenia. Patients 2 and 3 were refracto-
ry to high doses of G-CSF therapy and were therefore treated with 
hematopoietic stem cell transplantation.

Identification of critical residues enabling CLPB-HAX1 interac-
tion. We next aimed at identifying residues that confer interaction 
between HAX1 and CLPB.

HAX1 is a 35 kDa protein that contains 2 domains sharing 
similarity to BCL2 domains, followed by a PEST sequence and 
C-terminal transmembrane domain (Figure 2A and ref. 39). To 
gain insights into which protein domains of HAX1 support the 
binding to CLPB, different FLAG-tagged full-length and trun-
cated versions of HAX1 were expressed by transient transfection 
in HEK293T cells and isolated by FLAG-IPs. First, we compared 
association with CLPB between full-length HAX1 and the 5 dele-
tion constructs of HAX1 (summarized in Figure 2A).

Figure 1. HAX1 is an interaction partner and a substrate of CLPB in 
the mitochondrial intermembrane space. (A) Scheme of mitochondrial 
swelling. (B) Submitochondrial localization of HAX1 analyzed by protease 
protection. Proteinase K (PK) was applied to sonicated mitochondria 
(Sonic), intact mitochondria (SEM), or mitoplasts (hypotonically swollen 
mitochondria by EM). (C) Scheme of carbonate extraction. (D) Submito-
chondrial localization of CLPB analyzed by protease protection. PK was 
applied to sonicated mitochondria (Sonic), intact mitochondria (SEM), or 
mitoplasts (hypotonically swollen mitochondria by EM). (E) Immunopre-
cipitation (IP) experiments with lysates from HEK293T cells expressing 
WT HAX1FLAG, CLPBFLAG, or empty pRRL vector. Proteins in the input (2%) 
and in the bound fractions (50%) were analyzed by immunoblotting.  
(F) Membrane association of HAX1 in WT or CLPB–/– PLB-985 cells.  
Freshly isolated mitochondria were subjected to carbonate extraction  
or detergent lysis, separated into supernatant (S) and pellet (P) fractions, 
and analyzed by immunoblotting (T, total). See complete unedited blots 
in the supplemental material. (G) Confocal images of immunostaining  
of OPA1 and HAX1, OPA1 and CLPB, or HAX1 and CLPB in combination  
with DAPI (DNA staining) in HeLa cells. Scale bars: 10 μm. (H) Immunos-
taining of HAX1 and SLP2 in HeLa WT or CLPB–/– cells without (top panel) 
or with (bottom panel) pre-extraction treatment. DNA was visualized  
with DAPI. Scale bars: 10 μm.
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0, 6 hours, and 24 hours and calculated the variation of protein 
synthesis for each clone (n = 6 per genotype). This calculation was 
applied to data sets derived from both isolated mitochondria and 
whole cells. While no significant difference in protein synthesis 
could be observed in whole cells (Figure 3C), the level of protein 
synthesis was significantly elevated in HAX1- and CLPB-deficient 
mitochondria compared with WT (Figure 3D).

We then subdivided the proteins of the mitochondrial respira-
tory chain into the individual complexes and compared the medi-
an mitochondrial protein synthesis (H/L ratio) and persistence 
(M/L ratio) of WT, HAX1-deficient, and CLPB-deficient cells 
(Figure 3, E and F, and Supplemental Figure 3, A and B). We only 
focused on proteins whose H/L and M/L ratios were quantified in 
all clones in 2 replicates (n = 6 per genotype).

In comparison with WT, we detected a significantly high-
er H/L ratio of 11 proteins out of 28 respiratory chain complex I 
(RC-I) subunits in HAX1-deficient and 12 proteins in CLPB-defi-
cient mitochondria (Figure 3E). The median M/L ratio, our proxy 
for protein persistence, displayed higher in HAX1- and CLPB- 
deficient mitochondria as well (Figure 3E). RC-III displayed a very 
similar behavior to RC-I, with 5 of 8 quantified proteins showing 
higher H/L ratio in HAX1 deficiency and 3 in CLPB deficiency 
(Figure 3F). For those whose protein synthesis rate appeared to be 
increased, their protein persistence also exhibited a slight upregu-
lation (Figure 3F). In the SILAC analysis of both RC-I and RC-III, 
the differences in H/L ratio between WT and both HAX1- and 
CLPB-deficient cells shared a similar trend and a largely over-
lapping statistical significance, suggesting that both proteins are 
indeed functionally connected. For RC-IV and RC-V, the dynam-
ics of protein synthesis were more variable, especially in HAX1–/– 
mitochondria, where few proteins displayed significantly higher 

and CLPB, L130 and Y272, respectively, emerge as key regulatory 
interaction sites enabling protein-protein formation.

A CLPB/HAX1 axis regulates mitochondrial proteostasis. In view 
of the CLPB/HAX1 axis, we next hypothesized that HAX1 controls 
proteostasis in mitochondria of promyeloid cells and made use 
of an integrated approach combining pulse-chase stable isotope 
labeling by amino acids in cell culture (SILAC) with mass spec-
trometry. This strategy allows for the quantitative assessment of 
protein synthesis and persistence kinetics both in whole cells and 
in purified mitochondria (workflow scheme in Figure 3A). We 
decided to use the human promyelocytic leukemic PLB-985 cell 
line for the SILAC-based proteomics analysis.

PLB-985 cells (WT, HAX1–/–, and CLPB–/–) were cultured in 
medium containing arginine and lysine with light isotopes of car-
bon, hydrogen, and nitrogen (i.e., 12C14N) (light [L]) or containing l- 
arginine-13C6

14N4 and l-lysine-2H4 (medium [M]) for 10 cell divisions 
to achieve >99% incorporation of L or M amino acids. Then, M-la-
beled cells were subjected to medium containing l-arginine-13C6

15N4 
and l-lysine-13C6

15N2 (“heavy,” H) to initiate pulse labeling for 
defined time points, and we isolated either whole cells or mitochon-
dria. Thus, ratios of H/L and M/L reflect different protein kinetics as 
synthesis (assembly) and persistence, respectively (41).

To reveal pathways whose protein synthesis was most affected 
by HAX1 deficiency, we used 2D annotation enrichment analysis 
(42). Consistent with the localization of HAX1, mitochondria- 
related annotation terms such as mitochondrial translation, mito-
chondrial respiratory chain, and TCA cycle significantly differed 
in HAX1-deficient cells compared with WT (Figure 3B).

