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SUMMARY

The cohesin complex is built upon the SMC1/SMC3
heterodimer, and mammalian meiocytes feature
two variants of SMC1 named SMC1« and SMC1. It
is unclear why these two SMC1 variants have
evolved. To determine unique versus redundant
functions of SMC1B, we asked which of the known
functions of SMC1$ can be fulfiled by SMC1a.
Smc1a was expressed under control of the Smc13
promoter in either wild-type or SMC1B-deficient
mice. No effect was seen in the former. However,
several major phenotypes of SMC1 B-deficient sper-
matocytes were rescued by SMC1a. We observed
extended development before apoptosis and resto-
ration of axial element and synaptonemal complex
lengths, chromosome synapsis, sex body formation,
processing of DNA double-strand breaks, and forma-
tion of MLH1 recombination foci. This supports the
concept that the quantity rather than the specific
quality of cohesin complexes is decisive for meiotic
chromosome architecture. It also suggests plasticity
in complex composition, because to replace SMC13
in many functions, SMC1a has to more extensively
associate with other cohesins. The cells did not com-
plete meiosis but died to the latest at the pachytene-
to-diplotene transition. Telomere aberrations known
from Smc18~/~ mice persisted, and DNA damage
response and repair proteins accumulated there
regardless of expression of SMC1a. Thus, whereas
SMC1« can substitute for SMC1 in many functions,
the protection of telomere integrity requires SMC1.

INTRODUCTION

Meiosis poses particular challenges to chromosome structure
and dynamics (for recent reviews, see [1-4]). In prophase of
meiosis |, the two sister chromatids generated from each chro-
mosome during premeiotic replication compact into axial
elements (AEs) characterized by meiosis-specific proteins like
SYCP2 and SYCP3. In pachytene of prophase I, the two homol-
ogous AEs have paired and formed the synaptonemal complex
(SC), featuring SYCP1 often used as a marker for synapsis. In
diplotene, the homologs desynapse but remain linked to each

other via chiasmata, characteristic meiotic recombination struc-
tures. To initiate recombination, programmed DNA double-
strand breaks (DSBs) are introduced early in prophase I. These
DSBs become repaired through homologous recombination,
some leading to chiasmata. Meiosis Il is similar to mitotic cell
division, where sister chromatids are separated.

Cohesins are essential supporters of meiotic chromosome
structure and dynamics (recently reviewed in [5-9]). Three cohe-
sin proteins form the ring-like core cohesin complex: SMCT;
SMC3; and kleisin. Besides the canonical proteins SMC1a,
SMC3, and RAD21 present in all nucleus-bearing somatic cells
and in mammalian meiocytes, the latter express additional
cohesins, which are largely meiosis specific: the SMC1 variant
SMC1 and the kleisins RAD21L and REC8. As a fourth cohesin
protein, an SA-type protein associates with the tripartite
complex. SA1 and SA2 are found in somatic and some
meiotic cells, SA3 (STAG3) exists almost exclusively in meio-
cytes. Thus, mammalian meiocytes form several different cohe-
sin complexes.

Studies using mouse strains deficient in one or two meiotic
cohesins have shed substantial light on their specific roles,
although many questions remain open [10-21]. Cohesin com-
plexes determine the length of chromosome axes, i.e., of AEs
and SCs, by restricting chromosome compaction that is exerted
by AE/SC proteins like SYCP3 [22]. Less cohesin on these axes
results in shortened axes, and in some instances, such as
absence of STAGS3 or combined REC8/RAD21L deficiency, the
axes vanished almost completely. Synapsis is impaired to
different degrees by the absence of specific cohesins, and the
pairing of the X and Y chromosomes is abolished in all known co-
hesin deficiency models [10-21]. These sex chromosomes pair
at a short ca. 700-kbp region called PAR (pseudoautosomal
region) and thus remain unsynapsed along most of their length.
Specific proteins associate with the sex chromosomes, such
as the phosphorylated H2AX (yH2AX), and a distinct chromatin
domain named “sex body” forms, within which gene expression
is silenced. Because in many cohesin mutants, synapsis fails on
several autosomes, silencing factors are recruited to those auto-
somes and thus are reduced at the sex chromosomes, where
some genes, such as Zfy1/2, become expressed with lethal con-
sequences for the spermatocytes [23]. The cells die at the early/
mid-pachytene stage, corresponding to stage IV of seminiferous
tubule development. Besides synapsis, meiotic sister chromatid
cohesion requires cohesins, which also support meiotic recom-
bination and maintenance of proper telomere structures.

One of the major unsolved questions in meiotic cohesin
biology is why mammalian meiocytes express two variants of
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SMCH1. Are there functions specific for SMC1a. versus SMC13?
In meiosis, SMC1p appears to be the more prominent SMC1
variant. At meiotic entry in preleptotene, SMC1p becomes ex-
pressed while there is plenty of SMC1a on the chromatin.
SMC1a then slowly disappears, and there is not much seen
on chromosomes anymore after prophase |I. SMC1f remains
present on the centromeres until the metaphase/anaphase I
transition [11, 24]. In the absence of SMC1p, AEs and SCs
are shortened in length by about half and the surrounding
chromatin extends approximately (app.) twice as much from
these axes. These spermatocytes show incomplete chromo-
some synapsis, suffer telomere damage, and loose some
sister chromatid cohesion. They die in early/mid-pachytene
(tubular stage IV) [24]. It was evident though that some
sister chromatid cohesion remained intact in prophase | of
Smc18~/~ mice, that the majority of homologs still synapsed,
and that AEs and SCs formed [13, 24, 25]. Such remaining
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(A) Schematic diagram for SMC1a expression
under control of the Smc18 promoter.

(B) Relative expression of Smc1a and Smc1g in
FACS-sorted 4N spermatocytes analyzed by RT-
PCR. SEM was calculated using three biological
and three technical repeats for each genotype.
Relative expression of Smc1a was normalized
to Smc18** levels. According to Bonferroni’s
multiple comparison test, the mean values for
Smc1a expression (Smc1++72: 2.365 + 0.1826;
Smc18~/: 0.8375 + 0.0584; and Smci18~/~'2:
1.720 + 0.0767) are all significantly different
(p < 0.05). The mean values for Smc13 expression
in all genotypes (Smc78**': 1.113 + 0.039;
Smc18~/~: 0.0415 = 0.00724; and Smc18~/ "2
0.03 =+ 0.0057) are significantly different
\ (p < 0.0001) except between Smc78~/~' and
Smc187/~ (p = 0.3441).

(C) Protein levels of SMC1a, SMC18, SMC3, and
tubulin in different genotypes.

(D and E) H1t-positive spermatocyte spreads
(scale bar, 5 um; D) and cross sections (scale bar,
50 um; E) of all genotypes.

See also Figures S1 and S7.
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functions ought to be supported by
SMC1a complexes. However, would
SMC1a complexes be able to fulfill all
cohesin functions in prophase | if there
would be sufficient and timely expres-
sion of SMC1a? In the present study,
we asked whether there are functions
specific for SMC1p or whether its func-
tions are redundant between the two
SMC1 variants. The analysis of sper-
matocytes from a strain expressing
SMC1a under control of the Smcip
gene’s expression regulatory elements
in either wild-type or Smc18~/~ back-
ground showed that SMC1 can be re-
placed by SMC1a for many, but not all,
functions. No rescue was seen in pro-
tection of telomeres, and SMC1p appears to prevent an aber-
rant DNA damage response at telomeres.

SYCP3 DAPI

RESULTS

Smc1a Transgene Expression and Spermatocyte
Development

To determine whether SMC1a can substitute for SMC1 8 and fullfill
some or all of its functions in male and female meiosis, we placed
the mouse Smci1a cDNA within a bacterial artificial chromo-
some (BAC) containing the Smc18 gene regulatory regions (Fig-
ures 1A and S1A). Thus, Smc1a gene expression was driven
from the Smc18 promoter elements. These transgenic mice
were bred with SMC1p-deficient mice described before [24].
The genotype of the resulting mouse strain was named
Smc1g/~SmelfpromSmela g ghort, Smc18~/~'¢. We obtained
five independent founders, three of which were analyzed in detail.



