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ABSTRACT  Peroxisomal testis-specific 1 gene (Pxt1) is the only male germ cell–specific gene 
that encodes a peroxisomal protein known to date. To elucidate the role of Pxt1 in spermato-
genesis, we generated transgenic mice expressing a c-MYC-PXT1 fusion protein under the 
control of the PGK2 promoter. Overexpression of Pxt1 resulted in induction of male germ 
cells’ apoptosis mainly in primary spermatocytes, finally leading to male infertility. This 
prompted us to analyze the proapoptotic character of mouse PXT1, which harbors a BH3-like 
domain in the N-terminal part. In different cell lines, the overexpression of PXT1 also resulted 
in a dramatic increase of apoptosis, whereas the deletion of the BH3-like domain significantly 
reduced cell death events, thereby confirming that the domain is functional and essential for 
the proapoptotic activity of PXT1. Moreover, we demonstrated that PXT1 interacts with 
apoptosis regulator BAT3, which, if overexpressed, can protect cells from the PXT1-induced 
apoptosis. The PXT1-BAT3 association leads to PXT1 relocation from the cytoplasm to the 
nucleus. In summary, we demonstrated that PXT1 induces apoptosis via the BH3-like domain 
and that this process is inhibited by BAT3.

INTRODUCTION
Programmed cell death (apoptosis) is an active, highly regulated 
biological process that enables maintenance of tissue homeostasis 
by elimination of aged, overproduced, or dysfunctional cells. Apop-
totic loss of germ cells during testicular development is very com-
mon in both normal and pathological conditions (Hikim et al., 
1998), but the mechanisms and genes underlying this important 
event in the male gonad still remain unclear. One candidate gene 
predominantly expressed in the testis that is involved in apoptosis 
is HLA-B-associated transcript 3 (Bat3, also known as Scythe or 

Bag6) (Wang and Liew 1994; Ozaki et al., 1999). BAT3 is a member 
of the BCL-2-associated athanogene (BAG) family of proteins that, 
aside from a C-terminal BAG domain, contains two C-terminal nu-
clear localization signals, central polyproline- and glutamine-rich 
regions, zinc-finger-like motif, as well as an N-terminal ubiquitin-like 
domain (Banerji et al., 1990; Manchen and Hubberstey 2001). It has 
been demonstrated that BAT3 interacts with the Drosophila 
proapoptotic protein reaper and modulates reaper-induced apop-
tosis. In addition, the interaction of BAT3 with many other apop-
totic regulators, such as p53, NCR3, AIFM1, and PBF, has been re-
ported (Pogge von Strandmann et al., 2007; Sasaki et al., 2007; 
Desmots et al., 2008; Tsukahara et al., 2009). Interestingly, the tar-
geted disruption of Bat3 in mice induces apoptosis of meiotic germ 
cells, resulting in complete male infertility (Sasaki et al., 2008). The 
authors have demonstrated that stabilization of HSPA1B (also 
known as HSP70–2) by BAT3 is crucial for proper function of HSPA1B 
during spermatogenesis.

To date, the peroxisomal testis specific 1 (Pxt1) gene is the 
only known gene that encodes a male germ cell–specific peroxi-
somal protein (Grzmil et al., 2007). The expression of Pxt1 is 
developmentally regulated during spermatogenesis, and the 
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detected the transgenic animals in the F1 generation and estab-
lished the transgenic line.

Testis-specific expression of the c-myc-Pxt1 transgene
To confirm that the 1.4-kb region of PGK2 promoter properly con-
ferred the expression of c-myc-Pxt1 to the testis, total RNA was iso-
lated from various tissues of adult transgenic males. Northern blot 
experiment with the Pxt1-specific probe, which recognizes the full 
length of Pxt1 ORF, revealed that the expected 1.2-kb band repre-
senting the endogenous Pxt1 mRNAs could be observed in both 
wild-type and transgenic testes. In addition, the same probe de-
tected the 0.8-kb band corresponding to the c-myc-Pxt1 fusion tran-
scripts exclusively in transgenic testis (Figure 1C, top). As can be 
seen in middle panel of Figure 1C, the 0.8-kb band was also identi-
fied in the transgenic testis when membrane was hybridized with the 
c-myc tag–specific probe. The integrity of all RNA samples was as-
sessed by rehybridization of the blots with Eef1a1 cDNA probe (Fig-
ure 1C, bottom). To confirm the Northern blot results, a more sensi-
tive RT-PCR method was used. Likewise, the testis-specific expression 
of the c-myc-Pxt1 transgene was confirmed (Figure 1D). To analyze 
the expression of the c-myc-Pxt1 transgene during spermatogene-
sis, RT-PCR was performed with RNA from testes of transgenic mice 
at different postnatal ages. A first weak signal could be observed in 
the testis at 10 d postpartum (dpp), whereas a stronger band was 
obtained at 17 and 19 dpp (Figure 1E). To check for DNA contami-
nation in RNA samples, the reaction without reverse transcriptase 
(−RT) was performed (Figure 1, D and E). The cDNA quality was 
proven with Hprt1-specific primers (Figure 1, D and E, lower panels). 
Next the expression of c-MYC-PXT1 fusion protein was evaluated 
by Western blot using anti–myc tag antibody. The expected 17-kDa 
band corresponding to the size predicted for c-MYC-PXT1 fusion 
protein was detected in the testes of transgenic mice but not in the 
epididymis of transgenic mice or analyzed wild-type tissues (Figure 
1F). Protein quality and integrity were verified using anti–β-actin 
(ACTB) antibody (Figure 1F, bottom). We have previously demon-
strated that EGFP-PXT1 fusion protein colocalized with peroxisomal 
marker proteins in transiently transfected cells (Grzmil et al. 2007). 
To determine whether the c-MYC-PXT1 fusion protein also colocal-
izes with peroxisomal markers in germ cells, the transgenic and wild-
type testis sections were innumostained with anti–myc tag and anti–
PMP70 antibodies. The c-MYC-PXT1 fusion protein could be 
detected within the cytosol of transgenic pachytene spermatocytes 
(Figure 1G) but not in the wild type (Figure 1K). The PMP70 was 
detected in both transgenic and wild-type testes (Figure 1, H and L). 
The strongest expression of PMP70 was observed in the outer layer 
of the seminiferous epithelium, as described previously (Huyghe 
et al., 2006a), but detectable signals were also observed in cells lo-
cated more central. In the transgenic testis, the partial colocalization 
of c-MYC-PXT1 and peroxisomal marker PMP70 was detected (Fig-
ure 1, I and J), whereas in the wild-type testis, only the PMP70 pro-
tein was detectable (Figure 1, M and N). Moreover, c-MYC-PXT1 
colocalized with two additional peroxisomal marker proteins: cata-
lase and PEX13 in the testis (Supplemental Figure 1). Our findings 
indicated that the c-MYC-PXT1 fusion protein is targeted to peroxi-
somes in germ cells of transgenic males.

Infertility of the c-myc-Pxt1 transgenic male mice
As mentioned, a female founder was used to generate the trans-
genic line, because all four tested male founders were infertile. To 
examine the fertility of male progeny of the female founder, three 
males were mated each with two wild-type females for a period of 
3 mo. During this time, the females were monitored daily for vaginal 

encoded protein consists of 51 amino acids only. It has been 
demonstrated previously that PXT1 contains a functional 
peroxisomal targeting signal type 1 (PTS1) at the C terminus, 
and the EGFP-PXT1 fusion protein colocalizes with known per-
oxisomal markers (Grzmil et al., 2007). Peroxisomes are impor-
tant cellular organelles indispensable for cell survival, and they 
are ubiquitously present in eukaryotic cells. However, the exis-
tence of peroxisomes in male germ cells was questioned for a 
long time. The first report about the presence of peroxisomes in 
a spermatogonial cell line was published in 2003 (Luers et al., 
2003). Later, peroxisomes were detected in spermatogonia of 
mouse testis (Huyghe et al., 2006a; Luers et al., 2006). Recently, 
using antibodies against different peroxisomal marker proteins, 
Nenicu et al. (2007) have demonstrated peroxisomes in all stages 
of spermatogenesis, except mature spermatozoa. There are 
many mutant mouse models in which peroxisome-associated 
spermatogenesis defects have been observed. Among them, 
targeted disruption of the acyl-coenzyme A oxidase 1 (Acox1) 
gene results in a remarkable reduction of Leydig cells, hyposper-
matogenesis, and male infertility (Fan et al., 1996). Deficiency of 
glyceronephosphate O-acyltransferase (Gnpat) also leads to tes-
ticular atrophy and male infertility (Rodemer et al., 2003). The 
analysis of knockout mice lacking the peroxisomal protein hy-
droxysteroid (17-beta) dehydrogenase 4 (HSD17B4; also known 
as multifunctional protein 2, MFP-2) has revealed that homozy-
gous male mutants exhibit a strongly reduced fertility (Baes 
et al., 2000; Huyghe et al., 2006a). Although these findings have 
confirmed the general relevance of peroxisomes for proper sper-
matogenesis, the biological function of these organelles in the 
testis still remains poorly understood.

