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NLRP7maintains the genomic stability
during early human embryogenesis via
mediating alternative splicing

Check for updates

Zhongliang Chen 1,2,3,9, Liangxia Jiang 4,5,9, Min Su2,3,6, Qibing Zeng7,8, Peng Luo 7,8 &
Liangzhao Chu 1

Genomic instability is the main cause of abnormal embryo development and abortion. NLRP7
dysfunctions affect embryonic development and lead to Hydatidiform Moles, but the underlying
mechanisms remain largely elusive. Here, we show thatNLRP7 knockout affects the genetic stability,
resulting in increased DNA damage in both human embryonic stem cells and blastoids, making
embryonic cells in blastoids more susceptible to apoptosis. Mechanistically, NLRP7 can interact with
factors related to alternative splicing andDNAdamage response, includingDDX39B, PRPF8, THRAP3
and PARP1. Moreover,NLRP7 dysfunction leads to abnormal alternative splicing of genes involved in
homologous recombination in human embryonic stem cells, Such as Brca1 andRad51. These results
indicate that NLRP7-mediated Alternative splicing is potentially required for the maintenance of
genome integrity during early human embryogenesis. Together, this study uncovers that NLRP7 plays
an essential role in themaintenance of genetic stability during early humanembryonic development by
regulating alternative splicing of homologous recombination-related genes.

Early embryonic cells are susceptible to internal and external environmental
factors, which affect genetic stability and may lead to DNA damage or
aneuploidy1,2. More than 50% of preimplantation embryos exhibit chro-
mosomal abnormalities, which compromise their implantation3. This may
be related to the special cell cycle feature of early embryonic cells4. In
addition, early embryos are highly sensitive to DNA double-strand breaks
(DSBs), even a small number of DSBsmay induce apoptosis and potentially
lead to early embryo death5. Furthermore, although the types and numbers
of cells that make up the early embryo are limited, there is significant
heterogeneity among these cells. The tolerance of different cells within early
embryos to abnormal chromosomes varies significantly. For example,
Compared to other cells, Epiblast cells at the gastrulation stage inmice were
extremely sensitive to DNA damage induced by ray and proned to
apoptosis6. The same characteristics had also been found in human
embryonic stem cells (hESCs) derived from the epiblast7. Thus, early
embryonic cells may be in a heightened state of vigilance, and as soon as

chromosomal abnormalities are detected, these cells are promptly elimi-
nated.This selective elimination likely serves as a self-protectionmechanism
during embryonic development, aimed at preventing the continued devel-
opment of embryos with abnormal chromosomes. Despite this, the precise
mechanisms that trigger apoptosis in embryonic cells with chromosomal
abnormalities remain largely unknown.

Alternative splicing (AS) is a crucial mechanism for gene expression
regulation, enabling a single gene to produce multiple unique mRNAs
isoforms and playing an important role in many biological processes8,9,
especially during the development of early embryos10–12. In addition, AS also
frequently occurs during the expression of genes involved in DNA damage
repair, cell cycle control, and apoptosis. A genome-wide siRNA screening
study revealed that the absence of many splicing factors led to increased
DNA damage13. Furthermore, some splicing factors, such as Serine/argi-
nine-rich splicing factors (SRSFs), are multifunctional proteins that play a
direct role in DNA repair. For example, inactivation of SRSF1 and SRSF3
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leads to genetic instability14,15 and early embryonic developmental arrest16.
Thus, there appears to be a close relationship between DNA damage,
alternative splicing, and early embryonic development.However, the factors
prevalent in embryonic cells that regulate alternative splicing remain to be
elucidated.

NLRP7 is a member of NLRPs (Nucleotide-binding oligomerization
domain, Leucine-rich Repeat, and Pyrin domain containing) family of
cytoplasmic proteins, which is involved in the formation of inflammasomes,
suggesting that it plays an important role in immunomodulatory
processes17. In addition, NLRP7 is also expressed in human oocytes and
early embryonic cells18–20. Mutations in NLRP7 have been associated with
hydatidiformmole (HM)21, which is an abnormal pregnancy, characterized
by placental overgrowth, while the embryonic development is severely
abnormal or absent. Recurrent hydatidiformmoles (RHMs) are defined by
theoccurrenceof twoormoremolarpregnancies in the samepatient.RHMs
may be sporadic, occurring in a single individual in a family, or maybe
familial as in biparental moles (BiCHM) that have both a maternal and a
paternal contribution22. Mutations inNLRP7 orKHDC3L genes, associated
withmaternal imprinting defects, have been involved in the development of
RHM. Epigenetic studies in molar tissue from women carrying recessive
NLRP7 mutations have revealed aberrant DNA methylation profiles at
a number of imprinted genes23–26. In addition to imprinting defects,
abnormal inflammasome formation27, cytokines release28, and trophoblast
differentiation29were also found tobe related toHM.However, these studies
primarily address how NLRP7 mutations affect the proliferation, differ-
entiation, and secretory function of trophoblasts (extraembryonic cells),
leaving unclear how NLRP7 regulates early embryonic development and
how its dysfunction contributes to human disease pathogenesis.

In the present study, we investigated the role of NLRP7 inmaintaining
genetic stability in human early embryonic cells and discovered that
depletion of NLRP7 resulted in DNA damage accumulation and apoptosis
in hESCs and blastoids, and subsequently impaired blastoid development.
Additionally, further studies demonstrated that NLRP7 interacted with
factors involved in both AS and DNA damage response (DDR), including
DDX39B, PRPF8, THRAP3, and PARP1, and its dysfunction disrupted the
AS of homologous recombination (HR)-related genes, contributing to
genetic instability and embryonic development defects.

Results
NLRP7 is required for maintenance of genomic DNA integrity in
p-hESCs
The genetic instability is the main cause of abnormal embryonic develop-
ment and miscarriage30. To determine whether NLRP7 was involved in
maintaining the genetic stability in early human embryonic cells, we first
analyzed RNA sequencing (RNA-seq) data of NLRP7-mutated human
induced pluripotent stem cells (hiPSCs) derived from RHM patient’
trophoblasts29. Kyoto Encyclopedia of Genes and Genomes (KEGG) ana-
lysis revealed that NLRP7 mutation led to significant changes in DNA
damage and the P53 signaling pathway (Fig. 1A). This suggested that
NLRP7might be involved in themaintenance of genetic stability in the early
human embryonic cell.

