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Abstract

MEIOB is a vital protein in meiotic homologous recombination and plays an indispensable role in human game-
togenesis. In mammals, MEIOB and its partner SPATA22 form a heterodimer, ensuring their effective localization on
single-strand DNA (ssDNA) and proper synapsis processes. Mutations in human MEIOB (hMEIOB) cause human
infertility attributed to the failure of its interaction with human SPATA22 (hSPATA22) and ssDNA binding. However,
the detailed mechanism is still unclear. In our study, truncated or full-length hMEIOB and hSPATA22 are traced by
fused expression with fluorescent proteins (i.e., copGFP or mCherry), and the live cell imaging system is used to
observe the expression and localization of the proteins. When transfected alone, hMEIOB accumulates in the
cytoplasm. Interestingly, a covered NLS in the OB domain of hMEIOB is identified, which can be exposed by
hSPATA22 and is necessary for the nuclear localization of hMEIOB. When hSPATA22 loses its hMEIOB interacting
domain or NLS, the nuclear localization of hMEIOB is aborted. Collectively, our results prove that the NLS in the OB

domain of hMEIOB and interaction with hSPATA22 are required for hMEIOB nuclear localization.
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Introduction
Meiosis is a specialized cell division process for human reproduc-
tion and is an essential part of generating haploid gametes [1-5].
During this process, meiotic recombination is critical for the fidelity
of genetic information in the segregation of homologous chromo-
somes [2,6-8]. Therefore, the recombination process is precisely
regulated and executed by numerous proteins, including double-
strand break (DSB) repair-associated proteins [7-13]. Dysfunction
of these proteins often results in a blocked response at different
meiotic stages and ultimately leads to gametogenesis disorder.
Therefore, studying the mechanism involved in DSB repair-
associated proteins in gametogenesis is essential [14-16].
Meiosis-specific with OB domain-containing protein (MEIOB),
which serves as an ssDNA-binding protein, is indispensable for DSB
repair and meiotic recombination [17,18]. The completion of MEIOB
function must rely on its partner, spermatogenesis-associated

protein 22 (SPATA22) [19,20]. In most infertile cases caused by
MEIOB or SPATA22 mutation, the interaction between hMEIOB and
hSPATA22 or the nuclear localization of hMEIOB is impaired [21-
23]. Hence, it is generally accepted that the interaction between
hMEIOB and hSPATAZ22 is a prerequisite for DSB repair [17,20,24].
However, the details, especially the nuclear localization mechan-
ism, remain largely unknown.

To investigate the mechanism of the interaction and nuclear
localization of hMEIOB and hSPATA22 during DSB repair, we used
fluorescent proteins (i.e., CopGFP and mCherry) as labels to trace
hMEIOB and hSPATA22 in living cells. Different segments of
hMEIOB and hSPATA22 were used to characterize the sequence
required for nuclear localization and reveal the underlying
mechanism. Our study demonstrated the existence of a nuclear
localization sequence (NLS) in the OB domain of hMEIOB that is
necessary for the nuclear localization of hMEIOB. Interaction with
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hSPATA22 may expose the NLS of hMEIOB and lead to nuclear
localization of hAMEIOB-hSPATA22.

Materials and Methods

Constructs

The DNA fragments coding the CopGFP and mCherry tags were
amplified from the vectors pCDH-EF1-copGFP (plasmid #73030;
Addgene, Watertown, USA) and pCDH-EF1a-eFFly mCherry (plas-
mid #104833; Addgene) and inserted into the Xhol/Xbal sites of
pcDNA3.1(+) (plasmid #V790-20; Addgene), respectively, to
generate pcDNA3.1-CopGFP-C or pcDNA3.1-mCherry-C. The cDNA
fragments coding full-length human RPA2, MEIOB and SPATA22
were inserted into the Nhel/Xhol sites of pcDNA3.1-CopGFP-C or
pcDNA3.1-mCherry-C. The coding sequences of truncated human
MEIOB and SPATA22 were amplified from vectors using primers
listed in Supplementary Table S1 and inserted into the Nhel/Xhol
sites of pcDNA3.1-copGFP-C or pcDNA3.1-mCherry-C. The vectors
with point mutations, e.g., M1, M2 and M3, were generated from
pcDNA3.1-MEIOB-CopGFP-C by PCR amplification with mis-
matched oligonucleotides shown in Supplementary Table S2.

