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Null mutations of spliceosome components or cofactors are homozygous lethal in eukar-
yotes, but viable hypomorphic mutations provide an opportunity to understand the
physiological impact of individual splicing proteins. We describe a viable missense allele
(F181I) of Rnps1 encoding an essential regulator of splicing and nonsense-mediated
decay (NMD), identified in a mouse genetic screen for altered immune cell development.
Homozygous mice displayed a stem cell–intrinsic defect in hematopoiesis of all lineages
due to excessive apoptosis induced by tumor necrosis factor (TNF)–dependent death
signaling. Numerous transcript splice variants containing retained introns and skipped
exons were detected at elevated frequencies in Rnps1F181I/F181I splenic CD8+ T cells and
hematopoietic stem cells (HSCs), but NMD appeared normal. Strikingly, Tnf knockout
rescued all hematopoietic cells to normal or near-normal levels in Rnps1F181I/F181I mice
and dramatically reduced intron retention in Rnps1F181I/F181I CD8+ T cells and
HSCs. Thus, RNPS1 is necessary for accurate splicing, without which disinhibited TNF
signaling triggers hematopoietic cell death.
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Messenger RNA (mRNA) splicing, both constitutive and alternative, is necessary for the
expression of the vast majority of human proteins. Splicing is carried out by the spliceosome
ribonucleoprotein complex, consisting of five small nuclear ribonucleoproteins (snRNPs),
in a regulated process involving dozens of accessory proteins that modulate spliceosome
assembly, 50 and 30 splice site selection and pairing, and stabilization of snRNPs at multiple
stages of the splicing reaction (1, 2). RNA-binding protein with serine-rich domain 1
(RNPS1) is a splicing regulator initially described as a general activator that promotes splic-
ing of model transcripts in splicing reactions in vitro (3, 4). On the other hand, RNPS1
forms a complex with apoptotic chromatin condensation inducer 1 (ACINUS) and Sin3-
associated polypeptide 18 (SAP18), called the apoptosis and splicing-associated protein
(ASAP) complex, which inhibits splicing in vitro and promotes apoptosis when the complex
is microinjected into HeLa cells, in particular when the complex contains the long isoform
of ACINUS (5–9). By association with ASAP or an alternative complex called PSAP (con-
taining Pinin [PNN] rather than ACINUS) and the exon junction complex (EJC), RNPS1
suppresses aberrant usage of cryptic 50 splice sites (6, 9, 10). RNPS1 also suppresses errors
in pre-mRNA splicing (11). RNPS1 was also reported to interact with the EJC and to
recruit the UP-Frameshift (UPF) complex to the EJC upon identification of premature ter-
mination codons (PTCs) to initiate nonsense-mediated decay (NMD) (12, 13). These find-
ings established the capabilities of RNPS1 for RNA processing and surveillance, but how
these functions are utilized in vivo and their physiological importance are unknown.
We identified Rnps1 in a forward genetic screen for alterations of the relative propor-

tions of immune cells in the peripheral blood of N-ethyl-N-nitrosourea (ENU)-mutagen-
ized mice. Although null mutations of Rnps1 were homozygous lethal, an ENU-induced
missense allele was viable and caused an immunological phenotype in which development
of all hematopoietic lineages was impaired. Here, we describe the immune phenotypes of
Rnps1 mutant mice; the effects of RNPS1 deficiency on the transcriptome and proteome
and on splicing; and the surprising discovery that excessive tumor necrosis factor (TNF),
a key inflammatory cytokine, is largely responsible for the splicing defects and ensuing
hematopoietic cell death in homozygous Rnps1 mutants.

Results

Unbalanced, aViableHypomorphicAlleleofRnps1CausingSkewingof theCD4:CD8TCell Ratio.
Using flow cytometric analysis of peripheral blood, we screened 145,553 third-generation
(G3) mice derived from 4,145 pedigrees bearing 226,041 nonsynonymous mutations
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within coding regions or splice junctions of 21,118 genes. Over-
all, we tested 52.4% of all protein-encoding genes in the genome,
wherein one or more truly damaging or destructive variant alleles
(14) were examined for phenotypic effects three times or more in
the homozygous state. Several mice from a single pedigree
showed an increased ratio of CD4+ to CD8+ T cells in the blood
(Fig. 1 A and B). This recessive phenotype, named unbalanced,
mapped to a plus-sense T to A transversion at chromosome
17:24422168 in the coding region of Rnps1 (Fig. 1A). The point
mutation caused a phenylalanine to isoleucine substitution at
position 181 of the encoded protein, located in the RNA recogni-
tion motif (Fig. 1C ). RNPS1 orthologs from humans, mice, and
cattle share 100% amino acid sequence identity (SI Appendix,
Fig. S1), and the F181 residue is conserved in all species we
examined, including representative vertebrates, invertebrates, and
Schizosaccharomyces pombe (SI Appendix, Fig. S1). Thus, we con-
sider it likely that RNPS1 has similar functions in all eukaryotes
and that F181 is important for some of these functions.
We attempted to verify the Rnps1 mutation as causative of

the unbalanced phenotype using a CRISPR-Cas9 knockout
strategy. We were unable to obtain any pups homozygous for
Rnps1 null alleles, leading us to conclude that complete ablation
of this gene is lethal prior to weaning age (Table 1). Therefore,
we used CRISPR-Cas9 to engineer a germline replacement of
the T to A point mutation found in unbalanced mice. Mice
homozygous for the CRISPR-Cas9–generated unbalanced allele
(Rnsp1F181I/F181I) showed an increased CD4+ to CD8+ T cell
ratio identical to the mice harboring the original ENU-induced
allele (Fig. 1D). Compound heterozygotes (Rnps1F181I/�) from
crosses of Rnps1F181I/+ and Rnps1+/� mice were also unable to
survive to weaning age (Table 1). Mating Rnps1F181I/+ mice did
not produce the expected Mendelian ratio of Rnps1F181/181

progeny: Rnps1+/+, Rnps1F181I/+, Rnps1F181I/F181I represented

29.7%, 63.1%, and 7.2% of the offspring, respectively (Table 1).
These findings demonstrate that although compatible with
life, homozygosity for the F181I allele of Rnps1 caused reduced
viability. However, RNPS1F181I protein was expressed at normal
levels in all tissues examined from homozygotes (Fig. 1E ).
Rnps1F181I/F181I mice were ∼30% smaller than their wild-type
(WT) littermates (SI Appendix, Fig. S2A), displayed elevated sus-
ceptibility to dextran sodium sulfate–induced colitis (SI Appendix,
Fig. S2B), had no obvious external deformities, and appeared to
live a normal life span.