To verify the analysis results, we used primed hESCs (p-hESCs) as a
surrogate for epiblast cells, which share similar molecular and develop-
mental properties with p-hESCs. By using CRISPR/Cas9 gene editing
technology, the NLRP7 knockout p-hESCs line (p-NLRP7−/−) was suc-
cessfully generated for subsequent experiments (Fig. 1B). We found that
NLRP7 knockout did not affect the expression of general pluripotent stem
cells markers NANOG and OCT4 (Supplementary Fig. 1A), nor did it
significantly alter the morphology of cell clones during long time culture in
vitro. To investigate whether NLRP7 participates in maintaining DNA
integrity in early human embryonic cells, we performed western blot and
found that the expression of γH2A.X, a DNAdamage marker, was elevated
in the p-NLRP7−/− (Fig. 1B). This was corroborated by immunostaining,
which revealed an increasednumber of γH2A.Xpositive cell in p-NLRP7−/−

(Fig. 1C, D). Further confirmation came from single-cell gel electrophoresis

analysis, showing that the p-NLRP7−/− exhibited more fragmented DNA
and longer comet tails (Fig. 1E, F) compared to theirwild-type counterparts.
These findings demonstrate that NLRP7 knockout leads to severe DNA
damage, indicating that NLRP7 is crucial for maintaining the genome
integrity of p-hESCs.

For proliferating cells, if DNA damage is not repaired in time, it may
cause cell cycle arrest and even induce apoptosis. To this end, we next
examined the effects of NLRP7 deletion on cell cycle and apoptosis. We
found that the proliferation of p-NLRP7−/− cells was not affected by BrdU
labeling (Supplementary Fig. 1B, C), which was confirmed by fluorescence-
activated cell sorting (FACS) analysis (Supplementary Fig. 1D). However, a
significant increase in active caspase 3 was observed (Fig. 1G). These results
indicated that NLRP7 deletion induces apoptosis without impacting cell
proliferation.

NLRP7 knockout accelerates differentiation of p-hESCs into
trophoblasts
NLRP7 dysfunctions can result in HM, an important feature of which is
excessive proliferation of trophoblasts31. Recent studyhas found thatNLRP7
mutation sped up the differentiation of HM patient-derived hiPSC into
trophoblasts29.

Study demonstrated that when hESCs were exposed to bone morpho-
genetic protein-4 (BMP4), these cells tended to differentiate into
trophoblasts32. In addition, hESCs and hiPSCs aremaintainedwith activators
of two signaling pathways: the BMP receptor type-1A (BMPR1A) (ALK3)
pathway viaACTIVINand themitogen-activated protein kinase kinase/ERK
signaling pathway via FGF233. For this reason, improved trophoblasts dif-
ferentiation canbe achievedby the additionofACTIVIN-A/NODAL/TGF-β
signaling inhibitor (A83-01) and FGF2 signaling inhibitor (PD173074), in
addition to BMP4 (referred to as BAP conditions). So we generated tro-
phoblast cells from hESCs using an established protocol of BAP treatment29.
During the differentiation of p-hESCs into trophoblasts, we observed that
BAP-treated p-hESCs began to express the early trophoblast lineage marker
CDX2 On day 2. Notably, p-NLRP7−/− exhibited higher CDX2 levels com-
pared to p-WTcells (Supplementary Fig. 2A, andB). By day 4, the expression
of KRT7 followed similar trends to CDX2 (Supplementary Fig. 2B, and C).
Meanwhile, we also found higher levels of DNA damage in NLRP7−/− tro-
phoblasts, similar top-hESCs. Since extraembryonic cells aremore tolerant to
DNA damage than embryonic cells, we then examined the expression of
Active Caspase 3 and found that NLRP7 knockout did not significantly
increase the apoptosis level in these cells (Supplementary Fig. 2D). These
results suggest that deletion ofNLRP7 accelerate the differentiation of hESCs
into trophoblasts, but has no significant effect on the survival of these cells,
consistent with previous studies29,34.

Deletion ofNLRP7 affects the development of blastoids, which is
related to the increased levels of DNA damage
NLRP7 knockout caused genetic instability in p-hESCs and also accelerated
the differentiationof these cells into trophoblasts. So, does the loss ofNLRP7
in early human embryos have a similar phenotype? To test this question, we
usedblastoids as an in vitromodel for blastocysts, bothofwhichhave similar
molecular and developmental properties. Using the 5i/L/A induced culture
system35 (Fig. 2A), naïve-like cell clones began to appear after 8–10 days,
exhibiting a typical “dome-shaped” morphology and expressing the naïve
pluripotent stem cell-specific marker KLF17, which was rarely expressed in
p-hESCs (Fig. 2B, C). RT-qPCR also confirmed the expression of naïve
pluripotent marker in these naïve hESCs (n-hESCs) (Fig. 2D). We then
analyzed the DNA damage and apoptosis of n-hESCs, finding markedly
increased γH2A.X in n-NLRP7−/− (Fig. 2E, F). Moreover, active caspase
3 staining also revealed elevated apoptosis in n-NLRP7−/− (Fig. 2G, H).
Unexpectedly, we found that NLRP7 knockout affected the long-term cul-
ture of n-hESCs in vitro, making n-NLRP7−/− difficult to maintain after
passage 20, likely due to accumulated DNA damage (Fig. 2I). These results
demonstrated that the knockout of NLRP7 leads to DNA damage and
apoptosis in the n-hESCs, consistent with the observations in p-hESCs.
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Early embryonic cells are hypersensitive to DNA damage, even a small
amount of DNA damage can result in apoptosis in these cells5. So, How
NLRP7 loss affect the formation and development of blastoids? According
to previously reported induction culturemethods36, we obtained blastocyst-
like structures containing inner cell mass (ICM)-like and trophectoderm-
like compartmentswithavisible cavity (Fig. 3A,B). Fromday4onwards, the
cell aggregates began to form cave-like structures, and by day 8 or 9, these
blastoids reached ~250 μm in diameter (Fig. 3B). NLRP7 depletion did not
significantly affect the size of the formedblastoids (Fig. 3C). Next,we set out
to identify the lineage composition of human blastoids through

immunofluorescence analysis. We found that the outer cells (trophecto-
derm-like cells, TLCs) of the blastoids stained positive for trophectoderm
marker GATA3, while OCT4 was highly expressed in ICM-like cells
(Fig. 3D). However, compared to wild type (WT) blastoids, NLRP7−/−

blastoids exhibited relatively small ICM-like structures and fewer OCT4-
positive cells (Fig. 3D, E). More importantly, NLRP7−/− blastoids showed
higher expression levels of γH2A.X (Fig. 4A, B) and active caspase 3
(Fig. 4C, D), indicating higher levels of DNA damage and apoptosis. These
findings are consistent with the results observed in the p-hESCs (Fig. 1C, G)
and n-hESCs (Fig. 2E, G). Thus, the smaller ICM-like cells in NLRP7−/−

