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NOD-like receptors (NLRs) are traditionally recognized as major
inflammasome components. The role of NLRs in germ cell differenti-
ation and reproduction is not known. Here, we identified the gonad-
specific Nlrp14 as a pivotal regulator in primordial germ cell-like cell
(PGCLC) differentiation in vitro. Physiologically, knock out of Nirp14
resulted in reproductive failure in both female and male mice. In adult
male mice, NIrp14 knockout (KO) inhibited differentiation of sper-
matogonial stem cells (55Cs) and meiosis, resulting in trapped SSCs
in early stages, severe oligozoospermia, and sperm abnormality.
Mechanistically, NLRP14 promoted spermatogenesis by recruiting a
chaperone cofactor, BAG2, to bind with HSPA2 and form the
NLRP14—HSPA2—BAG2 complex, which strongly inhibited ChIP-
mediated HSPA2 polyubiquitination and promoted its nuclear trans-
location. Finally, loss of HSPA2 protection and BAG2 recruitment by
NLRP14 was confirmed in a human nonsense germline variant asso-
ciated with male sterility. Together, our data highlight a unique
proteasome-mediated, noncanonical function of NLRP14 in PGCLC
differentiation and spermatogenesis, providing mechanistic insights
of gonad-specific NLRs in mammalian germline development.
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Pattern recognition receptors (PRRs) are the key surveillance
components of mammalian innate immune responses, which
sense the invading microbial molecules and trigger the down-
stream immune activation signaling cascade (1). While classical
PRRs such as Toll-like receptors (TLRs) and C lectins are typ-
ically membrane associated, intracellular cytosolic PRR protein
families were also discovered in recent years (2, 3). One such
family is NOD-like receptors (NLRs), which recognize a variety
of intracellular signals including microbial components, stress
signals, and metabolites (4). Since the discovery, much attention
has been paid to NLRs’ roles in inflammasome assembly, innate
and adaptive immune signaling, antiviral responses, and cell death
(5, 6). However, other reports, such as transcriptional regulation
of MHC class I by NLRCS5 (7) and MHC class II by CIITA (8),
suggested that the function of NLRs may be more diverse than
initially thought. Physiological and tissue-specific functions of
NLRs beyond inflammasomes remain to be identified.
Interestingly, several NLR members, such as Nlrp2 (9, 10),
Nlrp5 (Mater) (11), and Nlrp7 (12), exhibited highly restricted
expression in mammalian germline and acted as maternal effect
genes. For example, both Nlrp2 and Nltp5 were oocyte-specifically
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expressed and required for early embryonic development after
fertilization (9-11). Nlrp7, without its ortholog in mice, was
identified as a maternal gene, of which mutations were associated
with hydatidiform moles and reproductive wastage in human pa-
tients (13). It is worth noting that, in the cases of Nlrp2 (10) and
NIrp5 (11), the phenotypes from knockout (KO) animals were
clearly not immune-related, although the detailed mechanisms
underneath these observations were not investigated. Neverthe-
less, these reports suggested that gonad-specific NLRs might act
through a unique molecular mechanism beyond immune regula-
tion, which is particularly interesting to us.

As an important member of the NLR family, Nlrp14 also has a
gonad-specific expression pattern, mainly in the testis and sec-
ondarily in the ovary (ENCODE) (14). A recent report suggested
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that maternal Nlrp14 might function to suppress the nucleic acid-
sensing pathway and was proposed to facilitate fertilization in
human (15). However, Nlrp14 mutations were found to be asso-
ciated with patients of spermatogenic failure rather than fertil-
ization (16), suggesting that Nlrpl4 might have a role in
spermatogenesis instead. Nevertheless, no physiological study on
Nlrp14 function was reported to date and the role of Nlrpl4 in
germ cell development remains unknown.

In this study, we identified Nlrpl4 as a key regulator of pri-
mordial germ cell-like cell (PGCLC) differentiation from mouse
embryonic stem cells (mESCs). Knockdown and KO of Nlrp14
both resulted in the substantial decrease in PGCLC differenti-
ation. Physiologically, Nlrp14 KO led to reproduction failure in
both female and male mice. In male mice, Nlrp14 deficiency
resulted in severe sperm count decline and increased abnormality.
Further investigation revealed that differentiation of spermato-
gonial stem cells (SSCs) and meiosis were strongly compromised
in these KO animals, with increased expression and abnormal
distribution of SSC markers at various stages and dramatic de-
crease of markers for mature spermatids. Mechanistically, immu-
noprecipitation (IP)-coupled mass spectrometry analysis discovered
that mouse NLRP14 formed a complex with HSPA2, a testis-
specific HSP70 family member that was required for germ cell dif-
ferentiation and spermatogenesis (17). Further evidence suggested
that NLRP14’s binding with HSPA2 protected HSPA2 from
ubiquitination-mediated proteasomal degradation, probably by
recruiting the cochaperone factor BAG2 and promoted transloca-
tion of HSPA?2 into the nucleus, where HSPA2 was required to
facilitate spermatid DNA packaging (18, 19). Moreover, loss of
HSPA?2 protection and BAG2 recruitment by NLRP14 were also
confirmed in a human nonsense germline variant associated with
male sterility. Together, our data uncovered an intriguing proteasome-
mediated noncanonical function of Nlrp1l4, which provides in-
sights in understanding the function of gonad-specific NLRPs.

