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1. Introduction 

 

1. 1. The heat shock proteins (HSPs) 

HSPs were first identified in Drosophila in 1962 as proteins that accumulate in the cell 

after exposure to elevated temperature (Ritossa, 1962). Later studies demonstrated that 

HSPs are a conserved set of proteins that are expressed in all prokaryotes and eukaryotes 

(Ritossa, 1996). The HSPs are a set of highly conserved proteins that are expressed 

constitutively and/or induced in response to a wide variety of stress conditions (Collins 

and Hightower, 1982; Khandjian and Türler, 1983; Li GC, 1985; Li GC and Laszlo, 

1985; La Thangue and Latchman, 1988; Norton PM and Latchman, 1989). Induction of 

HSPs is mediated by the nuclear translocation of heat shock transcription factors (HSFs) 

and subsequent binding to heat shock elements (HSEs) in the promoter regions of Hsp 

genes (Tonkiss and Calderwood, 2005; Morimoto, 2011).  

HSPs act as molecular chaperones by assisting the folding of nascent and misfolded 

proteins thereby preventing their aggregation (Hartl, 1991; Gething and Sambrook, 

1992). Protein quality control (PQC) in the cells facilitates proper folding of nascent 

proteins and refolding of misfolded proteins by molecular chaperones and promotes 

degradation of aggregated proteins by ubiquitin-proteasome system (UPS) and to less 

extent by autophagy (Wang X et al., 2008). Functional defects in chaperones result in an 

accumulation of misfolded proteins (Patterson, 2006). Recent reports demonstrated that 

increased accumulation of misfolded proteins above the threshold levels impairs the 

functional capacity of the proteasome leading to proteasome functional insufficiency 

(PFI), which is thought to be involved in up to half of all human morbidities (Thomas et 

http://www.ncbi.nlm.nih.gov/pubmed?term=Khandjian%20EW%5BAuthor%5D&cauthor=true&cauthor_uid=6298601
http://www.ncbi.nlm.nih.gov/pubmed?term=T%C3%BCrler%20H%5BAuthor%5D&cauthor=true&cauthor_uid=6298601
http://www.ncbi.nlm.nih.gov/pubmed?term=Tonkiss%20J%5BAuthor%5D&cauthor=true&cauthor_uid=16048840
http://www.ncbi.nlm.nih.gov/pubmed?term=Calderwood%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=16048840
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al., 1995; Bradbury, 2003; Bennett et al., 2005). These diseases include Amyotrophic 

Lateral Sclerosis (ALS), Alzheimer‟s, Huntington‟s, Parkinson‟s disease and 

cardiomyopathy (Ross, 1995; Taylor et al., 2002; Wong et al., 2002; Bates, 2003; Berke 

and Paulson, 2003; Caughey and Lansbury, 2003; Kostin et al., 2003; Nussbaum and 

Ellis, 2003; Weekes et al., 2003; Ross and Pickart, 2004; Sanbe et al., 2004; Selkoe, 

2004; Powell, 2006; Tsukamoto et al., 2006; Birks et al., 2008). 

According to molecular mass and degree of structural homology, mammalian HSPs are 

classified into several families including: small HSPs (25-28 kDa), HSP40 (40kDa), 

HSP60, HSP70 (68-80 kDa), HSP90 (83-99 kDa), and HSP110 (110 kDa) (Tomasovic et 

al., 1983; Welch et al., 1983; Li GC and Laszlo, 1985; Vos et al., 2008). 

 

1. 2. HSP110 family 

HSP110 family members have been cloned from a wide range of organisms including 

human, mouse, Arabidopsis and yeast (Foltz et al., 1993; Mukai et al., 1993; Morozov et 

al., 1995; Yasuda et al., 1995; Kojima et al., 1996; Storozhenko et al., 1996; Kaneko et 

al., 1997a, b; Mauk et al., 1997).  

The constitutive expression and stress inducibility of HSP110 family members in a wide 

variety of cell types leads to suggest that the HSP110 members play a protective role not 

only in stressed cells but also in unstressed through helping in successful folding, 

assembly, intracellular localization, secretion, regulation, and degradation of other 

proteins (Levinson et al., 1980; Landry et al., 1982; Gething, 1997).  
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1. 3. Structure of HSP110 family 

The HSP110 sequence was found to share an around 30-33% amino acid homology with 

members of the HSP70 family, most of which occurs in the conserved ATP-binding 

domain of these molecules (Lee-Yoon et al., 1995). HSP110 family contains four 

domains: the highly conserved N-terminal nucleotide-binding domain (NBD) (domain A 

in Fig. 1), which binds ATP/ADP and mediates ATP hydrolysis, the central β-sheet 

peptide binding domain (PBD) that binds the peptide substrate (domain B in Fig. 1), the 

loop domain (domain L in Fig. 1) and the C-terminal α-helix domain that regulates 

substrate binding (domain H in Fig. 1). The C-terminal domain exhibits a high degree of 

sequence homology among HSP110 members, thereby providing features specific for this 

family (McCarty et al., 1995; Fung et al., 1996; Zhu et al., 1996).  

 

 

Figure 1. Predicted folding pattern for HSP110. HSP110 family contains four domains: the N-terminal 

ATPase (domain A), the central β-sheet peptide binding domain (PBD) (domain B), the loop domain 

(domain L) and the C-terminal α-helix domain (domain H) (adapted from Oh et al., 1999, pp. 15714). 
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1. 4. The co-chaperoning activity of HSP110 family 

Biochemical analyses illustrated that HSP110 family serves as co-chaperone of 

mammalian and yeast HSP70 chaperones, where they act as nucleotide exchange factors 

(NEF) during the ATP-hydrolysis cycle (Steel et al., 2004; Dragovic et al., 2006; Raviol 

et al., 2006; Shaner et al., 2006; Polier et al., 2008). Binding of newly synthesized 

polypeptides to HSP70 chaperones and the subsequent release of folded proteins is 

regulated by continuous cycles of adenosine triphosphate (ATP) hydrolysis and the 

exchange adenosine diphosphate (ADP) for ATP (Fig. 2). It is believed that the 

chaperones containing HSP70, HSP40 and HSP110 proteins represent the major protein 

folding machinery in the eukaryotic cytosol (Polier et al., 2008). In the ATP-bound state, 

PBD of HSP70 chaperone binds to polypeptides with low affinity. However, ATP 

hydrolysis to ADP by HSP40 co-chaperone leads to conformational changes that result in 

high affinity substrate binding by HSP70 (Fig. 2, step 1). To complete the protein folding 

cycle, binding of HSP110 to HSP70 in the ADP-state stimulates the release of ADP (Fig. 

2, step 2). Subsequent binding of ATP induces the dissociation of HSP70-HSP110 

complexes and the folded protein substrate is released (Fig. 2, step 3). HSP70 in the ATP-

bound state will be ready for another cycle of protein folding (Dragovic et al., 2006; 

Raviol et al., 2006; Polier et al., 2008; Schuermann et al., 2008). 
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Figure 2. Schematic representation of the collaboration between HSPs for proper protein folding. HSP70 in 

ATP-bound state (left side). HSP40 facilitates ATP hydrolysis and subsequent binding of HSP70 to 

unfolded protein substrate (Step 1). HSP70 in ADP-bound state is recognized by HSP110, which binds to 

HSP70 mediating liberation of ADP from HSP70 (Step 2). Finally, upon binding of ATP to HSP70, the 

HSP70-HSP110 complex dissociates and the folded protein substrate is released (step 3). HSP70 will be 

ready for another cycle of folding (adapted from Polier et al., 2008, pp. 1077). 

 

 

1. 5. Molecular function of HSP110 family 

The HSP110 gene family includes two genes in Saccharomyces cerevisiae known as Sse1 

and Sse2 (Mukai, et al., 1993; Shirayama et al., 1993) and four genes in the mammalian 

genome, namely Hspa4/Apg2, Hspa4l/Apg1, Hsph1/Hsp105 and Hyou1/Grp175/orp150 

(Lee-Yoon et al., 1995; Yasuda et al., 1995; Kojima et al., 1996; Kaneko et al., 1997a, b; 

Nonoguchi et al., 1999; Yagita et al., 1999). Apart from HYOU1, which is present in the 

endoplasmic reticulum (ER), all other mammalian and yeast HSP110 members are found 

in the cytoplasm (Chen X et al., 1996; Vos et al., 2008). 
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To gain insights into the molecular function of mammalian HSP110 family members, 

genetic targeted disruption in mice by homologous recombination was undertaken. 

  

1. 5. 1. Molecular function of HSPA4 

The Hspa4 gene was cloned from a mouse testis cDNA library (Kaneko et al., 1997a). 

Murine Hspa4 mRNA is ubiquitously expressed in all tissues, with the highest expression 

in testis, ovary and spleen (Kaneko et al., 1997a). In brain, HSPA4 protein was found to 

be expressed constitutively in rat neuronal tissues throughout entire embryonic and 

postnatal period, suggesting an important role of HSPA4 in these tissues under non-stress 

conditions (Okui et al., 2000). Hspa4 is expressed in cells of various origins, including 

embryonic fibroblasts, myelomonocytic leukemia, mastocytoma, Sertoli cells, bone 

narrow stromal cells and primary human articular chondrocytes (Kaneko et al., 1997a; 

Dehne et al., 2010). Strikingly, Hspa4 gene has been found among 250 genes, which are 

highly upregulated in pluripotent stem cells (Ramalho-Santos et al., 2002). 