Transfection, laser micro-irradiation and live cell imaging
NT2 (CRL-1973™), HeLa (CCL-2) and U20S (HTB96™) cells were
purchased from American Type Culture Collection (ATCC, Mana-
ssas, USA). Cells were cultured in DMEM (HyClone, Logan, USA)
supplemented with 10% fetal bovine serum (FBS) and 100 U/ml
penicillin and streptomycin in a humidified 5% CO, atmosphere. All
kinds of cells were transfected using Lipofectamine™ 3000 reagent
(Invitrogen, Carlsbad, USA) with an attached protocol and kept
culturing in 35-mm glass-bottom dishes (Invitrogen) for 24 h. To
generate DNA damage in cells, a micropoint laser illumination and
ablation system (Oxford Instruments, Oxford, UK) was adopted.
Then, a high-energy UV laser (75%, 15 Hz/50 WJ, 365 nm to
656 nm) was generated from the system and focused on the nucleus
through the given light path of the microscope to generate DNA
damage. The kinetics of protein recruitment with DNA damage could
be detected with a research-grade inverted fluorescence microscope
(IX71; Olympus, Tokyo, Japan) and recorded with software (Oxford
Instruments, Oxford, UK). All images were collected at room
temperature without any fixation using the same parameters.

Statistical analysis

Fluorescence signal values presented the average signal intensity of
the nucleus or cytoplasm. The relative fluorescence intensities in
the nucleus were ratios of the average signal intensity in the nucleus
and cytoplasm. Thirty pictures in the corresponding group were
used for statistical analysis. All statistical analyses were performed
by using GraphPad Prism (v. 7.04) and MATLAB (v. 7.0). The
differences between groups were compared by Student’s t-test. All
experiments were repeated three times.

Results

hSPATA22 promotes nuclear localization of hAMEIOB
during DSB repair

To investigate the mechanism of hMEIOB and hSPATA22 in DSB
repair, we used plasmids encoding fluorescently labelled hMEIOB
and hSPATA22. After cotransfection into U20S cells, laser irradia-
tion (i.e., laser micropoint damage, LMPD) was used to induce
DSBs. hMEIOB and hSPATA22 were colocalized in the nucleus and
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showed significant linear distribution at DSB sites (Figure 1A). To
assess the colocalization of hMEIOB and hSPATA22, a particular
region spanning the nucleus and DSB sites was selected and
converted to gray levels for intensity analysis. The results showed
that the distribution of hMEIOB and hSPAT22 was highly
consistent, indicating that hAMEIOB and hSPATA22 could effectively
enter the nucleus and localize to DSB sites (Figure 1B). Interest-
ingly, localization at DSB sites was not observed when hMEIOB was
transfected alone. hRPA2, a DSB repair-associated protein, served
as a positive control and could be located at DSB sites (Figure 1C).
Moreover, the distribution pattern of hMEIOB was very different
from that of hSPATA22 (Figure 1D,E). To rule out interference from
cell types, we mono-expressed or coexpressed hMEIOB-CopGFP
with hSPATA22-mCherry in NT2, HeLa and U20S cell lines. The
imaging and statistical results demonstrated that hMEIOB alone
could not enter the nucleus, and nuclear localization appeared only
in the presence of hSPATA22 (Figure 1F-H). These results indicated
that hMEIOB could enter the nucleus only with the assistance of
hSPATA22 during DSB repair.

Truncated hMEIOB can enter the nucleus without the
assistance of hSPATA22

As a DSB repair-associated protein, hMEIOB should be able to enter
the nucleus guided by a nuclear localization sequence (NLS). To
investigate the position of the NLS of hMEIOB, we segmented
hMEIOB into three parts [i.e., N-terminal (aa 1-166), OB domain (aa
167-272, the ssDNA binding domain), and C-terminal (aa 273-471,
the hSPATA22 interacting domain)] according to the function of
hMEIOB [17,24]. These three parts were abbreviated as N, OB and
C, respectively. We assembled the three parts into three new
fragments (i.e., NOB, OBC, and NC). Likewise, these truncated
hMEIOB formats were also fused with CopGFP (Figure 2A). After
transfection, the N, C and NC were mainly distributed in the
cytoplasm. In contrast, the truncated isoforms with the OB domain
were distributed in the nucleus and cytoplasm (Figure 2B-D). To
further verify the DSB binding ability of NOB, OB and OBC, we used
laser irradiation to generate DSBs and monitored the DSB
localization of these truncated isoforms (Figure 2E). Compared
with OB, the NOB and OBC isoforms showed an obvious DSB
localization pattern. To explore the role of hSPATA22 in hMEIOB
nuclear localization, we cotransfected hSPATA22-mCherry with NC
and OBC (Figure 2F). Although the domain interacting with
hSPATA22 was retained in NC and OBC, there was little change
compared with the mono-transfection of NC and OBC (Figure 2G,
H). These results suggested that truncated hMEIOB could enter the
nucleus, which is guided by its OB domain that may contain the
NLS.