To further elucidate the function of Pxt1 and peroxisomes in 
mouse testis, we have generated transgenic mice with male germ 
cell–specific overexpression of PXT1. In the present work, we show 
that overexpression of PXT1 induces apoptosis, resulting in male 
infertility. Moreover, we demonstrate that PXT1 interacts with BAT3 
and that BAT3 can inhibit the proapoptotic activity of PXT1 in tran-
siently transfected cell lines.

RESULTS
Generation of the c-myc-Pxt1 transgenic line
The male germ cell–specific expression of Pxt1 (Grzmil et al., 2007) 
prompted us to investigate the in vivo function of this gene during 
spermatogenesis. For this purpose the c-myc-Pxt1 transgenic con-
struct (Figure 1A) expressing c-myc-Pxt1 fusion transcript under 
the control of the human PGK2 promoter was generated. Down-
stream of the Pxt1 ORF, the 3′ untranslated region (UTR) of human 
growth hormone 1 (GH1) and SV40 poly(A) sequence were located 
in order to ensure the proper posttranscriptional proceeding of the 
transgenic mRNA. The transgenic cassette was microinjected into 
the pronuclei of fertilized FVB/N mouse eggs, and founder mice 
were detected by PCR using genomic DNA and the following 
transgenic construct–specific primers: gen_hPGK2_F1, gen_
Pxt1ex.2–3_R. As can been seen in Figure 1B, the 674-bp frag-
ment was observed only in founder animals. DNA quality was con-
firmed with Tnp2-specific primers (Figure 1B). Initially, four 
transgenic male founders were identified, and each of them was 
mated with two wild-type FVB/N females to establish the trans-
genic line. After a 3-mo breeding period, no pregnancy could be 
observed, suggesting infertility of the male founders. We have 
also identified a female founder that was fertile and able to trans-
mit the transgene to its progeny. The female founder was mated 
with wild-type FVB/N male, and using the PCR genotyping, we 
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immature germ cells into the lumen, and formation of numerous 
multinucleated giant cells. It should be noted that the range of ob-
served abnormalities varied between tubules, but the epididymal 
lumen contained numerous immature germ cells and multinucle-
ated giant cells but no or very few spermatozoa (Figure 2C). The 
phenotype of transgenic males became even more severe with age, 
and at 151 dpp, complete depletion of germ cells resulting in a 
Sertoli cell–only (SCO) phenotype was evident (Figure 2D). How-
ever, the expression of the c-myc-Pxt1 transgene was weak at 
10 dpp (Figure 1E); when spermatogonia are present in the testis 
(Silver, 1995) in older animals, the accumulation of c-MYC-PXT1 

plugs (VPs). Although females were positive for VPs (indicating mat-
ing), none of them became pregnant. No spermatozoa could be 
found in the uterus and oviduct of VP-positive females. To evaluate 
the cause of male infertility in the c-myc-Pxt1 transgenic line, a mor-
phological and histological examination of the male reproductive 
organs was performed. Transgenic males at 103 dpp demonstrated 
testicular atrophy (Figure 2A), and the histological analysis revealed 
arrest of spermatogenesis at the level of pachytene spermatocytes 
(Figure 2B). Remarkably, only very few degenerating round sperma-
tids and no elongated spermatids were found. The testis displayed 
massive vacuolization of the seminiferous epithelium, sloughing of 

Figure 1:  Generation and expression analyses of c-myc-Pxt1 transgenic line. (A) Schematic representation of the 
c-myc-Pxt1 transgenic construct. The construct consists of a 1.4-kb part of the PGK2 promoter, c-myc-tag, complete 
ORF of the mouse Pxt1 gene, 3′UTR of the GH1 and poly(A) signal of SV40. Start codon (ATG) and stop codon are 
given. (B) Genotyping PCR of the transgenic founders using transgenic construct-specific primers. A 674-bp product 
could be observed in transgenic founders (TR/WT) but not in wild-type (WT/WT) animals. DNA quality was verified with 
Tnp2-specific primers (bottom). (C) Northern blot analysis of the c-myc-Pxt1 transgene expression in different organs of 
transgenic males. Using the Pxt1-specific probe, we demonstrated a 1.2-kb band, representing the endogenous Pxt1 in 
the testis of wild type (WT) and transgenic (TR) and a 0.8-kb band corresponding to the c-myc-Pxt1 transcript in TR 
testis (top). As expected, the c-myc–specific probe detected the 0.8-kb band, representing c-myc-Pxt1 mRNA, only in 
the transgenic testis (middle). RNA quality and integrity was checked using the Eef1a1-specific probe (bottom). (D) To 
confirm the testis-specific expression of the c-myc-Pxt1 transgene, the RT-PCR analysis was performed. The Pxt1-
specific primers amplified the 175-bp fragment in testis of WT and TR males, whereas the c-myc-Pxt1 construct–specific 
primers amplified the 121-bp product only in the testis of transgenic male. (E) To analyze the c-myc-Pxt1 transgene 
expression during spermatogenesis, RT-PCR was performed with testicular RNA of transgenic mice at different 
postnatal ages. Weak signal was observed in testis at 10 and 15 dpp, whereas a stronger band was obtained at 17 
and 19 dpp. The cDNA quality in both RT-PCR reactions was proven using the Hprt-specific primers amplifying 222-bp 
product in all analyzed cDNA samples (D, E, bottom). To exclude any genomic DNA contamination, negative controls 
without reverse transcriptase were performed (−RT) (D, E). (F) Western blot analysis using anti–myc tag antibody 
demonstrated the expected 17 kDa c-MYC-PXT1 fusion protein in testis of TR but not in WT animals. To check the 
protein quality, anti–β-actin antibody (ACTB) was used. In the testicular sections of transgenic mice, anti–myc tag 
antibody detected the c-MYC-PXT1 fusion protein in the seminiferous tubuli, mainly in primary spermatocytes (G). 
Peroxisomal PMP70 protein was detected by immonostaining with specific antibody (H and L), and the colocalization of 
c-MYC-PXT1 fusion protein and the PMP70 was demonstrated in transgenic testis (I and J). Negative immunostaining on 
WT testis confirmed the specificity of the anti–myc tag antibody (K, M, and N).
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tem and thus disturbs normal peroxisomal function, plasmalogen 
and VLCFA concentration in the testes of transgenic and wild-type 
mice were measured. Differences in the plasmalogen and VLCFA 
(C22:0, C24:0, C26:0) concentrations in the testes of c-myc-Pxt1 
transgenic animals were not significant as compared with the wild-
type control (Table 1). Moreover, the C26/C22 VLCFA concentration 
ratio differed not significantly between transgenic and control males 
(0.004 ± 0.0006 vs. 0.0027 ± 0.0019, respectively, p = 0.72), sug-
gesting that PXT1-induced phenotype is not primarily due to al-
tered peroxisomal metabolism.

Murine PXT1 is a proapoptotic BH3-like motif–containing 
protein
The strongly enhanced apoptosis observed in transgenic males 
overexpressing Pxt1, which was not a consequence of disrupted 
peroxisomal function, prompted us to more closely analyze the 
PXT1 protein sequence. An in silico analysis using the Pfam data-
base (http://pfam.sanger.ac.uk/) revealed that the N-terminal frag-
ment of mouse PXT1 contains a putative BH3-like domain (Figure 
4A). To investigate the proapoptotic potential of PXT1 protein and 
verify the functionality of BH3-like domain, we analyzed apoptotic 
events in HeLa and NIH3T3 cells transiently transfected with Pxt-
1pQM-Ntag/A and Pxt1ΔBH3pQM-Ntag/A plasmids. As pre-
sented in Figure 4B, Pxt1pQM-Ntag/A encodes a full-length PXT1 
protein tagged with N-terminal E2 epitope (E2-PXT1), whereas the 
Pxt1ΔBH3pQM-Ntag/A vector encodes a mutant E2-PXT1 fusion 
protein with a deletion of the BH3-like motif (E2-PXT1-BH3del). 
Fluorescence microscopic examination showed that the majority 
of HeLa cells overexpressing E2-PXT1 exhibited cytomorphologi-
cal alternations typical for apoptosis, including nuclear fragmenta-
tion, cell rounding and shrinkage, plasma membrane blebbing, 
and apoptotic body formation (Mund et al., 2003; Nozawa et al., 
2009) (Figure 4C, top). In contrast, overexpression of the E2-PXT1-
BH3del protein had much a weaker effect on the cell viability, and 
most transfected HeLa cells displayed normal-appearing morphol-
ogy (Figure 4C, bottom). Quantitative analysis of apoptotic events 
demonstrated a significant decrease in percentage of E2-PXT1-
BH3del–positive cells possessing apoptotic morphology as com-
pared with E2-PXT1–expressing cells (32% ± 1% vs. 77% ± 8%, re-
spectively; p < 0.01; Figure 4C). The control transfection using the 
Rtn1pQM-Ntag/A construct resulted in a significantly lower per-
centage of apoptotic cells (6% ± 2%) than the transfections with 
Pxt1pQM-Ntag/A or Pxt1ΔBH3pQM-Ntag/A (p < 0.01). To confirm 