This prompted us to adopt the H/L SILAC ratio as a proxy to 
compare protein synthesis of WT, HAX1–/–, and CLPB–/– cells. We 
determined the median H/L value of each cell clone at time points 

Table 1. Clinical characteristics of patients with heterozygous CLPB variants

Patient, sex CLPB variant 
(cDNA; protein)

Country of 
origin

Age at  
onset of 

neutropenia

Mean ANC  
prior to G-CSF 

Bone marrow 
biopsy

Other 
hematological 

findings
Infections Neurological 

findings

Mean G-CSF 
dose prior  

to HSCT
Outcome

P1, female c.1678G>A; 
p.Gly560Arg Argentina 9 months 40/μL

Myeloid 
maturation 

arrest
Mild anemia

Recurrent 
otitis media; 
mastoiditis, 

perianal 
abscesses

Microcephaly, 
cerebellar 

hypoplasia, 
spasticity, 

developmental 
delay 

6 μg/kg/d
Infections 

under control;  
21 years

P2, male c.1682G>A; 
p.Arg561Gln Mexico 20 months 100/μL

Myeloid 
maturation 

arrest

Mild anemia, 
eosinophilia

Recurrent 
respiratory 
infections

None 30 μg/kg/d

Died of sepsis 
after allo-HSCT 

at the age  
of 2 years

P3, male c.1682G>A; 
p.Arg561Gln Iran 8 months 90/μL

Myeloid 
maturation 

arrest
Mild anemia

Recurrent 
pneumonia, 

sepsis; 
gingivitis, 

aphthous ulcers

None 20 μg/kg/d

Well, allo-HSCT 
at age 8 years, 

current age  
12 years

P4, female c.1859G>A; 
p.Arg620His Iran 7 years 320/μL N/A None

Recurrent 
gingivitis, 

aphthous ulcers
None 2 μg/kg/d

Well, remaining 
aphthous 

ulcers, current 
age  

13 years

ANC, absolute neutrophil count; G-CSF, granulocyte colony-stimulating factor; HSCT, hematopoietic stem cell transplantation; N/A, not available. 
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Figure 2. Identification of critical residues enabling CLPB-HAX1 inter-
action. (A) Schematic representation of human HAX1 WT and deletion 
mutants used in this study. BH, Bcl-2 homology domain; PEST domain, 
region rich in proline (P), glutamic acid (E), serine (S), and threonine 
(T); TMD, transmembrane domain. (B and C) HEK293T cells expressing 
HAX1-WTFLAG or HAX1FLAG mutants were lysed, subjected to FLAG-IP, and 
analyzed by immunoblotting with the indicated antibodies. *Nonspe-
cific detection. (D) HEK293T cells expressing HAX1-WTFLAG or the patient 
mutant HAX1-L130RFLAG were lysed, subjected to FLAG-IP, and analyzed 
by immunoblotting. (E) Schematic representation of human CLPB WT and 
deletion mutants used in this study. ANK, ankyrin repeat domain; CTD2, 
C-terminal D2 domain. (F) HEK293T cells expressing CLPB-WTFLAG or CLPB 
mutants were lysed, subjected to FLAG-IP, and analyzed by immunoblot-
ting. (G) HEK293T cells expressing CLPB-WTFLAG or CLPB mutants (mutants 
in the ANK domain are indicated in blue) were lysed, subjected to FLAG-IP, 
and analyzed by immunoblotting.
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protein synthesis than in WT (Supplemental Figure 3, A and B). In 
RC-V we observed only ATP5C1 to be more synthesized in HAX1- 
and CLPB-deficient cells (Supplemental Figure 3B). The variabili-
ty of M/L ratio was also evident in RC-IV and RC-V (Supplemental 
Figure 3, A and B). With respect to protein persistence (M/L ratio), 
we observed that HAX1- and CLPB-deficient cells tended toward 
an increase in RC-I, RC-III, and RC-V, yet the level of significance 
was not reached except for the RC-III member UQCRFS1 in HAX1-
KO mitochondria (Figure 3, E and F, and Supplemental Figure 3B).

In addition, we observed that within the TCA cycle, defined 
by keyword annotations, 21 of 22 proteins showed higher protein 
synthesis and slightly increased protein persistence in HAX1- and 
CLPB-deficient cells compared with WT (Figure 3G). Interest-
ingly, MDH, a cytosolic protein of the aspartate/malate shuttle, 
shows a different dynamic profile in comparison with the oth-
er components of the TCA cycle. In contrast to mitochondrial 
pathways, variable trends of protein synthesis/persistence were 
observed in non-mitochondrial pathways such as Golgi apparatus 
or the pathway of glycolysis (Supplemental Figure 3, C and D, and 
Supplemental Tables 2 and 3).

Given the higher protein synthesis rate among mitochondrial 
proteins, we next studied the expression of the key mitochondrial 
biogenesis regulators PGC1α and TFAM (43).

We examined the expression of PGC1α and TFAM by immu-
noblotting in control and in HAX1- and CLPB-deficient cells 
(Supplemental Figure 3E). In addition, TFAM expression was 
documented by quantitative proteomics. The endogenous levels 
of PGC1α were not altered among control, HAX1-deficient, and 
CLPB-deficient cells. The endogenous expression of TFAM was 
slightly increased in HAX1- and CLPB-deficient cells compared 
with control cells (Supplemental Figure 3E). The label-free quan-
tification (LFQ) intensities of TFAM were significantly higher 
in HAX1-deficient cells, while they were only slightly higher in 
CLPB-deficient cells than in WT cells (Supplemental Figure 3F).

We next examined whether the altered synthesis rates impact 
on mitochondrial function. We measured the mitochondrial mem-
brane potential (MMP) as an indicator of mitochondrial activity 
in control, HAX1-deficient, and CLPB-deficient PLB-985 cells, 
respectively. FACS analyses revealed a slightly lower fluores-
cence intensity of tetramethylrhodamine methyl ester (TMRM) in 
HAX1- and CLPB-deficient cells (Figure 3H, top). In the presence 
of the mitochondrial uncoupler carbonyl cyanide m-chlorophenyl 
hydrazone (CCCP), HAX1- and CLPB-deficient PLB-985 cells 
showed increased dissipation of the MMP in comparison with con-
trol cells (Figure 3H, bottom).

HAX1 is required for respiratory chain complex activity. To cor-
roborate our finding of altered RC dynamics in HAX1 deficien-
cy, we next analyzed the steady-state amount of RCs I–V by blue 
native PAGE (BN-PAGE) in WT and HAX1-deficient cells (Fig-
ure 4A). Loss of HAX1 led to reduced levels of RC-I, RC-III, and 
RC-V (Figure 4A), indicating that HAX1 regulates the steady-
state amount of these RCs.