All data presented here represent all three lines. This strain
was compared to wild-type (WT) Smc18** and Smc18~/~
strains, and for some phenotypes, WT mice expressing
the Smc18promSmcila transgene (Smc187+7%) were also
investigated.

First, expression of the Smc1a transgene in meiocytes was
analyzed. Levels of Smc71a mRNA (Figures 1B and S1B) in fluo-
rescence-activated cell sorting (FACS)-sorted 4N spermatocytes
were about 2.4-fold increased in Smc18**"* mice compared to
WT and app. 2-fold higherin Smc18~/~"*thanin Smc18~'~ sper-
matocytes. The levels of Smc78 mRNA in WT were not affected
by expression of the Smc1« transgene and were at background
levels in Smc18~/~ spermatocytes. These results were reflected
on the protein level (Figures 1C and S1C). In extracts from FACS-
sorted 4N spermatocytes (Figure S1D), we observed two bands
close to each other for SMC1¢, with the upper band very promi-
nentinthe Smc18~/~ background (Figure 1C). This was indepen-
dent of the Smc1« transgene. The distinct features of the two
SMC1a bands are therefore subject to a separate study. In the
WT background, SMC1p protein levels were not affected by
Smc1a transgene expression. We also compared RNA expres-
sionin sorted Smc18*+'* spermatocytes of Smc1a (endogenous
and transgene), Smc1a transgene, and Smc13 and observed
app. the same levels of expression of the Smc1« transgene and
of Smc1p (Figure S1E). This shows that, in the BAC, the Smc18
promoter drives Smc1a transgene as expected at Smc1-like
levels or slightly higher.

Next, we analyzed spermatogenesis (Figures 1D, 1E, S1D, and
S1F), which was unperturbed in WT mice expressing the Smc1a
transgene. Spermatogenesis in Smcm’/* mice proceeds maxi-
mally to early/mid-pachytene, corresponding to seminiferous
tubule stage IV [24]. In Smc18~/~"* mice, however, spermato-
cytes reached the end of pachytene. This was evident from pos-
itive staining for the histone variant H1t (Figures 1D and 1E).
Starting in mid-pachytene, expression of H1t serves as a marker
for progression beyond the stage IV early/mid-pachytene check-
point [26, 27]. In WT, 67% of pachytene chromosome spreads
were strongly positive for H1t, which associates with the entire
chromatin. H1t-positive cells are almost entirely absent from tu-
bules of Smc18~/~ mice (<<1% of pachytene-like Smc18~/~
spermatocytes) [24]. In contrast, 43% of Smc18~/~ "% pachytene
spermatocytes were strongly H1t positive. However, no diplo-
tene cells were observed in Smc78~/~7% mice. FACS analysis
of total testis cell suspensions (Figure S1F) confirmed that there
is no effect of transgene expression in the WT and there are no
haploid cells in the Smc78~/~"¢ strain, which shows about the
same profile for 4N (prophase I) and 2N (somatic) cells as the
Smc18~/~ mice; the small increase through late pachytene cells
is not visible by this FACS analysis. There were no cells positive
for pericentromeric pH3, a marker for mid-diplotene, and no cells
showed desynapsis. Thus, all Smc18~/~7% spermatocytes have
died until the very end of pachytene, i.e., between tubular stage
IV and stage X to the latest.

Whereas expression was readily detectable in spermatocytes,
we did not obtain significant expression of the transgene in
oocytes (Figures S1G-S1I). Neither in the WT nor in the Smc 18~/
background did we detectincreased levels of Smc1a (Figure S1G).
Phenotypes of Smc18~/~ oocytes reported earlier were not
rescued. Like in the Smc1 b”/ ~ strain, there were no oocytes at

the germinal vesicle stage in aged Smc18~'~"* mice, and the
oocyte number was also not altered in WT mice carrying the
Smc1a transgene (Figure S1H). Similarly, metaphase | chromo-
some spreads of Smc18~/~7% oocytes showed some univalents,
i.e., pairs of sister chromatids that have lost their linkage to the cor-
responding homologous pair, like in the Smc18~/~ strain (Fig-
ure S1l). Thus, this study focused on spermatocytes.

Expression of the Smc1« transgene in WT spermatocytes did
not cause any phenotype, which was confirmed by further anal-
ysis (see below). The Smc18*** mice were fully fertile, as were
Smc16*~"* mice. In line with our central question for the ability
of SMC1a to compensate for loss of SMC1, most of the subse-
quent studies therefore focused on Smc18~/~"* mice.

Chromosome Axes and Synapsis

The perhaps most prominent chromosomal phenotype of
Smc18~/~ spermatocytes is the length reduction of AEs and
SCs by about half [24]. Together with data from other meiosis-
specific cohesin mutants, which also showed axes length reduc-
tion to varying degrees (for a table providing a recent overview,
see [28]), it was proposed that cohesin complexes restrict the
axes compaction that is mediated by non-cohesin proteins,
such as AE protein SYCPS3. This hypothesis was supported by
the reconstitution of nearly normal axes length in Smc18~/~
Sycp3~'~ double-deficient mice [22].

We asked whether increased expression of SMC1a rescues
axes length in Smc716~'~ meiocytes. Early Smc18~/~"* pachy-
tene spermatocytes showed an average SC length approaching
WT dimensions, i.e., 5.99 um length compared to 7.11 um in the
WT and 3.2 um in the Smc18~/~ samples (Figures 2A-2C), indi-
cating a high degree of rescue of axes length. This rescue equally
affected all chromosomes. Thus, SMC1a can substitute for
SMC1B, suggesting that the quantity rather than the specific
quality of the cohesin complexes determines axis length.

Synapsis of the AEs is also impaired in Smc18~'~ meiocytes,
where on average 7.3 (34.7%) of the autosomes partially or
entirely fail to synapse [24, 25]. The sex chromosomes never syn-
apse in this mutant. Synapsis can be monitored by staining
pachytene spermatocytes for the SC-specific SYCP1 or for
HORMAD1, which associates with unsynapsed regions of
chromosomes. Figures 2A and 2B show both types of analysis
and demonstrates regions of asynapsis in the Smc78~/~, but
neither in the WT control nor in the Smc18~/~7% chromosomes.
Smc18~/~7* autosomes synapse along their entire length, and
like in WT, the sex chromosomes synapse at the PAR, although
they display some morphological abnormalities (see below). This
shows that synapsis was rescued in the Smc18~/~7* cells.

Cohesin Association with Chromosomes
Would Smc1atransgene expression in the SMC1 B-deficient sper-
matocytes affect the presence of other cohesins on the AEs or
SCs? In Smcm*/* spermatocytes, SMC3, SMC1a, RAD21,
REC8, RAD21L, and STAG3 are still present on the axes, although
at reduced levels and often in a more punctuate pattern [24].
Figures S2 and S3 show cohesins on mid-pachytene chromo-
somes in control samples (WT; Smc78~/7) and in Smc18~/~1¢
cells. The higher compaction of Smc1 6’/ ~ chromosomes tends
to yield more intense signals, and thus, intensity comparisons to
Smc18~'~ chromosomes are not accurately possible. Taking this

Current Biology 28, 249-261, January 22, 2018 251

CellPress




Cell’ress

B IR
*

* k%

C 15+

L
L
: * k%

Axis length
(um)
e

w
Il
a
«
«

%
A‘Ak

0

Figure 2. Synapsis and Axis Length

Smc1[3-/v\"& A

e /
{/

HORMAD1

L] L] L] L]
Smc1B++ Smci1B++1a Smc1B-+ Smc1fB-/-1a

(A) Spermatocyte chromosome spreads of Smc1 8+, Smc18++8 Smc18~/~, and Smc18~'~"2 mice, stained with anti-SYCP3 (red) for AEs/lateral elements
(LEs) and with anti-SYCP1 (green) for SCs. Arrows indicate unsynapsed regions.

(B) Spermatocyte chromosome spreads of Smec18**, Smc18**'8, Smc18~'~, and Smc18~'~"2 mice, stained with anti-SYCP3 (green) for AEs/LEs and
anti-HORMAD!1 (red) for unsynapsed region. Arrows indicate unsynapsed regions.