Fig. 1 | NLRP7 is required for the maintenance of genomic DNA integrity in
p-hESCs. A KEGG pathway enrichment analysis of genes affected by NLRP7
mutation in hiPSCs. The RNA-seq data was derived from the study of Alici-
Garipcan et al.29.BRepresentative western blot analysis of NLRP7, γH2A.X, PARP1,
PRPF8, THRAP3 and DDX39B in p-WT and p-NLRP7−/−. C Representative
immunofluorescent images of p-WT and p-NLRP7−/− for the DNA damage marker
γH2A.X (green). The nuclei were counterstained with DAPI and are shown in blue.
Increased γH2A.X+ cells are detected in p-NLRP7−/−. Scale bar, 50 μm. BOX, Scale
bar, 10 μm.DQuantification of the γH2A.X foci in the immunofluorescent staining

shown in (C). Non-parametric test.EComet assay reveals severeDNAdamage in the
p-NLRP7−/−. Genomic DNA was stained with DAPI and imaged after single-cell
electrophoresis. More than 200 cells were analyzed in each group. F Quantification
for the length of the tail movement. Data are shown as mean ± SEM. **P < 0.001,
Non-parametric test. G Representative immunofluorescent images of p-WT and
p-NLRP7−/− for the apoptosis marker active caspase 3 (Red). Scale bar, 50 μm. BOX,
Scale bar, 10 μm.HQuantification of theActive Caspase 3 in the immunofluorescent
staining shown in (G). Data are shown as mean ± SEM. Student’s t-test.
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Fig. 2 | NLRP7 knockout causes DNA damage and apoptosis in n-hESCs.
A Schematic of the chemical resetting of p-hESCs to n-hESCs. B Representative
phase-contrast images of resetting n-hESCs cultures. Scale bars, 100 μm.
C Immunostaining of general and naïve pluripotency proteins in p-hESCs and
established resetting n-hESCs. Scale bars, 100 μm. D RT-qPCR analysis of general
and naïve pluripotency markers in resetting n-hESCs. Data are shown as mean ±
SEM. Student’s t-test. E Representative immunofluorescent images of n-WT and
n-NLRP7−/− for the DNA damage marker γH2A.X (red). The nuclei were coun-
terstained with DAPI and are shown in blue. Scale bar, 50 μm. BOX, Scale bar, 5 μm.

FQuantification of the γH2A.X foci in the immunofluorescent staining in (E). Data
are shown as mean ± SEM. Student’s t-test. G Representative immunofluorescent
images of n-WT and n-NLRP7−/− for the Apoptosis marker active caspase 3 (red).
The nuclei were counterstained with DAPI and are shown in blue. Scale bar, 20 μm.
BOX, Scale bar, 5 μm. H Quantification of the Active Caspase 3 in the immuno-
fluorescent staining in (G). Data are shown as mean ± SEM. Student’s t-test.
I Representative phase-contrast images of n-WT and n-NLRP7−/− at P20. Scale
bars, 100 μm.

Fig. 3 | NLRP7 knockout affects human blastoids development. A Schematic of
human blastoids formation from n-hESCs. Pyramid shape, the microwell of
aggrewell 400; Pink cells, primitive endoderm; Green cells, epiblast cells; Naïve
embryonic stem cell medium (5i/L/A), Hypoblast differentiation medium (HDM),
Trophoblast differentiation medium (TDM). B Representative phase-contrast
images of cell aggregates at indicated time points during blastoid formation. Scale
bar, 100 μm.CThe diameter of blastoids derived from n-WT and n-NLRP7−/−. Data
are shown as mean ± SEM. Student’s t-test. D Representative immunofluorescence

co-staining images of WT blastoids and NLRP7−/− blastoids for trophectoderm
marker GATA3 (red) and the epiblast marker OCT4 (green). Scale bars, 100 μm.
E Quantification of the number of OCT4+ and GATA3+ cells in human blastoids
(WT Blastoids, n = 14 biological replicates; NLRP7−/− blastoids, n = 11 biological
replicates). Box plots show median (center line), 25th and 75th percentiles (bottom
and top of the box, respectively), and minimum and maximum values (bottom and
top whisker, respectively). Data are shown as mean ± SEM. Student’s t-test.
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blastoidsmaybe associatedwith increased levels ofDNAdamage, leading to
apoptosis of early embryonic cells. This is in line with the findings inmouse
mosaic embryos37,38.

Because early embryonic cells are highly sensitive toDNAdamage, their
survival can be significantly affected once a large amount of DNA damage
occurs. Therefore, we tested the efficiency of deriving n-hESCs from these
blastoids.Using5i/L/Aconditions,we successfullyderivedn-hESCs fromWT
andNLRP7−/−blastoids (SupplementaryFig. 2E).However, the efficiencywas
significantly lower forNLRP7−/−blastoids (SupplementaryFig. 2F).Together,
these results demonstrated that NLRP7 dysfunction leads to increased DNA
damage and elevated apoptosis levels in early human embryonic cells, ulti-
mately affecting the development and survival of these cells.

NLRP7 interacts with factors related to AS and DDR
To elucidate the molecular mechanism by which NLRP7 dysfunction
promotes DNA damage and apoptosis, we constructed a FLAG-tagged

NLRP7 overexpression cell line (NLRP7 Overexpression, NLRP7-OE).
First, we examined the subcellular localization ofNLRP7 in p-hESCs.Under
normal circumstances, NLRP7 was mainly located in the cytoplasm
(Fig. 5A), consistent with previous reports18,39. Notably, the localization of
NLRP7 did not also change significantly even after treatment with theDNA
damage inducing agents Etoposide (Etop) and Hydroxyurea (HU). How-
ever, NLRP7 hardly co-localized with DNA damagemarker γH2A.X under
either condition, contrary to Rad51 (Fig. 5A). These findings suggest that
NLRP7 is not directly involved in DNA damage repair. Given its primary
cytoplasmic location, NLRP7may regulate the expression of other genes or
the localization of proteins to maintain the genetic stability of early human
embryonic cells.