Pancytopenia and Impaired Hematopoietic Stem Cell (HSC)
Development in Rnps1F181I/F181I Mice. We subjected Rnps1F181I/
F181I mice to the comprehensive immune cell population and
immune function analyses routinely applied to all mutant
strains identified with a flow cytometry phenotype. These
include assays for infection with mouse cytomegalovirus (MCMV)
(Fig. 2 A and B), in vivo natural killer (NK) cell and cytotoxic
T lymphocyte (CTL) cytolytic activity (Fig. 2 C–E ), and
T cell–dependent antibody responses to immunization with alum-
precipitated ovalbumin (alum-OVA) (SI Appendix, Fig. S2M), all
of which were altered in Rnps1F181I/F181I mice. Although we found
that Rnps1F181I/F181I mice also exhibited impaired B cell develop-
ment (SI Appendix, Fig. S2 C–K ) and function (SI Appendix, Fig.
S2L), we focus here on the T cell and HSC phenotypes in
Rnps1F181I/F181I mice, as described below.

Complete blood count testing indicated that Rnps1F181I/F181I

mice were pancytopenic (Fig. 2F ). We therefore tested whether
deficiencies extended to HSC and progenitor cell populations.
We found ∼50% reductions in the frequencies of Lin�c-
kit+Sca-1+ (LSK) cells, which contain HSC, and common lym-
phoid progenitors (CLPs), gated from Lin�c-kitlowSca-1low

cells, in Rnps1F181I/F181I bone marrow relative to WT bone
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Fig. 1. Unbalanced, a viable hypomorphic allele of Rnps1 causing skewing of the CD4:CD8 T cell ratio. (A) Manhattan plot. �Log10 P values plotted versus
the chromosomal positions of mutations identified in the Generation 1 (G1) founder of the affected pedigree. The Insets show representative flow cytometry
plots of CD4+ and CD8+ peripheral blood lymphocytes in WT and unbalanced mice. Numbers adjacent to outlined regions indicate percent cells in each
expressed as mean ± SD (n = 4 ub/ub mice, 27 WT littermates). (B) The ratio of CD4+ and CD8+ peripheral blood T cells from G3 descendants of a single
ENU-mutagenized male mouse, with +/+, +/ub, or ub/ub genotypes for Rnps1 (n = 4 to 27 mice/genotype). (C ) RNPS1 topology. Schematic of RNPS1 domains
and the substitution of phenylalanine to isoleucine at position 181 of total 305 amino acids. Numbers indicate amino acid positions. S domain, serine-rich
(S) domain; RRM, RNA recognition motif; NLS, nuclear localization signal. (D) The ratio of CD4+ and CD8+ peripheral blood T cells from 10-wk-old WT (+/+),
Rnps1F181I/+ (F181I/+), and Rnps1F181I/F181I (F181I/F181I) mice generated by the CRISPR-Cas9 system (n = 10 to 35 mice/genotype). (E ) Immunoblot analysis of
RNPS1 in various tissues from WT (+/+) or Rnps1F181I/F181I (F181I/F181I) mice. BM, bone marrow; MLN, mesenteric lymph node; MW, molecular weight. Data
are representative of one experiment (A, B, D, and E). Data points represent individual mice. Error bars indicate SD. P values were determined by one-way
analysis of variance (ANOVA) with Dunnett’s multiple comparisons (B and D). ***P < 0.001.
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marrow (Fig. 2 G–I and SI Appendix, Fig. S3). Rnps1F181I/F181I

mice had decreased frequencies of multipotent progenitors,
lymphoid-primed multipotent progenitors, common myeloid
progenitors, and megakaryocyte-erythroid progenitors and ele-
vated proportions of short-term HSC and granulocyte-
macrophage progenitors (Fig. 2I and SI Appendix, Fig. S3).
Total numbers per femur of all the populations were dimin-
ished in Rnps1F181I/F181I mice compared to WT littermates
(Fig. 2J ).
To determine whether the hematopoietic defects were intrin-

sic to Rnps1F181I/F181I cells, mixed bone marrow chimeras were
generated by reconstituting lethally irradiated Rag2�/� recipi-
ents with a 1:1 mixture of Rnps1F181I/F181I (CD45.2) HSCs
(Fig. 2K ) or their littermate Rnps1+/+ (CD45.2) HSCs (Fig.
2L) and WT (CD45.1) HSCs (LSK population), sorted from
bone marrow cells (SI Appendix, Fig. S4). At 12 wk after trans-
plant, Rnps1F181I/F181I cells were at a striking disadvantage
compared to WT HSCs in repopulating the peripheral blood
mononuclear cell (PBMC) compartment (CD45.2) (Fig. 2 K
and L). HSCs from Rnps1F181I/F181I donors were unable to
repopulate CD8+ T cells in the peripheral blood of recipients as
efficiently as cells derived from WT donors (Fig. 2M ), resulting
in an elevated CD4+ to CD8+ T cell ratio for Rnps1F181I/F181I

donor-derived T cells (Fig. 2 N and O). These results indicate a
cell-intrinsic defect in Rnps1F181I/F181I HSC impaired early
immune cell development. However, the F181I substitution in
RNPS1 caused no apparent lymphoid and myeloid commit-
ment bias effects.