(C) Graphical representation of chromosome length (SYCP-stained) of spermatocyte spreads measured using Imaged software. (n = 27, 7.111 um [mean
length; +0.1153 pum SEM] Smc18*/*; n = 20, 7.388 pm [+0.1561 pm] Smc18**'%; n = 15, 3.130 pm [£0.1235 um] Smc18~/~; n = 22, 5.852 pm [+0.1756 pm|

Smc18~/~"3). According to Bonferroni’s multiple comparison test, all pairwise differences were statistically relevant (p < 0.05) except for the comparison of
Smc18** versus Smc18**'2; scale bar, 5 um; asterisks mark the XY chromosomes.

See also Figures S2, S3, and S7.

limitation into consideration, the signals for several cohesins seem
to be slightly more intense on Smc18~/~7* chromosomes. REC8
and RAD21L signals appear more intense on Sme78~/~"* chromo-
somes, similar to WT, possibly indicating that SMC1a. formed
axes-associated complexes with these kleisins. Whether this ap-
plies also to SMC3 and STAG3 cannot be determined with cer-
tainty from these chromosome spreads. Loss of STAG3 confers
reduction of axis length even more dramatic than that of
Smc168~/~ cells. This suggested that SMC1a/STAG3 complexes
contribute very significantly to axis length[21]. InSmc 18~/ “cells,
the additionally expressed SMC1a may recruit STAGS3 to chromo-
some axes, suggesting that the increase in axis length happensina
STAG3 complex. Overall, the cohesins are present on Smc 18~/ ~ ¢
chromosomes and tend to appear moderately enhanced.

DNA Double-Strand Break Repair and Sex Chromosome
Morphology

Smc18~'~ spermatocytes properly generate SPO11-dependent
DSBs but do not repair them as efficiently as WT cells [25]. DMC1
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and RAD51 foci, which form at DSBs as part of the repair pro-
cess, persist longer. Analyzing RAD51 and DMC1 foci in early
pachytene cells of WT, Smc16~~, and Smc18~'~'* spermato-
cytes showed that expression of SMC1a. rescues the processing
of RAD51 and DMCH1 foci, which are processed at WT levels (Fig-
ures 3A-3D).

Processed DSBs may turn into recombination foci. To test this,
we analyzed the occurrence of MLH1 foci (Figures 3D and 3E),
which from mid-pachynema onward mark sites of future chias-
mata. There are no MLH1 foci in Smc78~/~ spermatocytes,
which fail to efficiently process DSBs and do not reach mid-to-
late pachynema [24]. Smc18~/~"* spermatocytes, however,
showed MLH1 on each chromosome. The number of MLH1
foci was about 22 per cell compared to 30 foci per cell in WT.
This confirms not only the extended progression of Smc18~/~ "¢
spermatogenesis but also shows that SMC1 is neither specif-
ically required to process DSBs nor to form MLH1 foci. An addi-
tional marker to visualize recombination foci is CDK2, which
localizes to some of the MLH1 foci and is required for meiotic
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Figure 3. Double-Strand Break Processing
(A and B) Immunofluorescence staining of spermatocyte chromosome spreads of Smc18*/+, Smc18~/~, and Smc16~/~ "2 mice, probed with anti-SYCP3 (red) for
AEs/LEs and anti-RAD51 (A) or anti-DMC1 (green; B) as indicated for DNA double-strand break repair foci.
(C) Graph showing numbers of RAD51 foci in pachytene stage cells (n = 25, 27 RAD51 foci + 2.949 SD, Smc18*/+; n = 56, 35 RAD51 foci + 7.045 SD, Smc18~/~;
n = 26, 26 RAD51 foci + 7.184 SD, Smc18~/"3). The p values between all genotypes are <0.0001 except between Smc18** and Smc18~/~"2 (p = 0.429).
(D) Graph showing numbers of DMC1 foci in pachytene stage cells. (n = 140, 23 DMCH1 foci, +1.89 SD, Smc18*/*; n = 100, 42 DMC1 foci + 5.89, Smc18~/~;
n = 150, 25 DMCH foci + 6.184, Smc18~'~"2). The p values between all genotypes are <0.0001 except between Smc18** and Smc18~/~"72 (p = 0.258).
(E) Spermatocyte chromosome spreads of Smc18**, Smc18~/~, and Smc78~/~"@ mice, probed with anti-SYCP3 (red) for AEs/LEs and anti-MLH1 for late
recombinational nodule.
(F) Graphical representation of number of MLH1 foci in Smc78** and Smc18~/~+'2 spermatocytes. (Smc16™*: n = 18, 29 MLH1 foci + 2.029 SD; Smc18~/~:
n = 36, 22 MLH1 foci + 3.713; p < 0.0001 according to unpaired t test; scale bar, 5 um).
See also Figures S4 and S7.
(“black hole™) can be seen in Smc18~/~ spermatocytes, but in
Smc18~/~1* spermatocytes, the sex chromosomes are devoid
of piwiRNA (pRNA) Polll signals. This supports the notion that,
in Smc1ﬁ’/’1“ spermatocytes, a functional, transcriptionally
silenced sex body is formed. Smc18~/~ spermatocytes fail to
silence gene expression on the sex chromosomes and express
the Zfy1/2 gene pair known to trigger apoptosis if expressed in
early/mid-pachytene [25, 32]. Because silencing of the sex chro-
mosomes appeared normal in Smc18~/~7% spermatocytes, their
extended survival may be supported by repressed expression of
Zfy1/2. RT-PCR revealed that there is indeed significantly less
Zfy1/2 expressed in Smc18~/~'* spermatocytes (Figure 4C).
This confirms that SMC1a can substitute for SMC18 in forming
sex body chromatin and silencing sex chromosomes.
Localization of H3K9me3, which marks heterochromatin [33]
and is aberrantly diffuse in Smc78~/~ spermatocytes, appeared
normal in Smc18~/~"* spermatocytes, indicating that the distri-
bution of heterochromatin, particularly at the centromeres, is
also rescued (Figure S4C).
Further detailed analysis showed though that sex chromo-
some pairing is not perfect. Staining WT pachytene cells for

recombination [29, 30]. Staining for CDK2 in spermatocytes of
the three genotypes revealed that the WT control shows app.
9.36 (average foci number; +3.128 SD) CDK2 foci, separate
from signals at the telomeres (Figures S4A and S4B). Sme18~'~
spermatocytes do not show any CDK2 foci. In Smc18~/~"% sper-
matocytes, 3.33 (£1.12) CDK2 foci appear, one-third of WT.
CDK2 much more prominently localizes to telomeres [31]. We
observed a similar absence of CDK2 signals on some telomeres
of Smc18~/~ and Smc18~/~"* spermatocytes, consistent with
our analysis of telomeres (see below).

Rescue of DSB repair is also indicated by the WT-like behavior
of YH2AX, which associates with DSBs. In Smc78~/~ spermato-
cytes, YH2AX persists on many autosomes and thus is diffusely
distributed in clouds within the nuclei (Figure 4A) as opposed to
associating like in WT with the sex body, the specifically struc-
tured chromatin at the sex chromosomes. Smc18~/~7¢ dis-
played a proper sex body, intensely stained for yYH2AX, which
was not distributed on autosomes.

The sex chromosomes are transcriptionally repressed, which
can be seen in WT cells by absence of signals for phosphory-
lated RNA polymerase |l (Figure 4B). No such distinct region
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SYCP1 and SYCPS3 yielded sex chromosomes with the expected
morphology that were double positive only at the synapsed PAR
(Figure 4D). In the Smc18~/~"% spermatocytes, 38.6% (n = 417)
of the sex chromosomes showed a WT-like morphology and
staining, but there were cells (562.9%) where we did not detect
a PAR and some that showed an irregular sex chromosome
axes morphology (8.4%; Figures 4E-4K). Similarly, when the
cells were stained for SYCP3 and the phosphorylated form of
SMCS, which stains the sex body in late pachytene [25], most
of the Smc18~/~'* cells showed a normal morphology of
the sex chromosomes, but some sex chromosomes (40%;
n = 300) appeared more stretched and/or the two sex chromo-
somes were slightly apart within the sex body. Thus, whereas
most of the sex chromosome features lost in the Smc18~'~ sper-
matocytes are rescued by SMC1a transgene expression, the
rescue is not complete.