In contrast to most of HSPs, the expression level of Hspa4 is not induced by heat shock 

conditions (Kaneko et al., 1997a; Nonoguchi et al., 1999). Hspa4 expression is induced 

by acidic pH and is involved in the radioadaptive response (Kang et al., 2002; Rafiee et 

al., 2006). In addition, in rat transient forebrain ischemia leads to increased Hspa4 

expression in cerebral cortex and hippocampus (Yagita et al., 1999; Koh et al., 2000; Lee 

et al., 2002). Hspa4 Overexpression in cancer BaF3-BCR/ABL cell line leads to 

increased cell proliferation and protection against oxidative damage suggesting an 

important role of HSPA4 in carcinogenesis and progression of chronic myeloid leukemia 

(Li C et al., 2010). Furthermore, HSPA4 has been found to be overexpressed in 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20D%22%5BAuthor%5D
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hepatocellular carcinoma (Gotoh et al., 2004). SiRNA mediated repression of HSPA4 in 

vitro causes a significant decrease in migration, invasion, and transformation activity in 

lung cancer H1299 cell line (Wu et al., 2011). It was shown that HSPA4 is involved in 

the progression of enterocolitis in a zebrafish model of inflammatory bowel disease, 

which suggests that Hspa4 expression can be used as effective read-out for genetic, 

chemical and environmental factors that might influence intestinal inflammation 

(Crawford et al., 2011).  

 

1. 5. 2. Molecular function of HSPA4L 

Murine Hspa4l genomic sequence has been firstly determined from adult mouse testis 

cDNA library (Kaneko et al., 1997b). Nonoguchi et al. (2001) reported that HSPA4L is 

expressed in human testicular germ cells and in sperm supporting its role in 

spermatogenesis and fertilization. Expression level of murine Hspa4l is highly increased 

in spermatogenic cells from late pachytene spermatocytes to late spermatids and in 

kidney where it is restricted to epithelial cells of distal convoluted tubules (Held et al., 

2006). Noteworthy, Hspa4l is highly expressed in leukemia cells, and was found to elicit 

humoral immune responses in leukemia patients (Takahashi et al., 2007).  

Murine Hspa4l expression has been shown to be induced upon osmotic stress, heat shock 

and cerebral ischemia (Kojima et al., 1996; Kaneko et al., 1997b; Xue et al., 1998). 

Analysis of the promoter region of Hspa4l gene revealed the presence of functional 

tonicity (TonE) and heat shock-responsive elements that mediate independently the 

induction of Hspa4l expression upon hypertonicity and heat shock, respectively (Kojima 

et al., 2004).  
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Held et al. (2006) have generated Hspa4l knockout (KO) mice through gene targeting in 

embryonic stem cells. Hspa4l KO mice were viable and born at expected Mendelian ratio 

with no overt phenotypes. Adult Hspa4l KO male but not female mice were infertile due 

to increased apoptotic cell death of spermatocytes together with impaired sperm motility. 

Moreover, Hspa4l KO mice developed hydronephrosis due to upper urinary tract 

obstruction.  

 

1. 5. 3. Molecular function of HSPH1 

The Hsph1 genomic sequence from mouse has been isolated and characterized (Yasuda et 

al., 1995, 1999). Murine Hsph1 is ubiquitously expressed in all tissues (Yasuda et al., 

1995). HSPH1 exists as complexes associated with HSP70 and its cognate protein 

HSC70 (HSP70/HSC70) in mammalian cells (Hatayama et al., 1998; Wakatsuki and 

Hatayama, 1998). 

Treatment of 3T3 fibroblast cells with DNA virus oncoprotein leads to induction of 

Hsph1 transcript (Morozov et al., 1995). It has been reported that Hsph1 is induced in 

neurons of the cerebral cortex and hippocampus upon exposure to cerebral ischemia (Kim 

H et al., 2001; Yagita et al., 2001). 

 

1. 6. Aims of the study 

Hspa4 KO mice model was generated in the Institute of Human Genetics, Göttingen. 

Two lines of Hspa4 KO mice were generated in hybrid C57BL/6J x 129/SV and in inbred 

129/Sv genetic background. Analysis of Hspa4 KO mice in hybrid genetic background 

revealed that approximately 60% of Hspa4 KO males were infertile. Analysis of Hspa4 
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KO mice in the inbred background showed that Hspa4 KO mice displayed growth 

retardation and 65% of the KO mice died during the 1
st
 4 weeks after birth. Hspa4 KO 

mice which overcame the early lethality displayed impaired fertility, skeletal muscle 

myopathy and cardiac hypertrophy.  

To definitively rule out the possibility that Hspa4l expression is able to compensate for 

the loss of Hspa4 in Hspa4 KO mice, Hspa4l/Hspa4 double KO (DKO) mouse model 

was generated. Strikingly, the DKO mice did not survive and died immediately after 

birth.  

The aims of the experiments were the following: 

1. Analysis of the expression patterns of HSPA4 in different tissues and in testis 

during prenatal and postnatal germ cells development together with identification 

of possible underlying causes of impaired male fertility in Hspa4 KO mice. 

2. Characterization of the development of hypertrophic cardiomyopathy in Hspa4 

KO mice at the histological and molecular levels together with identification of 

possible underlying causes  

3. Determination of the possible underlying causes of early postnatal lethality 

encountered in Hspa4l/Hspa4 DKO pups.  

4. Finally, generation and characterization of Hsph1 KO and Hspa4/Hsph1 DKO 

mouse models were undertaken to elucidate the consequences of Hsph1 deletion 

and simultaneous Hspa4 and Hsph1 deletion. 
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2. Materials and Methods 

 

The following methods were used to analyze the expression pattern and role of HSPA4 

during spermatogenesis. We analyzed the expression pattern of HSPA4 in the gonads 

during different prenatal and postnatal developmental stages and in different mutant 

testes by immunohistochemical analyses and Western blotting. To evaluate the role of 

HSPA4 in vivo, a loss of function mouse model was generated. We characterized the 

impact of HSPA4 ablation on the progression of spermatogenesis by histological and 

immunohistochemical analyses of Hspa4 KO testes. To determine the different sperm 

parameters, we used CEROS Computer assisted semen analysis system. The expression 

levels of some meiotic and post-meiotic marker genes were estimated by Northern 

blotting. To detect apoptotic cells in testes, we performed TUNEL assay (Publication I).  

 

We performed the following methods to determine the cardioprotective role of HSPA4. 

Western blotting and immunofluorescence analyses were performed to elucidate the 

expression levels and cellular distribution of HSPA4 in the sham- and transaortic 

constriction (TAC) - operated hearts. We analyzed the cardiac hypertrophy and fibrosis in 

Hspa4 KO mice by staining of the heart sections with Hematoxylin & eosin (H&E) and 

Masson‟s trichrome, respectively. Cardiomyocyte diameter and cross sectional area were 

measured by NIH Image J software. The expression levels of hypertrophy related gene 

markers (Nppa, Nppb, Myh7 and Acta1) and fibrosis related gene markers (Col3α1 and 

Col1α1 and Tgfβ1) were measured using quantitative real time PCR (qRT-PCR). The 

different parameters of heart dimension and function were measured using Two-
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dimensional directed M-mode echocardiogram. Identification of signaling pathways 

which mediate the development of cardiac hypertrophy was done by Western blotting and 

qRT-PCR analyses. To test the effects of HSPA4 loss on cardiac responses to 

hemodynamic stress condition, Hspa4 KO and WT mice were exposed to TAC. TAC was 

performed as previously described (Müller et al., 2008). The hypertrophic response was 

evaluated by histological analyses, qRT-PCR and echocardiography. To probe the 

ubiquitination status and the proteasome enzyme activity in Hspa4 KO mice, we 

determined the levels of ubiquitinated proteins by Western blotting, immunofluorescence 

analyses and 20S Proteasome Assay Kit. In order to identify the differentially expressed 

genes in Hspa4 KO hearts, global gene expression analysis was applied using the Gene-

Chip® Mouse Gene 1.0 ST arrays (Affymetrix) (Publication II).  

        

We did the following methods to elucidate the expression patterns and the role of 

HSPA4L/HSPA4 during lung morphogenesis. The expression pattern of HSPA4L and 

HSPA4 in the lung during different developmental stages was investigated by Western 

blotting and immunofluorescence analyses. To examine the effect of dual deletion of 

Hspa4l and Hspa4 on the lung development, we intercrossed Hspa4l KO and Hspa4 KO 

mice to obtain Hspa4l
-/- 

Hspa4
-/- 

mice. The embryonic lungs were histologically 

examined by staining of sections with H&E and periodic acid Schiff (PAS). The saccular 

spaces and the mesenchymal thickness were measured using NIH Image J software. The 

expression levels of alveolar type I (ATI) and alveolar type II (ATII) pneumocytes 

related markers were evaluated by immunohistochemistry and Western blotting.  To 

probe the ubiquitination status in the lung of Hspa4l
-/- 

Hspa4
-/- 

mice, we determined the 
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level of ubiquitinated proteins by Western blotting analysis. The ultrastructure of the lung 

alveoli was examined by electron microscopy as described previously (Peng et al., 2006). 