fusion protein could reach a toxic level and result in SCO. Stronger 
expression was observed at 17 dpp (Figure 1E), and the c-MYC-
PXT1 fusion protein could first be detected in primary spermato-
cytes (Figure 1, G, I, and J). Accordingly, to elucidate the defective 
stage of spermatogenesis in transgenic animals, we analyzed tes-
ticular histology at different stages. As demonstrated in Figure 3A, 
spermatogenesis in mice at 10 dpp appeared normal. Only some 
histological abnormalities were observed at 16 dpp, before the on-
set of the meiotic divisions. Some of the pachytene spermatocytes 
within the seminiferous epithelium exhibited abnormal nuclear mor-
phology, including pyknotic nuclei and a few single nucleated giant 
cells. In contrast, the histological analysis of older animals revealed 
that the testicular phenotype at 26 dpp and 38 dpp was almost as 
severe as that observed in 103-d-old transgenic mice. To investigate 
whether the progression of seminiferous tubules atrophy caused by 
overexpression of Pxt1 is due to increased apoptosis levels, the 
number of apoptotic cells per tubuli was quantified followed TUNEL 
staining. This analysis demonstrated that there was no significant 
increase of apoptosis in transgenic animals at 10 and 16 dpp as 
compared with wild-type FVB males at the same age (Figure 3, B 
and C). However, in older animals, a significant increase of apoptosis 
was observed (Figure 3, B and C). At 30 dpp, the number of apop-
totic cells per tubuli was ∼13-fold higher in mutant as compared to 
wild-type testis. Light microscopical analysis following TUNEL assay 
revealed that pachytene spermatocytes were the predominantly la-
beled cell type (insets in Figure 3B). In addition, some of the multi-
nucleated giant cells also appeared to undergo apoptosis.

Peroxisomal function is not affected in the testis 
of c-myc-Pxt1 transgenic males
Disrupted peroxisomal metabolism may result in cell death. Peroxi-
somes are involved in β-oxidation of very long chain fatty acids (VL-
CFA) and plasmalogen biosynthesis; thus accumulation of VLCFA 
and plasmalogen deficiency are typical hallmarks of disturbed per-
oxisomal metabolism. To rule out the possibility that overexpressed 
C-MYC-PXT1 fusion protein interferes with peroxisomal import sys-

Transgene (N = 4) 
mean ± SD

Wild type (N = 4) 
mean ± SD

 
P

Plasmalogens (arbitrary units)

C16:0 10.02 ± 1.90 8.37 ± 0.98 0.17

C18:0 3.75 ± 1.38 3.35 ± 2.04 0.75

VLCFA (μmol/l)

C22:0 53.27 ± 9.01 69.07 ± 36.27 0.43

C24:0 25.45 ± 5.60 25.72 ± 13.79 1.0

C26:0 0.21 ± 0.06 0.13 ± 0.06 0.21

Mutant and control males did not differ significantly in palsmalogen and VLCFA 
concentration. N, number of analyzed animals; P, significance level.

Table 1:  Plasmalogen and VLCFA (C22:0, C24:0, C26:0) 
concentration in testes of c-myc-Pxt1 transgenic and FVB wild-type 
animals.

Figure 2:  Overexpression of c-myc-Pxt1 leads to the degeneration 
of the germinal epithelium. (A) Testis of adult transgenic males shows 
atrophy, whereas epididymides are normal. (B) Histological analysis of 
atrophic testis revealed a prominent degeneration of germ cells in 
adult animals (103 dpp), especially at the primary spermatocyte stage. 
Strong vacuolization of the epithelium, immature germ cells in lumen 
and giant cells could be observed. (C) In epididymides of transgenic 
animals, very few (or no) spermatozoa were found and often round 
spermatids and multinucleated giant cells were present. (D) The testis 
section of transgenic male at 151 dpp shows an SCO phenotype.
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the percentage of Annexin V–positive cells 
was approximately three- to fourfold higher 
in EGFP-PXT1–expressing cells than in 
EGFP-PXT1-BH3del or EGFP mock cells 
(75% ± 4% vs. 26% ± 6% or 19% ± 5%, re-
spectively; p < 0.001).

PXT1 interacts with BAT3
To gain further insights into the function of 
PXT1 in the testis, we performed a yeast 
two-hybrid (Y2H) screen of the mouse testis 
cDNA library using the full length of murine 
PXT1 as a bait protein. The screen of total 
3.77 × 106 transformants yielded two indi-
vidual positive clones harboring in-frame 
sequence of BAT3 protein. The first identi-
fied clone (no. 184) contained exons 7–22, 
and the second (no. 100) exons 7–25 of the 
Bat3 cDNA sequence. Direct Y2H assay vali-
dated the interaction of PXT1 with BAT3, as 
can be seen for clone no. 100 in Figure 5A. 
White yeast colonies growing on medium 
lacking leucine and tryptophan (−LT) served 
as cotransformation control, and blue 
colonies growing in high-stringency condi-
tions (medium lacking leucine, tryptophan, 
histidine, and adenine, containing X-α-gal 
(−LTHA+α-gal) indicated PXT1–BAT3 inter-
action. To confirm the specific and physical 
binding of PXT1 to BAT3 in mammalian 
cells, the coimmunoprecipitation (CoIP) 
assay was performed. HeLa cells were tran-
siently cotransfected with vectors expressing 
E2-PXT1-BH3del (6 kDa) and c-MYC-BAT3 
(101 kDa) fusion proteins. We intentionally 
used the plasmid encoding PXT1 protein 
lacking its BH3-like domain to avoid the in-
duction of apoptosis and facilitate protein 
isolation. Twenty-four hours after transfec-
tion, protein lysates of HeLa cells were sub-
jected to immunoprecipitation using anti–E2 
tag or anti–myc tag antibody, followed by 
Western blot analysis with anti–myc tag or 
anti–E2 tag antibodies, respectively. The 
samples of total protein extracts (input) not 
subjected to immunoprecipitation were 

used as positive controls (Figure 5, B and C). We could efficiently 
coprecipitate E2-PXT1-BH3del and c-MYC-BAT3 with anti–E2 tag 
(Figure 5B) or anti–myc tag (Figure 5C) antibody. We did not find any 
unspecific precipitation of c-MYC-BAT3 protein in lysate of cells 
transfected with c-MYC-BAT3 vector only using the anti–E2 antibody, 
although this protein could be detected in input fraction (Figure 5B). 
In lysates of untransfected cells, which served as specificity controls, 
no positive signals were detected (Figure 5, B and C). Taken to-
gether, our results clearly demonstrate that mouse PXT1 interacts 
with BAT3.

Determination of the binding regions between PXT1 
and BAT3
To characterize the structural requirements of the PXT1-BAT3 asso-
ciation, we generated a set of constructs expressing truncated 
PXT1 and BAT3 proteins and tested them via direct Y2H assay for 

Figure 3:  Developmental progression of the male germ cells degeneration. (A) At 10 dpp, no 
obvious changes could be discerned in testes of transgenic males as compared with wild type. 
The first moderate abnormalities were observed at 16 dpp; however, only a few pachytene 
spermatocytes exhibited pyknotic nuclei. Massive degeneration was observed at 26 and 38 dpp. 
(B) To investigate whether the degenerated cells undergo apoptosis, a TUNEL assay was 
performed. No significant increase in the number of apoptotic cells was observed at 10 and 
16 dpp (B and C); in contrast, strong apoptosis induction was observed in older transgenic 
animals (26, 30, 38 dpp and adult; B and C). Microscopical evaluation revealed that pachytene 
spermatocytes were predominantly cell type undergoing apoptosis (insets in B).

that the proapoptotic activity of PXT1 was not unique to HeLa 
cells, we performed similar experiments in the NIH3T3 cell line. 
The quantitative analysis demonstrated that the kinetics of cell 
death in NIH3T3 cells were essentially the same as observed in 
HeLa cells (Supplemental Figure 2).