hMEIOB has a covered NLS in the OB domain

To explore the molecular mechanism of the NLS in the OB domain
in guiding the nuclear localization of h(MEIOB, we analyzed the role
of the distribution of basic amino acids (BAAs) in the OB domain
(Figure 3A). In recent years, protein structure prediction has greatly
aided protein functional studies. The new and efficient prediction
tools, e.g., AlphaFold, can compute the possible structure with a
high confidence score. To obtain information about the structural
information of hMEIOB, we performed protein structure prediction
online (https://alphafold.ebi.ac.uk/entry/Q8N635). The OB seg-
ment had high pLDDT (a per-residue confidence score) in the
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Figure 1. Different intracellular locations of hMEIOB after transfection with or without hSPATA22 (A) The coexpression of hMEIOB-CopGFP
(green) and hSPATA22-mCherry (red) in U20S cells and localization before and after LMPD. The zoomed regions are in the lower right corner.
Double white triangles indicate the damage path. White lines and the zoomed areas are used for analyzing identity. (B) Fluorescence intensity
analysis of hMEIOB and hSPATA22 before and after LMPD. The abscissa of each point corresponds to the path of the white line in A. The ordinate
is the average gray value of intensity. (C) The distribution of hRPA2-CopGFP and hMEIOB-CopGFP before and after LMPD. The zoomed regions are
in the upper right corner. (D) The distribution of h(MEIOB-CopGFP or hSPATA22-mCherry in U20S cells. (E) Statistics of the distribution of A(MEIOB-
CopGFP or hSPATA22-mCherry in the cytoplasm and nucleus individually expressed in U20S cells. (F) The coexpression of hMEIOB-CopGFP and
hSPATA22-mCherry in different cell lines, i.e., NT2, HeLa and U20S cells. (G) Statistics of the distribution of hMEIOB-CopGFP and hSPATA22-
mCherry in the cytoplasm and nucleus coexpressed in NT2, HeLa and U20S cells. (H) The expression of hMEIOB-CopGFP alone in NT2, HeLa and
U20S cells. In E and G, the statistical results (mean + SD) and differences (P values) between groups are shown (n=30). Scale bar: 20 um.
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Figure 2. The truncated hMEIOB exhibited different localizations in cells without hSPATA22 (A) Full-length hMEIOB is segmented and used for
constructing the CopGFP fused isoforms. (B) The distribution of various truncated hMEIOB-CopGFP (green) in U20S cells. (C) Statistics of the
distribution of various truncated hMEIOB in the cytoplasm and nucleus expressed in U20S cells. (D) Statistics of the relative fluorescence intensity
(Fructeus/Feytoplasm) Of full-length and various truncated hMEIOB-CopGFP expressed in U20S cells. (E) The distribution of OB, NOB and OBC in U20S
before and after LMPD. (F) The distribution of NC or OBC coexpressed with hSPATA22-mCherry in U20S cells. (G) Statistics of the distribution of
truncated hMEIOB (NC and OBC) and hSPATA22 in the cytoplasm and nucleus expressed in U20S cells. (H) Statistics of the relative fluorescence
intensity (Frucieus/Feytoplasm) Of NC and OBC coexpressed with or without hSPATA22-mCherry. In C, D, G and H, the statistical results (mean + SD) and
differences (P values) between groups are shown (n=30). Scale bar: 20 pm.
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Figure 3. hMEIOB covered the nuclear localization sequence (NLS) in the OB domain (A) The distribution of basic amino acids among residues
121-260 of hMEIOB. The laurel-green label highlights the basic amino acids in the sequence. (B) The predicted structure of full-length hMEIOB by
using AlphaFold. The chosen basic amino acids are labelled on the OB domain (right). (C) Normal and point-mutated full-length hMEIOB were
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prediction, of which the scores of most residues were above 90, and
the rest were from 70 to 90 (Figure 3B). To investigate the
underlying BAAs in the NLS, we aligned the accumulation areas of
BAAs and positioned them on the structure and found two possible
regions (Figure 3B). Then, we mutated the BAAs (188R, 189R,
190K, 240K, and 242R) to alanine (A) and coexpressed these
mutated forms of full-length hMEIOB (M1, M2, and M3) with
hSPATA22 (Figure 3C,D). The imaging results showed that the
mutations of these BAAs led to a limitation in nuclear localization of
hMEIOB, and mutations in M1 and M3 were more severe than those
in M2 compared with WT (Figure 3E,F). To further verify the
position of the NLS of hMEIOB, we expressed residues 167-200,
which contain the BAAs mutated in M1 and fused with CopGFP for
localization detection (Figure 3G). Imaging and statistical results
indicated that this region (aa 167-200) could direct CopGFP to
nuclear localization (Figure 3H). These data indicated that the NLS
of hMEIOB is located in the OB domain, and mutations of NLS may
not be remedied by hSPATA22.