Results

Identification of Nirp14 as a Key Regulator for PGCLC Differentiation.
To discover potential candidate genes that may be important for
germ cell specification and spermatogenesis, we first focused on
genes with a testis-specific expression profile. Transcriptome data-
sets from ENCODE (14) including 24 tissues and 236 samples from
8-wk-old mice were analyzed; 1,584 genes with testis-specific ex-
pression were identified (Fig. 14) and then cross-compared with
differential expressed ones during PGCLC differentiation (from
naive mESCs to EpiLCs and finally PGCLCs), by reanalyzing data
from the Gene Expression Omnibus (accession no. GSE30056)
(20). Among the 25 genes identified by the cross-comparison, 10
were significantly induced in EpiLCs and/or PGCLCs during dif-
ferentiation, and thus chosen as candidates for downstream vali-
dation (Fig. 1 B and C).

To investigate candidates’ function in PGCLC differentiation,
the same differentiation procedure was adopted as previously
reported (SI Appendix, Fig. S14) (20), and the morphology and
correct sequential induction of EpiLC and PGCLC markers were
confirmed (SI Appendix, Fig. S1 B and C). Three short hairpin
RNAs (shRNAs) were designed for each candidate gene and
cloned into pLKO.1 lentiviral vector. The shRNA lentivirus was
pooled together before transduction. Transduced mESCs (AB2.2)
were then induced for PGCLC differentiation. STELLA immu-
nostaining (anti-DPPA3) was used to evaluate PGCLC differen-
tiation efficiency (SI Appendix, Fig. S1D). Among the 10 candidate
genes tested in our assay, knockdown of Nlrp14 exhibited strongly
decreased STELLA immunostaining (SI Appendix, Fig. S1E),
suggesting its potential role to regulate PGCLC differentiation.

Nirp14 Was a Potent Regulator of PGCLC Differentiation In Vitro.
According to the data from ENCODE (14), mouse Nlrp14 had
a highly specific expression profile and was found only in testis
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and ovary with two transcripts, which were also confirmed in our
experiments (SI Appendix, Fig. S2 A-D). More importantly,
Nlrp14 was highly induced in EpiLCs and PGCLCs during dif-
ferentiation (SI Appendix, Fig. S2F).

To investigate whether Nlrp14 was indeed a potent regulator
of PGCLCs, three shRNAs were individually transduced into
mESCs before inducing PGCLC differentiation. Nlrp14 was ef-
ficiently knocked down by all three shRNAs (Fig. 1D), while the
overall morphology and growth of EpiLCs and PGCLC spheres
were not affected (Fig. 1E and SI Appendix, Fig. S2 F and G).
Quantitative analysis for EpiLCs and PGCLCs marker expres-
sion indicated that Nlrpl4 knockdown resulted in significantly
decreased expression of PGCLC (Fig. 1F) but not EpiLC markers
(Fig. 1G). STELLA immunostaining also indicated a substantial
decrease of STELLA-positive cells in NIrp14 knockdown spheres
(Fig. 1H). To further confirm our findings from shRNA experi-
ments, an Nlrpl4 KO mESC line was generated using CRISPR-
Cas9 and confirmed by sequencing (SI Appendix, Fig. S3 A-C).
The pluripotency of Nlrpl4 KO mESCs was verified by Nanog,
Oct4, and Sox2 immunostaining (SI Appendix, Fig. S3D). When
NIrp14 KO mESCs were induced to form PGCLC spheres, similar
phenotype as RNA interference (RNAi) experiments were ob-
served. The overall morphology of EpiLCs and PGCLC spheres
was not affected (SI Appendix, Fig. S3 E and F), while STELLA-
positive cells were substantially decreased in PGCLC spheres (SI
Appendix, Fig. S3G). RT-qPCR analysis of EpiLC and PGCLC
markers again supported that Nlrp14 KO would significantly in-
hibit PGCLC differentiation (SI Appendix, Fig. S3 H and I). To-
gether, these data suggested that Nlrp14 was a critical regulator of
PGCLC differentiation in vitro.

Nirp14 KO Strongly Inhibited Spermatogenesis in Mice. To investi-
gate the physiological function of Nlrp14, KO mice were gen-
erated by the CRISPR-Cas9 method, and two lines with frame-
shift mutations in the Nlrp14 coding sequence were acquired (S
Appendix, Fig. S4 A and B). NIrpl4 KO animals exhibited no
obvious developmental defects (ST Appendix, Fig. S4C) and had
normal Mendelian distribution in birth (SI Appendix, Fig. S4D).
However, both female and male KO animals exhibited serious
reproduction failure during 10-wk continuous breeding, while
heterozygous ones did not (Fig. 24). While female KO mice
exhibited to be 100% sterile, a few of the male ones did manage
to sire offspring pups, which indicated that male reproductivity
was not completely prohibited. Our initial assessment found that
sections of the developing ovary appeared to be normal in female
mice (SI Appendix, Fig. SAE); therefore, we decided to focus our
work on the male spermatogenesis process in this study.