One of the early characteristics of apoptosis is the externaliza-
tion of phosphatidylserine (PS) residues on the outer plasma mem-
brane (Casciola-Rosen et al., 1996). Therefore, to further prove the 
proapoptotic properties of PXT1, we performed an Annexin V Al-
exa 568 assay of HeLa cells transfected with EGFP-PXT1, EGFP-
PXT1-BH3del, and empty EGFP alone (mock). As can be seen in 
Figure 4D, the majority of EGFP-PXT1–expressing cells were posi-
tive for Annexin V and showed typical peripheral staining of the 
plasma membrane. In contrast, most of the cells expressing EGFP-
PXT1-BH3del exhibited normal morphology and no Annexin V 
staining (Figure 4D, middle panel). The quantification revealed that 
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interactions with Bat3pGAD10 (clone no. 100) or Pxt1pGBKT7 (en-
coding a full-length PXT1) vectors, respectively. For mapping the 
BAT3-binding site in PXT1 protein sequence, we used four different 
fragments cloned in pGBKT7 vector, two encoding N-terminal, 
namely 1a (aa 2–30) and 1b (aa 2–26), as well as two encoding 
C-terminal, namely 2a (aa 24–51) and 2b (aa 20–51) parts of PXT1 
(Figure 5D). Subsequently the direct Y2H experiments, using as a 
prey Bat3pGAD10 vector (clone no. 100) and as bait pGBKT7 vector 
containing sequence encoding one of the above-mentioned PXT1 
fragments, were performed. The blue yeast colonies growing on 
–LTHA, +α-gal plates indicated the interaction, whereas the white 
yeast colonies growing on –LT plates served as positive control of 
cotransformation. The analysis demonstrated that the site of PXT1-
BAT3 interaction was included in 1a, 2a, 2b, but not in the 1b part of 
PXT1 (Figure 5D). The minimum region of overlap between BAT3-
binding fragments of PXT1 was found to be a short motif of Leu-Ala-
Pro-Phe (LAPF) at aa position 27–30. To further validate whether this 
sequence forms a functional core of the interaction motif, we per-
formed an additional direct Y2H assay using as bait a mut-part1aPxt-
1pGBKT7 vector encoding a mutated 1a fragment of PXT1 in which 
LAPF was changed into Gly-Ala-Pro-Ala (GAPA) sequence (Fig-
ure 5E). The mutation of leucine into glycine and phenylalanine into 
alanine within the LAPF motif in 1a fragment of PXT1 prevented its 
binding to BAT3, thereby confirming its essentiality for this interac-
tion (Figure 5E). The localization of PXT1-binding site in BAT3 was 
performed according to the same strategy. Yeasts were transformed 
with the Pxt1pGBKT7 vector (encoding a full-length PXT1) and one 
of the three different BAT3 fragments cloned into pGADT7 vector. 
As illustrated in Figure 5F, fragment 1 of BAT3 was equivalent to aa 
169–323, fragment 2 located at aa positions 359–761 contained 
proline- and glutamine-rich regions, and fragment 3 resided at aa 
positions 756–1119 and included the C-terminal BAG domain. The 
direct Y2H assays demonstrated that PXT1-binding site in BAT3 
overlaps with proline- and glutamine-rich regions in fragment 
2 (Figure 5F).

BAT3 inhibits proapoptotic activity of PXT1
To localize the intracellular site of PXT1-BAT3 interaction, we inves-
tigated the coexpression patterns of EGFP-PXT1 and BAT3-dsRED 
fusion proteins in HeLa and NIH3T3 cells. Surprisingly, the colocal-
ization of the fusion proteins was observed in the nucleus of cotrans-
fected HeLa cells (Figure 6, A–D). Nevertheless, it should be noted 
that, in a few HeLa cells, the colocalization could also be found in 
both nucleus and cytoplasm (data not shown). The colocalization 
study in NIH3T3 cells demonstrated the overlapping fluorescence 
signals in the nuclear and/or cytoplasmic compartments (Supple-
mental Figure 3). These observations suggest that the nucleus is a 
main site of interaction between PXT1 and BAT3 and that BAT3 
could mediate nuclear import of cytoplasmic PXT1. Interestingly, 
during this analysis, we noticed that cells coexpressing EGFP-PXT1 
and BAT3-dsRED fusion proteins displayed a normal, nonapoptotic 
morphology (Figure 6A–D). This prompted us to analyze whether 
PXT1-BAT3 interaction is necessary to decrease the PXT1-induced 
apoptosis. As described previously, the LAPF sequence of the PXT1 
protein is essential for the interaction with BAT3; therefore, a Pxt
1EGFPC1-LAPFmut vector was constructed, which encodes mu-
tated EGFP-PXT1-LAPFmut fusion protein containing Gly-Gly-Gly-
Gly (GGGG) motif instead of LAPF sequence. First, HeLa cells were 
transfected with Pxt1EGFPC1-LAPFmut construct, and the proapop-
totic activity of the EGFP-PXT1-LAPFmut fusion protein was ana-
lyzed. As presented in Figure 6E, quantification analysis demon-
strated that the level of apoptosis in HeLa cells overexpressing 

EGFP-PXT1-LAPFmut fusion protein is similar to HeLa cells overex-
pressing EGFP-PXT1 fusion protein (84% ± 4% vs. 77% ± 8%, respec-
tively, P = 0.33). Next we analyzed whether the mutation of LAPF 
sequence prevents the interaction with BAT3-dsRED fusion protein. 
HeLa cells were cotransfected with constructs encoding BAT3-
dsRED and EGFP-PXT1 or EGFP-PXT1-LAPFmut fusion proteins. 
The mutation of the LAPF motif significantly reduced the interaction 
of EGFP-PXT1-LAPFmut with BAT3-dsRED fusion protein as com-
pared with control EGFP-PXT1 fusion protein (43% ± 12% vs. 91% ± 
9% cotransfecetd cells demonstrated interaction, respectively, P < 
0.01). Unexpectedly, the majority of cells expressing BAT3-dsRED 
and mutated EGFP-PXT1-LAPFmut fusion proteins displayed nor-
mal morphology (Figure 6, G–J), similar to cells expressing BAT3-
dsRED and not changed EGFP-PXT1 fusion proteins. Quantification 
of degenerating HeLa cells coexpressing BAT3-dsRED and either 
EGFP-PXT1 or EGFP-PXT1-LAPFmut demonstrated a significantly 
reduced level of apoptosis than that observed in cells overexpress-
ing only EGFP-PXT1 (18% ± 2% or 10% ± 7% vs. 77% ± 8%, respec-
tively, P < 0.01; Figure 6K). These findings imply that BAT3 might be 
involved in regulation of PXT1-induced apoptosis, but that the 
BAT3-PXT1 interaction is not indispensable for this process.

DISCUSSION
The expression of Pxt1 is restricted to male germ cells and starts at 
primary spermatocyte stage (Grzmil et al., 2007). To elucidate the 
role of Pxt1 in male germ cells, we have generated a transgenic line 
in which the cMYC-PXT1 fusion protein is expressed under the con-
trol of the 1.4-kb region of the human PGK2 promoter. The PGK2 
promoter is known to drive male germ cell–specific expression 
(Robinson et al., 1989; Tascou et al., 2001). We demonstrated that 
overexpression of Pxt1 strongly induces degeneration of germ 
cells, subsequently leading to disruption of spermatogenesis and 
finally male infertility. Although the c-MYC-PXT1 fusion protein colo-
calized with peroxisomal marker proteins, the peroxisomal function 
was not impaired as any accumulation of VLCFA or deficiency in 
plasmalogens was detected in degenerating germ cells. Using the 
TUNEL and Annexin V assays, we have demonstrated that germ 
cells of transgenic males and transiently transfected cells (HeLa and 
NIH3T3) overexpressing PXT1 undergo apoptosis. At the N termi-
nus of PXT1, we identified a putative BH3-like domain and con-
firmed its importance for the proapoptotic activity of this protein. 
Moreover, we demonstrated the interaction between PXT1 and 
known apoptosis regulator BAT3. Interestingly, the cells overex-
pressing both PXT1 and BAT3 showed a strongly reduced apoptosis 
rate as compared with PXT1-only overexpressing cells; however, the 
interaction of PXT1 and BAT3 was not necessary for apoptosis 
inhibition.

