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Figure 7.  BLM-deficient cells undergo apoptosis during spermatogenesis. (A–D) H&E staining of histological sections from both Blmflox/neo (A and C) and 
Blmcko/neo (B and D) mice at either 5 (A and B) or 16 wk (C and D) of age. (A and B) Spermatids are present in both genotypes of mice at 5 wk, although 
fewer were in the Blmcko/neo mice (arrowheads). (B) The seminiferous tubules are also less densely packed with cells in the Blmcko/neo mice. (C and D) By 16 wk  
of age, sperm tails are evident in the lumen of both the Blmflox/neo (C) and Blmcko/neo (D; arrows) although, fewer were in the Blmcko/neo sections. (E–G) TUNEL 
staining of testes sections from Blmflox/neo (E) and Blmcko/neo (F) mice reveals a significant increase in apoptotic cells in the Blmcko/neo testes (G, gray bar) com-
pared with Blmflox/neo (8.6 and 2.4 apoptotic cells per tubule, respectively; *, P < 0.0001). Error bars show the SEM, and the asterisk indicates significance. 
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chromosome structures that are not conventionally repaired by 
the DSBR machinery. The complex interactions between BLM 
helicase and this ZMM pathway, as well as between BLM and 
MUS81, merit further investigation in the mouse because it is 
clear that different recombination strategies require different 
degrees of BLM input.

Materials and methods
Mouse mutant strains and breeding
All mouse experiments were conducted with the prior approval of the 
Cornell Institutional Animal Care and Use Committee. We obtained mice 
(provided by P. Leder, Harvard University, Boston, MA) with a floxed Blm 
exon 8–conditional allele (termed BlmTm4Ches) and mice with the full null 
allele as a result of the insertion of a neo cassette into the Blm gene 
(termed BlmTm2Ches; Chester et al., 2006). When bred with a Tnap-cre  
(tissue-nonspecific alkaline phosphatase expressed in primordial germ 
cells; Lomelí et al., 2000)–expressing mouse, the floxed allele was  
excised in those tissues to generate an exon 8 deletion allele (termed 
BlmTm3Ches). For simplicity, we will refer to the floxed allele as Blmflox, the 
null allele as Blmneo, and the conditionally deleted allele as Blmcko. We 
bred female Blmflox/flox or Blmflox/WT mice with male BlmWT/neo Tnap-cre+. 
This produced experimental mice with the genotype Blmcko/neo and control 
mice Blmflox/neo Tnap-cre. We also generated control mice BlmWT/neo 
Tnap-cre+, which have no floxed allele. All of the experiments described 
in this study were performed using these two cohorts of negative control 
mice, so as to ascertain the effect that CRE might have on spermatogene-
sis in the mice. Because the two control groups did not yield significantly 
different results from each other, only the Blmflox/neo mice are presented in 
this study as comparisons with Blmneo/cko mice. Mice were genotyped for 
Blm alleles as previously described (Chester et al., 2006).

PCR analysis of Blm deletion
DNA was extracted from several tissues, including testis, spermatozoa  
extruded from the epididymis (containing some contaminating blood cells), 
tail, and seminal vesicle, and was subjected to dual PCR for the floxed  
allele and the CKO allele. Each PCR reaction began with 30 ng DNA, and 
the following cycling conditions were used: 94°C for 2 min; 35 cycles of 
94°C for 15 s, 59.5°C for 15 s, and 72°C for 30 s; 72°C for 1 min; and 
22°C hold.

Sperm counts
Mature spermatozoa were quantified by extracting the caudal epididymi-
des, puncturing, and incubating in media containing 4% BSA for 20 min to 
allow the sperm to swim out. 20 µl media was added to 480 µl 10% forma-
lin to fix the sperm, and the cells were counted using a hemocytometer.

Histology and TUNEL staining
Testes were removed from mice, fixed overnight in 10% formalin at 4°C, 
and washed in three changes of 70% ethanol over a period of 48 h. Fixed 
tissues were cut into 4-µm sections and stained appropriately. TUNEL stain-
ing was performed using a TUNEL staining kit (Apoptag; Millipore).

Chromosome spreading and immunofluorescent staining
Tubules were minced in sucrose solution and fixed onto slides in 1% 
paraformaldehyde over a period of 3 h in a humidified chamber. Slides 
were washed in 1× PBS with photoflo (Kodak) and 1× PBS containing 
0.1% Triton X-100 and blocked in 10% goat serum. They were stained 
with primary antibodies against SYCP3 (at a concentration of 1:5,000) 
in conjunction with BLM (1:100), MLH1 (1:50; BD), SYCP1 (1:500), 
MSH4 (1:500), or H2AX (1:10,000) and in conjunction with centro-
mere staining using CREST antiserum. BLM antibody was provided by  