To further investigate the role of NLRP7 in DDR in hESCs and early
humanembryonic development,we performed immunoprecipitation-mass
spectra (IP-MS)withNLRP7-OE and identified 190 proteins that interacted
withNLRP7 protein (Fig. 5B, E). KEGG analysis demonstrated that NLRP7

Fig. 4 | NLRP7 knockout induces apoptosis of embryonic cells in blastoids.
A Representative immunofluorescent images of wild type and NLRP7 knockout
blastoids at day 3 and day 4 for the DNA damage marker γH2A.X (red) and the
epiblast marker OCT4 (green). The nuclei were counterstained with DAPI and are
shown in blue. Elevated DNA damage is detected in the NLRP7−/− blastoids, and
most of the γH2A.X+ cells co-express OCT4. Scale bar, 100 μm. BQuantification of
the γH2A.X-positive cells in the immunofluorescent staining (WT Blastoids, n = 13
biological replicates; NLRP7−/− blastoids, n = 11 biological replicates) in (A). Box
plots show median (center line), 25th and 75th percentiles (bottom and top of the
box, respectively), and minimum and maximum values (bottom and top whisker,
respectively). Data are shown as mean ± SEM. Student’s t-test. C Representative

immunofluorescent images of wild type and NLRP7 knockout blastoids at day 4 for
the Apoptosis marker active caspase 3 (red) and the epiblast marker OCT4 (green).
The nuclei were counterstained with DAPI and are shown in blue. Elevated apop-
tosis is detected in theNLRP7−/− blastoids, andmost of the active caspase 3+ cells co-
express OCT4. Scale bar, 100 μm. D Quantification of the active caspase 3+ cells in
the immunofluorescent staining (WT Blastoids, n = 11 biological replicates;
NLRP7−/− blastoids, n = 10 biological replicates) in (C). Box plots show median
(center line), 25th and 75th percentiles (bottom and top of the box, respectively), and
minimum and maximum values (bottom and top whisker, respectively). Data are
shown as mean ± SEM. Student’s t-test.
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Fig. 5 | NLRP7 regulates alternative splicing in p-hESCs. A Localization ofNLRP7,
RAD51, and DNA damage marker γH2A.X under different conditions. Scale bar,
50 μm. BOX, Scale bar, 10 μm. B Representative image of silver staining for proteins
immunoprecipitated with NLRP7 using an anti-Flag antibody. The Flag-NLRP7
band is indicatedwith a black triangle.CKEGGanalysis for proteins interactingwith
NLRP7 showed enriched Microbial infection and spliceosome-associated terms.
D GO analysis for proteins interacting with NLRP7 showed enriched RNA

processing-associated terms. E Left: Venn diagram showed overlap between the
proteins that interacted with NLRP7 from this study and another independent
study39. Right: List of proteins in common is given. F GO analysis for proteins in
common showed enriched RNA processing and RNA splicing associated terms.
G–K Co-IP revealed the interaction of NLRP7 with factors related to AS and DDR,
including DDX39B, PRPF8, THRAP3, and PARP1.
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interacting proteins were enriched into biological processes related to
COVID-19 infection, bacterial invasion, and immunity, which was con-
sistent withNLRP7’s known role in immunomodulation. Unexpectedly, we
found that NRLP7 is involved in the formation of spliceosomes (Fig. 5C).
Moreover, Gene Ontology (GO) term analysis revealed that many NLRP7-
interacting proteins were enriched in RNA processing-related processes,
particularly in “RNA splicing”, indicating that NLRP7 plays a role in reg-
ulating mRNA alternative splicing (Fig. 5D). Recent study has shown that
NLRP7 interacted with ubiquitin-specific protease10 (USP10), which cat-
alyzed its deubiquitination in colorectal cancer (CRC)39. KEGG and GO
analysis of Co-immunoprecipitation (Co-IP) data from this study revealed
that NLRP7 was also involved in immunity and RNA splicing (Supple-
mentary Fig. 3A, 3B). By comparing ourCo-IP data with those fromBing Li
et al.39, we identified 25 common interacting proteins, including USP10
(Fig. 5E).KEGGandGOanalysis of these sharedproteins further confirmed
their involvement in RNA splicing, supporting the reliability of ourfindings
(Fig. 5F and Supplementary Fig. 3C).

Considering that NLRP7 is involved in the regulation of RNA splicing,
and its dysfunctions led to the genetic instability of early human embryonic
cells, we then analyzed the interaction between NLRP7 and splice-related
proteins involved in DNA damage repair. Among the 190 interacting
proteins, we identified some factors related to both AS and DDR, such as
DDX39B40, PRPF841, and THRAP342 (Fig. 5G–J). Notably, we also detected
an interaction of NLRP7 with PARP1, a key protein in DNA damage
repair43, indicating that NLRP7 is involved in the DDR of hESCs (Fig. 5K).
Although NLRP7 could interact with these proteins, NLRP7 deletion did
not affect their localization (Supplementary Fig. 4A), nor did it significantly
change their expression (Fig. 1B, Supplementary Fig. 4B), except for upre-
gulation of Cleaved PARP1 (Fig. 1B), whichmay be associatedwith elevated
levels of DNA damage after NLRP7 loss. Taken together, these results
suggested that NLRP7 might not directly participate in DDR, but instead
indirectly affectedDNAdamage repair by regulating RNA splicing through
interactions with other factors.