Members of the B cell leukemia/lymphoma-2 (BCL-2) family of 
proteins are well known regulators of apoptosis (Adams and Cory, 
2001; Spierings et al., 2005; Skommer et al., 2007). Based on the 
composition of BCL-2 homology (BH) domains, this family was 
divided into three subclasses. One of them consists of proteins con-
taining only the BH3 domain that serve as apoptosis inducer (re-
viewed in Lomonosova and Chinnadurai, 2008). A Pfam-A (http://
www.pfam.sanger.ac.uk/search) search using a hidden Markov model 
(HMM) (Sonnhammer et al., 1998) revealed that the N-terminal part 
of mouse PXT1 contains a putative BH3-like sequence, which is 
highly conserved between mouse, chimpanzee, and human. This se-
quence follows the consensus of BH3 motif: ΦΣXXΦXXΦΣDZΦΓ, 
where Φ represents hydrophobic residues, Σ small residues, Z acidic 
residue, and Γ is a hydrophilic residue (Day et al., 2008). The core of 
the BH3 domain consisting of LXXXGDE residues (Lanave et al., 
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Figure 4:  The analysis of the BH3-like domain of mouse PXT1. (A) The PFAM database search revealed the presence 
of BH-like motif at the N terminus of PXT1. (B) To analyze whether the BH3 motif is functional, two constructs were 
generated. The first construct expresses E2-PXT1 protein containing the complete ORF of PXT1 fused with E2 tag. The 
second construct encodes E2-PXT1-BH3del, a truncated PXT1 protein lacking the BH3-like domain. (C) The 
overexpression of PXT1 protein induces cell death in transfected HeLa cells. Using anti–E2 tag antibody, the fusion 
protein could be detected in the cytoplasm of degenerating cells (top). A total of 77% of all transfected HeLa cells 
demonstrated evident signs of degenerations. In contrast, the majority of the cells transfected with E2-PXT1-BH3del 
appeared normal (bottom), and only 32% of them shows signs of degenerated. As a control, cells were transfected with 
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transfected somatic cells (Han et al., 1996; Zhang et al., 2006). The 
molecular mechanism underlying apoptosis induction seems to be 
universal in different cells. In summary, it can be concluded that 
PXT1 belongs to the BH3-only protein class of the BCL-2 family.

HLA-B–associated transcript 3 (Bat3) was reported to modulate 
apoptosis through interactions with other apoptotic regulators 
(Thress et al., 1998; Minami et al., 2007; Desmots et al., 2005, 2008). 
Using different techniques, we were able to demonstrate that PXT1 
specifically interacts with BAT3, a BAG domain–containing protein. 
The first characterized BAG protein, termed BAG1, was shown 
to interact with BCL-2 by its BAG domain (Takayama et al., 1995). 
However, the interaction of BAT3 with PXT1 is not mediated by the 
BAG domain but involves the part of BAT3 between amino acids 
359–761. The same region of BAT3 was reported to interact with 
BORIS protein (Nguyen et al., 2008), thus strongly supporting the 
finding that a domain responsible for protein–protein interaction 
must be present in this region. The proline- and glutamine-rich se-
quences identified in this part of BAT3 protein might represent a 
so-called low-complexity region (Wootton and Federhen, 1996) re-
ported to be involved in protein–protein interactions (Wright and 
Dyson, 1999; Sonnhammer and Wootton, 2001). We also identified 
the region of PXT1 indispensable for the interaction with BAT3. The 
database search using the BLAST program (Altschul et al., 1990) 
revealed that, within the LAPF motif, the L and F amino acids are 
highly conserved between mouse, human, and chimpanzee. Using 
direct yeast-two-hybrid system, we could demonstrate indeed the L 
and F to represent key residues in the LAPF motif. In agreement, the 
mutation of LAPF motif into GGGG sequence was found to strongly 
reduce the PXT1-BAT3 interaction in HeLa cells; however, this muta-
tion has not completely abolished this interaction. Taken together, 
our data suggested that the LAPF motif reflects at least the core of 
the PXT1 domain that interacts with BAT3.

Full-length BAT3 was reported to function as an anti-apoptotic 
protein (Wu et al., 2004; Kikukawa et al., 2005). Here we show that 
coexpression of BAT3 with PXT1 protects cells from PXT1-induced 
cell death. Moreover, in cells cotransfected with BAT3 and PXT1, the 
colocalization signals were observed in the nucleus, but this interac-
tion and translocation of PXT1 from cytoplasm to the nucleus is not 
necessary for the protective role of BAT3. It has been reported that 
BAT3 can interact with another proapoptotic protein, namely papil-
lomavirus binding factor (PBF) (Sichtig et al., 2007). Likewise, the 
BAT3-PBF interaction resulted in a significant decrease in PBF-in-
duced cell death (Tsukahara et al., 2009). The authors also demon-
strated that, in osteosarcoma cells, PBF-induced apoptosis could be 
suppressed by nuclear colocalization of PBF and BAT3; however, the 
cytoplasmic BAT3-PBF interaction in 293EBNA cells could not in-
hibit the PBF-induced cell death (Tsukahara et al., 2009). Another 
report demonstrated that the cleaved form of BAT3, lacking the 
nuclear localization signal, was located in cytoplasm and activated 
cell rounding, nuclear condensation, and phosphatidylserine expo-
sure (Wu et al., 2004). These findings together with our results sug-
gest that not the interaction per se, but the nuclear localization of 
overexpressed BAT3 could regulate apoptosis.

2004) was also found within the BH3 sequence of PXT1 (LRHIGDS). 
The only difference is that, in PXT1, instead of the acidic E, the neu-
tral S is present within this sequence. It should be noted that the E 
residue is not strictly conserved (Lomonosova and Chinnadurai, 2008) 
and that a variant of BH3 motif with S was also found in human BID 
protein, which has a proapoptotic function (Tan et al., 1999; Billen 
et al., 2009).

Conserved leucine (L) and aspartate (D) amino acids of the BH3 
core sequence are involved in the interaction and neutralization of 
anti-apoptotic proteins, thus triggering apoptosis (Hinds and Day, 
2005). The overexpression of PXT1 resulted in apoptosis in two tran-
siently transfected cell lines (HeLa and NIH3T3), whereas the dele-
tion of the BH3 domain caused significant reduction of apoptosis 
rate in transiently transfected cells. However, the decrease in apop-
totic cell death did not reach the levels seen in control transfection, 
suggesting that PXT1 might contain some other domains that could 
be involved in the apoptotic signaling. The BCL2/adenovirus E1B 
19-kDa interacting protein 3 (BNIP3) also contains a BH3 motif and 
can induce apoptosis in transfected cells. The deletion of the se-
quence encoding the BH3 domain resulted in significant reduction 
of cell death; however, the apoptotic rate remained above the value 
for control transfection (Yasuda et al., 1998). Similar results were also 
obtained for Bbc3 (Han et al., 2001) and Spike (Mund et al., 2003), 
indicating that this is a relatively common phenomenon. Since c-
MYC-PXT1 fusion protein colocalizes with peroxisomal marker pro-
teins, it could be postulated that the overexpression of PXT1 can 
impair the cellular peroxisomal import, which can eventually lead to 
cell death (Maxwell et al., 2003; Jungwirth et al., 2008). No hall-
marks of affected peroxisomal function were detected in testes of 
transgenic animals; thus we can conclude that the BH3 domain of 
PXT1 protein is functional and responsible for proapoptotic activity.

The signaling pathway controlling the apoptosis events medi-
ated by BCL-2 protein family is essential for proper spermatogenesis 
(reviewed in Sofikitis et al., 2008). Our transgenic model clearly 
demonstrates that PXT1 protein is also involved in apoptotic regula-
tion of the cellular homeostasis in the testis. We showed that the 
overexpression of PXT1 induces apoptosis of male germ cells, 
mainly spermatocytes. Similar progressive germ cell degeneration 
was observed in mice with gene-trap mutation of Bcl2l2 (also known 
as Bcl2w) gene (Ross et al., 1998; Russell et al., 2001). It should be 
noticed that weak expression of transgenic c-myc-Pxt1 mRNA was 
also detected in spermatogonia (in testis at 10 dpp), which with time 
could result in PXT1 accumulation and SCO phenotype observed in 
older animals (>103 dpp). In addition to apoptosis in germ cells, the 
overexpression of PXT1 induced cell death also in transiently trans-
fected HeLa and NIH3T3 cells. Other BH3-only proteins were also 
demonstrated to induce apoptosis in germ cells and somatic cells; 
for example, PUMA induces apoptosis in neonatal gonocytes after 
g-irradiation (Forand and Bernardino-Sgherri, 2009) and in trans-
fected neuronal and FLS cells (Wyttenbach and Tolkovsky, 2006; You 
et al. 2006). Similarly, the proapototic activity of BIM and BIK was 
demonstrated to be crucial for spermatogenesis (Coultas et al., 
2005; Akhtar et al., 2008), and both proteins induced cell death in 