Next, we were interested to examine whether an imbalance 
in protein synthesis and turnover in RCs affects the physiolog-
ical function of these complexes. We therefore assessed the 
enzymatic activities of RC-I in both WT and HAX1–/– cells, using 
an assay that relies on immune capture of RC-I from freshly  

isolated mitochondria. The NADH dehydrogenase activity of 
immune-captured RC-I was determined by the oxidation of 
NADH and simultaneous reduction of the provided dye resulting 
in increase in absorbance. Mitochondria isolated from HAX1–/– 
cells exhibited significantly reduced RC-I activity compared with 
mitochondria purified from WT cells (Figure 4B), while the activ-
ity of RC-IV was not affected in HAX1-KO cells (Figure 4C).

To test the functional relevance of altered RC-I/RC-III protein 
dynamics, we next asked whether ROS production is affected in 
HAX1-deficient cells. Mitochondrial O2

– levels were significantly 
increased in the absence of HAX1 compared with WT, as revealed 
by Mitochondrial Superoxide Indicator (MitoSOX; Thermo Fish-
er Scientific) (Figure 4D). HAX1-KO cells that were functionally 
complemented with HAX1 restored efficient O2

– levels (Figure 
4D). Thus, our data identify HAX1 as a critical regulator of mito-
chondrial respiratory chain complex activity.

HAX1 regulates HSP27 in mitochondria. In an effort to define 
critical downstream mediators of HAX1, we compared the pro-
teome of WT and HAX1-deficient PLB-985 cells for differential 
protein expression using mass spectrometry and LFQ. We included 
a total of 4372 proteins with at least 2 peptides used for LFQ quan-
tification and more than 3 valid values in total. The volcano plot of 
differentially expressed proteins is shown in Figure 5A. One of the 
most downregulated proteins in HAX1-deficient cells was HSP27, 
a molecular chaperone that maintains cellular proteostasis by pre-
venting the aggregation of partially unfolded proteins (44–46). In 
its unphosphorylated form, HSP27 assembles into large insoluble 
oligomeric complexes, whereas phosphorylation results in com-
plex dissociation into smaller soluble oligomeric ensembles (47).

To examine whether HAX1 is implicated in the regulation 
of these 2 oligomeric assembly states of HSP27, we prepared 
cell lysates from WT and HAX1-deficient cells as well as from 
HAX1-reconstituted cells under hypertonic buffer conditions (a 
condition in which only small soluble HSP27 oligomers can be 
efficiently extracted) and performed immunoblotting to assess 
the abundance of HSP27. Under hypertonic lysis conditions, less 
HSP27 could be extracted from HAX1-deficient cells in compar-
ison with control and HAX1-reconstituted cells (Figure 5B and 
Supplemental Figure 4A, top panel). In addition, we prepared 
whole-cell lysates using SDS-PAGE sample buffer, enabling us to 
efficiently extract and to solubilize large oligomeric HSP27. These 
immunoblot analyses revealed that, under these conditions, 
almost identical amounts of HSP27 could be extracted in WT and 
HAX1-deficient cells as well as from HAX1-reconstituted cells 
(Supplemental Figure 4A, bottom panel). These results indicate 
that HAX1 is involved in the regulation of the dynamic oligomeric 
assembly states of HSP27.

As the level of HSP27 phosphorylation correlates with the solu-
bility of HSP27, soluble and insoluble fractions of cell extracts were 
recovered and examined for the total amount of HSP27 and phos-
phorylated HSP27 (p-HSP27) by immunoblot analysis. Intriguing-
ly, in the absence of HAX1, HSP27 appeared in 2 forms that migrat-
ed with different rates in the insoluble fraction (Figure 5C). To test 
whether these 2 forms of HSP27 correlate with the phosphorylation 
status of HSP27 and hence with the solubility of HSP27, we used 
phospho-specific antibodies raised against serine 82 (HSP27pS82) 
(Supplemental Figure 4B). Indeed, the upper band corresponded 
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only a small proportion located to the mitochondria, as shown by 
costaining of the translocase TOM20, a mitochondrial outer mem-
brane protein (Figure 5G). By contrast, when soluble proteins were 
removed before fixation, the HSP27 protein largely disappeared in 
WT cells, whereas in HAX1–/– cells HSP27 was detectable, in par-
ticular in mitochondria, evidenced by a clustered punctate pattern 
and partial colocalization with TOM20 (Figure 5H).

Taken together, our data demonstrate that HAX1 ensures the 
efficient phosphorylation and solubility of HSP27 in mitochondria.

PRKD2 is a mitochondrial kinase involved in HSP27 phosphor-
ylation. Several protein kinase families have been implicated in 
targeting HSP27 for phosphorylation (48). To date, however, phos-
phorylation of HSP27 in mitochondria and the respective kinases 
have not been studied in detail. In search of candidate kinases, 
we queried our protein expression data set (LFQ intensity, light 
SILAC labeling, filtered for 25% valid values in total) for “kinase” 
and “protein phosphatase” (keyword annotation). Among 106 
candidate proteins retrieved and shown in the volcano plot, only 
serine-threonine protein kinase D2 (PRKD2) had significantly 
higher expression in WT compared with HAX1–/– cells (Figure 6A).

PRKD2, a member of the protein kinase D (PKD) family, has 
previously been implicated in leukemogenesis (49, 50), but its 
molecular targets in hematopoietic cells remain largely unclear. To 
validate our mass spectrometry result, we assessed protein expres-
sion of PRKD2 in mitochondria isolated from WT and HAX1–/– cells 
as well as HAX1-reconstituted PLB-985 cells. In the absence of 
HAX1, PRKD2 expression was reduced (Figure 6B and Supplemen-
tal Figure 5, A–E). Since PRKD2 has not yet been reported to be spa-
tially confined to mitochondria, we next studied whether PRKD2 
and HSP27 are both located inside mitochondria. Following our 
experimental strategy outlined in Figure 1, treatment of mitochon-
dria with PK resulted in the degradation of Tom70 (Figure 6C, lane 
1), whereas PRKD2, HSP27, Tim23, HAX1, and CLPB remained 
unaffected after PK treatment (Figure 6C, lanes 3–6). Interesting-
ly, p82-HSP27 behaved similarly to PRKD2 and remained intact 
(Figure 6C, lane 8). Upon osmotic disruption of the outer mito-
chondrial membrane, a portion of PRKD2, HSP27, and p-HSP27 
was resistant to protease treatment, indicating that they are local-
ized in the mitochondrial IMS and in the matrix. To directly test 
whether PRKD2 supports phosphorylation of HSP27, we inhibited 
PRKD2 using CRT0066101, a PKD inhibitor (51), and determined 
the phosphorylation status of HSP27 by using the phospho-specific 
antibody pS82. Notably, there was a dose-dependent decrease in 
pS82 in PLB-985 cells (Figure 6D and Supplemental Figure 5, F–J). 
In a more specific and complementary approach, we used doxycy-
cline-inducible shRNA targeting PRKD2 transcript. In comparison 
with control PLB-985 cells, the partial depletion of PRKD2 resulted 
in reduced phosphorylation of HSP27 at both S82 and S78 (Figure 
6E and Supplemental Figure 5, K–N).