Centromere and Telomere Aberrations

In mice, the centromeres are located in the subtelomeric region,
and their cohesion is affected by SMC1 deficiency, which does
not affect much of cohesion along chromosome arms [25].
Centromeric cohesion can be assessed by staining for CENP-A.
Fully synapsed four sister chromatids in full cohesion display one
CENP-A signal per chromosome. Loss of centromeric cohesion
yields two separate signals. However, loss of synapsis at the
centromeres has the same effect. If there are three or four sig-
nals, loss of cohesion and of synapsis must have occurred.

In WT, there was one CENP-A signal per chromosome (Fig-
ure 5A). In the Smc18~/~ spermatocytes, there were at least
four chromosomes per cell that show 2 clearly separate CENP-A
spots and at least one chromosome that shows 3 spots (marked
by an arrow). A similar number of chromosomes carrying two or
three separate signals was observed in Smc18~~"* cells (Fig-
ure 5A). Anti-centromere antibody (ACA) stains centromeric/
pericentromeric heterochromatin and produces a more diffuse
signal compared to CENP-A but confirmed the continued
presence of at least 2 signals on several chromosomes per
cell, and in some instances, the loss of cohesion at the centro-
mere was seen clearly on sex chromosomes (Figure S5).

To distinguish between early pachytene and late pachytene
cells, we co-stained H1t together with SYCP3 and CENP-A (Fig-
ures 5B and 5C). There were no or only very weakly H1t-positive
Smc18~/~ spermatocytes, but the late pachytene Smc18~/~'¢
chromosomes in 96% of these cells showed several grossly
aberrant CENP-A signals, which appeared as long stretches
or bridges between chromosome ends. Some other signals

showed as 2 dots, some as three. The stretches and bridges
were not apparent or very small in H1t-negative cells. Thus, the
incidence of centromeric aberrations, which included loss of
centromeric cohesion and synapsis, increased toward the end
of pachytene and was not rescued in Smc18~/~'% cells. The
centromeric stretches and bridges seen in late pachytene
Smc18~/~'* spermatocytes were reminiscent of telomere aber-
rations that we reported earlier for Smc18~~ mice [18]. There
were chromosomes without telomeres, stretches of telomeres
separated from the main axes, as well as telomere bridges and
fusions.

To test whether expression of SMC1a protects telomeres from
such damage, we stained telomeres on chromosome spreads by
telo-fluorescence in situ hybridization (FISH) and for RAP1 (Fig-
ures 6A and 6B). As expected, the Smc16*/*, but not the WT,
spermatocytes showed telomere aberrations. However, the
Smc18~/~7* cells also showed these telomere aberrations in
both types of staining. This was further confirmed by staining
for the telomere protein TRF2 and for the telomere-membrane
anchor protein SUN1 (Figures 6C and 6D). The average number
of telomere aberrations per cell was 11 to 14 whereas, in the WT
control, there were none (app. 500 telomeres analyzed per
genotype). Overall, there was no statistically significant differ-
ence between Smc78~~ and Smc18~/~'* cells (Figure S6A).
These aberrations included solitary telomere signals and axes
lacking telomeres as the most frequent types of aberrations
(70%-80%), as well as axes featuring long stretches of telo-
meres and some (<5% of all aberrations) end-to-end associa-
tions leading to chromosome fusions or occasionally a circular
chromosome.

Quantification of the telo-FISH signal provides an indication for
the presence of telomeric sequences, i.e., for telomere length
and the length distribution profile. Figures S6B-S6E show
that there is a large decrease in telomere length from WT
to Smc18~/~ spermatocytes as reported earlier [13]. The
Smci18~/7'* cells show a similar length reduction with mostly
no statistical difference to Smc18~/~, although there appears
to be a mild increase in area. We cannot exclude a very minor
rescue of the telomere length phenotype, possibly an effect of
the overall increase in axis length.

DNA Damage Response Activity at Spermatocyte
Chromosome Ends

Thus, the centromere and telomere phenotypes were not
rescued by SMC1a. Both reflect processes that occur at the
chromosomal ends, and we asked whether these ends suffered

Figure 4. Sex Body Formation

(A) Spermatocyte chromosome spreads of Smc18*+, Smc18~/~, and Smc18~/~"2 mice, stained with anti-SYCP3 (green) for AEs/LEs and with anti-phos-

phorylated H2AX (yH2AX) for DNA damage.

(B) Spermatocyte chromosome spreads of Smc168*/*, Smc18~/~, and Smc18~'~"@ mice, stained with anti-SYCP3 (red) for AEs/LEs and with anti-phosphorylated

RNA POLII (green). Asterisk indicates sex chromosomes.

(C) Graphical representation of relative expression of ZFY1 (Smc78~/~' 0.9158 + 0.10584, Smc16~/~: 2.292 + 1.212 SD; n = 3; p < 0.0001) and ZFY2
(Smc187/7731.924 + 0.904, Smc18~/~ 3.243 + 1.052 SD; [n = 3; p = 0.0023]). Relative expression was normalized to Smc18*/* levels.
(D-K) Spermatocyte chromosome spreads of Smc18** and Smc18~/~+" mice, stained with anti-SYCP3 (red) for AEs/LEs and with anti-SYCP1 (green) (D and

F-H) and with anti-phosphorylated SMC3 (E and I-K).
(D, E, F, and I) Normal sex chromosome morphology.
(G and J) No obvious sex chromosome PAR region.
(H and K) Abnormal XY axis morphology.

See also Figure S7.
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(A) Spermatocyte chromosome spreads of Sme18*"*,Smc18~/~, and Smc18~'~" "2 mice, stained with anti-SYCP3 (red) for AEs/LEs and with anti-CENP-A (green)

for centromere.

(B and C) Spermatocyte chromosome spreads of Smc16*/*, Smc16~/~, and Smc18~/~"72 mice, stained with anti-SYCP3 (green) for AEs/LEs, anti-CENPA (red),
and anti-H1t (gray) showing H1t-positive and H1t-negative spermatocytes, respectively. AEs/LEs stained with anti-SYCP3 and centromere with anti-CENP-A.

White arrows indicate abnormal centromere structure (scale bar, 5 um).
See also Figures S5 and S7.

damage that would evoke a DNA damage response (DDR). We
analyzed DDR proteins on these chromosomes. Figure 7 shows
staining for the end-joining protein 53BP1, which in WT pachy-
tene cells localizes to the sex chromosomes only from mid-
pachytene onward [34, 35]. In Smc18~/~ cells, which die in
early/mid-pachytene, accumulation of 53BP1 on sex chromo-
some axes was not seen as expected, and it was also absent
of WT and Smc18~/~"* early/mid-pachytene cells (Figure 7A).
In late pachytene, staining of the WT sex body with anti-53BP1
was readily detectable, whereas in the Smcw*/*’“ cells, the
staining was much more widespread and particularly heavy at
the ends of many chromosomes. Often, one end per chromo-
some was 53BP1 positive. Together, this indicated that a DDR
occurred at ends of many chromosomes.

To further investigate this apparent DDR, the ATM (ataxia tel-
angiectasia mutated) effector kinase CHK2 was examined,
which becomes phosphorylated when activated and localizes
to the sex chromosome axes [36]. In WT, anti-pCHK2 produced
signals only on the sex chromosomes (Figure 7B), but in the
Smc18~/~ spermatocytes and in the Smc78~/~"* cells, signals
were also detected on some autosome ends or near ends, indi-
cating broken-off telomeres (Figure 6 and for Sme76~/7) [13]. In
Smc18~/~"* cells, staining was also observed sometimes at the

256 Current Biology 28, 249-261, January 22, 2018

sex chromosomes like in the WT, consistent with rescue of sex
chromosome pairing.

The DDR protein BRCA1, which functions as a recruiter of
DDR kinases and downstream effectors mostly in DSB repair
by homologous recombination [37], was reported to localize to
sex chromosome axes in pachytene spermatocytes [38] and
suggested to promote meiotic DSB repair [39]. The presence
of BRCA1 on sex chromosomes was confirmed for the WT and
seen also for Sme18~/~"* cells (Figure 7C). In Smc18~'~ cells,
the individualized sex chromosomes and unsynapsed auto-
somes also carried some BRCAT1. In addition, several ends of
Smci18~~ and of Smc18~/~7% chromosomes showed distinct
BRCAT1 signals, further supporting the hypothesis of a DDR ac-
tivity at these ends.