Impaired T Cell Development and Survival in Rnps1 Mutant
Mice. Reduced frequencies of total T cells and CD8+ T cells
(Fig. 3 A and B) were detected in the blood of Rnps1F181I/F181I

mice compared with WT littermates; the frequency of CD4+ T
cells was similar in Rnps1F181I/F181I and WT mice (SI Appendix,
Fig. S5A). Compared to WT littermates, Rnps1F181I/F181I mice
had reduced splenic CD8+ T cells but similar numbers of splenic
CD4+ T cells (Fig. 3C). These data, together with the findings
from mixed bone marrow transplantation (Fig. 2 M–O), sug-
gested a more pronounced effect of the mutation on CD8+ than
on CD4+ T cells. Thymocyte numbers were reduced (Fig. 3C ),
and their development was abnormal in Rnps1F181I/F181I mice (SI
Appendix, Fig. S5 B–E and Supplementary Text). Rnps1F181I/F181I

thymocytes expressed elevated amounts of CD44, and mature

peripheral CD8+ T cells contained a high frequency of effector
memory T cells, suggesting they were abnormally activated (Fig.
3 D and E). There were no changes in the frequencies of naive,
central memory, or effector memory T cells in the CD4+ T cell
population or in the frequencies of naive or central memory T
cells in the CD8+ T cell population found in the blood of
Rnps1F181I/F181I mice compared to WT littermates. We observed
∼1.5 times more apoptotic Rnps1F181I/F181I thymocytes than WT
thymocytes at all developmental stages and ∼1.8 times more apo-
ptotic CD4+ and CD8+ T cells in the spleens of Rnps1F181I/F181I

mice relative to WT mice, suggesting defective maintenance of
the peripheral T cell pool (Fig. 3F ). Analyses of homeostatic and
antigen-induced T cell proliferation showed that Rnps1F181I/F181I

T cells proliferated normally (Fig. 3 G–N ) but contained a larger
proportion of apoptotic cells relative to WT T cells (SI Appendix,
Fig. S5 F–H and Supplementary Text). These data indicate that
Rnps1F181I/F181I T cells exhibited an intrinsic survival defect under
lymphocyte replete conditions that worsened in response to
homeostatic or antigen-specific expansion signals.

Rnps1F181I/F181I T Cell and HSC Developmental Defects Caused
by Excessive TNF-Induced Death Signaling. Two major molec-
ular pathways mediate apoptosis in immune cells: i) The cell-
extrinsic pathway is initiated upon the binding of death ligands
such as Fas and TNF to death receptors on the cell surface, and
ii) the cell-intrinsic pathway is initiated upon procaspase-9
cleavage and culminates in cleavage of lamin A/C. We exam-
ined these apoptotic pathways in isolated splenic CD8+ T cells.
We found that under baseline (unstimulated) conditions, the
activation of both the extrinsic and the intrinsic apoptotic path-
ways in Rnps1F181I/F181I CD8+ T cells was similar to that
observed in WT cells (Fig. 4A). Activation of the extrinsic apo-
ptotic pathway using Fas ligand (FasL) resulted in similar levels
of caspase cleavage in Rnps1F181I/F181I and WT CD8+ T cells
(Fig. 4A). We also found that mutation of Fas did not rescue
the T cell deficiency in Rnps1F181I/F181I mice (Fig. 4 B and C).
In contrast, stimulation with TNF triggered higher levels of
cleaved caspase-9, cleaved caspase-8, cleaved caspase-7, cleaved
caspase-3, cleaved ACINUS, and cleaved poly (ADP-ribose) poly-
merase 1 (PARP), but not cleaved caspase-6, in Rnps1F181I/F181I

CD8+ T cells compared to WT CD8+ T cells (Fig. 4D). These
effects were not observed in Rnps1F181I/F181I CD4+ T cells (SI
Appendix, Fig. S6).

Table 1. Offspring from crosses of Rnps1 mutant mice

Cross

Offspring

Genotype Number

Frequency, %

PActual Expected

Rnps1+/� × Rnps1+/� +/� 64 66.7 50 1.125 × 10�7

+/+ 32 33.3 25
�/� 0 0 25

Rnps1+/F181I × Rnps1+/F181I F181I/+ 591 63.1 50 7.88 × 10�25

+/+ 278 29.7 25
F181I/F181I 67 7.2 25

Rnps1+/F181I × Rnps1+/� F181I/+ 41 32.0 25 1.46 × 10�9

+/+ 48 37.5 25
+/� 39 30.4 25

F181/� 0 0 25
Rnps1F181I/F181ITnf�/� × Rnps1+/F181ITnf�/� F181I/+;Tnf�/� 51 56.0 50 0.2301

F181I/F181I;Tnf�/� 40 44.0 50

A χ2 test with the appropriate degrees of freedom was used to calculate P values.
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Strikingly, homozygosity for a null allele of Tnf rescued the
reduced numbers of white blood cells (WBCs), lymphocytes,
monocytes, neutrophils, and platelets in Rnps1F181I/F181I mice
to WT levels, with only red blood cells and CD8+ T cells not
recovering fully (Fig. 4 E–M and SI Appendix, Fig. S7A).
Rnps1F181I/F181I;Tnf �/� mice also showed normal CD4:CD8
T cell ratios (Fig. 4K), although the frequency of circulating