In view of the critical function of HSP27 for HAX1-depen-
dent mitochondrial proteostasis, we were interested in defining 
downstream targets of HSP27 by IP studies. Mitochondria lysates 
from HSP27-FLAG–expressing cells as well control cells were sub-
jected to FLAG-IP and mass spectrometry analysis. In contrast 
to control IPs, mitochondria from HSP27-FLAG–expressing cells 
were enriched for proteins that are part of the respiratory elec-
tron transport chain, mitochondrial translational pathways, “de 

to p-HSP27 (Figure 5C), while the lower band specifically present 
in HAX1–/– cells could not be detected by the HSP27pS82 specific 
antibody. This suggests that HAX1 is involved in maintaining the 
phosphorylated, soluble form of HSP27. Intrigued by the observa-
tion that HAX1, a mitochondrial IMS protein, may control phos-
phorylation of HSP27, a protein primarily localized in the cytosol, 
we were interested in whether distinct variants of HSP27 may be 
detectable in mitochondria and performed immunoblotting of 
HSP27 derived from mitochondrial lysates of WT, HAX1–/–, and 
CLPB–/– cell clones. Not only in the absence of HAX1, but also in the 
absence of CLPB, we could document the appearance of the low-
er HSP27-specific band, corresponding to the unphosphorylated,  
insoluble form (Figure 5D). In the absence of HAX1 and CLPB, 
both signals specific to pS82 and pS78 were largely reduced. Upon 
retrovirus-mediated reconstitution of HAX1 and CLPB, the signal 
of HSP27pS82 and HSP27pS78 could be detected at a level com-
parable to that in control cells (Figure 5E). These findings indicate 
that the CLPB-HAX1 complex specifically regulates the phosphor-
ylation state of HSP27 in mitochondria.

To provide evidence that HAX1 regulates the solubility of 
HSP27, we performed experiments involving carbonate extraction 
of isolated mitochondria from WT, HAX1–/–, and CLPB–/– PLB-985 
cells and examined HSP27 by immunoblotting. Under non-ionic 
lysis conditions, HSP27, similarly to the membrane-bound protein 
TIM44, was recovered from the supernatant (S) and was released 
from the mitochondrial membrane into the supernatant (S) at pH 
11.5 in WT mitochondria (Figure 5F). In contrast, in the absence 
of HAX1 or CLPB, HSP27 partially remained in the pellet fraction 
under different lysis and extraction conditions (Figure 5F). In line 
with our previous data, the unphosphorylated, insoluble form of 
HSP27 was enriched in the pellet fractions indicated by the appear-
ance of the second HSP27-specific band (Figure 5F). To confirm 
that HAX1 controls solubility of HSP27, we next performed con-
focal microscopy studies in PLB-985 cells. In native conditions, 
the majority of HSP27 was found throughout the cytoplasm, while 

Figure 3. A CLPB/HAX1 axis regulates mitochondrial proteostasis.  
(A) SILAC-based workflow for the analysis of protein dynamics and pro-
cessing of cells for peptide digestion and liquid chromatography–tandem 
mass spectrometry analysis. H/L and M/L indicate protein synthesis and 
persistence. (B) 2D annotation enrichment in the whole-cell protein syn-
thesis (H/L) data at 24 hours. The significant annotations with the largest 
differences are marked in black with names. Annotation type is indicated. 
The analysis was performed on the median of n = 6. Significance was deter-
mined using Benjamini-Hochberg FDR with a threshold value of 0.02. (C and 
D) Increased mitochondrial protein synthesis in HAX1–/– and CLPB–/– cells. 
A protein synthesis rate proxy was derived by calculation of the changes in 
median H/L ratio at 6 hours and 24 hours compared with 0 hour. This was 
calculated in whole cells (C) and mitochondria (keyword annotation) (D) (n 
= 6, *P < 0.05, 1-way ANOVA followed by Tukey’s test). (E–G) Unsupervised 
hierarchical clustering of protein synthesis (H/L, left) and protein persistence 
(M/L, right) for mitochondrial RC-I (E), RC-III (F), and TCA cycle (G) (filtered 
by Gene Ontology annotation), comparing WT, HAX1–/–, and CLPB–/– clones 
after 24 hours of pulse with heavy amino acids. Clusters are based on z 
scores as indicated. Significant differences (n = 6, *P < 0.05, Student’s t test) 
are marked with an asterisk. Only proteins with 100% valid SILAC ratios were 
used for the analysis. (H) Measurement of MMP in WT, HAX1–/–, and CLPB–/– 
PLB-985 cells in the absence (top) or presence (bottom) of CCCP (2.5 μM) 
using TMRM (2.5 nM). Data represent 3 independent experiments.
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HSP27 IP (e.g., NDUFS2, NDUFS3, UQCRC1, UQCRC2, ATP5C1) 
(Figure 6F and Supplemental Table 4). We used a MitoSOX-based 
flow cytometric assay to detect mitochondrial ROS production in 
control and in HAX1-deficient cells reconstituted with either HAX1 
or HSP27-FLAG (Supplemental Figure 5P). HAX1-deficient cells 
reconstituted with either HAX1 or HSP27-FLAG could recover O2

– 
levels to a degree similar to that of cells expressing HAX1, as revealed 
by the superoxide indicator MitoSOX (Figure 6H).

In addition, we analyzed MMP as an indicator of mitochon-
drial function in control cells and HAX1-deficient cells reconsti-
tuted with either HAX1 or HSP27. FACS analyses revealed that a 
lower fluorescence intensity of TMRM in the presence of CCCP 
in HAX1-deficient cells could be restored by reconstitution with 
HAX1 or HSP27 (Figure 6I, bottom).

HSP27 restores defective neutrophil differentiation in HAX1-defi-
cient induced pluripotent stem cells. Since RC-I dysfunction is not the 
causative mechanism for neutropenia in HAX1-deficient patients, 

novo” protein folding machineries, and TCA cycle (Figure 6, F and 
G). Notably, the group of highly enriched proteins included key 
RNA-binding proteins, such as MRPSs, MRPLs, and TUFM, indic-
ative of an involvement of HSP27 in translation (52, 53).

We assume that in the absence of HAX1, decreased phos-
phorylation of HSP27 will result in decreased solubility and 
function of HSP27 in mitochondria. This, in turn, may predis-
pose nascent mitochondrial peptides to an imbalanced pro-
tein turnover. Consistent with this idea, we found evidence of 
an increased activation of the Sirt3/FOXO3A/LC3 pathway in 
HAX1-deficient cells (Supplemental Figure 5O). In the presence 
of increasing concentrations of the proteasome inhibitor MG132, 
LC3B abundance was further increased in HAX1-deficient cells, 
indicating more proneness to mitochondrial proteotoxic stress in 
HAX1–/– cells in comparison with WT cells.