While no difference was observed for overall appearance and
gonad-somatic index among testis from wild-type (WT), het-
erozygous, and KO mice (SI Appendix, Fig. S4F), hematoxylin/
eosin (H&E) staining did reveal a substantial decrease of mature
spermatozoa in seminiferous tubules (Fig. 2B), increased apo-
ptosis (Fig. 2 C and D), and increased expression and cleavage of
caspase proteins (SI Appendix, Fig. S4 G and H) in KO mice. In
addition, both sperm count and motility were significantly de-
clined in samples from cauda epididymis of KO mice (Fig. 2 E-G
and Movies S1-S3). However, when the sperms were stimulated
under human tubal fluid condition, which was normally used for
mouse and human in vitro fertilization (21, 22), their motility
could be mostly restored (SI Appendix, Fig. S4 I and J). More-
over, a substantially higher percentage of abnormal sperms was
also noticed in KO animals as revealed by scanning electron
microscopy analysis, such as proximal/distal bent tail, cytoplasmic
retention, headless, amorphous head, etc. (Fig. 2 H and I). To-
gether, these data suggested that Nlrp14 KO resulted in seriously
compromised spermatogenesis and infertility in KO animals.
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Fig. 1. Identification of Nirp14 as a key regulator of PGCLC differentiation. (A) Heatmap of genes specifically expressed in mouse testis. RNA-seq datasets of
24 tissues from ENCODE were reanalyzed; 1,584 genes were testis specific. (B) The 25 genes with differential expression during PGCLC differentiation were
identified as potential candidates. Venn diagram of genes differentially expressed in testis, mESCs in 2i+LIF medium, day2 EpiLCs, and PGCLCs are shown. (C)
Ten candidate genes induced either in EpiLCs or PGCLC sphere were chosen for the downstream shRNA screen. Heatmap of 25 genes’ differential expression
among testis, mESCs in 2i+LIF medium, day2 EpiLCs, and PGCLCs is shown. The red outlined box shows the genes enriched in EpiLCs and/or PGCLCs. (D) The
knockdown of Nlrp14 was confirmed in PGCLC spheres by RT-qPCR. Error bar represent data from three independent experiments. Nontargeting shRNA was
used as the negative control. Data were normalized to actin expression. Statistics were calculated using SPSS software (one-way ANOVA followed by Tukey
post hoc multiple comparisons). **P < 0.01, ***P < 0.001. (E) The knockdown of NIrp14 had minimal impact on the overall appearance of PGCLC spheres.
Representative images of PGCLCs spheres from each shNIrp14 group are shown. (Scale bar: 200 um.) (F) The expression of PGCLCs markers was significantly
decreased in shNIrp14 spheres. Total RNAs were extracted using the TRIzol method. Expression of Prdm1, Prdm14, Stella, and Nanos3 was analyzed by RT-
qPCR. Nontargeting shRNA was used as the negative control. Error bar represents data from three independent experiments. Statistics were calculated using
SPSS software (one-way ANOVA followed by Tukey post hoc multiple comparisons). *P < 0.05, **P < 0.01, ***P < 0.001. (G) The expression of EpiLCs markers
was not affected by NIrp14 knockdown. Fgf5, Wnt3, and Dnmt3b were used as EpiLCs markers. Error bar represents data from three independent experi-
ments. Statistical analysis is the same as in F. NS, not significant. (H) The knockdown of NIrp14 resulted in severely decreased expression of STELLA in PGCLC
spheres. The shRNA-transduced PGCLC spheres were immunostained with anti-STELLA antibody and imaged under the same exposure time. Hoechst was used
for nuclear staining. (Scale bar: 50 um.)