CD8+ T cells was slightly reduced compared to that in WT
mice (Fig. 4 L and M ). Moreover, all HSC and progenitor cell
populations were rescued to WT levels in Rnps1F181I/F181I;
Tnf �/� mice (Fig. 4N ). These data suggest that Rnps1F181I/
F181I cells are killed by TNF stimulation, which induces
enhanced activation of the cell-extrinsic apoptosis pathway,
leading to the death of HSCs and T cells.
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Fig. 2. Pancytopenia and impaired HSC development in F181I/F181I mice. (A) Survival curves after MCMV infection (n = 11 or 12 mice per genotype). The
experiment was concluded after 7 d. (B) Viral DNA copies in spleen 5 d after infection with 1.5 × 105 PFUs MCMV Smith strain (n = 5 to 12 mice per geno-
type) Actb, b-actin gene. (C) NK cell cytotoxicity against MHC class I–deficient (b2m�/�) target cells (n = 9 or 10 mice/genotype). (D) Frequency of NK cells in
the peripheral blood from 10-wk-old mice (n = 10 to 17 mice/genotype). (E) Quantitative analysis of the OVA-specific cytotoxic T cell–killing response in litter-
mate mice immunized with alum-OVA (n = 9 to 11 mice/genotype). (F) Complete blood count testing. WBCs, lymphocytes, monocytes, neutrophils, RBCs,
basophils, eosinophils, platelets, hemoglobin, and mean platelet volume (MPV) in 8-wk-old littermates (n = 9 or 10 mice/genotype). (G and H) Representative
flow cytometry plots of Lineage-marker negative (Lin�) populations (G) and CLP (H) from littermates. Numbers adjacent to outlined regions (G and H) indicate
percentage of cells in each expressed as mean ± SD (n = 7 WT mice, 5 F181I/F181I littermates). (I and J) Frequency (I) and numbers ( J ) of HSC and progenitor
populations in the bone marrow of 10-wk-old littermates (n = 5 to 7 mice/genotype). (K and L) Repopulation of total PBMCs 12 wk after the reconstitution of
lethally irradiated Rag2�/� recipients with a 1:1 mixture of F181I/F181I (K) or +/+ (L) HSCs (CD45.2) and congenic WT HSCs (C57BL/6J; CD45.1). (M–O) Repopula-
tion of CD45.2 (+/+ or F181I/F181I) CD8+ T cells (M), CD4+ T cells (N), and ratio of CD4+ and CD8+ T cells (O) in the peripheral blood 12 wk after the reconstitu-
tion of lethally irradiated Rag2�/� recipients with a 1:1 mixture of +/+ or F181I/F181I HSCs (CD45.2) and congenic WT HSCs (C57BL/6J; CD45.1). Donor chime-
rism levels in the peripheral blood were assessed using congenic CD45 markers (n = 5 recipients/group). Data are representative of one experiment
(A–E and K–O) or two independent experiments (F–J). Data points represent individual mice. Error bars indicate SD. P values were determined by Student
t test (B–F and I–O). Survival curve P value (+/+ versus F181I/F181I) in A was calculated by Log-rank (Mantel-Cox) test. Log10 of viral titers in B was used for
P value calculation. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. +/+ indicates WT and F181I/F181I indicates the Rnps1F181I/F181I genotype. LSK,
Lin-c-Kit+ Sca-1+; LK, Lin- c-Kit+ Sca-1�; LT-HSC, long-term hematopoietic stem cell; ST-HSC, short-term hematopoietic stem cell; MPP, multipotent progenitor
cell; LMPP, lymphoid-primed multipotent progenitor; MEP, megakaryocyte–erythroid progenitor; CMP, common myeloid progenitor; GMP, granulocyte-
macrophage progenitor; KloSlo, Lin�c-kitlowSca-1low; IL, interleukin; Max, maximum.
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Mating Rnps1F181I/F181I;Tnf �/� (male) with Rnps1+/F181I;
Tnf �/� (female) mice produced roughly the expected Mende-
lian ratios of progeny with Rnps1+/F181I;Tnf �/� (expected
50%; actual 56%) and Rnps1F181I/F181I;Tnf �/� (expected 50%;
actual 44%) genotypes (Table 1). This finding demonstrates
that a null allele of Tnf rescues the reduced viability caused by
homozygosity for the Rnps1F181I allele.

We detected elevated serum TNF concentrations in
Rnps1F181I/F181I mice compared to WT littermates (Fig. 4O),
and T cell stimulation with phorbol myristate acetate (PMA)/
ionomycin induced TNF expression by approximately twofold
more Rnps1F181I/F181I T cells than WT T cells, while interferon
(IFN)-γ–expressing cells were comparable (Fig. 4 P and Q ).
Lethally irradiated Rag2�/� mice reconstituted with a 1:1
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Fig. 3. Impaired T cell development and survival in F181I/F181I mice. (A and B) Frequency of T cells (A) and CD8+ T cells (B) in the peripheral blood from
10-wk-old mice (n = 10 to 17 mice/genotype). (C) Numbers of each thymocyte or splenic T cell population in 10-wk-old littermates (n = 5 to 7 mice/genotype).
(D) Flow cytometry analysis of CD44 expression on thymic T cells in 10-wk-old littermates (n = 10 to 17 mice/genotype). (E ) Frequency of effector memory
CD8+ T cells in peripheral blood CD8+ T cells from 10-wk-old littermates (n = 9 to 34 mice/genotype). (F ) Annexin V staining of thymocyte subsets and CD4+