In order to determine the cell proliferation, BrdU labeling was carried out. In situ TUNEL 

assay and cleaved Caspase 3 immunofluorescence analysis were performed to assess 

apoptosis. 
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3. Results and Discussion 

 

The HSPs function as molecular chaperones. The Chaperones are multifunctional 

antistress proteins, which regulate diverse biological processes to maintain cellular 

homeostasis (Gething and Sambrook, 1992; Morimoto et al., 1994; Hartl, 1996; Gething, 

1997). Under pathological conditions, inducible or constitutively expressed molecular 

chaperones protect cells from different environmental stressors (Hishiya and Takayama, 

2008).  

 

3.1. Consequences of HSPA4 ablation on male germ cells development 

The spermatogenesis progresses through three distinct phases, namely mitotic 

proliferation of spermatogonia, meiotic division of spermatocytes and postmeiotic 

differentiation of haploid spermatids into spermatozoa (Eddy et al., 1991). All these 

developmental stages represent situations where dramatic transformations, cellular 

proliferation and differentiation take place. The expression of different HSPs is enhanced 

during spermatogenesis to facilitate proper folding, transport and assembly of protein 

complexes required for completion of different phases of spermatogenesis (Dix et al., 

1997; Dix and Hong, 1998; Meinhardt et al., 1999). Previous reports demonstrated that 

decreased expression of the some HSPs is associated with the pathogenesis of male 

infertility in human (Werner et al., 1997; Son et al., 1999; Huszar et al., 2000; Son et al., 

2000; Feng et al., 2001; Adly et al., 2008).  The protective role of HSPs in testis was 

confirmed by data showing development of overt male infertility in mutant mice with 
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targeted gene disruption of different HSPs (Allen JW et al., 1996; Dix et al., 1996; Ikawa 

et al., 1997; Mori et al., 1997; Terada et al., 2005; Held et al., 2006). 

HSPA4 is ubiquitously expressed in different tissues (Kaneko et al, 1997a; Nonoguchi et 

al., 1999). In the publication I, elucidation of the expression pattern and the 

physiological function of HSPA4 in male germ cell development were undertaken. We 

demonstrated that HSPA4 was ubiquitously expressed during prenatal and postnatal 

development in both somatic and germ cells of testis, with high enrichment in gonocytes, 

which represent the fetal/neonatal precursors of the undifferentiated spermatogonial stem 

cells (Culty, 2009). Expression of HSPA4 in male gonocytes was gradually decreased 

after their differentiation to spermatogonia (Fig. 1 and 2, pp. 134-135 in the Publication 

I). The enrichment of HSPA4 expression in the gonocytes is in accordance with previous 

reports, which revealed that Hspa4 is highly expressed in different tissue-specific stem 

cells and its expression is downregulated upon differentiation (Ramalho-Santos et al., 

2002; Bhattacharya et al., 2004). The high expression of HSPA4 in gonocytes suggests an 

important role of HSPA4 in germ stem cells development. It is believed that molecular 

chaperones may protect stem cells from oxidative stress-induced aging (Ramalho-Santos 

et al., 2002). Caenorhabditis elegans, with extended life span, have elevated levels of 

molecular chaperones, which function to eliminate oxidative free radicals and 

consequently extend longevity (Finkel and Holbrook, 2000). 

The preferential HSPA4 expression in the germ cell forced us to study the impact of 

Hspa4 ablation on germ cell development. Analyses of Hspa4 KO mice revealed that all 

Hspa4 KO mice of the hybrid 129Sv X C57Bl/6J background were born at expected 

Mendelian ratio. Phenotype analyses showed the Hspa4 KO mice were indistinguishable 

http://www.cellbiolint.org/cbi/032/1247/cbi0321247.htm#refbib21
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from WT mice with the exception of testes, which were significantly smaller. Some of 

Hspa4 KO mice were infertile. Male infertility was manifested by decreased number and 

reduced motility of spermatozoa. To identify the cause of the reduced number of 

spermatozoa, histological sections of Hspa4 WT and KO adult testes were analyzed. In 

contrast to WT control, KO testis showed diverse defects. Most of seminiferous tubules 

were smaller in size, vacuolated, devoid of round and elongated spermatids and contained 

an increased number of multinucleated abnormal spermatids. Remarkably, many 

pachytene spermatocytes were degenerated. Consequently, epididymidis contained less 

number of sperms compared to WT controls (Fig. 4, pp. 138 in the publication I). 

To identify the timing of onset of spermatogenic distortion in Hspa4 KO mice, testicular 

sections from different postnatal days (P) were histologically analyzed. At P5 and P10, 

no apparent difference between Hspa4 WT and KO testes could be detected. Beginning 

from P15, we found few pachytene spermatocytes in the seminiferous tubules of KO 

compared to WT testis. These data were confirmed by immunohistochemical staining 

with anti-HSPA4L, which is highly expressed in germ cells from pachytene 

spermatocytes (Held et al. 2006). Number of HSPA4L expressing cells was significantly 

decreased in KO compared to WT testis. At P20, round spermatids were present in the 

majority of WT tubules, whereas Hspa4 KO tubules were almost devoid of spermatids 

and contained a reduced number of pachytene spermatocytes. At day 25, Hspa4 KO 

tubules showed severe depletion of germ cells (Fig. 5, pp. 139 in the Publication I). These 

results suggest that the Hspa4 deficiency results in either developmental delay or partial 

arrest of the first wave of spermatogenesis. 
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To investigate whether the depletion of germ cells is due to exaggerated cell death by 

apoptosis, TUNEL assay was performed. A significant increase of TUNEL-positive 

spermatocytes was found in Hspa4 KO testis (Fig. 6, pp 140 in the Publication I). 

Numerous proteins, which are required for the development of male germ cells during 

meiotic and post-meiotic stages, are mostly translated in pachytene spermatocytes 

(Messina et al., 2010). Failure of molecular chaperones to direct correct folding of newly 

synthesized proteins in pachytene spermatocytes might lead to accumulation of misfolded 

and damaged proteins, which would trigger spermatocytes to release meiotic division and 

initiate apoptosis. Based on the high sequence similarity of HSP110 family members, we 

expected that the molecular chaperones that include the NEF members of HSP110 family 

would be abnormal or partially affected in Hspa4 KO mice. 

Spermatogenic arrest was confirmed at the molecular level by analyzing the expression 

levels of some meiotic and postmeiotic gene markers in testis of WT, fertile- and 

infertile- KO mice. Expression of synaptonemal complex protein-3 (Sycp3) is restricted 

to leptotene and zygotene spermatocytes (Lammers et al., 1994). Phosphoglycerate 

kinase-2 (Pgk2) and acrosin (Acr) were reported to be expressed in pachytene 

spermatocytes (Goto et al. 1990, Kashiwabara et al., 1990; Kremling et al., 1991). Hsc70t 

(Hsp70 homolog gene) and transition nuclear protein 2 (Tnp2) are post-meiotic genes 

(Kleene and Flynn, 1987; Tsunekawa et al., 1999). While the expression level of Sycp3 

showed no significant difference between WT and KO testes, the expression levels of late 

meiotic (Pgk2 and Acr) and postmeiotic gene markers (Hsc70t and Tnp2) were 

significantly reduced in infertile KO testes as compared to WT and fertile KO testes (Fig. 

7, pp. 141 in the Publication I). These results further confirm that spermatogenesis in 
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infertile KO mice is arrested at late stages of meiotic prophase I. Taken together; these 

data indicate that HSPA4 is required for successful completion of spermatogenesis in 

mouse. 

The relatively leaky phenotype of Hspa4 KO mice led us to suggest that Hspa4 ablation 

could be compensated by other members of the HSP110 family. To address this 

hypothesis, we have determined the protein levels of HSPA4L, HSPH1 in the testes of 

Hspa4 WT and KO mice. Protein levels of HSPA4L, HSPH1 were not markedly different 

between Hspa4 KO and WT testes, suggesting that the depletion of HSPA4 is not 

compensated by an increased expression of studied HSPs in Hspa4 KO testes (Fig. 7, pp. 

141 in the Publication I). 

Partial penetrance of male infertility, encountered in Hspa4 KO mice, was also reported 

in other genetically modified mouse models (Bitgood et al., 1996; Pearse et al., 1997; 

Robertson et al., 1999; Yu et al., 2000; Adham et al., 2001; Nayernia et al., 2002; 

Froment et al., 2004; Burnicka-Turek et al., 2009). The causes of partial penetrance of the 

phenotype are often attributed to the mixed genetic background of mice used in KO 

studies, although the involvement of additional nongenetic factors cannot be excluded. A 

high incidence of male infertility was found among Hspa4 KO mice in F2 generation, 

which contains a high level of inter-individual genetic variability. The decline in the 

incidence of infertility phenotype in subsequent generations would point to a selection 

bias against that genotype. 

The spermatogenic defects in Hspa4 KO mice resemble those of the Hsp70-2 

mutants. HSP70-2 is a member of the HSP70 family which is expressed at high levels in 

pachytene spermatocytes during the meiotic phase of spermatogenesis (Allen RL et al., 
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1988; Zakeri et al., 1988). Targeted disruption of Hsp70-2 resulted in male infertility 

associated with arrested meiosis and germ cell apoptosis (Dix et al., 1997). The 

possibility that HSPA4 and HSP70-2 are involved in the same pathway remains to be 

investigated.  