Rtn1pQM-Ntag/A vector encoding the RTN1 protein. (D) To validate that degenerating cells indeed undergo apoptosis, 
the EGFP-PXT1 transfected cells were stained with Annexin V–Alexa 568. The green fluorescence was observed in cells 
expressing EGFP-PXT1 fusion protein. Cells positive for Annexin V showed red staining. The analysis demonstrated that 
the plasma membrane of EGFP-PXT1-expressing cells was positive for Annexin V (overlay, white arrow). Cells, 
transfected with vector encoding for an EGFP-PXT1-BH3del fusion protein without the BH3 domain, demonstrated 
green fluorescence but very rare also the red staining. The control cells were transfected with EGFP alone. As presented 
in the diagram, a significant majority of EGFP-PXT1-positive cells showed Annexin V staining (75%) in contrast to 
EGFP-PXT1-BH3del- or EGFP-transfected cells (26% and 19%, respectively).
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Figure 5:  The analysis of PXT1-BAT3 interaction. (A) Confirmation of the association between 
PXT1 and BAT3 via direct Y2H assay using Pxt1pGBKT7 as a bait and Bat3pGAD10 as a prey 
vector. White yeast colonies growing on nutritional medium lacking leucine and tryptophan (−LT) 
served as a positive control of cotransformation. Blue yeast colonies growing on medium lacking 
leucine, tryptophan, histidine, and adenine (−LTHA) but containing X-α-gal (+ α-gal) indicate 
activation of GAL-4 reporter genes by PXT1-BAT3 interaction. (B) Coimmunoprecipitation of 
murine PXT1 and BAT3. E2-PXT1-BH3del and c-MYC-BAT3 were coexpressed in HeLa cells. As a 
control, proteins from single transfection with c-MYC-BAT3 and from untransfected cells were 
used. Protein extracts were subjected to immunoprecipitation using the anti–E2 antibody. A 5% 
of the total protein volume was not subjected to immunoprecipitation and used as positive 
controls (input). Next Western blot analysis using anti–c-myc tag antibody was performed. The 
101-kDa band representing the c-MYC-BAT3 fusion protein is clearly visible in proteins from 
cotrasnsfected cells. In contrast, no signal can be detected in proteins from single transfected 
cells with c-MYC-BAT3 only, although a strong band is visible in input. Similarly, no unspecific 
signals were observed in proteins from untransfected cells. (C) The reverse 
coimmunoprecipitation also demonstrated that E2-PXT1-BH3del fusion protein could be 
efficiently coprecipitated by anti–c-myc and detected by anti-E2 antibody. Negative control 
using proteins from untransfected cells confirmed the specificity of the reaction. (D) Schematic 
view of truncated fragments of PXT1 used for identification of domain responsible for the 
interaction with BAT3 in direct yeast two-hybrid assay. White colonies growing on –LT plate 
demonstrated successful cotransformation. Blue colonies growing on –LTHA, +α-gal plates 
represented the interaction of BAT3 with different parts of PXT1. No growing of yeast 

expressing BAT3 and part 1b of PXT1, which 
is lacking the LAPF motif, indicates that this 
motif is indispensable for the interaction. 
(E) To check the functionality of the LAPF 
motif, a mutation was introduced into the 
part 1a-PXT1 sequence. Although efficient 
cotransformation was demonstrated on –LT 
plates, yeast containing BAT3 and part 1a of 
PXT1 with the GAPA sequence instead of 
LAPF were not able to grow on –LTHA, 
+α-gal plates. This result indicates that the 
LAPF motif is important for PXT1-BAT3 
interaction. (F) Schematic representation of 
truncated fragments of BAT3 generated for 
identification of the domain involved in 
interaction with PXT1. Yeast were 
cotransfected with Pxt1pGBKT7 and one of 
each parts of Bat3pGADT7. Only part 2 
expressing yeast were able to growth on 
–LTHA, +α-gal plates, indicating that this part 
contains the domain responsible for the 
interaction with PXT1. Efficient 
cotransformation was demonstrated on –LT 
plates. BH3, BH3-like domain; PTS1, 
peroxisomal targeting signal type 1; Ub, 
ubiquitin-like domain; BAG, BCL-2-associated 
athanogene domain; PR/GR, proline-, 
glutamine-rich, respectively.

The expression of Bat3 was reported to 
be the strongest in the testis (Wang and 
Liew, 1994; Desmots et al., 2005). In mu-
tants with targeted disruption of Bat3, the 
first changes of testicular histology were 
observed at 14 dpp, the phenotype be-
came more severe at 42 dpp with increased 
apoptosis events. The degeneration of 
germ cells was progressive with only few 
spermatocytes and no spermatids observed 
at 140 dpp (Sasaki et al., 2008). The similar-
ity in phenotype of both Bat3−/− and the 
PXT1 transgenic line indicates that the 
PXT1-BAT3 interaction could be important 
in the regulation of spermatogenesis. We 
suggest that, in PXT1-overexpressing males, 
the balance in concentration of both pro-
teins is disturbed; thus endogenous BAT3 
expression might not be sufficient to pre-
serve normal spermatogenesis.

Peroxisomes are responsible for differ-
ent metabolic pathways, including plasmal-
ogen synthesis (Brites et al., 2003). In the 
testis, plasmalogens protect germ cells 
from the negative effect of VLCFA, and the 
disruption of plasmalogen synthesis leads 
to germ cell degeneration and apoptosis 
(Brites et al., 2009). The importance of per-
oxisomal fatty acid metabolism was also 
demonstrated in Sertoli cells (Huyghe et al., 
2006a, 2006b). However, until now, almost 
nothing has been known about the role of 
peroxisomal proteins in controlling apop-
tosis. A rare exception represents the 
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fission 1 (mitochondrial outer membrane) homologue (Fis1) gene, 
which is localized in both the outer mitochondrial membrane and 
peroxisomes (Koch et al., 2005). RNAi-mediated Fis1 depletion af-
fected cell sensitivity to apoptosis (Lee et al., 2004). Nevertheless, 

Figure 6:  BAT3 translocates PXT1 to the nucleus and protects cells from PXT1-induced 
apoptosis. HeLa cells were transiently cotransfected with Pxt1EGFPC1 and Bat3DsRed 
vectors. (A) Green fluorescence was observed for EGFP-PXT1, whereas (B) red 
fluorescence indicates BAT3-dsRED fusion proteins. (C) Nuclei were counterstained with 
DAPI and display normal nonapoptotic morphology. (D) Green-red overlay (yellow) is 
clearly visible in the nucleus of cotransfected cells and represents the colocalization of 
both fusion proteins. To analyze whether the PXT1-BAT3 interaction and translocation of 
PXT1 to the nucleus is necessary for the anti-apoptotic activity of BAT3, the LAPF motif 
of PXT1 was mutated into the GGGG sequence. (E) HeLa cells expressing EGFP-PXT1-
LAPFmut fusion protein demonstrated the same apoptotic ratio as cells expressing not 
changed EGFP-PXT1 fusion protein. (F) The mutation of the LAPF motif significantly 
reduced the interaction of EGFP-PXT1-LAPFmut with BAT3-dsRED fusion protein. In the 
majority of cotransfecetd cells, green signal representing EGFP-PXT1-LAPFmut was 
observed in the cytoplasm (G), whereas red fluorescence of BAT3-dsRED fusion protein 
was detected in the nucleus (H). Nuclei were counterstained with DAPI (I), and no overlay 
of green-red signals can be observed (J), indicating that both fusion proteins did not 
colocalize. (K) The quantification analysis showed that the level of apoptosis in HeLa cells 
coexpressing EGFP-PXT1 or EGFP-PXT1-LAPFmut and BAT3-dsRED fusion proteins is 
approximately three- to fourfold lower than that observed in EGFP-PXT1-only-expressing 
cells. The experiments demonstrate that PXT1-induced apoptosis is repressed by 
overexpression of BAT3, but the PXT1-BAT3 interaction is not indispensable for this 
activity.

to our knowledge, no peroxisomal protein was re-
ported to act as a proapoptotic factor. The func-
tion of PXT1 in inducing apoptosis suggests that 
peroxisomes in male germ cells are involved in 
programmed cell death, indicating a new function 
of this important cellular compartment.

MATERIALS AND METHODS
Animals
All animals were housed in the Animal Facility of 
the Institute of Human Genetics (Göttingen, Ger-
many) under controlled environmental conditions 
(21°C, 12-h light/12-h dark cycle) with free access 
to standard mouse chow and tap water. All of the 
experimental procedures were carried out in accor-
dance with the local ethics commission under li-
cense number 33.11.42502–04-096/07.