or CD8+ T cells in spleen obtained from 10- to 12-wk-old littermates (n = 5 to 11 mice per genotype). (G and H) Impaired homeostatic expansion of F181I/
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adoptively transferred into sublethally irradiated (8.5 Gy) WT hosts. Frequency of proliferated dye-positive T cells (G) and representative flow cytometric his-
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(n = 3 or 4 mice/genotype). (K–N) Impaired antigen-specific expansion of F181I/F181I T cells. A 1:1 mixture of CellTrace Violet–labeled F181I/F181I (CD45.2)
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Fig. 4. F181I/F181I T cell and HSC developmental defects caused by excessive TNF-induced death signaling. (A and D) Immunoblot analysis of caspase processing or
cleavage of ACINUS and PARP in lysates of pooled splenic CD8+ T cells from WT mice or F181I/F181I littermates upon FasL (25 ng/mL; A) or TNF (50 ng/mL; D) stimula-
tion for 4 h or left untreated. Long- (L) and short- (S or S’) isoforms of ACINUS. (B and C ) The ratio of CD4+ and CD8+ T cells (B) and frequency of CD8+ T cells (C) in the
peripheral blood from 10-wk-old mice (n = 3 to 7 mice/genotype). (E–J) Complete blood count testing. WBCs (E), lymphocytes (F), monocytes (G), neutrophils (H ), plate-
lets (I), and RBCs ( J ) in 10-wk-old mice (n = 4 to 8 mice/genotype). (K–M) The ratio of CD4+ and CD8+ T cells (K ) and frequency of CD4+ T cells (L) and CD8+ T cells (M) in
the peripheral blood from 10-wk-old mice (n = 4 to 13 mice/genotype). (N) Quantitative analysis of HSC and progenitor populations in the bone marrow of 10-wk-old
mice (n = 3 to 6 mice/genotype). (O) Serum TNF production in 12- to 14-wk-old mice (n = 3 to 21 mice/genotype). (P and Q) Representative flow cytometry plots (P) and
quantitation (Q) of TNF+ or/and IFN-γ+ splenic T cells from littermate mice in response to brefeldin A (BFA) alone or combined with PMA/ionomycin (Iono) stimulation
in vitro (n = 4 mice/genotype). Numbers adjacent to outlined regions indicate percent cells in each. (R) Serum TNF levels 12 wk after the reconstitution of lethally irradi-
ated Rag2�/� recipients with a 1:1 mixture of Rnps1+/+ or Rnps1F181I/F181I bone marrow (CD45.2) cells and congenic WT bone marrow (C57BL/6J; CD45.1) (n = 6 to 11
recipients/group). (S) Immunoblot analysis of TNF-R2, TNF precursor, TNFRSF8/CD30, A20, phospho-IκBa (p-IκBa), IκBa, BCL-X, and b-actin in lysates of total splenic
CD8+ T cells fromWTmice or F181I/F181I littermates upon TNF (50 ng/mL) stimulation for 4 h or left untreated. Data are from one experiment (A–C, O, R) or are repre-
sentative of two independent experiments (D–N, P, Q, S). Data points represent individual mice. Error bars indicate SD. P values were determined by one-way analysis
of variance (ANOVA) with Dunnett’s multiple comparisons (B, C, E–O) or Student t test (Q and R). *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. +/+ indicates
WT and F181I/F181I indicates the Rnps1F181I/F181I genotype. LSK, Lin- c-Kit+ Sca-1+; LK, Lin- c-Kit+ Sca1-; LT-HSC, long-term hematopoietic stem cell; ST-HSC, short-term
hematopoietic stem cell; MPP, multipotent progenitor cell; LMPP, lymphoid-primedmultipotent progenitor; MEP, megakaryocyte–erythroid progenitor; CMP, common
myeloid progenitor; GMP, granulocyte-macrophage progenitor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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mixture of Rnps1F181I/F181I (CD45.2) and WT (CD45.1) bone
marrow showed an approximately twofold increase in serum
TNF concentration compared to mice reconstituted with a 1:1
mixture of Rnps1+/+ (CD45.2) and WT (CD45.1) bone mar-
row (Fig. 4R). WT CD45.1 bone marrow cells displayed nor-
mal hematopoiesis in the mixed chimeras that received WT
and Rnps1F181I/F181I bone marrow cells (SI Appendix, Fig. S7B),
indicating that the elevated TNF in these mice was by itself
insufficient to significantly impair hematopoiesis. These data
suggest that excess TNF is generated predominantly by
Rnps1F181I/F181I cells of the hematopoietic lineage in vivo and
that autocrine or paracrine TNF stimulation of Rnps1F181I/F181I

cells is responsible for their impaired survival and development.
Notably, except for elevated IFN-a produced in response to
double-stranded DNA (dsDNA) treatment, innate immune
responses to all tested stimuli were normal in Rnps1F181I/F181I

peritoneal macrophages (SI Appendix, Fig. S7C). Similar IFN-a
concentrations were detected in serum from Rnps1F181I/F181I

mice and WT littermates (SI Appendix, Fig. S7D).
In addition to the caspase-mediated apoptosis pathway, TNF

activates a nuclear factor κB (NF-κB)–mediated survival path-
way (15, 16). We examined both death receptor signaling and
NF-κB signaling events in Rnps1F181I/F181I splenic CD8+ T
cells (Fig. 4S). Without stimulation, several TNF and NF-κB
signaling components in Rnps1F181I/F181I CD8+ T cells
appeared to have equivalent expression, with a notable excep-
tion of TNF-R2, which was up-regulated compared to WT
(Fig. 4S). After challenge with TNF, Rnps1F181I/F181I CD8+ T
cells showed increased levels of TNF-R2, TNFRSF8, phospho-
IκBa, phospho-p65, and BCL-XS, but expression comparable to
WT CD8+ T cells of TNF-R1, TRADD, MYD88, and NF-κB2
(Fig. 4S and SI Appendix, Fig. S7E). A20, a negative regulator of
NF-κB signaling and TNF-mediated apoptosis (17), was reduced
in TNF-stimulated Rnps1F181I/F181I T cells compared to WT T
cells (Fig. 4S). As expected, TNF precursor protein was also ele-
vated in Rnps1F181I/F181I CD8+ T cells (Fig. 4S ). Similar pheno-
types were observed in Rnps1 knockout (Rnps1-KO) EL4 cells (a
T cell line) (SI Appendix, Fig. S8 and Supplementary Text).
Collectively, our data indicate that RNPS1 deficiency resulted

in excessive hematopoietic cell–dependent TNF production
and, by virtue of elevated receptor expression, hypersensitivity
to TNF resulting in increased apoptosis and NF-κB signaling.