 

3.2. Cardioprotective role of HSPA4  

Abnormal cardiac remodeling, which includes cardiac hypertrophy and fibrosis, plays a 

fundamental role in the pathogenesis of cardiovascular diseases such as hypertensive 

heart disease and chronic heart failure (Kuwahara  et al., 2003; Mann and Bristow, 2005). 

Several lines of evidence demonstrated the protective role of HSPs against cardiac 

hypertrophy (Hayashi et al., 2006; Kim YK et al., 2006; Kumarapeli et al., 2008; Cai et 

al., 2010; Willis and Patterson, 2010; Norton N et al., 2011; Zhang et al., 2011; Zou et al., 

2011). 

In the Publication II, we have determined the cardioprotective role of HSPA4. We 

demonstrated that HSPA4 protein levels were significantly increased in the heart of WT 

mice subjected to pressure overload.  Consistent with the data from the animal model, 

expression levels of human HSPA4 were significantly elevated in cardiac samples of 

patients with aortic stenosis. Immunofluorescence staining of murine heart sections 

showed cytoplasmic localization of HSPA4 in the cardiomyocytes, while the intensity of 

HSPA4 fluorescence staining in TAC-operated heart was stronger (Fig. 1, pp. 462 in the 

Publication II). These data indicate that the heart responds to hemodynamic stress by 

increasing HSPA4 expression. These results point to a potentially protective role of 

HSPA4 against pressure overload-induced cardiac hypertrophy. To elucidate the 
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cardioprotective role of HSPA4, we characterized the cardiac remodeling in Hspa4 KO 

mice. Histological analyses revealed the development of hypertrophic cardiomyopathy 

and fibrosis in Hspa4 KO mice (Fig. 2, pp. 463 in the Publication II). Expression 

profiling of the hypertrophy- and fibrosis- related gene markers revealed a significant 

upregulation of the studied genes in Hspa4 KO compared with WT hearts. Two-

dimensional directed M-mode echocardiogram analysis was performed to assess the 

cardiac dimension and function. Left ventricular mass (LVM), Interventricular septum 

dimension (IVSD), left ventricle posterior wall thickness (LVPWT) and ratio of wall 

thickness to heart radius (h/r) were significantly increased in Hspa4 KO hearts compared 

to that of control littermates (Fig. 2, pp. 463 and Supplemental Table 2 in the Publication 

II). Taken together, these results indicate that the deficiency of HSPA4 leads to 

development of baseline cardiac hypertrophy and fibrosis. 

To further confirm the cardioprotective role of HSPA4, we determined the responses of 

Hspa4 KO animals to pressure overload by exposing Hspa4 WT and KO mice to TAC. 

After 2 weeks of TAC, Hspa4 KO mice exhibited exaggerated cardiac hypertrophy 

compared with WT controls (Fig. 3, pp.  464 and Supplemental Table 3 in the Publication 

II). These data reveal that HSPA4 ablation aggravates pathological cardiac hypertrophy 

in response to pressure overload. 

Our results are consistent with previous reports showing that other members of the HSP 

family, such as HSP90, HSP70, HSP20, and αB-crystallin, attenuate the development of 

cardiac hypertrophy induced either by angiotensin II, isoproterenol stimulation, or 

pressure overload (Hayashi et al., 2006; Kumarapeli et al., 2008; Willis and Patterson, 

2010; Zhang et al., 2011). These findings further support the idea that the members of 



3. Results and Discussion                                                                                                                                                                                                                                      20 

HSP family may be involved in mechanisms that protect against pathological cardiac 

remodeling and may be effective therapeutic candidates for cardiac hypertrophy and heart 

failure. 

To determine the signaling pathways that were affected in the heart of Hspa4 KO mice 

and might be responsible for the development of cardiac hypertrophy, we investigated the 

expression levels of some genes and proteins, which are suggested to be involved in 

development of cardiac hypertrophy. These analyses demonstrated that the transcriptional 

activity of NFAT and the expression levels of activated CaMKII were significantly 

elevated in Hspa4 KO heart (Fig. 4B-D, pp. 465 in the Publication II). Both proteins 

participate in signaling pathways that play critical roles in regulating hypertrophic growth 

of the heart (Wilkins and Molkentin, 2002). In collaboration with GATA4, activated 

NFAT induces the expression of fetal genes (Molkentin et al., 1998; Olson and Williams, 

2000). Similarly, activated CaMKII promotes MEF2 transcriptional activity, which 

induces the expression of prohypertrophic genes (Passier et al., 2000). The increased 

activity of gp130-STAT3 signaling in response to extracellular stress was reported to 

induce myocardial hypertrophy (Kunisada et al., 1998; Kunisada et al., 2000). In this 

study, we also found a marked increase in protein level of phosphorylated STAT3 (Fig. 

4A, pp. 465 in the Publication II). This result suggests that gp130-STAT3 signaling also 

participates in cardiac remodeling in Hspa4 KO mice. It remains to be determined 

whether the observed increase in the activity of these prohypertrophic signaling pathways 

is, on the one hand, the result of the development of cardiac hypertrophy in Hspa4 KO 

hearts. On the other hand, it might also have resulted from an increase of misfolded 
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proteins in cardiomyocytes, causing intracellular stress and the activation of stress-

induced signaling pathways. 

PQC depends on sophisticated collaboration between molecular chaperones and targeted 

proteolysis. When PQC is impaired or overloaded, abnormal proteins accumulate and 

cause aberrant aggregation in the cell, thereby injuring the cell and ultimately leading to 

cell death (Rutkowski and Kaufman, 2004). This can be quite detrimental to post-mitotic 

organs such as heart and brain due to their very limited self-renewal capacity (Wang X 

and Robbins, 2006). Emerging data suggest that protein misfolding and aberrant 

aggregation are common causes of heart diseases (Heling et al., 2000; Hein et al., 2003; 

Kostin et al., 2003; Sanbe et al., 2004; Chen Q et al., 2005; Liu J et al., 2006; Wang X 

and Robbins, 2006; Wang X et al., 2008). 

Given the role of HSPA4 as a co-chaperone, which functions to maintain proper protein 

folding, we speculated that HSPA4 ablation may impair the cardiac PQC. To address this 

hypothesis, we checked the level of ubiquitinated proteins in the Hspa4 KO heart. As 

expected, we showed an accumulation of ubiquitinated proteins in the Hspa4 KO heart 

compared to WT controls (Fig. 5, pp. 466 in the Publication II). These results suggest that 

the accumulation of ubiquitinated proteins resulting from impaired chaperone activity is 

possibly responsible for myocardial remodeling in Hspa4 KO mice. 

To rule out systemic causes of the cardiac hypertrophy seen in Hspa4 KO mice, we 

characterized neonatal cardiomyocyte cultures, which were established from Hspa4 WT 

and KO mice. Morphometric analyses demonstrated a high ratio of cardiomyocytes with 

increased cross sectional area (CSA) in KO culture compared to that in WT control. At 

the molecular level, expression levels of hypertrophic markers, Nppa and Nppb, were 
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significantly increased in neonatal Hspa4 KO cardiomyocyte compared to WT control 

(Fig. 6, pp. 466 in the Publication II). These data indicate that hypertrophic 

cardiomyocyte phenotype in Hspa4 KO mice is due to an intrinsic heart defect. 

Microarray analysis was performed to identify gene expression profiles and expand the 

knowledge of pathways regulating the development of cardiac hypertrophy in Hspa4 KO 

mice. RNA from the hearts of 3.5-week-old Hspa4 WT and KO mice were isolated, 

labeled and subjected to microarray screening. We selected 3.5 week-old-mice for 

identification of differentially expressed genes because this time largely precedes any 

pathological manifestations in Hspa4 KO heart, so that secondary alterations in gene 

expression were less likely. Results of microarray analysis identified 97 differentially 

expressed genes in Hspa4 KO heart (Fig. 7, pp. 467 and Supplemental Tables 4, 5 in the 

Publication II). Among the differentially expressed genes, several of them encode for 

proteins that are involved in ion channel signaling, including the voltage-gated potassium 

channels KCNE1 and KCND2, the potassium/sodium hyperpolarization-activated cyclic 

nucleotide-gated channel 1 (HCN1), sodium channel-gated, type IV, alpha subunit 

(SCN4A) and leucine glioma inactivation 1 (LGI1) that regulates the activity of voltage-

gated potassium channels (Schulte et al., 2006). It remains to be addressed whether the 

observed alterations in the expression of these genes could lead to electric remodeling in 

Hspa4 KO hearts; and further, if this is responsible for development of cardiac 

hypertrophy. Interestingly, Maplc3a, Dub2a and Dcun1d1 genes, which their coded 

proteins play a potential role in PQC machinery (Baek et al., 2001; Kouroku et al., 2007; 

Kim AY et al., 2008), were significantly altered in the Hspa4 KO hearts compared with 

WT controls. However, verification of these results by qRT-PCR and immunoblot 
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analyses is required. These might provide mechanistic insights into the function of 

HSPA4 in chaperone mediated protein folding and give explanation for development of 

cardiac hypertrophy upon HSPA4 ablation. 

In conclusion, we have demonstrated that lack of HSPA4 led to cardiac hypertrophy and 

fibrosis. Moreover, our data revealed the distinct, non-redundant role of HSPA4 in the 

PQC that maintains the proper protein folding and homeostasis in the cardiomyocytes. 