Interestingly, some subunits of RCs characterized by an in- 
creased protein synthesis and persistence were also enriched in the 

Figure 4. HAX1 is required for respiratory complex activity. (A) Mitochondria from WT and HAX1–/– cells were isolated and analyzed by blue native PAGE. 
The mild detergent digitonin was used for solubilization. The amount of RCs I–V was quantified using the indicated signals. (B and C) Mitochondria derived 
from WT or HAX1–/– PLB-985 cells were subjected to quantification of RC-I activity (B) (n = 3, ****P < 0.0001, 2-way ANOVA followed by Bonferroni’s test) 
or RC-IV activity (C) (n = 3, 2-way ANOVA followed by Bonferroni’s test). (D) Quantification of mitochondrial ROS production in WT, HAX1–/–, or HAX1–/– 
reconstituted with HAX1 cells using Mitochondrial Superoxide Indicator (MitoSOX) (n = 4, ***P < 0.001, 1-way ANOVA followed by Tukey’s test).
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Figure 5. HAX1 regulates phosphorylation and solubility of HSP27 in mitochondria. (A) Volcano plot of changes in protein expression (LFQ intensi-
ty, SILAC light) between WT and HAX1–/– PLB-985 cells (n = 18 each, 2 replicates). Data were filtered for at least 3 valid values in total. The comparison 
highlights 71 proteins with significantly higher expression in WT and 159 proteins in HAX1–/– clones. Proteins marked in black (higher in WT) and red (higher 
in HAX1–/–) highlight a subset of proteins with absolute fold change greater than 2 and P value less than 0.001. (B) PLB-985 cells harvested from the 
indicated genotypes were subjected to hypertonic lysis and analyzed by immunoblotting with indicated antibodies. This immunoblot is additionally shown 
in Supplemental Figure 4A, experiment 1, top panel. (C) PLB-985 cells from the indicated genotypes were subjected to hypertonic lysis. After centrifuga-
tion, supernatants were collected as soluble fractions, and pellets were resolved in Laemmli buffer as insoluble fractions. All samples were analyzed with 
higher or lower exposure time by immunoblotting. (D and E) Isolated mitochondria from the indicated genotypes were solubilized with Laemmli buffer and 
analyzed by immunoblotting. (F) Purified WT, HAX1–/–, or CLPB–/– mitochondria were subjected to carbonate extraction or lysed with Triton X-100 and sepa-
rated into supernatant (S) and pellet (P) fractions. All lysates were analyzed by immunoblotting. T, total. (G and H) Immunostaining of HSP27 and TOM20 
in PLB-985 WT or HAX1–/– cells without (G) or with (H) pre-extraction treatment. DNA was visualized with DAPI. Scale bars: 10 μm.
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Cas9–mediated gene editing in HAX1-deficient iPSCs, referred 
to as HAX1–/–HSP27-2E, and analyzed the effect on neutrophil devel-
opment. The introduction of these phosphomimic residues ren-
dered the HSP27 epitope inaccessible to the phospho-specific 
antibodies pS82 and pS78, thus validating our HAX1–/–HSP27-2E cell 
line (Supplemental Figure 6E).

During the differentiation process, the number of myeloid 
progenitor cells increased in control iPSCs, whereas HAX1- 
deficient iPSCs and HAX1-deficient cells with the phosphomimic 
residues in HSP27 (HAX1–/–HSP27-2E) had a significantly lower num-
ber of progenitor and mature granulocytes (Supplemental Figure 
6F). Low floating cell numbers in HAX1-deficient iPSC-derived 
neutrophil granulocytes with phosphomimic mutations in HSP27 
might arise from aberrant colony formation during neutrophil dif-
ferentiation (Supplemental Figure 6G).

Light microscopy of Giemsa-stained control, HAX1-deficient, 
and HAX1–/–HSP27-2E iPSC-derived neutrophil granulocytes revealed 
that differentiation toward mature neutrophils with segmented 
and band nuclei was, however, restored in HAX1–/–HSP27-2E iPSCs 
(Figure 7I and Supplemental Figure 6H). Similarly, the phos-
phomimic mutations of HSP27 in HAX1-deficient iPSC-derived 
neutrophil granulocytes (HAX1–/–HSP27-2E) expressed CD surface 
markers, CD11b+CD33lo, resembling those in mature neutrophil 
granulocytes (Figure 7J). The phosphomimic mutations of HSP27 
in HAX1-deficient iPSC-derived myeloid progenitors partially 
restored the maximal respiratory capacity in Seahorse experi-
ments (Figure 7K). Our flow cytometry analyses revealed compa-
rable MMP values of control and HAX1–/–HSP27-2E iPSC-derived neu-
trophil granulocytes (Figure 7L).

Thus, these results corroborate our previous finding that 
HSP27 phosphorylation is critical for neutrophil granulocyte dif-
ferentiation and function.

Discussion
We here identify a functional CLPB/HAX1/(PRKD2)/HSP27 axis 
controlling mitochondrial proteostatic networks critical for the 
differentiation of human neutrophil granulocytes.

We identify CLPB (isoform 2) as a critical interaction partner 
of HAX1 in human cells. CLPB is a member of the AAA+ (ATPases 
associated with diverse cellular activities) family of proteins that 
use energy derived from ATP hydrolysis to unfold bound sub-
strates or remodel and dissociate protein complexes (31). AAA+ 
proteins assemble into asymmetric hexameric rings that hydro-
lyze ATP and thread substrate proteins through a central channel 
via mobile substrate-binding “pore loops” (33, 55). Conserved 
Tyr residues within these pore loops coordinate substrate binding 
with their efficient translocation. The human nucleotide bind-
ing domain (NBD) NBD2 of CLPB closely resembles the NBD2 
of Hsp104 and Hsp78, while the N-terminal NBD1 and middle 
domain are replaced by an ANK domain (56). We here describe 
Y272 within the ANK domain as a key residue enabling CLPB-
HAX1 complex formation. Interestingly, a subset of patients with 
mutations in CLPB is characterized not only by progressive brain 
dysfunction but also by congenital neutropenia (57). With the 
identification of L130 in HAX1 we thus verify 2 severe-neutrope-
nia-causing mutants in HAX1 and CLPB, L130 and Y272, respec-
tively, as essential residues for complex formation/stability and 

we sought to query a more relevant model system. We made use 
of an induced pluripotent stem cell (iPSC) in vitro differentiation 
system (Supplemental Figure 6A), allowing us to engineer human 
neutrophils by CRISPR/Cas9–mediated genome editing. We gen-
erated iPSCs deficient in expression of HAX1 and reconstituted 
these cells with either HAX1 or HSP27 by the inducible expression 
transposon system piggyBac (Figure 7A and ref. 54).