NLRP7 regulates alternative splicing of HR-related genes
Given NLRP7’s involvement in RNA splicing, we then performed RNA
sequencing on p-WT and p-NLRP7−/− to analyze altered splicing events.
NLRP7 deletion resulted in changes in the expression of more than 700
genes (Supplementary Fig. 3D). GeneOntology (GO) analysis revealed that
NLRP7 knockout led to significant changes in apoptosis, female pregnancy,
and a lot of biological processes involved in immune regulation, consistent
with what NLRP7 is known to do (Fig. 6A). Subsequently, we performed an
alternative splicing analysis. 1162 alternative splicing events were identified
with at least a 10% change in percent spliced in (PSI) (Fig. 6B). GO analysis
revealed that some of these alternatively spliced genes were enriched in the
“HR signaling pathway” (Fig. 6C). We also confirmed the aberrant splicing
of key genes in the pathway, such as RAD51 and BRCA144, through visua-
lization using Sashimi plots (Fig. 6D, E). These findings were further vali-
dated via RT-qPCR assays (Fig. 6F). Our results demonstrate that NLRP7 is
involved in maintaining genetic stability by regulating the AS of HR-
related genes.

In summary, our findings identified NLRP7 as a crucial regulator
linking DNA damage, alternative splicing, and early human embryonic
development. NLRP7 dysfunctions alter the splicing of key HR-related
genes, such as RAD51 and BRCA1, impairing the DNA damage repair
process, and ultimately lead to early embryonic development failure.

Discussion
Early embryonic development failure is mainly associated with chromo-
somal abnormalities2,30.NLRP7mutations can lead to recurrentmiscarriage
or HM21. In this study, we first demonstrated that NLRP7 regulates early
human embryogenesis by maintaining genetic stability. Deletion ofNLRP7
resulted in increased DNA damage in both hESCs and blastoids, leading to
heightened susceptibility of embryonic cells in blastoids to apoptosis, and
consequently fewer ICM-like cells. In addition, the difficulty ofmaintaining

long-term stable passage of n-NLRP7−/− in vitro and the reduced efficiency
of deriving n-hESCs from NLRP7−/− blastoids might also be attributed to
the elevated levels of DNA damage. This may be related to the expression
pattern ofNLRP7, whichdecreased gradually fromoocyte to embryo onday
3 after fertilization but increased significantly by day 520. This expression
pattern corresponds to the embryonic genome activation (EGA) and blas-
tocyst development stage45.A recent studyhas shownthatNLRP7mutations
affect the oocyte quality and cause embryo development arrest. In addition,
this study confirmed that NLRP7 interacts with maternal factors, such as
KHDC3L46, consistentwith previousfindings18. In fact,KHDC3Lmutations
have also been associated with embryo development arrest47 andHM18. Our
previous study has shown that KHDC3L is involved in maintaining the
genetic stability in early humanembryonic cells, and its dysfunction resulted
inDNAdamage and impaired early embryonic development48. Therefore, it
is not difficult to understand that NLRP7 plays a crucial role inmaintaining
genetic stability in early human embryonic cells.

AS is a versatilemechanism to increase the complexity and diversity of
the mammalian transcriptome49. Recent studies have reported that AS is
associated with genetic stability50 and early embryonic development51.
Deletion or dysfunction of AS-related factors can cause DNA damage,
which in turn affects embryonic development52. When exploring the
molecular mechanism by which NLRP7 defects lead to elevated DNA
damage levels, we found that NLRP7 could not only interact with factors
associatedwithASandDDR, includingDDX39B, PRPF8, andTHRAP3but
also with PARP1. Beyond its role in DNA damage repair, PARP1 can also
bind to RNA and splicing factors to regulate AS53. Therefore, these results
suggest that NLRP7 regulates early human embryonic development by
mediating RNA splicing. Furthermore, we discovered that NLRP7 mod-
ulates DDR by influencing the expression of HR-related genes, such as
RAD51 and BRCA1. Aberrant splicing of these genes would result in DNA
damageaccumulationand subsequent apoptosis.However,whetherNLRP7
directly interacts with RNA and functions as an AS factor remains to be
investigated.

In summary, we have firstly demonstrated that NLRP7 plays a crucial
role in maintaining genetic stability by regulating the AS of HR-related
genes. The altered splicing of these genes may impair DNA damage repair,
leading to damage accumulation and inducing apoptosis in both hESCs and
blastoids, and ultimately resulting in the developmental failure of early
human embryos.

Methods
Ethics statement
All human ESCs and blastoid experiments were performed at the Center of
Tissue Engineering and Stem Cells of Guizhou Medical University and
followed the 2016 and 2021Guidelines released by the International Society
for Stem Cell Research (ISSCR). Human ESCs and blastoids work was
reviewed and approved by the Ethics Committee of Guizhou Medical
University. This work did not exceed a developmental stage normally
associated with 14 consecutive days in the culture of blastoids as far as
human embryo models are concerned.

Cell lines
TheH9 hESCswere provided byDr. Tianqing Li fromKunmingUniversity
of Science and Technology. All cell culture experiments involving hESCs
were approved by the Stem Cell Oversight Committee at the Guizhou
Medical University and carried out in accordance with the approved
guidelines. The 293T cells used in this study were purchased from the cell
bank of Kunming Institute of Zoology, Chinese Academy of Sciences. The
mouse embryonic fibroblasts (MEFs) were purchased from Millipore
(PMEF-CFL).

p-hESCs culture and differentiation
p-hESCs were maintained on 1:30 diluted hESC-qualified Matrigel (Corn-
ing, 354277) with DMEM/F-12 (Gibco, C11330500CP) coated plates and
cultured in mTeSR1 medium (STEMCELL Technologies) in a humidified
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incubator under 5% CO2 at 37 °C. Cells were regularly passaged when they
reached 80–90% confluency with TrypLE Express (Gibco, 12605010),
usually 3–4 days at a ratio of 1:8–1:10. When passaged, the p-hESCs were
washed by PBS twice, then followed by digesting with TrypLE Express for
5min to dissociate the clones into single cells. Cells were seeded onto
Matrigel-coated surfaces in mTeSR1 supplemented with 10mM Y-27632
(SELLECK, S1049). For regular maintenance, cells were cultured in 35mm
cell culture dishes, and the medium was changed every day.

For trophoblast differentiation, the day after passaging onto Matrigel-
coated dishes at 1.2 × 104 cells/cm2, the culture medium was changed to
DMEM/F12 medium (Gibco, C11330500CP) with KnockOut SR (Gibco,
10828010) that had been conditioned by MEFs and supplemented with
10 ng/ml FGF2. On the next day, the medium was changed to 10 ng/ml
BMP4 (Peprotech, 120-05), 1 μM A83-01 (SELLECK, S7692), and the
0.1 μM PD173074 (SELLECK, S1264) containing (BAP) DMEM/F12/
KOSR medium not conditioned with MEF feeder cells. Control cultures
were maintained in a conditioned medium containing 10 ng/ml FGF2.