 

3.3. Elucidating the consequence of cardiac HSPA4 overexpression  

We have shown that deficiency of HSPA4 led to baseline cardiac hypertrophy and an 

exaggerated hypertrophic response to TAC-induced pressure overload. To investigate 

whether forced expression of HSPA4 in the heart will be sufficient to protect against 

cardiac hypertrophy, we performed gain-of-function experiments in vitro and in vivo.  

 

3.3.1. Generation of recombinant Hspa4 adenovirus (Ad-Hspa4) 

To evaluate the ability of HSPA4 to attenuate cardiomyocyte hypertrophy in 

vitro, recombinant adenovirus was generated in collaboration with Dr. S. Lutz 

(Department of Pharmacology, Medical Faculty, Göttingen). Briefly, we have 

constructed an Ad-Hspa4 by cloning the full-length murine Hspa4 cDNA into the shuttle 

vector pAdTrack-CMV and subsequent cotransformation of this vector and pAdEasy-1 

into electrocompetent AdEasier bacteria (Stratagene) as described previously (He et al., 

1998). Expression of Hspa4 in the Ad-Hspa4 is driven by the constitutive active CMV 

promoter. The virus also encodes the enhanced green fluorescent protein (EGFP) as a 

reporter gene. The EGFP is under the control of a separate CMV promoter (Fig. 3). The 



3. Results and Discussion                                                                                                                                                                                                                                      24 

EGFP adenovirus (Ad-EGFP) was used as the appropriate control 

adenovirus. Recombinant viral backbones from transformed AdEasier bacteria were 

collected and used for transfection of human embryonic kidney cells (HEK-293). After 

three weeks of transfection, Ad-Hspa4 adenovirus was harvested and used for 

transfection of neonatal rat cardiomyocytes (NRCMs). 

 
Figure 3. Schematic representation of the AdEasy technology. The Hspa4 cDNA was cloned into a 

pAdTrack-CMV shuttle vector and subsequently transformed into competent AdEasier cells, which are 

BJ5183 derivatives containing the adenoviral backbone plasmid pAdEasy-1. The confirmed recombinant 

adenovirus plasmids were digested with PacI to liberate both inverted terminal repeats (ITRs) and 

transfected into HEK-293 cells. HEK-293 cells express recombinant adenovirus E1, allowing them to 

produce adenoviruses from backbone vectors without the E1 gene. Recombinant adenoviruses are typically 

generated within 14–20 d. The „left arm‟ and „right arm‟ represent the regions mediating homologous 

recombination between the shuttle vector and the adenoviral backbone vector. Alternative homologous 

recombination between two Ori sites is shown with dotted lines. PA: polyadenylation site; LITR: left-hand 

ITR and packaging signal; RITR: right-hand ITR (Adapted from He et al., 1998, pp. 2511). 
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The efficiency of gene transfer was evaluated by confocal fluorescence microscopy of 

EGFP expression in cardiac myocytes 24 hrs after infection. The number of cells infected 

was more than 95% of the cultured NRCMs (Fig. 4A). To confirm the overexpression of 

HSPA4 in infected NRCMs, protein lysates from Ad-Hspa4- and control Ad-EGFP-

infected NRCMs were isolated and subjected to Western blotting. As shown in Figure 

4B, the protein level of HSPA4 was significantly increased in Ad-Hspa4- infected 

NRCMs compared to control. 

To elucidate the impact of forced HSPA4 expression on cardiomyocyte hypertrophy, Ad-

Hspa4- infected NRCMs will be treated with phenylephrine (PE), an agonist for cardiac 

hypertrophy. The hypertrophic response will be evaluated by morphometric analysis of 

cardiomyocytes areas, sarcomeric rearrangement by immunostaining with α-actinin 

antibody, measurement of the expression levels of hypertrophic markers (Nppa and 

Nppb) and quantification of EGFP synthesis as a surrogate for overall protein synthesis in 

Ad-Hspa4- and control Ad-EGFP- infected cells. 

We have demonstrated that ablation of HSPA4 leads to impaired folding capacity of 

chaperones with subsequent accumulation of ubiquitinated proteins in the myocardium 

(Publication II). To test whether HSPA4 overexpression could enhance the chaperone 

mediated folding machinery and reduce ubiquitinated proteins accumulation, protein 

lysates from Ad-Hspa4- and control Ad-EGFP-infected NRCMs were isolated and 

subjected to immunoblotting. Interestingly, the total ubiquitinated proteins were 

significantly decreased in infected Ad-Hspa4 cells compared to that in Ad-EGFP control 

(Fig. 4C). This result suggests that HSPA4 plays a fundamental role in the chaperone 

mediated protein folding. 
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Figure 4. Analysis of Ad-Hspa4- infected NRCMs. A, Cultured NRCMs were infected with Ad-Hspa4. 

Co-expression of the green fluorescent protein (EGFP) tracer and α-actinin indicates efficient infection of 

more than 95% of the cardiomyocytes. B, Immunoblotting shows increasing HSPA4 protein levels in Ad-

Hspa4- infected cardiomyocytes. Western blots were probed with antibodies directed against HSPA4 and 

α-tubulin (TUB). In the bar graph presenting in the right panel, expression levels of HSPA4 were 

normalized to that of α-tubulin. Values are expressed as mean ± SD. HSPA4 protein levels in Ad-EGFP 

control culture serve as reference. *P < 0.05 vs control, A.U. indicates arbitrary units. C, Western blot 

analyses of total ubiquitinated proteins in Ad-Hspa4- and Ad-EGFP- infected NRCMs. Representative 

image and pooled densitometry data are shown. Values are expressed as mean ± SD. HSPA4 protein levels 

in Ad-EGFP control culture serve as reference. *P < 0.05 vs control, A.U. indicates arbitrary units. 

 

3.3.2. Generation of cardiac specific Hspa4 transgenic mouse model  

To investigate the cardioprotective effect of HSPA4 overexpression against pressure 

overload-induced cardiac hypertrophy in vivo, we decided to generate a mouse model 

with cardiac-specific overexpression of HSPA4. Towards this end, murine Hspa4 cDNA 

was generated by PCR, cloned into pGEM-T Easy vector (Promega, Madison WI, USA) 

and verified by DNA sequencing. The Hspa4 cDNA was then cloned downstream of the 

cardiac specific α-MHC promoter. The plasmid containing the α-MHC promoter was 
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provided by Prof. Dr. W.-H. Zimmermann (Department of Pharmacology, Medical 

Faculty, Göttingen). The cardiac α-MHC promoter is exclusively transactivated in 

cardiomyocytes (Fig. 5). 

  

 

Figure 5. Schematic diagram of the transgene construct used for the generation of Hspa4 transgenic mice. 

The construct contains the α-MHC gene promoter, the full-length mouse Hspa4 cDNA clone, and a 

polyadenylylation sequence (poly A). 

 

In future experiments, the recombinant α-MHC-Hspa4 fragment will be microinjected 

into nuclei of fertilized oocytes collected from mice of FVB strain. The microinjected 

oocytes will be transferred into oviducts of pseudopregnant females. Genomic 

integration, copy number and expression of transgenic allele in the transgenic founders 

will be determined by qRT-PCR analysis and Western blotting. To evaluate the 

cardioprotective effect of forced HSPA4 expression against pressure overload-induced 

cardiac hypertrophy, Hspa4 transgenic and WT mice will be subjected to TAC operation. 

After two weeks, we will determine the extent of cardiac hypertrophy by 

echocardiogram, histology, expression levels of hypertrophy and fibrosis related markers 

in both genotypes.  

 

3.4. Simultaneous deletion of murine Hspa4l and Hspa4 genes causes pulmonary 

immaturity and early neonatal lethality in mouse 
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The HSP110 gene family includes two genes in Saccharomyces cerevisiae known as Sse1 

and Sse2 (Mukai, et al., 1993; Shirayama et al., 1993). Ablation of Sse1 resulted in 

growth defect and temperature sensitivity, whereas Sse2 loss had no overt phenotype 

(Mukai, et al., 1993). However, deletion of both Sse1 and Sse2 genes was lethal, 

indicating a unique important cellular function of both proteins in yeast (Shaner et al., 

2005; Trott et al., 2005). Given the ubiquitous patterns of Hspa4l and Hspa4 expression 

and their high sequence homology (Kaneko et al., 1997a, b), it is conceivable that mutual 

functional compensation could confound the phenotype of Hspa4l- and Hspa4- KO mice. 

To address this hypothesis, we have generated and analyzed the Hspa4l/Hspa4 DKO 

mice. Hspa4l
-/-

 Hspa4
-/-

 mice died shortly after birth. To get insight into the underlying 

cause of death, we closely monitored the fate of E18.5 embryos, which was just prior to 

the delivery day, delivered by Caesarean section (C-section). Inactivation of HSPA4L 

and HSPA4 in lung of Hspa4l
-/-

 Hspa4
-/-

 embryos was confirmed by Western blotting 

(Fig. 6A). 