To further assess this activity and to test the overlap with telo-
meres, we stained the chromosomes for YH2AX as a DSB repair
marker and for telomeres. Except the expected staining of the
sex body, there was no YH2AX signal in WT cells (Figure 7D).
The Smc18~'~ cells showed rather widespread signals, showing
asynapsis of many chromosomes, but often also overlapped
with particular intensity with the telomere FISH signal. A very
similar pattern was observed for Smc1,8*/’7“ chromosomes,
where, besides the expected sex body staining, YH2AX signals



Smc1B-+-1a

SYCP3 SYCP3

were accumulating at telomeres, including those that showed
aberrant structures like stretches. Some chromosomes that
lacked telomere sequences entirely or appeared fused did not
display YH2AX signals. Here, the DDR response was presumably
finished or never initiated. About five chromosomes per cell
showed YH2AX signals at the chromosome ends, which, consid-
ering that there were app. 11 telomere aberrations per
Smc18~~'* cell, indicates ongoing DDR responses at about
half of the defective telomeres. Slightly lower numbers of
BRCA1 (3.3), pCHK2 (3.6), and 53BP1 (3.2) signals were found
at chromosome ends, which may not be as persistent as
YH2AX signals (between 1,558 and 2,993 telomeres were
analyzed).

Because there is DDR activity at the ends of many Smc78~/~
spermatocyte chromosomes, would this involve the homolo-

Figure 6. Telomeres

(A) Spermatocyte chromosome spreads of
Smc18**, Smc18~’~, and Smc18~/~'@ mice,
stained with anti-SYCP3 (green) for AEs/LEs and
with telomere FISH probe (red).

(B-D) Spermatocyte chromosome spreads of
Smc18**, Smci18~’~, and Smc18~/~'@ mice,
stained with anti-SYCP3 (red) for AEs/LEs and for
telomeres with anti-RAP1 (green; B), anti-SUN1
(green; C), and anti-TRF2 (green; D). Yellow
arrow indicates fused telomeres, blue arrow in-
dicates chromosome ends without telomere, and
white arrow indicates telomere stretches (scale
bar, 5 um).

See also Figures S6 and S7.

gous recombination machinery active in
spermatocytes? Analyzing the spatial dis-
tribution of MLH1 foci, we observed a shift
toward the ends of chromosomes (Fig-
ure 7E). There were significantly more
MLH1 foci at close distance to the chro-
mosomal ends on the Smc18~/~"“ chro-
mosomes than on WT chromosomes.
Within the terminal 10 um of the chromo-
somes, there were 7% of MLH1 foci in
WT and 18% of MLH1 foci in Smc18~/~7¢
spermatocytes (p < 0.0001). This chromo-
some-terminal localization of MLH1,
together with the HR promoter BRCA1,
suggests a DDR-activated homologous
recombination activity at telomeres. Pre-
vention of this activity requires SMC18.
Crossover interference appears still to
work as there were no MLH1 foci in the
vicinity of the terminal foci.

DISCUSSION

Why do mammalian meiocytes express
two SMC1 variants? Which functions of
the two SMC1 proteins are unique to
SMC1B, and which are redundant? One
approach to get initial insights into this
problem was to identify those functions that depend on the pres-
ence of one SMC1 type. SMC1« deficiency models are very diffi-
cult to generate, because the essential Smc1a gene resides on
the X chromosome and its expression is very sensitive to
manipulation (unpublished data). In any case, such a strain
would not reveal whether expression of SMC1a. in meiocytes
instead of SMC1B would rescue deficiencies observed in
Smc18~/~ mice. SMC1p deficiency was extensively studied
[18, 24, 25, 40], yet the division of functions between SMC1a
and SMC1B remained unclear. Therefore, we expressed
SMC1a driven by the Smc18 promoter elements to determine
whether SMC1a can rescue SMC1B-deficiency phenotypes.
Several phenotypes were indeed complemented, but certain
phenotypes were not, suggesting that SMC1a and SMC1 are
functionally redundant in many, but not all, respects. Figure S7

SYCP3
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Figure 7. Recombination at Dysfunctional Chromosome Ends
(A) Spermatocyte chromosome spreads of Smc18++, Smc18~/~, and Smc18~'~ "2 mice, stained with anti-SYCP3 for AEs/LEs and with anti-53BP1 for DNA repair
protein (EP, early pachynema; LP, late pachynema). White arrow shows accumulation of 53BP1 at the end of the chromosome.

(legend continued on next page)
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summarizes our findings in a model. Whereas axis length, synap-
sis, sex body formation, and processing of programmed DSBs
were restored to near WT levels, telomere integrity was not.
This also showed that the telomere defects observed in absence
of SMC1B are not a consequence of reduced axis length of
Smc1 5’/ ~ spermatocytes.

The data further suggest that spermatocyte death observed in
early/mid-pachytene in the Smc78~/~ strain is not a conse-
quence of telomere aberrations. These aberrations persist
in the Smc78~/~"* strain, and yet the cells develop further to
the very end of pachytene. Our earlier notion that death of
Smc18~'~ spermatocytes is likely triggered by expression of
the derepressed sex chromosome genes Zfy1/2, whose expres-
sion we now observed to be repressed in Smc18~/~'* spermato-
cytes, is thus further supported.

Expression of the Smc1a transgene was clearly seen at the
level of MRNA. Immuno-probing of FACS-sorted 4N spermato-
cyte extracts for SMC1a. showed two bands close together.
The lower band was most prominent in the WT background,
whereas in Smc18~'~ cells, the upper band was strongest.
This was independent of the Smcia transgene, suggesting
that it has no relevance for this study. Whereas the precise
nature of the two bands and their distinct representation is not
known, they may, for example, reflect different posttranslational
modifications (PTMs) of SMC1a if SMC1 is absent. The un-
avoidable differences in cell composition of the FACS-sorted
populations (the WT background showed more fetal calf serum
[FSC]-low cells) may have also contributed, as the lower band
may be the prominent form in the WT background.

The functional redundancy of both SMC1 variants suggests
that, for some roles of cohesin, the total amount of cohesin in
spermatocytes matters much more than the specific type of
SMC1. Indications that cohesin dosage is important came
from studies on heterozygote cohesin-deficient mice, which
are fertile but show subtle changes in meiotic chromosome
appearance and recombination frequencies [40]. Axis length,
repair of DSBs, and synapsis are intimately linked in prophase
I, and it is likely that the contribution of cohesin to axis length
is key not only for a proper axis: loop ratio but also for efficient
DSB repair and synapsis. Earlier, we showed that the antago-
nistic interplay of SMC1p and SYCP3 determines axis length
whereby SMC18 limits the compaction mediated by SYCP3.
This is consistent with the hypothesis that the amount of cohesin
available to be loaded onto the axis is a length-determining
factor.

In many Smc18~/~"* spermatocytes, we did not detect PAR
synapsis and some cells showed an irregular sex chromosome

axes morphology. This may indicate that SMC1a. cannot fully
restore sex chromosome pairing in all cells, but the morpholog-
ical differences are often small, depend on staining intensities,
and may be rather a result of slightly suboptimal levels of
SMC1a protein in these cells. The interpretation of rather small
deviations from the WT is difficult. Unlike in Smc18~/~ spermato-
cytes, both Smc16*/’7“ sex chromosomes resided in the sex
body, even if slightly apart. Overall, most of the sex chromosome
features lost in the Smc78~/~ spermatocytes, particularly sex
body formation and gene silencing, are rescued by Smc1« trans-
gene expression.

For most roles of cohesin in early meiosis, the two SMC1 var-
iants seem to be redundant. There is no specific requirement for
SMC1 in preserving axis length, supporting efficient repair of
Spo11-introduced DSBs, promoting synapsis and enabling sex
chromosome pairing, sex body formation, and silencing of sex
chromosome genes. This suggests that both SMC1 variants
can form cohesin complexes with similar or identical activities
and likely the same cohesin protein partners. This is consistent
with the above concept that, for some roles, cohesin quantity
is more important than cohesin quality. Earlier data suggested
the formation of six or more distinct cohesin complexes in
mammalian meiocytes, with certain preferential cohesin subunit
associations for either SMC1a. or SMC1p. Both SMC1 variants
were found in either co-precipitation studies or by concluding
from cohesin deficiency models to associate with any of the
three kleisins and any of the three STAG (SA) proteins, although
to a different extent. Some associations were reported only in
specific cohesin mutant backgrounds, leaving it uncertain
whether these complexes also exist in WT spermatocytes
[16-21, 24, 28, 41, 42]. The data reported here suggest that there
is more flexibility in cohesin complex formation than perhaps
previously appreciated, for SMC1a. replaces SMC1 in many
functions. Variable associations of either one SMC1/SMC3 het-
erodimer with a kleisin and STAG protein may depend primarily
on the relative concentration of the SMC1 variants. There is
certainly an upper limit of how many cohesin complexes can
be loaded onto a chromosome, and thus, there may be compe-
tition between the variants as long as they are both present in
early prophase I.