Elevated Intron Retention and Exon Skipping and Splicing
Alterations Secondary to TNF in Rnps1F181/F181I Cells. We sought
to understand the mechanistic connection between RNPS1, a
known splicing regulator, and TNF, a regulator of inflamma-
tory signaling and apoptosis produced by and acting upon T
cells and innate immune cells (18–20). We examined the inter-
actions between RNPS1WT or RNPS1F181I with components
of the ASAP complex (RNPS1, ACINUS, and SAP18), PSAP
complex, EJC, and NMD complex by coimmunoprecipitation
(Co-IP) from HEK293T cell lysates. The F181I mutation did
not affect complex formation of RNPS1 with UPF2, UPF3a
(NMD complex), EIF4A3, Y14, or MLN51 (EJC) in
HEK293T cells (Fig. 5A). However, the mutation reduced the
interaction of human influenza hemagglutinin (HA)-tagged
RNPS1 with SAP18 and with PNN, although RNPS1F181I and
RNPS1WT immunoprecipitated similar amounts of ACINUS
(Fig. 5A). These findings are consistent with the binding free
energies (ΔGF181I-WT) of the PSAP and ASAP complexes con-
taining either RNPS1F181I or RNPS1WT (SI Appendix, Table
S1), calculated using the molecular mechanics/Poisson-Boltz-
mann surface area (MM/PBSA)-weighted solvent-accessible

surface area (WSAS) based on molecular dynamic (MD)
simulations (Materials and Methods). The MD structure of the
PSAP complex (6) suggested the loss of a stabilizing b-sheet in
the RNPS1F181I-containing structure in comparison to the
RNPS1WT-containing structure (SI Appendix, Fig. S9). The
interaction between RNPS1 and MAGOH (EJC complex) was
also diminished by the RNPS1F181I mutation (Fig. 5A), which
was supported by a ΔGF181I-WT of 31.2 kcal/mol for the
complex of RNPS1+EIF4A3+MAGOH+UPF3B (21) (SI
Appendix, Table S1). We also observed similar subcellular local-
ization of RNPS1WT and RNPS1F181I in HEK293T cells. We
hypothesized that the reduced interaction of RNPS1F181I with
complex constituents may impair the formation and/or func-
tion of the EJC, PSAP, and/or ASAP complexes, resulting in
splicing alterations and subsequent transcript and protein
expression changes. We therefore undertook analyses of the
transcriptome, proteome, and splicing in Rnps1F181I/F181I and
WT CD8+ T cells and HSCs.

By RNA sequencing (RNA-seq) analysis, we identified 267
transcripts that were differentially expressed between
Rnps1F181I/F181I and WT splenic CD8+ T cells, with 90
up-regulated and 177 down-regulated transcripts in Rnps1F181I/
F181I cells (Dataset S1). We used the DAVID Functional Anno-
tation Tool to identify highly represented Gene Ontology
(GO) terms and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways among transcripts with differential expres-
sion. However, no GO terms or signaling pathways were
enriched among up-regulated transcripts (Dataset S1). Enrich-
ment of genes (false discovery rate [FDR] < 0.05) associated
with KEGG pathways “Staphylococcus aureus infection,”
“protein digestion and absorption,” and “fat digestion and
absorption” and with GO term “antigen processing and presen-
tation of exogenous peptide antigen via major histocompatibil-
ity complex (MHC) class II” was found among transcripts
down-regulated in Rnps1F181I/F181I CD8+ T cells (Dataset S1).

We analyzed NMD and splicing in the RNA-seq data from
splenic CD8+ T cells and HSCs isolated from Rnps1F181I/F181I

versus Rnps1+/+ littermates. Analysis of premature stop codons
suggested that NMD was not impaired in Rnps1F181I/F181I cells
(SI Appendix, Fig. S10 A and B and Supplementary Text). A
total of 1,113 splicing variations were detected at significantly
different frequencies in untreated Rnps1F181I/F181I versus
Rnps1+/+ splenic CD8+ T cells (Fig. 5 B and C and Dataset
S4); all analyzed variants were present in both Rnps1F181I/F181I

and Rnps1+/+ cells. Three types of variation were detected:
intron retention (IR; 795 transcripts), exon skipping (ES; 274
transcripts), and cryptic splice (CS) site usage (44 transcripts).
We found that the majority of IR events (750/795; 94.3%) and
ES events (198/274; 72%) occurred more frequently in
Rnps1F181I/F181I splenic CD8+ T cells than in WT cells, while the
majority of CS events were more frequent (38/44; 86.4%) in
Rnps1+/+ splenic CD8+ T cells (Fig. 5 B and C and Dataset S4).
We verified selected splice variants by RT-PCR using RNA from
Rnps1F181I/F181I and Rnps1+/+ splenic CD8+ T cells (SI Appendix,
Fig. S10I and Supplementary Text and Dataset S10).

In HSCs, 396 splicing variations were detected at signifi-
cantly different frequencies in Rnps1F181I/F181I versus Rnps1+/+

HSCs (SI Appendix, Fig. S10 C and D and Dataset S5). Similar
to CD8+ T cells, the majority of IR events (228/296; 77%)
and ES events (63/80; 78.8%) occurred more frequently in
Rnps1F181I/F181I HSCs than in WT cells; in contrast, the major-
ity of CS events were more frequent (17/20; 85%) in Rnps1+/+

HSCs than in Rnps1F181I/F181I cells (SI Appendix, Fig. S10 C
and D and Dataset S5). These data strongly suggest that
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RNPS1F181I supports reduced splicing activity compared to
RNPS1WT.
We also conducted splicing analysis for Rnps1F181I/F181I;

Tnf �/� splenic CD8+ T cells and HSCs, comparing their fre-
quencies of splicing variations with those in Rnps1F181I/
F181I;Tnf +/+ cells and with those in Rnps1F181I/+;Tnf �/� cells;
559 variations were detected at significantly different frequen-
cies in Rnps1F181I/F181I;Tnf �/� versus Rnps1F181I/F181I;Tnf +/+

splenic CD8+ T cells (Fig. 5 D and E and Dataset S6). Nota-
bly, 153 of the 559 splicing variations were also detected in
Rnps1F181I/F181I versus Rnps1+/+ CD8+ T cells; these shared
variations are apparently dependent on TNF expression by
Rnps1F181I/F181I cells. The majority of IR events (337/406;
83%) and ES events (89/137; 65%) occurred more frequently
in Rnps1F181I/F181I;Tnf +/+ splenic CD8+ T cells than in
Rnps1F181I/F181I;Tnf �/� cells (Fig. 5 D and E and Dataset S6).