During the differentiation process, the number of floating 
cells, representing myeloid cells at various stages of development, 
increased between day 19 and day 25 in control iPSCs, whereas 
HAX1-deficient iPSCs had a significantly reduced capacity to 
differentiate into neutrophil granulocytes (Figure 7B). Impor-
tantly, the number of progenitor cells could be reestablished by 
the expression of HAX1 or HSP27 (Figure 7B). HAX1-deficient 
cells displayed not only quantitative but also qualitative defects. 
Light microscopy of Giemsa-stained cells showed mostly imma-
ture myeloid cells with dark cytoplasm and nonsegmented nuclei 
in HAX1-deficient iPSCs (Figure 7C). In contrast to control cells, 
HAX1-deficient cells had a skewed distribution of mature versus 
immature neutrophil granulocytes (Figure 7D). In striking con-
trast, both HAX1 and HSP27 expression restored differentiation 
toward mature segmented neutrophils (Figure 7, C and D). Simi-
larly, the correction of the skewing of HAX1-deficient cell differ-
entiation could also be determined by flow cytometry. Whereas 
HAX1-deficient cells did not mature into a CD11b+CD33lo popula-
tion, control cells as well as reconstituted cells showed coordinat-
ed expression of these CD markers (Figure 7, E and F).

We next examined mitochondrial function using Agilent 
Seahorse in hematopoietic progenitor cells (at day 18 of iPSC- 
derived neutrophil granulocyte differentiation). Mitochondrial ATP 
production and maximal respiratory capacity, as measured after 
addition of the uncoupler carbonyl cyanide-4-trifluoromethoxy-
phenylhydrazone (FCCP), were significantly lower in HAX1-defi-
cient iPSC-derived cells compared with control iPSC-derived cells 
(Figure 7G and Supplemental Figure 6, B–D). Importantly, ATP pro-
duction and respiratory capacity were restored upon reconstitution 
of HSP27 or HAX1 (Figure 7G and Supplemental Figure 6, B–D).

In addition, we examined the membrane potential in mature 
iPSC-derived neutrophil granulocytes (at day 28 of iPSC-derived 
neutrophil granulocyte differentiation). We used 3,3′-dihexy-
loxacarbocyanine iodide (DiOC6) as a probe to study MMP in 
CD11b+CD33lo expressing cells by flow cytometry. These FACS 
analyses revealed that the fluorescence intensity of DiOC6 
in HAX1-deficient iPSC-derived neutrophil granulocytes was 
reduced compared with that in control iPSC-derived neutrophil 
granulocytes and iPSC-derived neutrophil granulocytes reconsti-
tuted with HAX1 or HSP27 (Figure 7H), confirming an impaired 
mitochondrial function in mature HAX1-deficient iPSC-derived 
neutrophil granulocytes.

Taken together, our results demonstrate that HSP27 function-
ally complements HAX1 during the coordinated differentiation of 
neutrophil granulocytes.

We then examined the functional consequences of phos-
phomimic mutations of HSP27 in HAX1-deficient iPSC-derived 
cells. As the phosphorylation of both S82 and S78 is reduced in 
HAX1-deficient PLB-985 cells (Figure 5E), we introduced the 
phosphomimic residues S82E and S78E of HSP27 by CRISPR/
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Figure 6. PRKD2 is a mitochondrial kinase involved in HSP27 phosphorylation. (A) Volcano plot comparing protein expression (LFQ intensity, SILAC light) 
of kinases (black) and phosphatases (blue, both keyword annotation) in WT and in HAX1–/– clones (n = 18 each, 2 replicates). Data were filtered for 14 valid 
values in at least 1 group (106 proteins in total). (B) Isolated mitochondria from indicated genotypes were solubilized with Laemmli buffer and analyzed by 
immunoblotting. (C) Isolated mitochondria were swollen or sonicated and/or treated with PK and analyzed by immunoblotting (EM: EDTA, MOPS; SEM: 
sucrose, EDTA, MOPS). (D) Lysates of PLB-985 cells treated with the protein kinase D inhibitor CRT0066101 were analyzed by immunoblotting with the 
indicated antibodies. (E) Lysates of PLB-985 cells expressing doxycycline-inducible shRNA targeting either control or PRKD2 were analyzed by immuno-
blotting with the indicated antibodies. (F) Volcano plot illustrating the mitochondrial interactome of HSP27 (n = 6) versus control (non-bait) (n = 6). The 
analysis is based on 724 proteins that were commonly identified in 2 biological replicates. The bait (HSP27/HSPB1) and the interactors with the highest  
P values are marked in black. Significant interactors annotated as mitochondrial translation (Gene Ontology) are marked in red and blue and listed.  
(G) Gene Ontology Biological Process pathway enrichment analysis of the HSP27 interactome (F, right), color-coded by enrichment P value as indicated.  
(H) Quantification of mitochondrial ROS production in WT, HAX1–/–, and HAX1–/– cells reconstituted with either HAX1 or HSP27FLAG cells using MitoSOX  
(n = 4, ***P < 0.001, 1-way ANOVA followed by Tukey’s test). (I) MMP in WT, HAX1–/–, HAX1–/– + HAX1, or HAX1–/– + HSP27 PLB-985 cells in the absence  
or presence of CCCP (2.5 μM) by TMRM (2.5 nM). Data represent 3 independent experiments.
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interaction. In myeloid cells lacking either HAX1 or CLPB, dynam-
ics of synthesis and persistence of proteins composing respiratory 
complexes (RC-I and RC-III) as well as the TCA cycle are severely 
perturbed. Accumulation of proteins assembling into RC-I led to 
reduced enzymatic activity. Since RC-I contains more than twice 
as many subunits in comparison with the other RCs, its association 
may be more complex and vulnerable.

Interestingly, the respiratory chain complexes (RC-I, RC-III) 
that were significantly affected in their assembly dynamics by 
the loss of HAX1 and CLPB originate from both mitochondrial 
and nuclear genes. Thus, we assume that proper RC-I and RC-III 
assembly is subject to tight translational control of both mitochon-
drial and cytosolic ribosomes. Presumably, coupling and synchro-
nization of mitochondrial translation with import of cytosolic 
proteins require a high degree of coordination. In accordance with 
this idea, a translational plasticity pathway enabling adaptation of 
mitochondrial protein synthesis to the influx of nuclear-encoded 
subunits has been identified (61). It is therefore conceivable that 
RC-I and RC-III assembly strictly depends on a fine-tuned balance 
of mitochondrial and cytosolic translational activities.

Recently, the yeast homolog of CLPB, HSP104, was described 
as an essential key player in the “mitochondria as guardian in 
cytosol” (MAGIC) pathway (62). It will be interesting to examine 
whether CLPB acts as an essential guardian in human cells that 
couples mitochondrial to cellular proteostasis.