As reported earlier, SMC1p contributes to centromeric cohe-
sion [25], and unlike many other phenotypes, the loss of centro-
meric cohesion in Smc18~/~ spermatocytes is not rescued in
Smcm’/’“Y spermatocytes. Nevertheless, from earlier studies,
it was clear that not all centromeric cohesion depends on
SMC1B as some is preserved in Smc18~/~ spermatocytes
and thus can only be provided by SMC1a. Why then does

(B) Spermatocyte chromosome spreads of Smc18*/*, Sme18~/~, and Smc18~/ "7 mice, stained with anti-SYCP3 for AEs/LEs and with anti-pCHK2. OE indicates
over-exposed image of Smc18~/~"2 spermatocyte. White arrow shows accumulation of phosphorylated CHK2 at the end of the chromosome. Yellow arrow
indicates sex chromosomes. Magnified images show phosphorylated CHK2-positive chromosome ends.

(C) Spermatocyte chromosome spreads of Smc18**, Smc18~/~, and Smc18~/~"2 mice, stained with anti-SYCP3 for AEs/LEs and with anti-BRCA1 for DNA
repair protein. White arrow shows accumulation of BRCA1 at the end of the chromosome. Magnified images show BRCA1-positive chromosome ends.

(D) Chromosome spreads stained for telomere by telo-FISH (green), with anti-SYCP3 for AEs/LEs and with anti- phosphorylated H2AX (yH2AX) for DNA damage.
Magnified images show normal and dysfunctional telomeres. Yellow arrow indicates yH2AX-positive dysfunctional telomere. Blue arrow indicates
yH2AX-negative dysfunctional telomere. Green arrow shows yH2AX-positive asynapsed chromosome.

(E) Graphical representation of MLH1 distribution along the chromosome of Smc18*/* and Smc18~/~'@ spermatocytes. White arrows in the magnified image of
Smcw’/"’a spermatocyte show MLH1 at the end of chromosome. According to Chi-square analysis, the histograms of Smcw*/+ and Smc1ﬁ’/" 1a
spermatocytes are not statistically significantly different; p = 0.2644 (scale bar, 5 um).

See also Figure S7.
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overexpression of SMC1a not rescue loss centromeric cohe-
sion? Murine centromeres are telocentric, and because meiotic
telomere integrity requires SMC18, the structural aberrations of
telomeres in absence of SMC1B may also affect centromeres.
These telomere deficiencies cannot be rescued by SMC1a and
thus may impair centromeric cohesion. This speculation is sup-
ported by the observation that about a fifth or fourth of telomeres
are defective and the same number of centromeres display
multiple centromere signals. DDR and DNA repair proteins accu-
mulate at many telomeres in absence of SMC1, indicating
widespread telomere damage. The full extent of telomere dam-
age may thus be underestimated by microscopic telo-FISH anal-
ysis. Were expression levels of the SMC1a transgene too low to
rescue telomere damage? Considering the extensive rescue of
many other phenotypes, including axis length that requires
decorating with cohesin all along the chromosomes, it is unlikely
that expression levels were not sufficiently high to rescue pheno-
types at the rather short telomeres.

How is SMC1a different from SMC18 so that SMC1a cannot
protect telomere integrity? The amino acid sequences differ
mainly in the C terminus, where only SMC1 carries a stretch
of basic amino acids, which we showed earlier binds DNA and
promotes reannealing of cDNA single strands [11]. This C-termi-
nal tail may either serve as an interaction module specifically for
telomere-relevant factors and/or it may help promote a particular
telomere DNA structure, such as t-loops. We observed that DDR
proteins accumulate at the telomeres and that MLH1 foci are
biased toward the telomeres in absence of SMC1p. This may
suggest that SMC1p protects telomeres from an alternative-
lengthening-of-telomeres (ALT)-like process. It may also suggest
that SMC1 preserves damaged telomere DNA structures that
would trigger the DDR. Both explanations are not mutually exclu-
sive. Given the ability of SMC1a to restore MLH1 foci and given
the well-documented structural role of cohesins on meiotic chro-
mosomes, we think it likely that SMC1 supports a protective
telomere DNA structure. These questions may be addressed in
future studies now that we know of the specific role of SMC1f
at telomeres.
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Oligonucleotides

Smcia Primer: (F: 5-CCCAATGGCTCTGGTAAGTCA-3’;
R: 5-GCTCCATGTATCAGGTCCCG-3')

Smc1p Primer:(F: 5-GCATGGATTGCTTGGAAGAT-3';
R: 5-CTGACGTTTTCCCTCATGGT-3')

Smc1a-tg F: CCAAGTACCCAGATGCCAAC
Smc1B- 3'UTR R: TAGCTGGTGGCTGTTCAAGA

Zfy1 Primer: (F: 5'-CAGATTGTGTTTCTGAAGCAGTCT-3';
R: 5-TCCTGACTCTGCATTCATGG-3)

Zfy2 Primer: (F: 5-TCTGGAGCAGCAAGATGATG-3';
R: 5'-TGCACACCTTGATAACTTCTGG-3'
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Continued
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Gapdh Primer: (F: 5'-GGAGTTGCTATGAAGTTGC-3'; [25] N/A

R: 5'-GAGAAACCTGCCAAGTATGAC-3')

Rsp16 Primer: (F: 5-AATGGGCTCATCAAGGTGAACGGA-3'; this study N/A

R: 5'-TTCACACGGACCCGAATATCCACA-3’)
Experimental Models: Organisms/Strains

Smc15~/~ [24] N/A

Smci1g~/~"8 This paper N/A

Software and Algorithms

Prism v5.0 GraphPad Software http://www.graphpad.com
Fiji https://fiji.sc https://fiji.sc

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rolf
Jessberger (rolf.jessberger@tu-dresden.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Smc18~/~ mice and Smc1pprom-EGFP mice were previously described [13, 24]. To generate mice expressing SMC1a in
an SMC1-like fashion, an Smc1Bprom-SMC1a BAC was generated by recombineering and insertion of the Smc1a cDNA (pCR-
Bluntll-TOPO-Smc1a-cDNA-3876) into an Smc1p BAC (BAC RP23-451121), replacing the SMC1p coding region region keeping
the Smc1p promoter and 3° UTR regions unaltered. This BAC was linearized and injected into zygotes. Mice were bred and
maintained in the animal facility of the Medical Faculty, Technische Universitat Dresden (Dresden, Germany), according to approved
institutional guidelines. All experiments, which involved euthanasia and organ removal only, were approved by the State animal
welfare office. The mice were of 6 to 16 weeks of age unless otherwise specified and of male sex except for experiments show in
Figure S2, where female mice were used.

METHOD DETAILS

Analysis of Hoechst 33342-stained cells by flow cytometry

Testes were taken from mice and the tunica albuginea was removed to isolate seminiferous tubules. The tubules were digested for
20’ at 32°C in 1 mL of digestion buffer (HBSS supplemented with 20 mM HEPES (pH 7.2), 1.2 mM MgS0O,.7H,0, 1.3 mM CaCl,.2H,0,
4 ng/ml DNase, 1 ng/ml of collagenase type |, 0.05% lactate). Tubules were then rinsed with PBS and again digested for 20’ at 32°C in
1 mL of digestion buffer. The cell suspension was then filtered through a 40 um mesh to remove cell clumps and the cells were pel-
leted by centrifugation. Cells were resuspended in FACS incubation buffer (HBSS supplemented with 20 mM HEPES (pH 7.2), 1.2 mM
MgSQy, 1.3 mM CaCl,, 6.6 mM sodium pyruvate, 0.05% lactate, glutamine, and 1% fetal calf serum) at a density of 2 million cells/ml.
5 png/ml of Hoechst 33342 was added and the cells were incubated at 32°C for 1 h. 2 ug/ml of Pl was added to exclude dead cells. An
LSRII flow cytometer (BD Biosciences) was used to analyze the cells with FACSDiva software (BD Biosciences, version 6.1.3). The
Hoechst dye was excited with the 355 nm UV laser and emission filters Emerald (585/42 nm, LP) and Alexa 350 (505 nm) were applied.
Pl was excited with the 488 nm blue laser and emission was filtered using PE (685 nm).