Generation of the c-myc-Pxt1 transgenic 
mice
The c-myc–Pxt1 transgenic construct contains the 
following: promoter region of human phospho-
glycerate kinase 2 (PGK2), c-myc tags, the com-
plete open reading frame (ORF) of murine Pxt1, 3′ 
untranslated region (UTR) of human growth hor-
mone 1 (GH1), and SV40 poly(A) sequence. The 
transgenic cassette was generated according to 
Tascou et al. (2001) with pBluescript II SK (+/−) vec-
tor (Stratagene, La Jolla, CA) containing a 1.4-kb 
region of PGK2 promoter flanked by XhoI/HindIII 
restriction sites. The 351-bp EcoRI/NotI fragment, 
including leader sequence and five copies of c-
myc tag, was amplified by PCR using pCS2–3′mt 
plasmid (Rupp et al., 1994) as a template, C-my-
cTag-new-F, Ad.C-mycTag-R primers and cloned 
downstream of the PGK2 promoter. All primer se-
quences are given in Supplemental File 1. The 
179-bp NotI/SacII Pxt1 coding sequence was am-
plified by RT-PCR with mouse testis cDNA and 
adPxt1-ORF-F, adPxt1-ORF-R primers and cloned 
downstream of the c-myc tag. In this reaction, two 
glycine residues were introduced between the 
fragment consisting of c-myc tags and the Pxt1 
ORF to facilitate proper and independent folding 
of this two components in c-MYC-PXT1 fusion 
protein. The 161-bp 3′ UTR of human GH1 was 
obtained after PCR on human genomic DNA us-
ing hGH-3UTRsacII-F and hGH-3UTRsacII-R prim-
ers and afterward was cloned downstream of the 
Pxt1 ORF. The 128-bp SacII/SacI fragment con-
taining SV40 poly(A) was amplified by PCR using 
pEGFP-N1 vector (Clontech, Mountain View, CA) 
as a template and ad.polA-SV40-F, ad.polA-SV40-
R primers. Finally, the SV40 polyadenylation signal 
was included at the 3′ end of the transgenic con-
struct. After sequencing, the obtained 2.3-kb 
transgenic cassette was excised from pBluescript 
II SK (+/−) vector by XhoI/SacI digestion and then 

purified from agarose gel (QIAquick Gel Extraction Kit; Qiagen, 
Valencia, CA). Subsequently the construct was diluted to a concen-
tration of 30 μg/ml in TE buffer (5 mM Tris, pH 7.4, and 0.1 mM 
EDTA, pH 8.0) and microinjected into the pronuclei of fertilized 



1776  |  K. Kaczmarek et al.	 Molecular Biology of the Cell

staining. The cells displaying the nuclear morphology typical for 
apoptosis (half-moon-shaped nucleus, DNA condensation, and frag-
mentation) were related to the total number of positively stained 
cells by four different investigators. Each investigator performed 2-4 
independent transfections and counted every transfection two times 
with a minimum of 60 cells. Data are presented as percent of apop-
totic cells ± SD. Detection of apoptosis by monitoring of phosphati-
dylserine translocation in plasma membrane was performed on HeLa 
cells 24 h after transfection with Pxt1EGFPC1, Pxt1EGFPC1-BH3del, 
or empty EGFPC1 vector. HeLa cells were washed twice with incuba-
tion buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 5 mM 
CaCl2) and then subjected to combined Annexin V–Alexa 568 
(Roche, Mannheim, Germany) and DAPI (Vector Laboratories, 
Burlingame, CA) labeling for 15 min at RT in the absence of light. 
Immediately after staining, cells were analyzed under a fluorescence 
microscope (Olympus BX60).

RT-PCR and Northern blot analysis
Total RNA was isolated from different adult mouse tissues and from 
testes of transgenic animals at 10, 15, 17, and 19 dpp using the 
peqGOLD TriFast reagent (Peqlab, Erlangen, Germany) according 
to the manufacturer’s recommendations. For RT-PCR, 2 μg of RNA 
was treated with DNase-I (Sigma, Munich, Germany) and reverse 
transcribed using Superscript II reverse transcriptase system and the 
Oligo dT(12–18) primer (Invitrogen, Darmstadt, Germany). As a con-
trol, the same reaction without reverse transcriptase was prepared 
simultaneously. Subsequently an aliquot of cDNA (1 μl) was sub-
jected to 35 cycles of PCR with Taq DNA polymerase (Immolase; 
Bioline, Luckenwalde, Germany). Finally, to confirm the reaction 
specificity, PCR products were isolated and sequenced. Expression 
of mouse Pxt1 was determined using Pxt1-ORF-EcoRI-F and Pxt1-
ORF-BamHI-R primers yielding a 175-bp-long PCR product. C-myc-
Pxt1 transgene expression was detected by RT-PCR with Q-PCR_
cmyc_F and Q-PCR_Pxt1ex2–3_R primers generating a 121-bp-long 
product specific for transgenic transcript. The cDNA quality was 
verified with mHPRT-For-Q and mHPRT-Rev-Q primers amplifying a 
222-bp fragment of the mouse Hprt1 gene (GeneID: 15452). For 
Northern blot analysis, 20 μg of total RNA was size fractionated by 
electrophoresis, transferred onto Hybond XL membrane (Amer-
sham, Freiburg, Germany), and hybridized with a 32P-labeled probe. 
Mouse Pxt1-specific probe was generated by RT-PCR using Pxt1-
ORF-EcoRI-F and Pxt1-ORF-BamHI-R primers. EcoRI/NotI fragment 
of the transgenic construct was used as c-myc tag–specific probe. 
After hybridization, blots were washed at medium to high strin-
gency, and radioactive signals were detected on x-ray film. The RNA 
quality was verified by rehybridization with a 32P-labeled mouse 
Eef1a1 cDNA (GeneID: 13627) probe, generated by PCR using Ee-
f1a1F1 and Eef1a1R1 primers. The Eef1a1 probe was kindly pro-
vided by R. Hahnewald.

Protein extraction, immunoprecipitation, and Western 
blot analyses
Total proteins from mouse tissues were prepared from the organic 
phase obtained after RNA isolation using peqGOLD TriFast reagent 
(Peqlab, Erlangen, Germany) according to the TriReagent protein 
extraction protocol (Molecular Research Center, Cincinnati, OH), but 
the protein pellet in 1% SDS was additionally sonicated on ice (Bran-
son Sonifier 250). For immunoprecipitation experiments, proteins 
were isolated from transiently transfected HeLa cells and precipi-
tated with appropriate antibodies (mouse monoclonal anti–E2 tag 
or rabbit polyclonal anti–myc tag, 1:100; Abcam) as described 
(Rzymski et al., 2008). For Western blot analysis, protein samples 

oocytes of the FVB/N strain of mice as described (Hogan et al., 
1986). Founder transgenic mice were identified by standard PCR 
on genomic DNA using gen_hPGK2_F1 and gen_Pxt1ex.2–3_R 
primers. The quality of genomic DNA was verified by PCR with 
transition protein 2 (Tnp2)-specific primers: TP2_F1 and TP2_R1.

Generation of expression constructs
The primer sequences and the cloning strategies for generation of 
the expression constructs used in this work are given in Supplemen-
tal File 2. The following constructs were generated: Pxt1pQM-
Ntag/A, encodes the E2-PXT1 fusion protein; Pxt1ΔBH3pQM-
Ntag/A, encodes the E2-PXT1-BH3del mutant fusion protein 
lacking the BH3-like domain of PXT1; Rtn1pQM-Ntag/A, expresses 
the E2-RTN1 as described previously (Mannan et al., 2006); Bat3p-
CMV contains Bat3 cDNA (exons 7-25) fused with c-myc tag and 
encodes the c-MYC-BAT3 fusion protein; Pxt1EGFPC1, encodes 
EGFP-PXT1 fusion protein as previously described (Grzmil et al., 
2007); Pxt1EGFPC1-BH3del, encodes EGFP-PXT1-BH3del mutant 
fusion protein lacking the BH3-like domain of PXT1; PXT1C1-LAPF-
mut, encodes the EGFP-PXT1 fusion protein in which mutation of 
LAPF motif into GGGG sequence was introduced; Bat3DsRed, con-
tains Bat3 cDNA (exons 7-25) fused with dsRED and encodes the 
BAT3-dsRED fusion protein; Pxt1pGBKT7 contains the complete 
ORF of Pxt1; part1a/part1b Pxt1pGBKT7, express the N-terminal 
parts of PXT1; part2a/part2b Pxt1pGBKT7, express the C-terminal 
parts of PXT1; mut-part1aPxt1pGBKT7 vector, encodes the N-ter-
minal part of PXT1 in which mutation of LAPF motif into GAPA se-
quence was introduced; part1Bat3pGADT7 contains mouse Bat3 
cDNA “part 1” located between exon 6 and 9; part2Bat3pGADT7 
contains “part 2” of mouse Bat3 cDNA overlapping exons 9–15; 
and part3Bat3pGADT7 contains “part 3” of mouse Bat3 cDNA lo-
cated between exons 15 and 24.

Cell culture, transfection, immunocytochemistry, 
and apoptotic cell death assay
Human cervical adenocarcinoma (HeLa) and mouse embryonic fi-
broblast (NIH3T3) cells were maintained in DMEM supplemented 
with 10% fetal calf serum and 1% penicillin/streptomycin (PAN-
Biotech, Aidenbach, Germany), and in case of NIH3T3 cells, with 1× 
nonessential amino acids (Life Technologies, Darmstadt, Germany) 
in a humidified atmosphere of 5% CO2 at 37°C.