Culture of naïve hESCs (n-hESCs)
n-hESCs were converted from the corresponding p-hESCs. n-hESCs
were cultured in 5i/L/A medium containing 1:1 of DMEM/F-12 and Neu-
robasal (Gibco, 21103049), 1% N2 supplement (Gibco,17502048), 2%
B27 supplement (Gibco, 17504044), 0.5% KnockOut SR, 1mMGlutaMAX
(Gibco, 35050061), 1%MEMnon-essential amino acids (Gibco, 11140050),
1% penicillinstreptomycin (Gibco, 10378016), 0.1mM 2-mercaptoethanol
(Sigma,M3148), 50 μg/ml bovine serum albumin (BSA, Sigma, B2064), and
the following small molecules and cytokines: 1 μM PD0325901 (Selleck,
S1036), 1 μM CHIR99021 (Selleck, S2924), 0.5 μM SB590885 (Selleck,
S2220), 1 μMWH-4-023 (Selleck, S7565), 10 μMY-27632 (Selleck, S1049),
20 ng/ml recombinant human LIF (Peprotech, 300-05), 20 ng/ml Activin A
(Peprotech, 120-14 P), 8 ng/ml FGF2 (Millipore, GF003). n-hESCs were
cultured on Mitomycin C (Sigma, M0503) inactivated mouse embryonic
fibroblasts (MEFs) feeders with daily refreshed medium under 20%O2 and
5%CO2at 37 °CandpassagedwithTryPLEexpress. n-hESCswerepassaged
every 4–5 days at a ratio of 1:6.

Culture of 293T cells
293T cells were cultured in DMEM medium [DMEM (Gibco) supple-
mented with 10% FBS (Gibco), 1X GlutaMAX (Gibco), and 1%
penicillin–streptomycin (Gibco)]. When confluency reached 80–90%, cell
mediumwas aspiratedand1ml 0.1% trypsin–EDTAwas added to eachwell
of six-well plates. Due to the poor adherence of 293T cells, they easily fall off
from the bottom of the surfaces. Therefore, in order to increase its adherent
ability, cell culture plates could be coated with 0.1% gelatin for 30min at
room temperature. 293T cells were passaged every 3 days at a ratio
of 1∶6–1∶9.

Generation of human blastoids in AggreWell
Because the quality of n-hESCs is crucial for the formation of Blastoids.
Therefore,weperformedan invitro inductioncultureofblastoidsusing stable
n-hESCsat an earlypassage (nomore than20passages). For the generationof
human blastoids, 70–80% confluent n- hESCs were dissociated into single
cells by incubation with TrypLE Express at 37 °C for 5min. Cells were col-
lected and resuspended in 5i/L/A medium after centrifugation at 200×g for
3min.After centrifugation, the cell pellet was resuspended in 5i/L/Amedium

and then transferred onto the gelatin-coated plate and incubated at 37 °C for
one hour to remove MEFs. After feeder cell adhesion, The supernatant
containing n-hESCs was collected and passed through a 40 μm cell strainer,
and the cell numberwas determined using Trypan Blue staining to assess cell
viability. Approximately 3 × 104 cells (around 25 cells per microwell) were
resuspended in 1ml of 5i/L/A medium and seeded into one well of an
AggreWell 400 24-well plate (Stemcell, 34411) pretreated with anti-
adherence rinsing solution (Stem Cell Technologies, 07010) according to
the instructions, and then cultured under 20% O2 and 5% CO2 at 37 °C.
Aggregates formed the other day, and the medium was replaced every day.
Usually, spontaneous cavitation took place gradually from day 3.

Derivation of n-hESCs from human blastoids
Thepreviouslydescribedprotocols toderiveandculturen-hESCsandhuman
TSCs were used36. In brief, individual human blastoids were transferred onto
MEFs and cultured in a 5i/L/Amedium.Within 4–5 days, outgrowths could
beobserved.OutgrowthsweredissociatedwithTrypLEExpress andpassaged
onto newly preparedMEF plates. Individual colonies were manually picked,
dissociated, and cultured in their corresponding media.

Generation of stable cell lines
The lentivirus technology was used for the expression of specific genes. In
brief, HEK293T cells were transfected by means of Lipofectamine 2000
(Invitrogen) with pSPAX2, pMD2.G, and p-TOMO containing human
NLRP7 CDS. Viral supernatants were collected 72 h after transfection and
were concentrated using ultrafiltration membranes (Millipore, UFC9100).
Then, p-hESCs were infected with a concentrated virus in the presence of
polybrene (10 μg/ml). About 2–3 weeks, Single-cell clones of p-hESCs that
had been stably transfected with p-TOMO expressing NLRP7 were picked
manually.

Plasmid construction
Cas9 expression plasmid pSpCas9(BB)-2A-Puro (PX459)V2.0 (#62988)was
purchased fromAddgene, Inc. The design (http://tools.genome-engineering.
org) and construction of sgRNAs were performed according to previous
experimental methods. The brief process is as follows: To knock out the
NLRP7 gene in p-hESCs, we designed two sgRNAs specifically targeting the
second exon of the gene, sgRNA1 (TTCTGTAGCACGTCTTCGA) and
sgRNA2 (TGCAGAGTCCACTCTAGCT). Then, these sgRNAs were liga-
ted into the Cas9 expression plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0,
respectively, and validated using Sanger sequencing.

Transfection and antibiotic selection
The sgRNAs and Cas9 co-expression plasmid pSpCas9(BB)-2A-Puro
(PX459) V2.0 were introduced into p-hESCs using Lipofectamine™ Stem
Reagent. The specific process is carried out according to the instruction
manual. Briefly, 30–40% confluent p-hESCs in a 35mm cell culture dish
were transfected by using Lipofectamine™ Stem Reagent mixed with 2 μg
plasmids (pSpCas9(BB)-2A-Puro (PX459) V2.0) which contain targeted
sgRNAs. In order to improve cell survival efficiency, Prior to transfection,
pre-treat the p-hESCs cultures with ROCK inhibitor Y-27632 at a final
concentration of 10 µM in mTeSR1 for 2–6 h. 3–4 days after transfection,
the cells could be screened for 3–5 days by 1 μg/ml puromycin. About
2–3 days after Puromycin was removed, the cells were digested for passage
when the confluency reached 70–80%.