The NLS and hMEIOB-interacting domain of hSPATA22
are necessary for the nuclear localization of the hMEIOB-
hSPATA22 heterodimer

As shown in Figure 1, hSPATA22 promoted the nuclear localization
of hMEIOB. To investigate the details of the assistance, we
segmented hSPATA22 and found the NLS (aa 1-31) of hSPATA22
(Figure 4B). According to a previous study [24], we expressed the
hMEIOB-interacting domain of hSPATA22 (aa 237-363). The above
segments, full-length hSPATA22 and the other two remaining
segments of hSPATA22 (aa 32-363 and aa 1-236), were fused with
CopGFP, and full-length hMEIOB was fused with mCherry (Figure
4A,B). The nuclear localization of hMEIOB was limited when
hSPATAZ22 lost its NLS- or hMEIOB-interacting domain (Figure 4C-
E). Interestingly, the nuclear localization of hMEIOB was remark-
able when coexpressed with hSPATA22 (aa 1-31 and aa 237-363).
These results indicated that hSPATA22 could promote the nuclear
localization of hMEIOB, which requires the NLS- and hMEIOB-
interacting domains of hSPATA22.

Discussion
In the current study, we proved that full-length hMEIOB mainly
accumulated in the cytoplasm without hSPATA22. When hMEIOB
and hSPATA22 were coexpressed, this heterodimer could enter the
nucleus and be enriched at DSB sites. Consistently, mutated hMEIOB,
which lacks the hSPATA22-interacting domain, will abnormally
accumulate in the cytoplasm [22]. These data suggested that
hSPATA22 could assist h(MEIOB in nuclear localization (Figure 5).
Proteins localized in the nuclear often have an NLS, which would
lead to its nuclear localization. There are also exceptional cases in
which some proteins have cryptic NLSs, which would be exposed to
the surface of proteins through different mechanisms, such as
dissociation of the inhibiting subunits [25]. Interestingly, the
truncated hMEIOB (i.e., NOB, OBC, and OB) could achieve nuclear
localization, which indicated that hMEIOB has a covered NLS in the
OB domain. This result is consistent with the finding that other
fragments (i.e., NC, N and C) could not localize to the nucleus. In
addition, the low efficiency of nuclear localization of NOB and OBC
may also imply that the exposure of NLS is inadequate. Moreover,
NOB and OBC could also be enriched at DSB sites without the help
of hSPATA22, which implies that the OB domain may need flanking

Xu et al. Acta Biochim Biophys Sin 2023

sequences for a sufficient ssDNA binding ability [17]. It is well
known that karyophilic residue clusters composed of arginines and
lysines should be contained in the NLS [26]. The distribution of the
clusters in the OB domain may present as a separated state, as
bipartite NLSs were discovered in XRCC1 and Ku70, which also
participate in the DSB repair process [27,28]. Because the loss of
NLS limits the nuclear localization of proteins [29,30], the mutated
full-length hMEIOB with mutations at the chosen arginines and
lysines exhibited limited nuclear localization. Consistently, the
fragment (aa 167-200) of hMEIOB containing the predicted NLS can
effectively lead copGFP into the nucleus. Therefore, our data
confirmed that hMEIOB has a covered NLS in the OB domain.

The interaction between proteins may change the protein
conformation, which is essential for special functions [31,32]. Loss
of the hMEIOB-interacting domain leads to disruption of the
interaction between hMEIOB and hSPATA22, and hMEIOB is not
distributed in the nucleus. Therefore, we speculate that h\SPATA22
may expose the NLS of hMEIOB when interacting with it.
Puzzlingly, the presence of the hMEIOB-interacting domain (aa
32-363 or aa 237-363 of hSPATA22) alone did not promote the
nuclear localization of full-length hMEIOB. This led us to notice the
importance of the NLS of hSPATA22. hMEIOB can enter the nucleus
effectively only when the hSPATA22 fragment contains both the
NLS (aa 1-31) and the hMEIOB-interacting domains (aa 237-363).
However, it seems that hSPATA22 does not further improve the
efficiency of the nuclear localization of truncated hMEIOB (i.e.,
OBC), which may indicate that the N segment of hMEIOB
participates in its NLS exposure. Therefore, our data demonstrated
that hSPATA22 assists hMEIOB nuclear localization and that the
NLS- and hMEIOB-interacting domains are required during this
process (Figure 5).

Supplementary Data
Supplementary data is available at Acta Biochimica et Biophysica
Sinica online.
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