Cell sorting

Testis single cell suspensions were prepared by the method described above. Sorting of meiocytes was performed with the 85 um
nozzle in an ARIA Il (BD Biosciences). GFP positive cells were excited by 488 nm laser and sorted using filters of 502 LP and
530/30 BP. Cells with Hoechst and PI staining were excited by 355 nm and 488 nm laser respectively. Pl signal was detected by using
685 LP and 710/40 BP filter. Hoechst blue signal was detected using 600 LP and 620/10 BP filters in front of first detector and Hoechst
red was detected with 440/40 BP filter in front of the second detector. Cells were collected in DMEM with FCS and pooled by centri-
fugation and frozen at —80°C for subsequent gPCR and protein extraction. FlowJo (Tree Star Inc.) and FACSDiva software were used
for cell sorting and data analysis.

Single cell suspension and chromosome spreads

Surface-spread chromosomes were prepared by detergent spreading adapted from Wojtasz et al. [43]. Testis was taken from the
sacrificed mice and the tunica albuginea was removed. Tubules were digested in 1ml of 1ug/ml of collagenase type | - PBS buffer
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for 10’ at 32°C with slight agitation. The tubules and cells were pelleted by centrifugation, the supernatant removed, and resuspended
in 500l of 0.025% trypsin and incubated for 5’ at 32°C. Then 200 pl of media with FCS was added to the cell suspension, which was
then filtered througha 40 um mesh and centrifuged. The pellet was resuspended in 300ul of PBS, and the single cell suspension was
used for the chromosome spreads. 1.5 pl of the single cell suspension were dropped on 7 pul of 0.25% of NP40 on slides. Cells were
allowed to lyse for 2 mins and then fixed by adding 24 ul of S fix (1% paraformaldehyde, 10 mM sodium borate buffer pH 9.2).
Samples were incubated for 1 hr at room temperature in a humid chamber. Slides were dried under a hood and washed two times
for 1 min each time with 0.4% Agepon (AgfaPhoto) and three times for 1 min each time with water. Slides were used immediately or
kept at —20°C until staining.

Testis cryosection

Isolated testes were placed in 2% (v/v) of formaldehyde/PBS for 40’ at RT for fixation before incubation in 30% (w/v) sucrose/PBS
overnight. Subsequently, testes were mounted in O.C.T (Sakura Finetek Europe), shock-frozen on dry ice and stored at —80°C. 8 um
thick sections were made from frozen testis, placed on the slides and dried for at-least 30’ at RT. Slides were treated with ice cold
methanol for 10’ and 1’ with ice cold acetone. After completely drying, the slides were kept at —-80°C or used immediately for staining.

Immunofluorescence staining and FISH

Chromosome spreads and sections were treated in the same way. Slides were blocked with either blocking buffer (2% BSA, 0.1%
Triton X in PBS) or 10% goat serum for at least 1 h at RT before applying the primary antibody. Slides were incubated with primary
antibodies for at least 3 h at 37°C. Then slides were washed with blocking buffer and incubated with secondary antibodies for at least
1 h. After the secondary antibody treatment slides were washed with blocking buffer and mounted with Vectashield containing
1ng/ml of DAPI.

FISH was performed according to the manufacturer’s protocol (Metasystems’ GmbH). Ten pl of probe mixture was put on slides
and covered with a coverslip. Both sample and probe were denatured simultaneously by heating on a hotplate at 75°C for 2 min,
followed by incubation of slides in a humidified chamber at 37°C overnight for hybridization. Post hybridization washes were per-
formed with 0.4x SSC at 72°C for 2 min and 2x SSC, 0.05% Tween-20 at room temperature for 30 s. Slides were incubated with
DAPI and signals were analyzed.

Microscopy and image analysis
Fluorescence was visualized with Zeiss Axiophot fluorescence microscope and analysis of images was performed using Imaged
version 1.43u.

Protein extraction and western blotting

FACS sorted cells were treated with RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1%
SDS, 5 mM NaOV,, 10 mM NaF, protease inhibitors (Roche)) and kept for 10 min on ice. After centrifugation for 10 min at 14000 rpm
at 4°C, the supernatant was collected and used as total cell extract.

Proteins extracted by the protocol described above were separated on a 6% SDS gel. Gels were then blotted to a Hybond-C nitro-
cellulose membrane using the Mini Trans-Blot Electrophoretic Transfer cell (Bio-Rad) for 2h at 100V. Membranes were then blocked
with 1% (w/v) milk/PBS-T for 1hr and after three washes with PBS-T membranes were incubated with the primary antibody overnight
at 4°C. After three washes in PBS-T, secondary antibody incubation was performed for 1h at room temperature. Following three
washes, protein signals were visualized by chemoluminescence with the Pierce ECL western blotting system (Thermo Fisher
Scientific).

RNA Isolation

Total testis RNA was extracted from sorted cells or unsorted cells of Smc78~/~ and WT control littermate mice with TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. Briefly, testes were isolated and the tunica albuginea was detached. Testes
were homogenized in TRIzol reagent prior to phenol-chloroform extraction of RNA. The amount of the RNA solubilized in water
was confirmed by use of the BioAnalyzer (Bio-Rad).

Quantitative reverse-transcription PCR analysis

Testis RNA was reverse transcribed using Superscript Il Reverse Transcriptase (Invitrogen). For PCR amplification, primers were de-
signed for 180 to 200 bp long intron-spanning PCR products using the web-based tool Primer blast. For each reaction, 2 pl of diluted
cDNA generated from 80 ng of RNA was amplified in a 20 ul reaction volume using the QuantiTect SYBR Green PCR kit (QIAGEN) in a
Rotorgene 3000 thermal cycler (Corbett Research). Reactions were performed in duplicates for each gene. Gapdh was used to
normalize the signal of the gene of interest.

Oocyte qPCR

Oocytes were extracted in M2 media (Sigma; M7167) plus 2.5 mM Milrinone (Sigma; M4659) to maintain GV arrest. The surrounding
somatic cells were removed by pipetting. The oocytes were treated briefly with Tyrode’s solution (Sigma; T1788) to remove the zona
pellucida. Between 50 to 150 denuded GV oocytes were added to 350 uL RLT buffer from the QIAGEN RNAeasy kit (QIAGEN; 74134).
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The samples were processed according to the QIAGEN protocol and the RNA sample was eluted in 30 pL H,O. Half of the sample
was used to produce cDNA using the Promega cDNA kit (Promega; M3682), together with oligo(dT),5 (Promega; C1101). To
normalize the samples, the volume of cDNA was diluted according to the initial cell number. The gPCR was carried out in duplicates
using SYBR Green (Thermo Scientific; 4309155). Rsp16 was used as a house-keeping gene to normalize the data [44]. The
Smc1pprom-smc1a transgene negative sample was set to the value of 1 in each case. Primers were:

Oocyte chromosome spreads

Oocytes were extracted in M2 media and matured at 37°C until the desired stage (Ml 6 hr). The zona pellucida was removed used
Tyrode’s solution (Sigma; T1788). Cells were added to a well containing 15 pL of “oocyte spread solution” (1% PFA, 0.2% Triton
X-100, 3mM DTT, pH 9.2 with Boric Acid). Cells were incubated for 20 mins then allowed to air dry. Slides were washed in PBS
and mounted using Vectashield mounting media (Vector; H-1000) plus DAPI. Slides were imaged on a Zeiss widefield microscope.
Images show one representative Z slice.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details for each figure can be found in the figure legends. Statistical tests were performed using GraphPad Prism
version 5.0. The comparisons between different genotypes were done using the non-parametric one-way ANOVA algorithm and
post test analyses were done using either Tukey or Bonferonni’s multiple comparison test as indicated.