Chaperones such as HSP70 and CLPB homologs are known 
to cooperate with cochaperones assisting in protein quality 
control. We identified HSP27 as one of the most differentially 
expressed proteins in HAX1-deficient cells. HSP27 belongs to 
the family of ATP-independent chaperones that are well known 
for their roles in protein maturation, refolding, and degrada-
tion. HSPs are thought to maintain their client proteins in a sol-
uble, folding-competent state for subsequent processing by ATP- 
dependent chaperones. Phosphorylation of the N-terminal 
domain of HSP27 combined with competitive interactions for the 
β4 to β8 grooves induces HSP27 oligomer disassembly and subse-
quently leads to the active chaperone-competent state of HSP27 
(63, 64). Here, we find that in the absence of CLPB or HAX1, the 
unphosphorylated form of HSP27 accumulated concomitant with 
its insolubility in mitochondrial lysates.

As key elements of the cellular protein quality control system, 
small HSPs such as HSP27 are known to play pivotal roles in cell 
survival (65). Their function during cell development and differ-
entiation is less well understood. HSP27 expression was shown 
to transiently increase during early phases of the differentiation 
process concomitantly with the gradual growth arrest that pre-
cedes terminal differentiation. Here, we find that the inducible 
and transient overexpression of HSP27 in HAX1-deficient iPSCs is 
capable of restoring the ordered differentiation and mitochondrial 
function of iPSC-derived progenitor and mature neutrophil gran-
ulocytes. The observation that phosphomimicking mutants (S78E 
and S82E) of HSP27 in HAX1-deficient iPSCs failed to restore the 
number of progenitor and mature neutrophil granulocytes might 
suggest that dynamic cycles between phosphorylated and unphos-
phorylated states are critical to serve HSP27 chaperone function.

Reversible phosphorylation events have been reported to play 
a critical role during HSP27-mediated rescue of neuronal plasticity 

provide mechanistic evidence explaining a genotype-phenotype 
correlation. The critical dependence of HAX1 on CLPB is further-
more underscored by the fact that both CLPB-deficient myeloid 
cells and HAX1-deficient myeloid cells share similar imbalances 
of their proteome composition, such as defects in HSP27 and dys-
function of respiratory complex proteins.

Surprisingly, we also identify monoallelic CLPB variants 
(G560R, R561Q, and R620H) associated with severe congenital 
neutropenia. This is in line with very recent work by the Link and 
Wortmann laboratories (58, 59). The identified variants reside 
within the C-terminal ATP-binding domain. While the R561Q 
mutant is competent for HAX1 binding (Figure 2G), the mutant 
R561G (in which at the same position the arginine is substituted 
for glutamine) was shown to be impaired in its ATPase and dis-
aggregase activity (59). Thus, R561 is a critical residue enabling 
proper CLPB function.

Human CLPB has recently been shown to function as a potent 
“stand-alone” mitochondrial disaggregase (34). The inner-mem-
brane protease PARL — a known interaction partner of HAX1 
— removes an autoinhibitory peptide from CLPB to enhance dis-
aggregase activity (34). Since murine Hax1 has been shown to 
present HtrA2/Omi to the mitochondrial protease Parl (17), it is 
conceivable that HAX1 plays a role in regulating CLPB process-
ing as well. PARL mediates cleavage of a variety of mitochondrial 
membrane proteins, linking it closely to mitochondrial homeosta-
sis and diseases with mitochondrial dysfunction (60).

Interestingly, the consequences of HAX1 and CLPB deficien-
cy for the composition of the mitochondrial proteome are highly 
similar, supporting the functional relevance of the CLPB-HAX1 

Figure 7. HSP27 overexpression restores neutrophil differentiation defect 
in HAX1–/– iPSCs. (A) Immunoblot analysis of WT and HAX1-deficient iPSCs 
overexpressing either HSP27 or HAX1. *An additional band detected by the 
HSP27 antibody after HSP27 overexpression in iPSCs. (B) Live floating cells 
generated from indicated iPSC colonies (6 per well) were quantified during 
differentiation (n = 3, *P < 0.05, 2-way ANOVA followed by Tukey’s test). 
(C) Light microscopy of iPSC-derived immature and mature neutrophil 
granulocytes (at day 28) stained with May-Grünwald Giemsa. Scale bar: 
10 μm. (D) Quantification of the distribution of immature (myeloblasts, 
promyelocytes, myelocytes, and metamyelocytes) and mature neutrophil 
granulocytes (band and segmented neutrophils). (E and F) Analysis of dif-
ferentiated neutrophil-like cells on day 28 by FACS (E) and quantification 
of immature iPSC-derived neutrophil granulocytes (mCherry+CD11b+CD33lo) 
(F) (n = 5, *P < 0.05, 1-way ANOVA followed by Tukey’s test). (G) Measure-
ment of oxygen consumption rate (OCR) in hematopoietic progenitor cells 
derived from the indicated genotypes (at day 18 of iPSC-derived neutrophil 
granulocyte differentiation) following a sequential addition of oligomycin, 
FCCP, and rotenone (Rot) and antimycin A (AA). (H) Measurement of MMP 
in CD11b+CD33lo populations derived from WT, HAX1–/–, HAX1–/– + HAX1, or 
HAX1–/– + HSP27 iPSCs using DiOC6. (I) Quantification of the distribution 
of precursor populations in iPSC-derived myeloid cells from the indicated 
genotypes. Data represent 2 independent experiments. (J) Analysis of 
differentiated neutrophil-like cells (CD11b+CD33lo) at day 28 of differenti-
ation by FACS. Data represent 3 independent experiments. (K) Measure-
ment of OCR in hematopoietic progenitor cells derived from the indicated 
genotypes (at day 18 of iPSC-derived neutrophil granulocyte differentia-
tion) following a sequential addition of oligomycin, FCCP, and Rot and AA. 
(L) Measurement of MMP in CD11b+CD33lo populations derived from WT, 
HAX1–/–, or HAX1–/–HSP27-2E iPSCs using DiOC6 at day 28 of differentiation. 
Data represent 3 independent experiments.
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Molecular cloning strategies and transfection experiments in this 
study are described in detail in Supplemental Methods.

Antibodies. All primary and secondary antibodies as well as fluores-
cent secondary antibodies used in this study are listed in Supplemental 
Table 6. Chemicals, peptides, and recombinant proteins used in this 
study are listed in Supplemental Table 7.

Mitochondrial swelling and carbonate experiment. Protocols for 
mitochondrial swelling and carbonate were modified according to a 
previous report (69). (For the swelling, isolated mitochondria were 
incubated with proteinase K after SEM buffer, EM buffer, or sonifi-
cation treatments. For carbonate extraction, isolated mitochondria 
were solubilized with 0.1 M Na2CO3 at pH 10.8 or pH 11.5. Details 
regarding mitochondrial isolation, swelling, and carbonate extraction 
are given in Supplemental Methods.