Fig. 6 | NLRP7 is required for the RNA splicing of genes involved in homologous
recombination. A GO enrichment analysis showing biological processes (BPs),
cellular components (CCs), and molecular functions (MFs) affected by NLRP7 loss
in hESCs. B The number of changed alternatively spliced events after NLRP7
knockout in p-hESCs. We placed splicing events into groups according to rMATS:
(1) alternative 3ʹSS (A3SS), (2) alternative 5ʹSS (A5SS), (3) mutually exclusive exons
(MXE), (4) retained intron (RI), and (5) skipped exon (SE). The cumulative number
of events in each cell group with an inclusion level difference (ILD) > 0.1 or <−0.1

and a false discovery rate (FDR) < 0.05 are shown. C KEGG pathway enrichment
analysis of all genes whose AS were affected by NLRP7 knockout in p-hESCs. The
number of genes indicated by circle sizes and adjusted p values indicated by red to
blue colors.D Representative Sashimi plot showing the increased SEs of the RAD51
and BRCA1 genes in p-NLRP7−/− compared with p-WT. E Calculated PSI value of
the alternatively spliced genes associated with HR in both p-WT and p-NLRP7−/−.
Data are shown as mean ± SEM. Student’s t-test. F RT-qPCR confirms the altered
splicing of HR-associated genes in (E).
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Screening of gene knockout cells
For passage of Puromycin screened cells, the cell density was adjusted to
5 × 104/ml using medium after digested into single cells by using TrypLE
Express or Trypsin–EDTA, and then 2ml of fresh medium was added to a
35-mm cell culture dish, followed by 10 μl of cell suspension (500 cells). In
order to improve cell survival, Rock inhibitor Y-27632 was added to a final
concentration of 10 μM.After 24 h, the cells were carefully observed under a
microscope to ensure that individual cells were scattered and kept at a
sufficient distance from each other. If two cells were gathered together, one
of themwere removedwith 10 μl pipettes. After about 10–14days, the single
cells could grow into clones. Then, some of the cells in these clones could be
harvested for PCR and Sanger sequence, and the remaining cells could be
used for passage and subsequent expansion experiments.

Genotyping PCR
Clone clumps were directly added into 20 μl PCR mixture. After PCR,
loading 5 µl of PCR products into the wells of a 1.5% (wt/vol) agarose gel,
and run the gel at 120 V for 30min. Staining the gel with ethidium bromide
(EB) solution for 3–5min, and then visualizing the DNA band by using the
BIO-RADGelDocXR, and finally confirming single-band amplifications of
PCR fragments based on the predicted size. Primer sequences are listed in
Supplementary Table 1.

RT-qPCR analysis
Total RNAs were extracted using the RNAsimple Total RNA Kit (TIAN-
GEN, 4992858). cDNA was synthesized using PrimeScriptRT reagent Kit
(Takara, RR037A), and then amplified with SYBR green master mix
(Takara, RR820B) by specific primers. GAPDH was used as an internal
control, and signals in each sample were normalized against it. Primer
sequences are listed in Supplementary Table 1.

Immunoblotting
Cells were lysed with RIPA lysis buffer (Beyotime, P0013B) with proteinase
inhibitor cocktail (Beyotime, P1010) and Phosphatase inhibitor cocktail
(Beyotime, P1086) for 20min in ice and centrifuged at 10,000×g at 4 °C for
10min. Supernatants were collected andmixedwith 5×SDS–PAGE loading
buffer (250mM Tris–Hcl [pH 6.8], 10% SDS, 0.5% BPB, 50% glycerinum,
5% β-mercaptoethanol) and heated to 100 °C for 10min. After electro-
phoresis, protein samples were transferred to the PVDF membrane, which
was blocked with a blocking reagent (Roche, 11096176001) for 60min
followed by incubation with primary antibodies and second antibodies,
respectively. Images were captured using a Protein Simple FluorChem
system. Each experiment was carried out in triplicate, and a representative
blot is shown unless otherwise stated.

Immunoprecipitation
p-hESCs (1 × 107 cells) were harvested and lysed in 500 μL mild RIPA lysis
buffer (Beyotime,P0013D)with aproteinase inhibitor cocktail for 1 hon ice.
After centrifuging at 10,000×g at 4 °C for 10min, The cell lysates were pre-
clear with Protein A/GMagnetic Beads (Thermo Fisher Scientific, 10015D)
at 4 °C for 2 h, then the supernatants were collected and incubated with the
sameProteinA/GMagnetic Beads andprimary antibodies at 4 °Covernight
according to the manufacturers’ protocol. After immunoprecipitation,
proteins were fractionated by SDS–PAGE gel followed by immunoblotting
analysis. The primary antibodies used were the following: GAPDH (Pro-
teintech, 60004-1-Ig), PRPF8 (Proteintech, 11171-1-AP), THRAP3 (Pro-
teintech, 19744-1-AP), DDX39B (Proteintech, 14798-1-AP), and PARP1
(Proteintech, 13371-1-AP).

Mass spectrometry analysis
Similar to the IP assay, cellular protein extracts from hESCs (H9) were
incubated with anti-Flag-NLRP7 followed by protein A/G magnetic beads.
Recovered proteins associatedwith Flag-NLRP7 or IgGwere resolved by gel
electrophoresis. The bands specifically bound to Flag-NLRP7 were excised,
and proteomics screening was accomplished bymass spectrometry analysis

on a MALDI-TOF-MS instrument (Bruker Daltonics). The mass spectro-
metry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier
PXD059649.