Nirp14 KO Disrupted Differentiation of Spermatogonial Stem Celland  The specificity of each antibody was individually validated before
Meiosis. To further elucidate which stages were affected by use (SI Appendix, Fig. S5). Among these markers, DDX4 is ex-
Nirp14 KO during spermatogenesis, marker genes representing  clusively expressed in PGCs just after they colonize embryonic
different spermatogenic states were analyzed by immunohisto- gonads and in germ cells undergoing the gametogenic pro-
fluorescence (IHF) and immunohistochemistry (IHC) (Fig. 34).  cess until the postmeiotic stage (23). Cyclin D2 is expressed in
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Fig. 2. Targeted disruption of NIrp14 caused infertility and abnormal spermatogenesis in mice. (A) NIrp14 KO mice exhibited strongly compromised fertility.
Female mice were completely sterile, while male reproduction was severely compromised. Adult KO, heterozygous, and WT mice were set up for 10 wk of
continuous breeding (six pairs for each experimental group). The reproductive ability of each WT mice was confirmed before breeding with KO ones. Age of
mice: 3 mo. Error bar represents data from six breeding pairs. Statistics: one-way ANOVA followed by Tukey post hoc multiple comparisons. ***P < 0.001. (B)
H&E staining revealed a decreased number of spermatozoa in Nlrp14 KO mice compared with WT and heterozygous littermates. Representative images of
each genotype are shown; spz, spermatozoa. (Scale bar: 100 um.) (C) The increase of apoptosis was identified in sections from the Nirp14 KO testis. Three
testes from each genotype were analyzed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay and representative images were
shown. The dashed boxes show the zoomed-in area. (Scale bar: 200 pm.) (D) Quantitative analysis of TUNEL signals also confirmed the increase of cell ap-
optosis in Nlrp14 KO testis. The relative number of TUNEL+ cells was measured by the count of TUNEL signal per section of each genotype and normalized to
NIrp14** animals using the ImageJ software. Error bar represents data from two sections from three mice of each genotype. Statistics: one-way ANOVA
followed by Tukey post hoc multiple comparisons (by SPSS). ***P < 0.001, **P < 0.01. (E) Both sperm quantity and motility were significantly decreased in
NIrp14 KO mice. The quantity and motility of sperms within cauda epididymis of each genotype were measured by computer-assisted sperm analysis (CASA).
(Scale bar: 50 pm.) (F) A decrease in sperm count was detected in NIrp14 KO mice. The concentration of sperms in cauda epididymis of each genotype were
quantified. Sperms were released from cauda epididymis in 37 °C phosphate-buffered saline, and the sperm number was quantified using a hemocytometer.
Error bar represents data from six mice of each genotype (counted three times for each sample). Statistics: one-way ANOVA followed by Tukey post hoc
multiple comparisons (by SPSS). ***P < 0.001. (G) Sperm motility dropped significantly in NIrp14 KO mice. Error bar represents data from six mice of each
genotype. Motility was measured by CASA. Statistics: one-way ANOVA followed by Tukey post hoc multiple comparisons (by SPSS). **P < 0.01. (H) Repre-
sentative images of sperms with various abnormalities in NIrp14 KO mice. Samples were analyzed using an electron microscope, and representative abnormal
sperms in NIrp14 KO mice are shown. Images of WT sperm were used as the reference. (Scale bar: 50 um in larger images, 5 pm in smaller ones.) (/) A significant
increase in abnormal sperms was observed in NIrp14 KO mice. Sperms were released from cauda epididymis, and, after staining with hematoxylin, the total
number of normal and abnormal was counted under the microscope. For each mouse (sample), six random view fields were assessed and quantified (~1,600
sperms, in total). Error bar represents data from six mice of each genotype. Statistics: the y? test (by SPSS). ***P < 0.001.
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Fig. 3. Differentiation of SSCs and meiosis was compromised in NIrp14 KO mice. (A) Schematic of the timeline and marker expression during male germ cell
development in mice. Representative markers of different developmental stages were chosen for immunostaining analysis. (B) DDX4 (red) expression level was
increased in the NIrp14 KO testis. Abnormal DDX4-expressing cells were observed near the central region of seminiferous tubules. Testis sections of each genotype
were immunostained with an anti-DDX4 antibody. Images were taken under the same exposure time. The relative fluorescence intensity was measured by
quantification of fluorescence signal per area and normalized to WT animals using the ImageJ software. Error bar represents data from four to five random
seminiferous tubules of two mice for each genotype. Statistics: one-way ANOVA followed by Tukey post hoc multiple comparisons (by SPSS). ***P < 0.001. (Scale
bar: 50 um.) Age of mice: 2 mo. (C) An increase of Cyclin D2 (brown) expression and abnormal distribution in testicular tubules were detected in KO animals. (Scale
bar: 100 pm [Upper]; 50 um [Lower].) Age of mice: 2 mo. (D) The expression and localization of SYCP3 (green) were also significantly changed in the Nirp14 KO
testis. Increased expression of SYCP3 was detected, and its localization in testicular cells showed abnormal enrichment toward the center of testicle tubules.
Relative fluorescence intensity was measured the same as in B. Error bar represents data from four to five random seminiferous tubules of two mice for each
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(E) MSY2 (red) expression level was decreased in the NIrp14 KO testis. Relative fluorescence intensity was measured the same as in B. Error bar represents data
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spermatogonia when A,; spermatogonia differentiate into A;
one, and in spermatocytes and spermatids (24). Sycp3 first ap-
pears in leptotene spermatocytes and disappears in late meiotic
cells (25). Msy2 is highly expressed in postmeiotic round sper-
matids (26), and Ace is expressed only in postmeiotic sper-
matogenic cells and sperm (27). IHF and IHC analysis indicated
that DDX4 and Cyclin D2 expression were increased in testis
sections from Nlrp14 KO mice (Fig. 3 B and C and SI Appendix,
Fig. S6A). The distribution of DDX4 and Cyclin D2 signal was
also shifted toward the center of the seminiferous tubules
(Fig. 3 B and C). A similar phenotype was noticed in SYCP3 IHF
analysis as well (Fig. 3D and SI Appendix, Fig. S6B). These data
suggested that the differentiation of SSCs was significantly dis-
rupted, and expression of stem cell markers was not turned off
properly. On the other hand, the postmeiotic markers MSY2 and
ACE were substantially decreased in KO animals (Fig. 3 E and F
and SI Appendix, Fig. S6C), indicating that the meiotic process
was interrupted. To exclude the potential contribution of Sertoli
cells in these phenotypes, Sox9, a well-documented marker for
Sertoli cells (28), was analyzed by IHF, and no significant change
of Sox9* Sertoli cells was noted among WT, heterozygous, and
KO animals (SI Appendix, Fig. S6 D and E). To further confirm
these observations, DNA content and the percentage of c-Kit™
germ cells were analyzed by flow cytometry. Decreased 1N and
4N populations and a spike of c-Kit+ germ cells were observed
in Nlrp14 KO animals (Fig. 3 G and H). Together, these data
suggested that Nlrp14 KO strongly compromised normal differ-
entiation of SSCs and meiosis, and trapped many of the stem
cells in an undifferentiated state, which, in turn, caused sub-
stantially decreased and abnormal spermatogenesis and infer-
tility in KO animals.

NLRP14 Regulated Spermatogenesis through Interacting with HSPA2.
To investigate the molecular mechanism for NLRP14-mediated
regulation of spermatogenesis, we decided to employ a relatively
unbiased approach by IP-coupled mass spectrometry analysis to
identify potential NLRP14 interacting proteins. C18-4 cells, an
immortalized cell line from Ag SSCs (29), was chosen for Nlrp14
overexpression and IP. The identity of C18-4 cells was confirmed
first by Oct4 immunostaining (SI Appendix, Fig. S74) and RT-
PCR analysis of Ddx4, Dazl, and Plzf (SI Appendix, Fig. S7B),
which were characterized in the original report (29). Next, Flag-
tagged Nlrpl4 was cloned from mouse testis complementary
DNA. As the control, a STOP codon mutation was intro-
duced at the 138th amino acid (aa) (Fig. 44) to mimic the
truncated mutant that had been associated with male sper-
matogenesis failure in human (16) and maintain the vector
size for cotransfection at the same time. IP and silver staining
results indicated that several specific bands were enriched
in WT NLRP14 sample but not in IgG control or mutant
NLRP14 (Fig. 4B). Mass spectrometry analysis identified the
two most abundant proteins from these bands, HSPA2 and
HSP70. Indeed, HSPA2 and HSP70 were specifically pulled
down by WT NLRP14 but not IgG or mutant NLRP14
(Fig. 4C). To further confirm the interaction, reverse IP using
HSPA2 and HSP70 antibodies was also performed (Fig. 4D
and SI Appendix, Fig. S7C). Domain mapping experiments
indicated that NLRP14 might bind with HSPA2 and HSP70
through multiple domains (Fig. 4 E and F), while both HSPA2
and HSP70 interacted with NLRP14 mainly through their
NBD domain (Fig. 4 G and H and SI Appendix, Fig. S7 D and
E). For HSPA2, its NBD domain could interact with both
NACHT and LRR domains of NLRP14 (Fig. 4H). Together,
these data confirmed that NLRP14 indeed specifically inter-
acted with HSPA2 and HSP70.