At E18.5 the body weight of Hspa4l
-/-

 Hspa4
-/-

  embryos was significantly smaller than 

that of controls (WT, Hspa4l
-/-

 and Hspa4
-/-

 embryos) (Fig. 6B, C). Hspa4l
-/-

 Hspa4
-/-

 

embryos made visible effort to breath. However, in contrast to control embryos, Hspa4l
-/-

 

Hspa4
-/-

 embryos were less active and became cyanotic and died of respiratory distress 

during 1 hr after revival. These observations suggest that HSPA4L and HSPA4 are 

essential for embryonic development and that simultaneous ablation of both genes leads 

to embryonic growth retardation and early neonatal death. Histological analyses revealed 

no overt abnormalities in other tissues including heart (data not shown) in Hspa4l
-/-

 

Hspa4
-/-

 embryos, raising the possibility that the pulmonary defect is responsible for 
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neonatal lethality. While organ weights of heart, kidney and liver were similar between 

genotypes (data not shown), we observed that the lung of Hspa4l
-/-

 Hspa4
-/-

 embryos at 

E18.5 were significantly smaller compared with controls (Fig. 6D). This finding indicates 

that the Hspa4l
-/-

 Hspa4
-/-

 embryos develop pulmonary hypoplasia. Lungs dissected from 

Hspa4l
-/-

 Hspa4
-/-

 embryos did not float on water, indicating that the lungs are not 

inflated with air (Fig. 6E).  

 

 

Figure 6. Simultaneous ablation of HSPA4L and HSPA4 led to pulmonary hypoplasia. (A) Western 

blotting for the expression of HSPA4L and HSPA4 proteins in extracts of lungs from wild type (WT), 

Hspa4l
-/-

, Hspa4
-/-

 and Hspa4l
-/-

 Hspa4
-/-

 (DKO) embryos at E18.5. Expression of α-tubulin (TUB) was 

used as a loading control. (B) Representative image of WT and DKO embryos at E18.5. (C) The body 

weight of E18.5 WT, Hspa4l
-/-

, Hspa4
-/-

 and DKO embryos. Five to seven embryos per genotype were used 

in this analysis. Value is presented as mean ± SD, *P < 0.05 vs WT. (D) Gross images of the lung tissue 

isolated from WT and DKO embryos at E18.5. (E) The floating lung assay for WT and DKO embryos. 

DKO lung (the lower one) has sunk, while the WT lung is floating in the PBS. DKO, double knockout.  

 

Prior to investigation of the pulmonary phenotype of DKO embryos, the expression level 

and distribution pattern of HSPA4L and HSPA4 during lung development were studied. 

Immunoblot analysis showed that both HSPA4L and HSPA4 proteins were ubiquitously 
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expressed in lung during the embryonic (E12.5-E18.5) and postnatal days (P1, P2, P45) 

(Fig. 7A). 

 

Figure 7. Expression of HSPA4L and HSPA4 in embryonic and adult murine lung. (A) Western blot 

analysis for the expression of HSPA4L and HSPA4 in WT lung at different developmental stages. 

Expression of α-tubulin (TUB) was used as a loading control. (B) Cellular distribution of HSPA4L- and 

HSPA4-positive cells in the lung. Immunofluorescence study of HSPA4L and HSPA4 in lung sections 

from WT mice of E16.5, E18.5- and of adult- stage and from Hspa4l
-/-

 Hspa4
-/-

 (DKO) embryos at E18.5. 

Nuclei were stained blue with DAPI. Bar = 30 µm. DKO, double knockout. 

 

Multiple cell types are present in the lung, including epithelial, mesenchymal and 

endothelial cells. To elucidate the cellular distribution of HSPA4L and HSPA4 proteins 

in the lung, paraffin sections of lungs isolated from embryonic and adult WT mice were 

subjected to immunofluorescence analysis. HSPA4L immunoreactivity was identified 

exclusively in a subpopulation of bronchial and bronchiolar epithelial cells in both 

embryonic and adult lung sections (Fig. 7B). Detectable HSPA4 immunoreactivity was 

ubiquitously distributed in all pulmonary cells with stronger signals identified in 

bronchial and bronchiolar epithelial cells (Fig. 7B). No immunoreactivity was observed 

for HSPA4L and HSPA4 in the lung sections derived from E18.5 Hspa4l
-/-

 Hspa4
-/-

 

embryos (Fig. 7B) confirming the specificity of the antibodies used. These data 

demonstrate an extensive overlap in the expression pattern of HSPA4L and HSPA4 in 

bronchial epithelium. 
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In the mouse, lung development is divided into four stages (Maeda et al., 2007). During 

the pseudoglandular stage (E9.5–E16.5) branching morphogenesis generates the 

respiratory tree, and the pulmonary vasculature starts to develop. At the canalicular stage 

(E16.5–E17.5) the terminal bronchioles expand to form the respiratory ducts and sacs. 

The saccular stage (E17.5–PN5) is characterized by thinning of the mesenchyme and the 

differentiation of ATI and ATII pneumocytes, which are responsible for gas exchange 

and surfactant synthesis, respectively (Williams and Mason, 1977; Weaver TE and 

Conkright, 2001; Boggaram, 2003). The alveolar stage occurs after birth and is 

characterized by the remodeling of saccules into alveoli. 

In the lung of Hspa4l
-/-

 Hspa4
-/-

 embryos at E15.5, branching morphogenesis and 

canalicular stages occured normally compared to age matched controls (Fig. 8A). These 

data suggest that early signaling events inclding, mesenchymal FGF-10, endodermally 

derived FGF-R2, SHH/GLI 2,3 and retinoic acid receptors, which transpire between 

foregut endoderm and surrounding splanchnic mesoderm (Mendelsohn et al., 1994; 

Bellusci et al., 1997; Litingtung et al., 1998; Min et al., 1998; De Moerlooze et al., 2000) 

are unaffected in the Hspa4l
-/-

 Hspa4
-/- 

lung. 

Diminished saccular expansions with concomitant increased mesenchymal tissue, which 

are consistent with pulmonary immaturity, were evident in the lung at E17.5 and became 

exaggerated at E18.5 and E19.5 stages (Fig. 8A). Morphometric analysis demonstrated a 

significant decrease of saccular size and increased thickness of mesenchymal septa in the 

Hspa4l
-/-

 Hspa4
-/-

 lung compared with controls (Fig. 8B, C).  
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Figure 8. Delayed maturation of distal pulmonary epithelium in Hspa4l
-/-

 Hspa4
-/-

 embryos. (A) Lung 

sections from embryos were prepared at the indicated developmental stages and stained with H&E. 

Representative sections revealed no apparent phenotypic differences between wild type (WT), Hspa4l
-/-

, 

Hspa4
-/-

 and Hspa4l
-/-

 Hspa4
-/-

 (DKO) lungs at E15.5. At E17.5, E18.5 and E19.5, WT, Hspa4l
-/-

 and 

Hspa4
-/-

 lungs have dilated terminal sacs and a thinned mesenchyme. In contrast, DKO lung has reduced 

terminal sacs with thickened intervening mesenchyme. Bar = 50 µm. (B and C) Morphometric analysis of 

lung saccular airspace (B) and mesenchymal septal thickness (C) in E17.5, E18.5 and E19.5 embryos. *P < 

0.05 vs WT, n = 5 per genotype per embryonic stage. DKO, double knockout. 

 

The limited saccular expansion in the lung at the end of gestation forced us to investigate 

the maturation status of ATII pneumocytes. Immature ATII cells are glycogen-rich and 

when they differentiate, glycogen is converted into phospholipids, which are mixed with 

surfactant-associated proteins (SPs) to form the surfactant complexes (Ronney et al., 



3. Results and Discussion                                                                                                                                                                                                                                      33 

1994; Ridsdale and Post, 2004). In ATII pneumocytes, synthesized surfactant is stored in 

the cytoplasmic lamellar bodies. Immaturity of type II pneumocytes, which is associated 

with high glycogen content and decreased surfactant production, leads to respiratory 

distress and poor neonatal survival (Whitsett and Weaver, 2002). Thus, we stained E18.5 

lung sections with PAS to assess intracellular glycogen in the ATII cells. Indeed, the 

proportion of glycogen-rich cells in the alveolar epithelium of the Hspa4l
-/-

 Hspa4
-/-

 lung 

was more than fivefold higher than that in the WT, Hspa4l
-/-

 and Hspa4
-/-

 control lungs 

(Fig. 9A, B). To further substantiate this result, we examined the morphology of ATII 

cells using transmission electron microscopy. As illustrated in Figure 9C, ATII 

pneumocytes from Hspa4l
-/-

 Hspa4
-/- 

embryos contained abundant glycogen, smaller and 

less number of lamellar bodies when compared to WT littermates. These findings suggest 

that maturation of ATII cells is impaired in the Hspa4l
-/-

Hspa4
-/- 

lung. 

 

 

Figure 9. Glycogen accumulation and poor lamellar bodies in ATII pneumocytes of Hspa4l
-/-

 Hspa4
-/-

 lung. 

(A) PAS stains indicating cytoplasmic glycogen in lung sections from E18.5 wild type (WT), Hspa4l
-/-

, 

Hspa4
-/-

 and Hspa4l
-/-

 Hspa4
-/-

 (DKO) embryos. Bar= 20 μm. (B) Quantitation of PAS-positive cells. More 

than 800 alveolar epithelial cells were randomly examined for each genotype for the statistical comparison. 

*P < 0.05 vs WT, n = 3-4 per genotype. (C) Electron microscopy of E18.5 WT and DKO lungs 

demonstrates ultrastructure immaturity of the ATII cells in the peripheral lung saccules of DKO lung. 
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Cuboidal ATII cells of WT lung were found to contain numerous lamellar bodies (arrows). In ATII cells of 

DKO lung, lamellar bodies are scanty and the cytoplasm is occupied by glycogen (Gly). DKO, double 

knockout.  