of JMs, the majority of which are those involving three or four 
chromatids. The combinatorial effect of mutations in Sgs1 with 
mutations in ZMM genes reveals that sgs1 partially suppresses 
the CO phenotype of zmm mutants. Thus, much higher CO rates 
are observed in sgs1msh4 double mutants than msh4 single  
mutants to essentially normal wild-type levels but not to the levels 
seen in sgs1 mutants (Jessop et al., 2006;  Oh et al., 2007). This 
suggests that the RecQ helicase antagonizes the ZMM- 
dependent pathway for accurate CO formation. Indeed, as pro­
posed by Jessop et al. (2006), one function of the ZMM group 
may be to prevent access of Sgs1 to CO intermediates possibly 
indirectly through actions on other components of the Sgs1 
complex (Top3 or Rmi1; Mullen et al., 2005), thereby suppress­
ing the antirecombination activity of the helicase complex at 
these sites. This suggestion is in line with data presented herein 
showing that BLM helicase accumulates on mouse chromo­
somes in the absence of MLH3. These data are confounded by 
the effects of mutations in BLM orthologues in other species, 
namely Drosophila melanogaster mus309, Schizosaccharomy-
ces pombe rqh1, and Caenorhabditis elegans him-6. Mutation 
of these genes results in a significant decrease in meiotic cross­
ing over, as much as 46% in Drosophila females (McVey et al., 
2004) coupled with an increase in mitotic recombination in 
Drosophila and S. pombe (Adams et al., 2003; McVey et al., 
2004; Cromie et al., 2008). The difference between function of 
BLM/Sgs1 and that of Rqh1 in S. pombe may be explained by 
the absence of the ZMM pro-CO proteins in fission yeast meio­
sis and the predominance instead of the Mus81–Eme1 CO path­
way (Boddy et al., 2001). In yeast and mouse, the presence of 
the ZMM factors may prevent Sgs1/BLM access to intermedi­
ate JM structures, except those aberrant structures to which 
MLH1–MLH3 do not bind, allowing accumulation of Sgs1/
BLM to drive repair through a Mus81-mediated process (Oh  
et al., 2007). Consequently, in the absence of ZMM factors in 
fission yeast, Rqh1 may be driving repair of single-Holliday 
junction intermediates through a Mus81-dependent process. 
Thus, it may be the presence or absence of the ZMM pathway 
that dictates the functional activity of the RecQ helicase in  
different meiotic species. These discrepancies between Sgs1/
BLM function in yeast, flies, worms, and mice underscore the 
importance of studying RecQ helicase in multiple organisms, 
especially mice, as they are most closely related to humans.

Collectively, our data reveal an important role for BLM 
helicase in mammalian meiosis that was predicted by its local­
ization on meiotic chromosomes during prophase I. By over­
coming the technical challenges of incomplete CRE-mediated 
excision in Blm CKO mice, we find that, similar to budding 
yeast, mouse BLM is essential for mediating divergent recom­
bination pathways and appears to act to direct repair of complex 

(H) PCR analysis of several tissues (Te, testis; Sp, spermatozoa extruded from the epididymis; Ta, Tail; SV, seminal vesicle) from two Blmcko/neo (CKO mouse ID 
no. 5439 and 3862) and two Blmflox/neo (CKO mouse ID no. 4026 and 5443) mice. PCR amplification of the floxed allele produces two higher molecular 
mass bands (500 and 400 bp) present in all tissues from both genotypes, whereas the CKO (or deleted) allele is present almost exclusively in the testes 
of the Blmcko/neo mice (small band at 350 bp). Some leaky expression of the Cre results in a faint cko band in seminal vesicle, tail, and occasionally in the 
cells of the epididymal extrusion (which contains some contaminating blood cells in addition to spermatozoa). Thus, the presence of the cko-deleted band 
in the spermatozoa lane of the second CKO mouse (ID no. 3862) may represent leaky Cre expression in blood cells or some persistent CKO spermatozoa 
(asterisks). Marker sizes are shown on the left.
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R. Freire (University Hospital of the Canary Islands, Tenerife, Spain), and 
the MSH4 antibody was provided by T. Ashley (Yale University, New  
Haven, CT). Alexa Fluor Cy3–, Cy5–, and FITC–conjugated secondary 
antibodies were used (Invitrogen) for immunofluorescent staining at 37°C 
for 1 h. Slides were washed and mounted with Prolong gold antifade  
(Invitrogen). Primary antibodies and conditions used in this study were 
described previously (Lipkin et al., 2002; Kolas et al., 2005; Holloway 
et al., 2008); however, for the dual labeling of MLH1 and SYCP3 using 
the same fluorochrome-labeled secondary antibody, the primary SYCP3  
antibody was used at a concentration of 1:50,000 as previously de-
scribed (Lipkin et al., 2002).

Diakinesis chromosome spreading
This procedure was described previously (Holloway et al., 2008). In brief, 
testes were minced in hypotonic buffer, and the large clumps were re-
moved and incubated at room temperature for 20 min. The cell suspension 
was centrifuged, and the supernatant was removed. Cells were fixed in a 
methanol/acetic acid/chloroform fixative, centrifuged again, and resus-
pended in methanol/acetic acid. Fixed cells were dropped onto slides, 
dried quickly, and stained with Giemsa.

Image acquisition
All slides were visualized using a microscope (Imager Z1; Carl Zeiss, Inc.) 
under a 20× 0.5 NA ECPlan Neofluar air immersion (Carl Zeiss, Inc.) 
or 63× 1.4 NA Plan Apochromat oil immersion differential interference  
contrast (Carl Zeiss, Inc.) magnifying objective at room temperature. 
The fluorochromes used were Alexa Fluor labeled with Cy3, Cy5, or 
FITC. Images were captured with a cooled charged-coupled device 
camera (AxioCam MRm; Carl Zeiss, Inc.) and processed using AxioVision 
software (version 4.7.2; Carl Zeiss, Inc.).
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