To further dissect which interaction might be associated with
the phenotypes we observed in KO animals, we set out to test the
functional consequence of HSPA2 and HSP70’s interaction with
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NLRP14. Previous reports indicated that HSPA2 was closely
involved in germ cell development and spermatogenesis (30). Mean-
while, HSPA2 seems to be highly regulated through proteasome-
mediated degradation mechanisms during spermatogenesis (17,
31). From our results, NLRP14 overexpression indeed resulted in
increased expression of HSPA2 in C18-4 (Fig. 4 C and D).
Meanwhile, HSPA2 was significantly decreased in Nlrp14 KO testis
but not in WT or heterozygous ones (Fig. 47), while transcription of
mRNAs remained similar (SI Appendix, Fig. S7F). These data
suggested that NLRP14 might interfere with the protein degrada-
tion of HSPA2. Indeed, cotransfection of WT Nlrp14 with Hspa2
indicated that binding with NLRP14 protected HSPA2 from
polyubiquitination-mediated degradation, but not with mutant
Nirp14 (Fig. 47). In addition, when previously reported single-cell
RNA sequencing (RNA-seq) data were reanalyzed (32), expres-
sion of Nlrpl4 was found to be closely associated with Hspa2
across different stages of spermatogenesis, but not with Tbkl1,
Bag6, or Cdkl, which were all documented coding genes for
NLRP14 or HSPA?2 interacting proteins (Fig. 4K) (15, 31, 33).
Together, these data supported that NLRP14 could specifically
bind with HSPA2 and protected it from polyubiquitination-
mediated degradation. It is also worth noting that cotransfec-
tion of Nlrp14 with Hsp70 did not affect the polyubiquitination
of HSP70 (SI Appendix, Fig. S7G), while, on the other hand,
ubiquitination of NLRP14 was decreased (SI Appendix, Fig.
S7H), which was deemed to be reasonably expected for HSP70’s
chaperone activity. HSP70 expression was also decreased in KO
animals, although to a lesser extent (SI Appendix, Fig. S7I).
Therefore, the NLRP14/HSPA2 axis seemed to be the main
functional complex that was involved in PGCLC differentiation
and spermatogenesis.

NLRP14 Recruited BAG2 to Inhibit ChIP-Mediated Ubiquitination. To
further dissect the molecular mechanism for NLRP14-mediated
inhibition of HSPA2 ubiquitination, a full-spectrum mass spec-
trometry analysis on NLRP14-immunoprecipitated sample was
performed in C18-4 cells (Fig. 54). Seven proteins were signifi-
cantly enriched in WT Nlrp14 sample compared with those of
IgG control and mutant Nlrpl4 (Fig. 5B). Among them, Bag2
(BCL2-associated athanogene 2) was previously reported as a
cochaperone protein with potent ubiquitin ligase inhibitory ac-
tivity (19, 34). Moreover, in MEFs, BAG2 was found to bind with
HSPA2 and protected it from ChIP-mediated proteasomal deg-
radation (35). To confirm that NLRP14, HSPA2, and BAG2 in-
deed formed a complex together, repeat IP and reverse IP were
performed, which supported that NLRP14, BAG2, and HSPA2
could specifically interact with each other and that the three
proteins were indeed contained in one complex (Fig. 5 C-E). IP
analysis of endogenous proteins also confirmed the interaction
between NLRP14, BAG2, and HSPA2, where NLRP14 enhanced
BAGZ2’s IP by endogenous HSPA2 (Fig. 5F). Moreover, together
with NLRP14, BAG2 strongly inhibited the polyubiquitination of
HSPA2 (Fig. 5G). Since carboxy-terminus of HSP70 interacting
protein (ChIP) was one of the key E3 ligases which regulated a
broad spectrum of HSP70s and their clients including HSPA2
(36), we also set out to test whether NLRP14 and BAG2 could
inhibit ChIP-mediated HSPA2 ubiquitination process. Over-
expression of ChIP resulted in strong polyubiquitination of
HSPA2 (Fig. SH). Notably, neither NLRP14 itself nor its mutant
could block ChIP activity, while, when both BAG2 and NLRP14
were overexpressed, a significant decrease of HSPA?2 ubiquitina-
tion was detected (Fig. SH). Together, these data suggested that
formation of the NLRP14-BAG2-HSPA2 complex was critical
to maintain the homeostasis of HSPA2 and protect it from pro-
teasomal degradation in the SSC line.