 

To confirm impaired maturation of ATII pneumocytes, we then directly assessed the 

ability of ATII cells to synthesize SPs in the lung of Hspa4l
-/-

 Hspa4
-/- 

embryos at E18.5. 

The SPs include SP-A, SP-B, SP-C, and SP-D (Rooney et al., 1994). 

Immunofluorescence analyses were performed using antibodies against mature SP-B and 

proSP-C. In comparison to WT, Hspa4l
-/-

 and Hspa4
-/-

 control lungs, the number of 

proSP-C- and SP-B-positive cells was significantly reduced in Hspa4l
-/-

 Hspa4
-/-

 lung 

(Fig. 10A). In agreement with the immunofluorescence results, Western blotting revealed 

that protein levels of mature SP-B and proSP-C were significantly decreased in Hspa4l
-/-

 

Hspa4
-/- 

compared to control lungs (Fig. 10B). These reduced levels of SPs together with 

abnormal accumulation of intracellular glycogen in the pulmonary epithelial cells denote 

that the maturation of pulmonary ATII cells is severely impaired in embryonic lung of 

Hspa4l
-/-

 Hspa4
-/- 

embryos. 

Expression of SPs in ATII epithelial cells normally increases prior to birth (Randell and 

Young, 2004). Of these, SP-B and SP-C play pivotal roles in surfactant function and 

homeostasis (Clark et al., 1995; Clark et al., 2001; Ikegami et al., 2003; Shulenin et al., 

2004). Mutations in SP-B cause lethal respiratory distress in human and mouse (Nogee et 

al., 1994; Clark et al., 1995; Nogee et al., 2000). Targeted disruption of SP-B in mouse 

perturbed formation of lamellar bodies, causing respiratory failure shortly after birth 

(Clark et al., 1995). Reduction of SP-B was also found to be associated with surfactant 

dysfunction and respiratory failure in the perinatal and postnatal periods (Gregory et al., 

1991). The reduced expression of SP-B and proSP-C may be responsible for the alveolar 
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collapse, which leads to respiratory failure and neonatal lethality in Hspa4l
-/-

 Hspa4
-/-

 

embryos. 

Because ATI cells differentiate from ATII cells (Warburton et al., 2000; Bhaskaran et al., 

2007), it is reasonable to hypothesize that immature ATII cells will impair maturity of 

ATI cells. To address this hypothesis, we performed immunofluorescence analysis with 

antibody against Aquaporin 5 (AQP5). AQP5 is a water channel protein and its 

expression is restricted to ATI pneumocytes (Verkman et al., 2000; Williams, 2003). 

AQP5 immunostaining was widespread in cells lining the distal airspaces in E18.5 lung 

of WT, Hspa4l
-/-

 and Hspa4
-/- 

embryos. In contrast, AQP5 displayed a differential pattern 

of expression in the Hspa4l
-/-

 Hspa4
-/-

 lung. In some areas of the lung, AQP5 

immunostaining was present in the apical membrane of ATI cells, while AQP5-positive 

cells were lacked in other regions of the lung (Fig. 10A). Consistent with this finding, 

Western blot analysis demonstrated a significant reduction in the expression levels of 

AQP5 protein in the lung of Hspa4l
-/-

 Hspa4
-/-

 embryos (Fig. 10B). These results suggest 

that the respiratory distress seen in Hspa4l
-/-

 Hspa4
-/-

 embryos could be also due to an 

impaired gas exchange resulting from decreased numbers of mature ATI cells. Taken 

together, these data indicate that dual deletion of HSPA4L and HSPA4 leads to delayed 

maturation of alveolar epithelium.  
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Figure 10. Diminished expression of SP-B, proSP-C and AQP5 in the lung of Hspa4l
-/-

 Hspa4
-/-

 embryos. 

(A) Histological sections of lungs from from wild type (WT), Hspa4l
-/-

, Hspa4
-/-

 and Hspa4l
-/-

 Hspa4
-/-

 

(DKO) embryos at E18.5 were immunostained with antibodies against SP-B, proSP-C and AQP5. Scale 

bars: 20 μm. (B) Immunoblotting of lung homogenates from different genotypes was probed with 

antibodies directed against SP-B, proSP-C, AQP5 and α-tubulin. In the bar graph presented in the right 

panel, expression levels of SP-B, proSP-C and AQP5 proteins were normalized to that of α-tubulin. Values 

are expressed as mean ± SD. protein levels in WT lung served as reference. *P < 0.05 vs control, n = 3-4 

per genotype. A.U.  indicates arbitrary units. DKO, double knockout. 

 

 

Normal growth of an organ depends on precise control of cell proliferation and cell death. 

Cell proliferation not only sustains overall lung growth in the embryo, but also influences 

lung remodeling during stages of gestation (Weaver M et al., 2000). Many genes and 

signaling pathways critical to these processes have been described (Chinoy et al., 2001; 
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Compernolle et al., 2002; Wan et al., 2005; Martis et al., 2006; Ban et al., 2007; Shu et 

al., 2007). Hspa4l and Hspa4 expressions are induced in carcinomas and are thought to 

play a role during proliferation (Kaneko et al., 1997a, b; Nakatsura et al., 2001; Gotoh et 

al., 2004; Tsapara et al., 2006; Takahashi et al., 2007; Li C et al., 2010). We assessed cell 

proliferation in the E18.5 lung of WT, Hspa4l
-/-

, Hspa4
-/- 

and Hspa4l
-/-

 Hspa4
-/- 

embryos. 

Relative to WT, Hspa4l
-/-

 and Hspa4
-/- 

lungs, increased cell proliferation was 

demonstrated in Hspa4l
-/-

 Hspa4
-/- 

lungs as quantified by increased number of  BrdU-

positive cells and a significant upregulation of Cyclin D1 that is considered as one of the 

key factors regulating progression through the G1/S transition of the cell cycle (Hansen 

and Albrecht, 1999; Ciemerych and Sicinski, 2005; Golsteyn, 2005; Harper and Brooks, 

2005). 

It has been reported that alveolar and mesenchymal cells undergo apoptosis during 

normal lung development and maturation (Kresch et al., 1998; Scavo et al., 1998; Stiles 

et al., 2001; Sutherland et al., 2001). Precise control of the cell deletion by apoptosis is 

essential during normal lung development (De Paepe et al., 1999). A combination of in 

situ TUNEL assay and immunostaining for cleaved Caspase 3 was performed. As shown 

in Figure 11C and D, there was a significant decrease in the number of cleaved Caspase 

3- and TUNEL-positive cells in the lung of E18.5 Hspa4l
-/-

 Hspa4
-/-

 embryos. 

Taken together, increased cell proliferation and diminished cell apoptosis could be a 

potential mechanism contributing to increased mesenchymal thickness observed in the 

lung of Hspa4l
-/-

 Hspa4
-/-

 embryos.   

 

http://www.ncbi.nlm.nih.gov/pubmed/9161406
http://www.ncbi.nlm.nih.gov/pubmed/11237751
http://www.ncbi.nlm.nih.gov/pubmed/14987991
http://www.ncbi.nlm.nih.gov/pubmed/14987991
http://www.ncbi.nlm.nih.gov/pubmed?term=Ciemerych%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=15838522
http://www.ncbi.nlm.nih.gov/pubmed?term=Sicinski%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15838522


3. Results and Discussion                                                                                                                                                                                                                                      38 

 

Figure 11. Increased proliferation and diminished apoptosis in the Hspa4l
-/-

 Hspa4
-/-

 lungs. (A) 

Immunofluorescence staining was performed using antibodies against BrdU in lung sections of wild type 

(WT), Hspa4l
-/-

, Hspa4
-/- 

and Hspa4l
-/-

 Hspa4
-/-

 (DKO) embryos (upper panel). Bar= 20 μm. Quantitation of 

BrdU-positive cells (lower panel). More than 1000 alveolar epithelial cells were randomly examined for 

each genotype for the statistical comparison. *P < 0.05 vs WT, n = 3-4 per genotype. (B) Western blotting 

was probed with antibodies directed against Cyclin D1 and α-tubulin (TUB). In the bar graph presented in 

the lower panel, expression levels of Cyclin D1 were normalized to that of α-tubulin. Values are expressed 

as mean ± SD. Cyclin D1 protein levels in WT lung served as reference. *P < 0.05 vs control, n = 3-4 per 

genotype. A.U.  indicates arbitrary units. (C) In situ TUNEL assay and cleaved Caspase 3 immunostaining. 

Bar= 20 μm. (D) Quantitation of TUNEL- and Caspase 3-positive cells. *P < 0.05 vs WT, n = 3-4 per 

genotype.  DKO, double knockout. 
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To verify whether simultaneous depletion of HSPA4L and HSPA4 impaired the 

chaperone activity in the lung, Western blotting with protein extracts from lung of WT, 

Hspa4l
-/-

 , Hspa4
-/- 

and Hspa4l
-/-

 Hspa4
-/- 

embryos at E18.5 was  immunostained with 

anti-Ubiquitin antibody. As shown in Figure 12A, levels of ubiquitinated proteins were 

significantly increased in extract of Hspa4l
-/-

 Hspa4
-/-

 lung compared to that in lung 

extracts of other genotypes. Although, we have shown an  increased accumulation of 

ubiquitinated proteins in the heart of postnatal Hspa4
-/- 

mice (Publication II), Western 

blot analysis did not show elevated levels of ubiquitinated proteins in the myocardial 

lysates derived from E18.5 Hspa4l
-/-

 Hspa4
-/-

 embryos (Fig. 12B). These results suggest 

that dual depletion of HSPA4L/HSPA4 affects the folding capacity of chaperones in the 

embryonic lung. 