Transfection was performed, as described (Grzmil et al., 2007; 
Kaczmarek et al., 2009), with 1 μg (for single transfection) or 2 × 0.5 μg 
(for cotransfection) of construct(s) DNA. After 24 h of transient trans-
fection, the cells were fixed with 4% paraformaldehyde and 0.1% 
Tween 20 for 15 min at RT. Cells expressing EGFP and/or dsRED 
fluorescence proteins were mounted with Vectashield mounting me-
dium with DAPI (Vector Laboratories, Burlingame, CA) and pro-
ceeded to fluorescence microscopic analysis. The cells transfected 
with Pxt1pQM-Ntag/A, Pxt1ΔBH3pQM-Ntag/A, or Rtn1pQM-
Ntag/A vectors were further washed with Dulbecco’s phosphate 
buffered saline (DPBS), permeabilized 15 min in 0.1% Triton X-100/
DPBS, and blocked for 1 h at RT in 5% bovine serum albumin (BSA)/
DPBS. In the next step, the cells were incubated for 2 h at RT with 
mouse monoclonal anti-E2 tag antibody (1:500; Abcam, Cambridge, 
MA) in 1% BSA/DPBS. Subsequently the cells were washed with 
DPBS and incubated for 2 h at RT with FITC-conjugated anti–mouse 
IgG secondary antibody (Sigma-Aldrich, St. Louis, MO) diluted to 
1:200 in 1% BSA/DPBS. Finally, the cells were washed with DPBS, 
mounted with Vectashield mounting medium with DAPI, and ob-
served under a fluorescence microscope. Quantification of apopto-
sis was performed by analysis of nuclear morphology after DAPI 
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age number of TUNEL-positive cells per tubuli ± SD. For each ani-
mal 10–15 fields were counted, at least 2 animals were used for 
each group. Slides were analyzed under a light microscope (BX-60, 
Olympus).

Yeast two-hybrid screen (Y2H)
To identify putative PXT1 interacting proteins, a mouse testis cDNA 
library, constructed in pGAD10 vector (Clontech, Heidelberg, 
Germany) and kindly provided by I. Adham, was screened with 
mouse PXT1. The bait construct Pxt1pGBKT7 encoding a GAL4 
DNA-binding domain fused with PXT1 was generated as described 
above. After auto-activation test of the Pxt1pGBKT7 vector, the 
testis cDNA library screening was performed by the sequential 
transformation according to Matchmaker GAL4 Two-Hybrid 
System 3 & Libraries user manual (Clontech). The yeasts were ini-
tially spread on medium-stringency plates (SD/−LTH), and then 
the surviving colonies were verified on high-stringency plates 
(SD/−LTHA + X-α-Gal). Next plasmid DNA was isolated from blue 
colonies using Yeastmaker Yeast Plasmid Isolation Kit (Clontech). 
Subsequently the plasmid DNA was transformed into E. coli 
DH5alpha competent cells (Invitrogen), and clones containing 
only the prey-library plasmid were selected on LB/Amp and LB/
Kan plates. The cDNA inserts of these clones were amplified by 
PCR with 5′D-LD-insert and 3′AD-LD-insert primers and then se-
quenced. To confirm PXT1-BAT3 interaction determined by library 
screen, direct reconstruction of Y2H experiment was performed. 
In this assay, the identified Bat3pGAD10 prey vector and the Pxt-
1pGBKT7 bait construct were cotransformed into AH109 yeast 
strain by the lithium acetate method according to the Clontech 
protocol. The cotransformants were selected on SD/−LT plates 
and the interaction was finally verified on SD/−LTHA + X-α-Gal 
plates. The same method was used for mapping of PXT1 and 
BAT3 regions essential for the interaction. All bait and prey vectors 
used in the study were verified for host yeast toxicity and autono-
mous activation of reporter genes.

Statistical analysis
For statistical analysis, data obtained by counting apoptotic cells 
were pooled for each cell type and vector used. Likewise, the data 
collected after TUNEL analyses were pooled for each genotype and 
age group. The results were expressed as a ratio; thus they were 
normalized by angular transformation prior to the t-test for indepen-
dent groups. Data of plasmalogens and VLCFA analysis (C16:0, 
C18:0, and C22:0) followed the normal distribution therefore the 
t-test for independent group was applied. In contrast, C24:0 and 
C26:0 measurement results were not normally distributed nor could 
be normalized by any kind of transformation. Therefore, the non-
parametric alternative for t-test, the Mann–Whitney U test was used. 
A P value below 0.05 was considered statistically significant. All 
statistical analyses were performed using the Statistica 8 software 
package (StatSoft, Tulsa, OK).

were separated on 4–12% or 12% NuPAGE Novex Bis-Tris gel (Invit-
rogen) and electroblotted onto PVDF membranes (0.45-μm Hy-
bond-P PVDF [Amersham Biosciences] or 0.2-μm PVDF [Invitrogen]). 
After blocking in 5% nonfat milk TBST (137 mM NaCl, 10 mM Tris-
HCl, pH 7.3, 0.1% Tween 20) for 1 h at RT, the membrane was 
probed overnight at 4°C with the following primary antibodies: 
mouse monoclonal anti–myc tag (1:2000; Millipore, Temecula, CA), 
rabbit polyclonal anti–c-myc (1:1500; Sigma-Aldrich, St. Louis, MO), 
mouse monoclonal anti–E2 tag (1:1000; Abcam, Cambridge, MA), 
and mouse monoclonal anti–β-actin (1:10,000; Abcam, Cambridge, 
MA). Subsequently blots were washed three times for 10 min in 2% 
nonfat milk TBST and incubated for 1–2 h with alkaline phosphatase–
conjugated anti–mouse/rabbit IgG secondary antibody (1:5000; 
Sigma-Aldrich, St. Louis, MO). Finally, blots were washed again and 
signals were visualized using the BCIP-NBT system (Roth, Karlsruhe, 
Germany) according to the manufacturer’s instruction.

Immunofluorescence assay
Testes of transgenic and wild-type mice were fixed in Bouin’s solu-
tion and embedded in paraffin. For immunofluorescence analysis, 
0.5-μm-thick sections were boiled for 5 min (two times) in 10 mM 
sodium citrate, pH 6.0, in a microwave. Subsequently sections 
were incubated for 1 h at RT in blocking buffer (2% normal sheep 
serum, 0.5% Triton X-100 in DPBS). Next the sections were hybrid-
ized overnight at 4°C with following primary antibodies diluted in 
blocking buffer: mouse monoclonal anti–myc tag (Millipore; 
diluted 1:100), rabbit polyclonal anti–PMP70 (Abcam; 1:500), rab-
bit polyclonal anti–Catalase (Abcam; 1:200), and rabbit polyclonal 
anti–PEX13 antibody (Sigma; 1:200). Afterward, slides were washed 
in DPBS and incubated for 1 h at RT with Cy3-conjugated anti–
mouse and FITC-conjugated anti–rabbit IgG secondary antibodies 
(Sigma-Aldrich) diluted to 1:500 in blocking buffer. Finally, the 
slides were washed three times with DPBS, air dried, and mounted 
with Vectashield medium containing DAPI (Vector Laboratories). 
The slides were observed under a fluorescence microscope 
(BX-60, Olympus).

Biochemical plasmalogen and VLCFA analyses
Individual testes (ca. 50 mg each) from adult wild-type and trans-
genic mice were disintegrated mechanically and dried under a nitro-
gen stream. VLCFA were derivatized with acetylchloride as methyl-
esters and determined by GC/MS calibrated with internal deuterated 
standards following a method of Hunneman and Hanefeld (1988). 
Plasmalogens were determined following a published method 
(Duran and Wanders, 2008), and levels were expressed relatively to 
C16:0 and C18:0. VLCFA and plasmalogens were analyzed on a GC/
MS (Agilent Technologies, Santa Clara, CA; 8690N/5975B) equipped 
with a HP-5MS column (Agilent Technologies).

Histological analysis and TUNEL assay
Histological and TUNEL analyses were performed as previously 
described (Burnicka-Turek et al., 2009). Briefly, for morphological 
examination, 5-μm-thick paraffin sections of Bouin fixed testes and 
epididymes were stained with hematoxylin and eosin (Sigma 
Aldrich). For analysis of apoptosis, deparaffinized and rehydrated 
sections were subjected to TUNEL assay after pretreatment with 
proteinase K (Roche Diagnostics) using an ApopTag peroxidase in 
situ apoptosis detection kit (Qbiogene, Heidelberg, Germany) 
according to the manufacturer’s instruction. Within testis cross-
sections, apoptosis was quantified by counting the number of 
TUNEL-positive and TUNEL-negative tubules per section and 
TUNEL-positive cells in each tubule. Data are presented as aver-
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