NLRP14 Promoted Nuclear Translocation of HSPA2. To investigate the
functional consequence of HSPA?2 stabilization by NLRP14-mediated
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Fig. 4. NLRP14 interacted with HSPA2 and protected it from polyubiquitination in the SSC line. (A) Schematic of cloning strategy for WT and mutant mouse Nirp14
for IP and mass spectrometry analysis. A STOP codon was introduced in K138 of NLRP14 to generate a truncated protein while maintaining the overall vector size. (B)
Several proteins appeared to be specifically associated with NLRP14. IP of WT and mutant NiIrp14 was performed in C18-4 cells (immortalized mouse SSC line). A
representative image of silver staining is shown. (C) Interaction between NLRP14, HSP70, and HSPA2 was confirmed by IP. FLAG-tagged mouse WT and mutant
NLRP14 were expressed in C18-4 cells for 48 h and before co-IP and Western blot analysis for HSP70 and HSPA2. WCL, whole-cell lysate. (D) Reverse IP further
confirmed the binding of HSPA2 with NLRP14. The experimental procedure was the same as in C. FLAG, full-length NLRP14 with FLAG tag. (E) Schematic of mouse
NLRP14 truncation mutants. (F) Both the N-terminal NACHT domain and the LRR domain of mouse NLRP14 could bind to HSPA2 and HSP70. C18-4 cells were
transfected with various combinations of vectors for 48 h before IP analysis. The expression of transgenes was first confirmed by anti-FLAG antibody and Western
blotting. (G) Schematic of mouse NLRP14 and HSPA2 truncation mutants. (H) NBD domain of HSPA2 interacted with both NACHT and LRR domains of NLRP14. Myc-
tagged full length and mutants of HSPA2 were coexpressed with NLRP14 in C18-4 cells for 48 h before co-IP. The expression of each mutant was first confirmed by
Western blotting in WCL using the anti-Myc antibody. The expression of NLRP14 was analyzed by anti-FLAG Western blotting. (/) HSPA2 expression was significantly
decreased in the testis of NIrp14 KO mice. Immunofluorescence on testis sections from WT, heterozygous, and KO mice was performed. Relative fluorescence intensity
per area was analyzed by Image) software and normalized with WT signal. For each section, five to six seminiferous tubules were analyzed. Error bar represents data
from sections of three animals for each genotype. Statistics: one-way ANOVA followed by Tukey post hoc multiple comparisons (by SPSS). **P < 0.01. Scale bar, 100
um. (J) Interaction with NLRP14 protected HSPA2 from polyubiquitination. FLAG-tagged WT and mutant NLRP14 were coexpressed with Myc-HSPA2 and HA-Ub in
293FT cells for 48 h. IP with anti-HSPA2 antibody was performed, and the polyubiquitination was analyzed by Western blotting using an anti-HA antibody. MG-132
was added at 42 h posttransfection (6 _h before harvest) at 10-uM final concentration. (K) Expression of Nlrp14 and Hspa2 were closely associated throughout
spermatogenesis. Single-cell RNA-seq results from a previously published paper (32) were reanalyzed. Expression of Tbk1 (a previously identified NIrp14 interacting
protein), Bag6, and Cdk1 (HSPA2 interacting proteins) were included as the control for comparison. All co-IP experiments were repeated at least twice.
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Fig. 5. NLRP14 inhibited HSPA2 ubiquitination through the recruitment of BAG2. (A) Schematic of IP-coupled mass spectrometry analysis for NLRP14
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coexpressed in C18-4 cells for 48 h before IP. (D) Reverse IP with Myc-HSPA2 also confirmed the interaction among mouse NLRP14, HSPA2, and BAG2. The
experimental conditions were the same as in C. (E) Reverse IP with BAG2 also confirmed the interaction among mouse NLRP14, HSPA2, and BAG2. The
experimental conditions were the same as in C. (F) Expression of mouse NLRP14 enhanced BAG2 IP by endogenous HSPA2. The experimental conditions were
the same as in C. (G) NLRP14 and BAG2 strongly inhibited the polyubiquitination of HSPA2. The 293FT cells were cotransfected with different combinations of
vectors for 48 h before IP analysis. Overexpression of respective genes was confirmed by Western blotting. MG-132 was added at 42 h posttransfection (6 h
before harvest) at 10-uM final concentration. (H) NLRP14 and BAG2 inhibited ChIP-mediated polyubiquitination of HSPA2. The experimental conditions were
the same as in G. All of the experiments in C—H were repeated at least twice.

protection, we focused on one of the key aspects of HSPA2’s regu-
lation on spermatogenesis: nuclear translocation to facilitate sperma-
tid DNA packaging (18, 37). Both immunostaining (Fig. 6 A and B)
and nuclear—cytoplasm protein fractionation (Fig. 6 C-E) supported
that a substantial increase of HSPA2 translocation was detected in
WT Nlrpl4 cotransfected cells but not with mutant Nlrp14. In