 

 

Figure 12. Increased accumulation of ubiquitinated proteins in Hspa4l
-/-

 Hspa4
-/-

 lungs. (A) Total 

ubiquitinated proteins in pulmonary protein extracts from E18.5 wild type (WT), Hspa4l
-/-

, Hspa4
-/-

 and 
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Hspa4l
-/-

 Hspa4
-/-

 (DKO) embryos were analyzed by immunoblots (left panel). Histograms show relative 

abundance of ubiquitinated proteins in protein extracts (right panel). Expression of α-tubulin (TUB) was 

used as a loading control. Values are expressed in mean ± SD. Ubiquitinated proteins in WT samples were 

expressed as 1.0. *P < 0.05 vs WT, n = 4 per group. A.U. indicates arbitrary units. (B) Western blotting for 

the abundance of ubiquitinated proteins in the heart of E18.5 WT, Hspa4l
-/-

, Hspa4
-/-

 and DKO embryos. 

DKO, double knockout. 

 

Increased accumulation of misfolded proteins above the threshold level impairs the 

functional capacity of the proteasome (Bennett et al., 2005). The ubiquitin- proteasome 

system (UPS) is also responsible for the degradation of the majority of cellular proteins 

that are no longer needed. Dysfunctional protein degradation will affect not only PQC but 

also many other cellular processes (Carrier et al., 2010; Fasanaro et al., 2010; Hedhli and 

Depre, 2010; Luo et al., 2010). Previous study has addressed the link between SPs 

synthesis and the efficient proteasomal activity. The result of this study revealed that 

impaired activity of proteasome in lung cell lines leads to inhibition of SPs synthesis, in 

particular SP-B and SP-C (Das and Boggaram, 2007). Moreover, mutations in SP-C in 

vivo and in vitro especially in BRICHOS domain are associated with accumulation of 

misfolded proteins and proteasomal dysfunction, which lead to deterioration of lung 

development (Bridges et al., 2003; Mulugeta et al., 2005). It will be important to deeply 

assess the proteasomal function in the lung of Hspa4l
-/-

 Hspa4
-/-

 mice to determine 

whether the proteasome is indeed defective. This ill give a solid proof that the surfactant 

deficiency and neonatal lethality exhibited by Hspa4l
-/-

 Hspa4
-/-

 pups is indeed a 

consequence of proteasomal dysfunction. Taken together, our data suggest that ablation 

of deficiency of HSPA4L/HSPA4 leads to accumulation of misfolded and ubiquitinated 

proteins, which overwhelm and distort the capacity of proteasome in the lung of Hspa4l
-/-

 

Hspa4
-/-

 pups. 
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We have demonstrated that HSPA4L and HSPA4 were ubiquitously expressed in the lung 

during prenatal and postnatal development. However, targeted disruption of either Hspa4l 

or Hspa4 did not impair embryonic development. Growth retardation and impaired lung 

maturation demonstrated in Hspa4l
-/-

 Hspa4
-/-

 embryos suggest that a possible functional 

redundancy might exist between HSPA4L and HSPA4 during embryonic development. 

In conclusion, our in vivo data provide novel molecular evidence of previously unknown 

contribution of both HSPA4L and HSPA4 to the maturation of alveolar epithelium. 

 

3.5. Generation of Hsph1 conditional KO and Hspa4/Hsph1 DKO mice 

In order to determine the physiological function of the third member of Hsp110 family, 

namely Hsph1 gene, we generated Hsph1 deficient mice. To generate Hsph1 chimeric 

mice, we used commercial Hsph1 recombinant embryonic stem cells (ESCs) produced by 

European Conditional Mouse Mutagenesis Program (EUCOMM). The genome of 

homologous recombinant ES cells contains 2 loxP sites, which flank exons 9 and 10 of 

Hsph1 gene (Fig. 13A). To verify the correct homologous recombination in Hsph1 gene, 

Southern hybridization was performed. The external probe detected a 15.5-kb BamHI 

fragment of the WT allele and a 11.5-kb BamHI recombinant fragment of the floxed 

allele (Fig. 13B). The recombinant ESCs were injected into C57BL/6J blastocysts. The 

microinjected blastocysts were transferred into uteri of pseudopregnant females. We 

obtained two germ-line transmitting chimeras, which were mated with C57Bl/6J females 

to produce heterozygous mice (Hsph1
F/+

). To delete the floxed sequence, heterozygous 

mice were intercrossed with CreEII
 
transgenic mice. The CreEII transgenic mice have the 

Cre-recombinase gene under the control of the EII promoter, which directs transcription 
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of Cre-recombinase in oocyte and 1-cell stage of embryonic development. Expression of 

CreEII results in deletion of floxed Hsph1 sequences in all cells of the developing 

embryo including the germ cells (Lakso et al., 1996). To determine whether Cre-

mediated recombination was successful, we analyzed genomic DNA of the progeny using 

PCR with oligonucleotide primers F1, F2 and R. The PCR amplifies a 322-bp fragment 

of WT, a 350-bp fragment of floxed and a 420-bp fragment of deleted Hsph1 alleles (Fig. 

13C). RT-PCR with RNA isolated from the brain confirmed the absence of Hsph1 

transcript in Hsph1
∆/∆ 

mice (Fig. 13D). 

Breeding of Hsph1
∆/+

 animals produced Hsph1
+/+

, Hsph1
∆/+

, and Hsph1
∆/∆ 

litters. Of 220 

pups born and examined at the age of 3 to 4 weeks, 56 were Hsph1
+/+

, 111 

were Hsph1
∆/+

, and 53 were Hsph1
∆/∆

. These numbers are compatible with Mendelian 

ratios expected for nondeleterious alleles. Thus, Hsph1 is not essential for embryonic 

development or viability of adult animals. The Hsph1
∆/∆ 

mice did not show overt 

abnormalities. Histological analysis of various tissues failed to detect any significant 

differences between Hsph1
∆/∆ 

and WT mice (data not shown). During our work to 

generate Hsph1 KO mice, two reports have described the consequence of targeted 

disruption of Hsph1 gene (Nakamura et al., 2008; Eroglu et al., 2010). Nakamura et al. 

(2008) have reported that the HSPH1 deletion did not affect the embryonic development, 

viability and fertility of mutant mice. However, Hsph1 KO mice are resistant to ischemic 

injury and that the protective effects of HSPH1 deficiency in cerebral ischemia may be 

mediated by an increase in the chaperone activity of HSP70. Results of other group have 

demonstrated that lack of HSPH1 in mice is associated with tauopathy and 

neurodegeneration, which suggests that HSPH1 plays a protective role against 

http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0007775#pone.0007775-Lakso1
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Eroglu%2BB%5bauth%5d
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neurodegenerative diseases such as Alzheimer‟s disease and other tauopathies (Eroglu et 

al., 2010). 

To address whether there is a functional redundancy between HSPA4 and HSPH1, we 

decided to generate Hspa4/Hsph1 DKO mice. Toward this end, Hspa4
+/-

 mice were bred 

with Hsph1
∆/∆

 mice to obtain Hspa4
+/-

 Hsph1
∆/+

, which will be intercrossed in order to 

have Hspa4
-/-

 Hsph1
∆/∆ 

mice. Analysis and characterization of the Hspa4
-/-

 Hsph1
∆/∆ 

mice 

will be undertaken. 

 

Figure 13. Generation of Hsph1 conditional KO mice and analysis of genotypes. A, Schematic diagram of 

targeting strategy. Arrows indicate the primers used for genotyping. Black triangles indicate loxP sites. 

Exons 9 and 10 (open boxed 9 and 10) were flanked by loxP sites and can be excised by Cre recombinase. 

Abbreviations: B, BamHI; neo, neomycin resistant cassette; β-gal, β-galactosidase cassette. B, Southern 

blot analysis of WT and targeted ESCs DNA using a 5‟ external probe. Genomic DNA extracted from 

ESCs was digested with BamHI and probed with an external probe, which detected a 15.5-kb BamHI 

fragment in the WT allele and a 11.5-kb BamHI recombinant fragment in conditional allele. Locations of 

the probes are indicated in A. C, Genotyping of various Hsph1 alleles by PCR of DNA isolated from mice 

tail. Primers are designed to distinguish WT (+/+, 322-bp), floxed (F/F, 350-bp), and deleted (∆/∆, 420-bp) 

Hsph1alleles. D, RT-PCR analysis was performed with RNA of brain from Hsph1
+/+

, Hsph1
F/F

, Hsph1
∆/F 

and Hsph1
∆/∆

 animals. A 450-bp product of Hsph1 gene was obtained from RNA of Hsph1
+/+

, Hsph1
F/F

 and 

Hsph1
∆/F 

animals, but no band was visible in case of Hsph1
∆/∆

 mice. The integrity of the RNA was verified 

by using Hprt primers. 
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