Similarly, 402 variations were detected at significantly different
frequencies in Rnps1F181I/F181I;Tnf �/� versus Rnps1F181I/F181I;
Tnf +/+ HSCs, and the majority of IR events (238/343; 69%)
occurred more frequently in Rnps1F181I/F181I;Tnf +/+ HSCs
than in Rnps1F181I/F181I;Tnf �/� cells (SI Appendix, Fig. S10 E
and F and Dataset S7). These data indicate that knockout
of TNF reduces the frequency of IR and ES events caused
by homozygosity for Rnps1F181I and strongly suggest that a por-
tion of splicing variations with different frequencies in
Rnps1F181I/F181I versus Rnps1+/+ are secondary to the elevated
TNF produced in Rnps1F181I/F181I mice.

Consistent with this idea, analysis of splicing variations
between Rnps1F181I/F181I;Tnf �/� and Rnps1F181I/+;Tnf �/� cells
revealed only 229 variations for CD8+ T cells (Fig. 5 F and G
and Dataset S8) and 301 variations for HSCs (SI Appendix,
Fig. S10 G and H and Dataset S9). This represents a reduction
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Fig. 5. Magnified IR and ES in primary F181I/F181I CD8+ T cells. (A) HEK293T cells were transfected with FLAG-tagged SAP18, ACINUS, UPF2, UPF3a, PNN,
MAGOH, EIF4A3, Y14, MLN51, or empty vector and HA-tagged WT RNPS1 or RNPS1F181I. Lysates were subsequently immunoprecipitated by using anti-FLAG
M2 agarose and immunoblotted with antibodies against HA or FLAG. Experiments were performed three times. (B, D, and F) Comparative analysis of the fre-
quency of splicing variations in Rnps1F181I/F181I versus Rnps1+/+ splenic CD8+ T cells (B), Rnps1F181I/F181I versus Rnps1F181I/F181I;Tnf�/� splenic CD8+ T cells (D),
and Rnps1F181I/+;Tnf�/� versus Rnps1F181I/F181I;Tnf�/� splenic CD8+ T cells (F ). Each symbol represents one splicing variant in a particular transcript. The fre-
quency of the variant among total sequences containing that junction is plotted (PIR/PSI for CS and IR; 1-PSI for ES). The diagonal line represents equal fre-
quency in the two groups. Only splice variants detected at different frequencies between groups are plotted. (C, E, and G) Quantitative analysis of splicing
events in Rnps1F181I/F181I versus Rnps1+/+ splenic CD8+ T cells (C), Rnps1F181I/F181I versus Rnps1F181I/F181I;Tnf�/� splenic CD8+ T cells (E), and Rnps1F181I/+;Tnf�/�

versus Rnps1F181I/F181I;Tnf�/� splenic CD8+ T cells (G). The experiment was performed one time (n = 2 or 3 mice/genotype). +/+ indicates WT, and F181I/F181I
indicates the Rnps1F181I/F181I genotype. MW, molecular weight; IP, immunoprecipitation; IB, immunoblot.

8 of 12 https://doi.org/10.1073/pnas.2200128119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200128119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200128119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200128119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200128119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200128119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200128119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200128119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200128119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200128119/-/DCSupplemental


of 79.4% from the number of splicing variations with different
frequencies between Rnps1F181I/F181I and Rnps1+/+ CD8+ T cells
and a 24.0% reduction from that number for HSCs. Moreover,
in the Tnf �/� background, frequencies of IR and ES events are
no longer skewed toward the Rnps1F181I/F181I genotype, but
toward the Rnps1F181I/+ genotype (Fig. 5 F and G, and SI
Appendix, Fig. S10 G and H). These findings indicate that TNF
knockout eliminates many of the splicing variation differences
between Rnps1F181I/F181I cells and RNPS1-sufficient cells, particu-
larly the differences in frequencies of IR events. These findings
support the hypothesis that elevated TNF may contribute signifi-
cantly to splicing alterations in Rnps1F181I/F181 cells.

Discussion

We identified a viable hypomorphic allele of mouse Rnps1, per-
mitting an in-depth analysis of the physiological effects of
RNPS1 loss of function in the hematopoietic system.
Rnps1F181I/F181I mice displayed reduced numbers of hematopoi-
etic stem and progenitor cells and pancytopenia in the blood.
These deficits were restricted to Rnps1F181I/F181I cells in mixed
bone marrow chimeras, indicating they were hematopoietic cell
intrinsic. We have investigated the mechanisms by which
RNPS1 loss of function causes HSC and T cell deficiencies,
and our findings highlight the role of chronic, excessive TNF
in these phenotypes.
TNF has been observed to have both stimulatory and suppres-

sive effects on HSC self-renewal and maintenance (22–26). In
2019, a report by Yamashita and Passegu�e (23) helped to explain
these discrepancies by examining the effects on specific HSC and
progenitor subpopulations of direct injection of TNF into mice.
They showed that TNF induced myeloid progenitor apoptosis
while promoting HSC survival and myeloid differentiation
through activation of a strong and specific NF-κB (p65)–depen-
dent gene program (23). Importantly, the effect of TNF in
sustaining HSCs and promoting myeloid differentiation was
eliminated when TNF was supplied chronically rather than tran-
siently; with chronic TNF stimulation, the produced myeloid
cells were killed by apoptosis (23). Our data revealed that dele-
tion of TNF in Rnps1F181I/F181I mice rescued all of the HSC and
progenitor populations and most of the blood cell populations to
normal or near-normal numbers. The findings of Yamashita and
Passegu�e (23) are consistent with our own and support the con-
clusion that constitutive, excessive TNF contributes to the death
of HSCs and progenitor cells in Rnps1F181I/F181I mice. In further
support of this idea, we detected an average of ∼10 pg/mL of sol-
uble TNF in the serum of 12- to 14-wk-old Rnps1F181I/F181I

mice, with concentrations reaching ∼30 pg/mL in some animals,
while TNF was maintained at nearly undetectable levels in the
serum of WT mice. We have not measured TNF concentration
in the bone marrow, where it is typically undetectable (23), but
suspect that its local concentration may be higher there, consider-
ing that Rnps1F181I/F181I hematopoietic cells are a significant
source of TNF.
By examining caspase activation in CD8+ T cells, we discov-