Immunofluorescence studies. Fixed cells were quenched in 50 
mM NH4Cl for 30 minutes before permeabilization with 0.2% Tri-
ton for 2 minutes at room temperature prior to blocking. Coverslips 
were then incubated with indicated primary and secondary antibod-
ies before DAPI staining. Cell pre-extraction is described in Supple-
mental Methods.

Measurement of mitochondrial MMP. MMP was measured using 
TMRM (2.5 nM; MilliporeSigma) or DiOC6 (0.5 nM; MilliporeSigma) 
indicators according to the manufacturer instructions. In brief, cells 
were incubated with MMP indicators at 37°C for 15 minutes prior to a 
washing step and FACS (BD Biosciences).

Seahorse assay. A XF96 extracellular flux analyzer (Agilent Tech-
nologies) was applied to determine the bioenergetic profile of intact 
cells. Hematopoietic stem cells were harvested, seeded onto poly-d-
lysine–coated XF96 plates (7 × 104 cells per well), and incubated in 
RPMI medium (Agilent Technologies; supplemented with 5 mM glu-
cose, 2 mM l-glutamine, and 1% FBS) for 1 hour in a CO2-free incu-
bator. Oxygen consumption rate (OCR) was first measured in basal 
conditions (named as basal respiration) before cells were sequential-
ly treated with 1.5 μM oligomycin (MilliporeSigma), 1 μM FCCP (Mil-
liporeSigma), and 0.5 μM rotenone/antimycin A (MilliporeSigma) 
and 8 μM Hoechst (Thermo Fisher Scientific). Recorded OCR after 
all treatments was defined as non-mitochondrial respiration, which 
was subtracted from all OCR parameters. ATP production was calcu-
lated by the difference between the basal and oligomycin-inhibited 
respiration; maximal respiratory capacity was obtained as the rate of 
respiration after uncoupler FCCP treatment. Hoechst-positive cells 
were counted by a Cytation machine (Agilent). The number of live 
cells was normalized to individual sample for a final evaluation of 
sample OCR by Wave software (version 2.6.3, Agilent).

SILAC labeling. PLB-985 cells were cultured in SILAC RPMI 
medium (Gibco) lacking arginine and lysine and containing 10% 
(vol/vol) dialyzed FBS. This medium was supplemented with light 
standard unlabeled lysine and arginine, medium isotope-labeled 
13C4-lysine and 13C6-arginine, or heavy isotope-labeled 13C6

15N2- 
lysine and 13C6

15N4-arginine (Silantes). Medium-labeled cells  
were pulsed with heavy medium for the indicated numbers of 
hours. Pulsed cells were mixed with the same number of “light” 
labeled cells (41). More details regarding SILAC analysis are given 
in Supplemental Methods.

Data availability. The mass spectrometry proteomics data were 
deposited in ProteomeXchange (ProteomeXchange Consortium) via 
the Proteomics Identifications Database (PRIDE) partner repository 

deficits (64). The knockin of the phosphomimicking mutants (S78E 
and S82E) of HSP27 recovers the differentiation of fewer neutro-
phil granulocytes albeit displaying segmented nuclei expressing 
mature CD surface markers in HAX1-deficient iPSCs. This might 
indicate that tight spatial and temporal control of the phosphory-
lation status of HSP27 could be a critical regulatory mechanism to 
safeguard HSP27 function during neutrophil differentiation.

Based on our data, PRKD2, a member of the calcium/calm-
odulin-dependent protein kinase superfamily (66), emerges as a 
mitochondrial kinase involved in the phosphorylation of HSP27. 
A possible explanation for the reduced expression of PRKD2 in 
HAX1-deficient cells could be transcriptional regulation of PRKD2 
by a retrograde signaling pathway induced by mitochondrial stress. 
We observed a reduction in PRKD2 mRNA level in HAX1-deficient 
cells by quantitative PCR (Supplemental Figure 5Q). This transcrip-
tional regulation of PRKD2 by HAX1 could be indirect or only partial-
ly dependent on HAX1, as the reconstitution of HAX1 in HAX1-defi-
cient cells could only partially restore PRKD2 expression.

Several lines of evidence suggest that neutrophil differenti-
ation in the bone marrow is under distinct metabolic control by 
mitochondrial respiration, TCA cycle, and oxidative phosphory-
lation (67). Mechanistic insights into the role of mitochondria for 
this metabolic adaptation are still unclear.

Recent studies have revealed that loss of the mitochondrial com-
plex III subunit Rieske iron-sulfur protein (RISP) leads to metabolite 
alterations (increased 2-hydroxyglutarate) that alter DNA and his-
tone methylation and subsequently impair hematopoietic differ-
entiation (8). Notably, in our SILAC data of HAX1-deficient cells, 
Uqcrfs1 encoding for RISP was significantly altered in its persistence.

In light of our data, we speculate that the neutrophil differentia-
tion defects in HAX1 deficiency may in part be due to an imbalance 
of critical enzymes required for proper mitochondrial function.

Our discovery of a functional CLPB/HAX1/(PRKD2)/HSP27–
dependent axis involved in the maintenance of mitochondrial 
proteostasis and its role in the differentiation of neutrophil gran-
ulocytes highlights an emerging theme in the development and 
function of the innate immune system.

Methods
Cell culture. HeLa and HEK293T cells were cultured in DMEM (Gib-
co). PLB-985 cells were cultured in RPMI 1640 (Gibco), supplement-
ed with 10% (vol/vol) FBS (Life Technologies), 50 U/mL penicillin, 
50 μg/mL streptomycin, 2 mM l-Glu, and 10 mM HEPES (all from 
Gibco). Healthy control fibroblast-derived iPSCs were provided by 
Micha Drukker from Helmholtz Center Munich in Neuherberg, Ger-
many. Detailed description of iPSC culture and generation of neutro-
phil granulocytes is provided in Supplemental Methods. Cells were 
grown under a 5% CO2 humidified atmosphere at 37°C. Cells were 
tested weekly for mycoplasma. All cell lines used in this study are 
described in Supplemental Table 8.

sgRNA design and cloning for targeted gene correction in cell lines. 
sgRNAs targeting HAX1 and CLPB were designed with the online 
CRISPR Design tool developed by Feng Zhang’s laboratory (http://
crispr.mit.edu/). sgRNA-Cas9 with fusion GFP or RFP plasmids was 
purchased from Addgene (PX458). sgRNAs were inserted into the 
plasmid following the protocol of Feng Zhang and colleagues (68). 
All sgRNAs used in this study are listed in Supplemental Table 5. 
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