22244 | www.pnas.org/cgi/doi/10.1073/pnas.2005533117

addition, the increase of HSPA2 in the nucleus was not merely
due to an overall increased expression but also because of a
higher percentage of HSPA2’s translocation in the nucleus as
the ratio between nuclear HSPA?2 vs. the cytoplasmic one was
increased (Fig. 6F). Altogether, our data suggested that
NLRP14 might play a crucial role in regulating proteasomal
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Fig. 6. NLRP14 promoted nuclear translocation of HSPA2. (A) NLRP14 enhanced HSPA2 expression in mouse C18-4 cells. Full-length and mutant mouse FLAG-
tagged NIrp14 were transfected into C18-4 cells for 24 h before immunostaining of endogenous HSPA2. HSPA2 signal was detected with anti-rabbit Alexa 488
secondary antibody. The expression of NLRP14 was confirmed by the anti-FLAG antibody. Hoechst was used for nuclear staining. (Scale bar: 20 um.) (B)
Quantitative analysis confirmed the increased HSPA2 expression in WT NLRP14-overexpressing C18-4 cells. HSPA2 fluorescence signal per area was measured
by ImageJ software. Relative fluorescence intensity was calculated by normalizing to HSPA2 signal in mutant NLRP14 transfected cells. Error bar represents image
signals from three independent experiments, three images per experimental group. Statistics: independent-sample t test (by SPSS). **P < 0.01. (C) Overexpression
of NLRP14 led to increased nuclear translocation of HSPA2. Full-length and mutant NLRP14 were transfected into C18-4 cells for 24 h before harvest for nucleus/
cytoplasm fraction. The distribution of HSPA2 was measured by Western blotting. LAMIN and GAPDH were used as the nucleus and cytoplasmic markers, re-
spectively. The experiment was repeated three times. Representative images are shown. (D) Quantitative analysis confirmed the increased expression of HSPA2 in
the nucleus. Western blotting images were quantified by the LI-COR system and normalized to the LAMIN signal. Error bar represented data from three inde-
pendent experiments. Statistics: one-way ANOVA followed by Tukey post hoc multiple comparisons (by SPSS). ***P < 0.001. (E) Quantitative analysis confirmed
the increased expression of HSPA2 in the cytoplasm. The experimental conditions were the same as in D. ***P < 0.001. (F) The proportion of increased HSPA2
expression level in the nucleus was significantly higher in WT NLRP14 expressing cells than in mutant NLRP14 or the nontransfected control. Nuclear HSPA2 signal
from each group was first normalized to nuclear Actin expression. Similar normalization was done for cytoplasmic HSPA2. The distribution ratio was calculated by
normalized nuclear HSPA2/cytoplasmic HSPA2. All results were compared to nontransfected cells. Error bar represents data from three independent experiments.
Statistics: one-way ANOVA followed by Tukey post hoc multiple comparisons (by SPSS). **P < 0.01.

degradation of HSPA2, probably by recruitment of cocha-
perone proteins such as BAG2, which promoted nuclear
translocation of HSPA2 to facilitate spermatid biogenesis.

The NLRP14—HSPA2—BAG2 Complex Was also Present in Human Cells.
To test whether NLRP14-HSPA2—-BAG?2 interaction was also
conserved in human samples, vectors expressing WT hNLRP14
and a nonsense germline variant associated with male sterility
(STOP codon mutation at AA108) were constructed (Fig. 74)
(16). IP was performed in 293FT cells expressing these WT and
mutant variants as well as HSPA2 and BAG2. The results con-
firmed that human NLRP14 would still interact with HSPA2 and
BAG?2, and vice versa, as these proteins could pull down each
other in human cells (Fig. 7 B-D). In addition, we also confirmed
that full-length NLRP14, together with BAG2, indeed also
protected HSPA2 from polyubiquitination, while the nonsense
mutant of NLRP14 could not (Fig. 7E). Together, these data
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supported that the interaction among NLRP14, HSPA2, and
BAG2 was conserved among species, and it may be lost in a
nonsense mutant of NLRP14 which is associated with human
reproductivity failure.

Discussion

In this study, we analyzed the transcriptome data from ENCODE
(14) to identify testis-specific genes. By cross-comparing with
differential gene expression profiles from mESC—EpiLCs—PGCLCs,
potential regulators of germ cell specification were identified.
Through a targeted RNAI screen and KO animal study, an NLR
Nlrp14 was found to be crucial for PGCLC specification, dif-
ferentiation of SSCs, and meiosis. The further mechanistic study
revealed that NLRP14 might function through forming a triple-
protein complex with HSPA2 and BAG2, which protected
HSPA2 from proteasome-mediated polyubiquitination and fa-
cilitated its nuclear translocation in SSCs. These data suggested a
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critical role for the NLRP14-HSPA2—-BAG?2 complex in germ
cell specification and spermatogenesis (Fig. 7F). Unlike its other
family members, few reports are currently available for Nlrp14’s
function, although it was long known to have specific expressions
in testis and ovary. Our study provides evidence on the physio-
logical function of Nlrp14 in regulating germ cell development.
Nlrp14 is also the only reported member in the NLR family that
plays a critical role in both female and male reproductivity.
Over a decade after the first discovery that identified Nlrp14
mutations were associated with male spermatogenic failure (16),
a recent report emphasized its role in inhibiting cytosolic nucleic
acid-sensing machinery through degradation of Tbk1 kinase and
potentially promoting fertilization (15). Tbk1 has been reported
to have multiple roles in innate immunity (38), autophagy (39,
40), neuroinflammation (41), and amyotrophic lateral sclerosis
(42). The function of Tbk1 was closely linked with RIPK1, where

22246 | www.pnas.org/cgi/doi/10.1073/pnas.2005533117

Tbkl KO embryonic lethality could be fully rescued by trans-
genic expression of RIPK1 dominant-negative mutant, and, at
the same time, Tbk1 also showed inhibitory effects on RIPKI1-
independent apoptosis induced by TNF-o/cycloheximide (43).
Moreover, the RIPK1/RIPK3 complex promotes aging in the
male reproductive system in mice but is not required for germ
cell development (44). In this regard, Tbk1 is unlikely to be the
main downstream partner of Nlrp14 in germ cell specification and
spermatogenesis. Indeed, in our study, NLRP14 was found to
form a protein complex with HSPA?2 instead of TBK1 to regulate
PGCLC differentiation and spermatogenesis. HSPA2 is an indis-
pensable gene for male germ cell development, deficiency of
which caused trapped spermatogenic cell development, disrupted
meiosis, and the apoptotic elimination of late-stage pachytene sper-
matocytes (30, 33). The phenotypes detected in our Nlrp14 KO an-
imals were indeed consistent with these observations. Additionally, in
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our experiments, we found that NLRP14’s interaction with
HSPAZ2 enhanced its nuclear translocation, which matched with
the earlier findings that HSPA2 could facilitate translocation of
the major spermatid DNA packaging proteins TP1 and TP2 into the
nucleus (18), and decreased HSPA2 expression was associated with
immature and abnormal sperms that had been adopted in clinical
use in men (45, 46), which were also observed in sperms from
NLRP14-deficient mice. Moreover, a close correlation of Nlrp14
and Hspa2 was also found in the same group of cells from rean-
alyzing previous single-cell transcriptome datasets, which supported
the claim that the NLRP14—HSPA2 complex played a pivotal
role in germ cell development and spermatogenesis.