DATA AND SOFTWARE AVAILABILITY

Data presented in this paper have been deposited at Mendeley Data and are available at https://doi.org/10.17632/4yts42t464.1.
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Figure S1. Experimental approach. Related to Figure 1: (A) Schematic diagram for SMC1a BAC generation.
The Smci1a cDNA-FRT-hyg-FRT template was cloned into the R6k plasmid. Next the cDNA-FRT-hyg-FRT
fragment was released from R6k and integrated into the BAC RP23-451121. For the integration into the BAC,
homology arms of each 40 bp upstream of the Smci1B ATG and 40 bp downstream of the Smc1B8 TAG were
used. Before the pronuclear microinjection, the selection marker (hyg) was removed using Flp recombinase. (B)
Sorting strategy for the protein and RNA isolation. GFP positive spermatocytes are sorted from all the genotypes
(C) Cell cycle analysis of the spermatocytes of all genotypes. (D to F) Transgene mRNA and protein
quantification: (D) Quantification of transgene specific Smc1a expression. Smcia expression levels were
normalised to Smc1a levels in Smc1B++ spermatocytes. According to Bonferroni’s multiple comparison test the
mean values for Smc1a expression of all genotypes (Smc1B++1a . 7.5881 +/- 2.49 ; Smc13- : 0.9558 +/- 0.3378
and Smc1B-~1a . 3.174 +/- 0.8114) are significantly different (p<0.05). (E) Quantification of SMC1a protein levels
(N=2). The ratio was calculated by normalizing SMC1a with tubulin levels within the same genotypes and for
comparison the relative levels were normalized to Smc18+* levels. Smc1B++7a : 1.5 (mean) +/- 0.006 (SD) ;
Smc1B-/:1.132 +/- 0.0018 and Smc1B-/-7a : 1.351 +/- 0.053) (p<0.05). (F) Expression levels in FACS-sorted 4N
Smc1B++1a spermatocytes of Smc1a (endogenous and transgene), Smcia transgene only, and Smci1B was
measured by real-time PCR. Turkey’s multiple comparison test showed no statistically significant difference
between Smc1a transgene (tg) and Smc1 expression (p > 0.05), while the total Smc1a expression was higher
as expected (p < 0.05). (G to H) Smc1Bprom-Smci1a transgenic oocytes: (G) mRNA levels of Smc1Bprom-
Smc1a transgene in adult oocytes. gPCR data for adult female Smc16++, Smci1B+- or Smc1B7 mice strains,
which were genotyped as either negative (light grey) or positive (dark grey) for the Smc1Bprom-Smcia
transgene. Each bar represents the level of the Smc1Bprom-Smcia transgene mRNA in 50 GV oocytes (a.i.).
The data was normalised to the house-keeping gene Rsp16 and the data was set to 1 for each Smc1Bprom-
Smc1a transgene negative mouse. (H) Number of GV oocytes in aged mice. Graph shows number of GV
oocytes recovered from both ovaries of aged mice between 61 to 67 weeks old. One representative data set is
presented. The same was observed in multiple independent experiments. (I) Chromosome spreads of adult
oocytes. Images show representative examples of chromosome spreads at metaphase | (Ml). Mice were
between 6 to 8 weeks old. Smc16+- and Smc1B+ cells were used as controls, to illustrate loss of cohesion in the
Smc1B+ strain. Two examples of Smci1B+-1a2 cells are presented. Cells were stained with DAPI (scale bar 10

uM).
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Figure S2. Presence of cohesin proteins. Related to Figure 2.
Spermatocyte chromosome spreads of Smc1B++, Smc1B/ and Smc1B-/-1a
mice were probed with anti-SYCP3 along with anti-SMC3, anti-STAG3, anti-
SMC1a, anti-REC8 anti-RAD21L or anti-RAD21 (scale bar: 5 um). Al
cohesins are labeled in green. Lower panels: Single channel images of
spermatocyte chromosome spreads of Smci1B++, Smci1B/ and Smc1(+1a
mice probed with anti-SYCP3 along with anti-SMC3 or anti-SMC1a; (scale
bars: 5 um).






Figure S3. Presence of cohesin proteins. Related to
Figure 2. Single channel images of spermatocyte
chromosome spreads of Smc1B++, Smc1B/- and Smc1B-
2 mice probed with anti-SYCP3 along with anti-STAGS3,
anti-RECS8, anti-RAD21L, or anti-RAD21; (scale bars: 5

um).



O3 Smc1B+/+

Smc1p-/-1a

H3K9me3

# of CDK2
recombination foci

Smc1p++ Smc1B-+/-1a



Figure S4. Analysis of CDK2 foci. Related to Figure 3. (A) Spermatocyte chromosome spreads of Smc16+*,
Smc1B/ and Smc1B-/~1a mice were stained with anti-CDK2 (red) and with anti-anti-SYCP3 (green) for AEs/LEs,
(scale bar: 5 um) (B) Graphical representation of CDK2 recombination foci of spermatocyte spreads as measured
using the image J software; (Smc13+*. N=50, 9.36 (average foci number, +/- 3.128 SD); Smc1-1a: N=36, 3.33 (+/-
1.12); p < 0.05). (C) H3K9me3 localization. Spermatocyte chromosome spreads of Smc16+* and Smc16+-12 mice
were stained with anti-H3K9me3 (green) for heterochromatin and with anti-anti-SYCP3 (red) for AEs/LEs. (scale bar:
S5 um).
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Figure S5. Centromere/pericentromere staining. Related to figure 5. Spermatocyte chromosome
spreads of Smc1B+*, Smc1B-/- and Smc1B--1a mice, stained with anti-SYCP3 (green) for AEs/LEs and anti-

ACA (red); white arrows indicate abnormal centromere structures, yellow arrows show examples of loss of
centromeric or telomeric cohesion seen at the X chromosome; (scale bar: 5 um).



Average Telomere Aberrations/Cell

Genotype End-end Stret- Solitary Telo-less Overall # of
Associati ches Telo Ends Telomeres
ons Signals Analyzed
Smc1B 0.06 1.92 5.60 5.92 13.69 533
Smc1B+/1a 0.50 2.33 3.91 3.83 10.58 492
p-value 0.25 0.51 0.02 0.31 0.05
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Figure S6. Telomere analysis. Related to Figure 6. (A) Average number of specific telomere
aberrations and of all (overall) telomere aberrations per cell. The p-values reflect the difference
between the two genotypes for each type of aberrations or overall. (B) Graphical representation of
telomere length (Telo FISH signal intensity) of spermatocyte spreads as measured using the image J
software; (Smc1B++. N=1012, number of telomeres, 80971 a.u. average total intensity (+/- 16217
SD); Smc1B-. N=623, 22279 (+/- 7974); Smc1B-/-1a. N=1142, 29969 (+/- 5967)). The pairwise
differences were not statistically relevant (p >0.05). (C) Graphical representation of telomere area
(Telo FISH signal) of spermatocyte spreads measured using the image J software; (Smc1B+*:
N=1012, 24.72 (average area) (+/- 3.33 SD); Smc1B-. N=623, 15.89 (+/- 3.599); Smc1B-1a:
N=1142, 20.46 (+/- 4.483)). All pairwise differences were statistically relevant (p <0.05). (D)
Graphical representation of maximum telomere intensity (Telo FISH signal) of spermatocyte spreads
as measured using image J software; (Smc16++: N=1012 telomeres, 2540 maximum intensity (+/-
840 SD); Smc1B: N=623, 927 (+/- 577); Smc1B-/-1a. N=1142, 1026 (+/- 470)). The pairwise
differences were not statistically relevant (p >0.05). (E) and (F) Histogram of telomere length and
telomere area distribution profiles of spermatocyte spreads as measured using image J software;
(Smc1B6++. N=1012, Smc1B-. N=623, Smc1B-/-1a. N=1142). According to Chi-square analysis both
telomere length and telomere area histogram profiles of Smc1B6+* ,Smc1B/- and Smc1B-/-1a
spermatocytes are statistically significantly different, p<0.00001.
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Figure S7. Telomere analysis. Related to all Figures. Summary model of the roles of SMC1a and
SMC1p in spermatocytes.
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