Immunofluorescent staining
Cells are cultured on coverslips until approximately 70–80% confluency.
After fixing with 4% (w/v) paraformaldehyde (PFA) for 15min at room
temperature (2 h for blastoids), samples (including: two-dimensional-
cultured cells, human blastoids) were permeabilized for 10min (2 h for
blastoids) with 0.2% TritonX-100 in PBS and blocked for 60min or over-
night at 4 °C with 1% bovine serum albumin (BSA). Primary antibodies
diluted in blocking buffer were applied to samples and incubated overnight
at 4 °C. Sampleswere washed three times with PBS containing 0.1%Tween-
20 (PBS-T), followedby incubationwithfluorescently conjugated secondary
antibodies diluted in a blocking buffer for 2 h at room temperature. Samples
were washed three timeswith PBS-T. Finally, cells were counterstainedwith
300 nM 4′,6-diamidino-2-phenylindole (DAPI) solution at room tem-
perature for 10min. Imageswere then captured usingNikon-AXR confocal
microscope. The primary antibodies and appropriate fluorohore-
conjugated secondary antibodies used in this study are as follows: OCT4
(Santa Cruz, sc-5279), NANOG (Thermo Fisher Scientific, PA1-097X),
NLRP7 (Abcam, ab105405), KLF17 (ATLASANTIBODIES, HPA024629),
CDX2 (Abcam, ab76541), GATA3 (Abcam, ab199428), KRT7 (Abcam,
ab68459), HLA-G (Santa Cruz, sc-21799), BrdU (BD Biosciences, 347580),
γH2A.X (Cell Signaling Technology, 9718S), γH2A.X (abmart, M63324),
Active-Caspase 3 (Cell Signaling Technology, 9661S), Rad51 (Abcam,
ab133534), Flag (Proteintech, 66008-4-Ig), Flag (abmart, M20008S),
DDX39B (Proteintech, 14798-1-AP), THRAP3 (Proteintech, 19744-1-AP),
PRPF8 (Proteintech, 11171-1-AP), PARP1 (Proteintech, 66520-1-Ig),
GAPDH(Proteintech, 60004-1-Ig),Goat anti-Mouse IgG (H+ L) (Thermo
Fisher Scientific, A-11001), and Goat anti-Rabbit IgG (H+ L) (Thermo
Fisher Scientific, A-11012).

Neutral comet assay
Briefly, glass slides were dipped into melted 0.8% agarose for 5 s and air
dried. Single P-hESCs were resuspended in ice-cold PBS (Ca2+ and Mg2+

free) in a concentration of 1 × 106 cells/mL. Cells (10 μL) were added into
70 μL 0.8% melted low-melting-point (LMP, Sangon Biotech, A600015-
0025) agarose kept at 37 °C. The cell-agarose suspension was immediately
pipetted and evenly spread on the prepared slides, covered by a coverslip.
Slides were then kept at 4 °C for 10min and immersed in neutral lysis
solution (2.5M NaCl, 100mM Na2EDTA, 10mM Tris, 1% N-laur-
oylsarcosine, 1% TritonX-100 [pH 9.5]) for 60min at room temperature
without a coverslip. Slides were washed and incubated in cold neutral
electrophoresis buffer (300mM sodium acetate, 100mMTris [pH 8.3]) for
30min. Electrophoresis was carried out at 1 V/cm, 80mA for 30min.

After electrophoresis, the slides were washed, fixed with anhydrous
ethanol, and air-dried. DNA was stained with 1 μg/mL DAPI (Invitrogen,
D1306) for 30min at room temperature. After washing with water three
times, images were immediately analyzed using a Leica digital camera.
Cometswere analyzed by image J. A total of 200 cells were counted per slide.

RNA-sequencing analysis
Total RNAs were extracted from hESCs using TRIzol Reagent (Invitrogen,
cat. no. 15596026) according to themanufacturer’s protocol.DNAdigestion
was carried out after RNA extraction by DNaseI. RNA quality was deter-
mined by examining A260/A280 with NanodropTM One Cspec-
trophotometer (ThermoFisher Scientific). RNA Integrity was confirmed by
1.5% agarose gel electrophoresis. Qualified RNAs were finally quantified by
Qubit3.0 with a QubitTM RNA Broad Range Assay kit (Life Technologies,
Q10210).

2 μg total RNAs were used for stranded RNA sequencing library pre-
paration using KC-DigitalTM Stranded mRNA Library Prep Kit for Illu-
mina® (Catalog no. DR08502,Wuhan Seqhealth Co., Ltd. China) following
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the manufacturer’s instruction. The kit eliminates duplication bias in PCR
and sequencing steps by using a unique molecular identifier (UMI) of 8
random bases to label the pre-amplified cDNA molecules. The library
products corresponding to 200–500 bps were enriched, quantified, and
finally sequenced on DNBSEQ-T7 sequencer (MGI Tech Co., Ltd. China)
with PE150 model.

Raw sequencing data was first filtered by Trimmomatic (version 0.36),
low-quality reads were discarded, and the reads contaminated with adaptor
sequences were trimmed. Clean Reads were further treated with in-house
scripts to eliminate duplication bias introduced in library preparation and
sequencing. In brief, clean reads were first clustered according to the UMI
sequences, in which reads with the same UMI sequence were grouped into
the same cluster. Reads in the same cluster were compared to each other by
pairwise alignment, and then reads with sequence identity over 95% were
extracted to a new sub-cluster. After all sub-clusters were generated, mul-
tiple sequence alignment was performed to get one consensus sequence for
each sub-clusters.After these steps, any errors andbiases introducedbyPCR
amplification or sequencing were eliminated.

FACS analysis of the cell cycle
For analysis of cell-cycle distribution, cells were collected 48 h after splitting
andwerefixed in cold 70% ethanol (−20 °C).Afterfixation at 4 °C for at least
24 h, cells were stained with propidium iodide, and at least 10,000 cells were
analyzed by FACS. Data subsequently were analyzed with FlowJo software.

Statistics and reproducibility
All the statistical data are presented as the mean ± SEM unless indicated
otherwise. Each test was repeated at least three times, and the results were
analyzed by GraphPad Prism 5 software. Statistical analysis was performed
using Student’s t-test. p values < 0.05 were considered statistically sig-
nificant. All the experiments were conducted at least three times unless
indicated otherwise.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All of the RNA-seq data from this study can be accessed with the Gene
Expression Omnibus (GEO) code GSE281755, and the Mass spectrometry
raw data in this publication are available with the PRIDE code PXD059649.
The supplementary Data file includes the source data corresponding to the
graphs presented in the main figures and supplemental figures. Uncropped
and uneditedWestern blots are provided in Supplementary Fig. 5. The data
that support the findings of this study are available from the corresponding
author upon reasonable request.
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