The finding that NLRP14 protected HSPA2 from ChIP-
mediated polyubiquitination and proteasomal degradation by
forming the NLRP14—HSPA2-BAG?2 complex provides an in-
triguing point for the physiological function of NLR family
genes. Canonically, NLR family genes, which include four sub-
families (NLRA, NLRB, NLRC, and NLRP) depending on their
N-terminal effector domains (47), are believed to act as a class of
PRRs in inflammasome-mediated responses (6). Most of the
NLRP subfamily are indeed documented with such activities,
including Nlrpl (48), Nlrp2 (49), Nlrp3 (50), Nlrp6 (51), and
Nlrp9 (52). However, there are outliers as well. For example,
Nlrp4 and Nlrpl1 seem to suppress IFN- or TLR-mediated im-
mune responses by ubiquitination and proteasomal degradation,
not through the inflammasomes (53, 54). Although these reports
support that many NLRPs did function through immune-related
pathways, the situation for gonad-specific NLRPs seems to be
different. There are four gonad-specific NLRPs in mice and
human: NLRP2, NLRPS5, NLRP7, and NLRP14. NLRP7 does
not have an ortholog in mice, while NLRP2 and NLRP5 are the
most studied ones. NLRP2 selectively regulates early embryonic
development and age-associated fertility but is not involved in
any innate or adaptive immune responses (10). NLRP5, a ma-
ternal gene expressed only in oocytes, is again required for early
embryonic development of fertilized egg, but its deficiency does
not lead to any immune-related abnormalities in mice (11).
However, the molecular mechanisms of NLRP2- and NLRP5-
mediated maternal effects are not reported yet. For NLRP14, it
was found to suppress nucleic acid-sensing immune responses
through inhibiting TBK1-mediated pathways in 293T cells and
proposed to act similarly in fertilized egg (15), but the physio-
logical function was not known to date. Therefore, our study
provides a valuable piece of information that NLRP14 plays a
pivotal role in regulating PGCLC differentiation and spermato-
genesis through forming a complex with HSPA2 and BAG2. This
interaction results in protection of HSPA2 from proteasomal
degradation and facilitates its translocation in nucleus. These
findings not only offer functional insights on NLRP14’s long
overdue physiological function but also suggest that proteasome-
associated functions, rather than immune regulations, could be
the general mechanism of action for gonad-specific NLRPs

Nevertheless, it is worth noting that there are a few remaining
questions that warrant further investigation. One such is regarding
the role of NLRP14 in PGC development in vivo. Although
PGCLC differentiation has been used widely as a surrogate assay
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to investigate PGC development (55-57), to knock out NLRP14 in
the fluorescence-labeled primary PGC transgenic animal models
will be informative to see whether NLRP14 has a role in germ cell
development in vivo. Secondly, the C18-4 cells used in our study
were an immortalized SSC line (29) which were characterized with
typical SSC marker expression (SI Appendix, Fig. S7 A and B) (58)
and had been extensively used for investigating self-renewal reg-
ulation of SSCs (59-61) and in vitro germline toxicity assessment
(62); however, their competence for continued spermatogenesis
was not proven. While other germline stem cells, such as mouse
GS cells (63), would be a closer mimic of primary SSCs, the
transgene delivery method (mainly through electroporation) and
its relatively low efficiency limited large-scale biochemical analysis
of them (64-66). Therefore, it will be also important to confirm
whether the triple complex could be detected in primary SSCs by
using transgenic mouse models. In addition, the increased ex-
pression and cleavage of caspases suggested that apoptosis might
be one of the leading routes taken by SSCs trapped in the un-
differentiated state. However, whether other cell death pathways
(necrosis, pyroptosis, etc.) may contribute to the Nlrp14 KO de-
fects requires further investigation. Finally, the role of Nlrp14 in
female reproduction remain to be solved, because HSPA2 KO
females remained fertile and thus HSPA2 was unlikely to con-
tribute to the phenotype observed in NIrp14 KO female animals
(30). It will be interesting to elaborate on whether proteasome-
mediated regulation would again stand out in these studies.

Materials and Methods

Generation of the Nirp14 KO ES Cell Line. All animal protocols are approved by
the Animal Care and Use Committee of the Model Animal Research Center,
College of Life Sciences, Sichuan University. AB2.2 mESCs were used to
generate the NIrp14 KO cell line using the CRISPR-Cas9 method. Two single
guide RNAs (sgRNAs) targeting the third and fifth exon of mouse Nirp14
were designed by using an online tool (http:/tools.genome-engineering.
org). The sgRNA sequences are listed in S/ Appendix, Table S2. The sgRNA
oligos were annealed and cloned into pX330 backbone. The pX330-Cas9-
sgNIrp14s were then transfected into AB2.2 mES cells using Lipofectamine
3000 (L3000-015, Invitrogen). Forty-eight hours after transfection, cells were
seeded in 96-well gelatin-coated plates at a concentration of 0.5 cells per
well, and single colonies were derived within 5 d to 7 d later. Genomic DNAs
from different colonies were extracted and analyzed by PCR. Each amplified
fragment was also confirmed by Sanger sequencing. Primers sequences are
listed in SI Appendix, Table S3 as Nirp14 primer sets 1 to 3.

Data Availability. All study data are included in the article and S/ Appendix.
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