ered that TNF-stimulated apoptosis of Rnps1F181I/F181I CD8+

T cells was caused by hyperactivity of the extrinsic apoptotic
pathway. Moreover, Rnps1F181I/F181I CD8+ T cells expressed
elevated amounts of TNF-R2 protein, suggesting that they may
be hypersensitive to TNF stimulation. Previous publications
have shown that the ASAP complex promotes apoptosis, after
which it is disassembled (5, 6). However, we found that
RNPS1F181I binds poorly to SAP18 compared with RNPS1WT,
suggesting that ASAP complex functions may be compromised

in Rnps1F181I/F181I cells. We observed a slightly elevated level of
BCL-XS in Rnps1F181I/F181I CD8+ T cells after TNF stimula-
tion, consistent with a report that knockdown of RNPS1
increased the transcript level of BCL-XS by more than 10% in
HeLa and HEK293T cells lines and promoted apoptosis (7). It
was also reported that knockdown of RNPS1 promoted alterna-
tive splicing to produce proapoptotic splice variants of numer-
ous transcripts, including Mcl1 and Bcl-2 family proteins Bcl-x
and Bim, which encode mediators of the intrinsic apoptotic
pathway (7, 27–29); this effect was not mediated by the EJC
function of RNPS1, but through RNPS1 interaction with a cis
regulatory sequence distant from the splice site. Our findings
support previous data showing that RNPS1 is an important
regulator of apoptosis, but we demonstrated that cell death
caused by RNPS1 deficiency is induced in a TNF-dependent
manner that activates the extrinsic apoptotic pathway, at least
in CD8+ T cells. The death of HSCs was also TNF dependent.

The F181I mutation of RNPS1 caused changes in splicing
and transcript expression across the genome. Based upon our
examination of the effects of RNPS1F181I on splicing, we con-
clude that WT RNPS1 promotes proper splicing in that RNPS1
deficiency in HSCs or CD8+ T cells led to elevated frequencies
of hundreds of IR and ES events compared to those in WT cells.
Interestingly, the elevated frequencies of most IR and ES events
in Rnps1F181I/F181I CD8+ T cells were reduced to normal levels
by knockout of TNF. We speculate that TNF signaling induces a
transcriptional program requiring the simultaneous up-regulation
of splicing in Rnps1F181I/F181I cells. However, errors in these splic-
ing events accumulated in Rnps1F181I/F181I cells and were detected
as increased IR and ES events. In the absence of TNF, the TNF-
induced transcriptional program is not activated, and IR and ES
events are reduced. Splicing analysis also indicated numerous dif-
ferences in frequencies of IR and ES events between WT CD8+

T cells and Rnps1F181I/F181I;Tnf �/� cells, suggesting that TNF
knockout does not return Rnps1F181I/F181I cells to a WT state.

We do not understand the trigger for TNF production in
Rnps1F181I/F181I cells. No alterations of splicing were detected in
Tnf transcripts nor in Tnfr2, Tnfrsf8, Tnfaip3 (encoding A20), or
Nfkbia (encoding IκBa) transcripts in Rnps1F181I/F181I cells. We
conclude that excessive TNF production and TNF pathway pro-
tein expression observed in Rnps1F181I/F181I mice are not due to
failure in the splicing of Tnf itself or transcripts encoding TNF
signaling pathway proteins. We could identify putative TNF-
independent splicing defects by comparing the splicing analysis of
Rnps1+/+ versus Rnps1F181I/F181I cells with the analysis of
Rnps1F181I/F181I;Tnf �/� versus Rnps1F181I/+;Tnf �/� cells. Tran-
scripts affected in both analyses were candidates whose aberrant
splicing might underlie the up-regulation of TNF in Rnps1F181I/
F181I cells. However, among the 83 candidates identified in this
way, the transcript expression level of only one was also altered
(Plbd1, down-regulated in Rnps1F181I/F181I cells). It remains possi-
ble that an indirect effect of global changes in splicing, transcript,
and protein expression caused by RNPS1 deficiency during the
normal course of hematopoietic development and expansion
results in elevated TNF production.

Another intriguing possibility relates to a reported role for
RNPS1 in suppressing R-loops (30), RNA-DNA hybrids gener-
ated, for example, during transcription. R-loops have been shown
to activate cyclic GMP-AMP synthase (cGAS)-stimulator of
interferon genes (STING)–mediated inflammatory signaling (31,
32). Interestingly, although Rnps1F181I/F181I macrophages showed
normal TNF production in response to ligands for TLR4,
TLR2/1, TLR3, TLR7, and TLR9, elevated IFN-a production
in response to cytosolic dsDNA, a cGAS ligand, was observed in
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Rnps1F181I/F181I macrophages. Therefore, a failure of RNPS1 to
suppress or resolve R-loops may result in constitutive inflamma-
tory signaling and excessive TNF production.
The hematopoietic phenotype of Rnps1F181I/F181I mice bears

some resemblance to myelodysplastic syndrome (MDS), in
which dysplastic HSCs fail to develop into mature blood cells.
Necessary diagnostic criteria for MDS in mice are cytopenia in
at least one lineage (anemia, neutropenia, and thrombocytope-
nia all present in Rnps1F181I/F181I mice) and cytologic or histo-
logic evidence of dysplasia with or without increased numbers
of immature nonlymphoid cells (33) (not examined in
Rnps1F181I/F181I mice). Molecular evidence of a monoclonal cell
population is supportive of MDS (33). Mutations in multiple
general splicing factors (SF3B1, SRSF2, U2AF1, U2AF2, and
ZRSR2) have been linked to MDS (34), and an increase in
R-loops has been proposed as a unifying mechanism for causa-
tion of MDS despite distinct patterns of splicing defects (35,
36). Additionally, elevated levels of TNF have been detected in
bone marrow biopsies, plasma, and serum and in cultured cells
from MDS patients, particularly those with low-risk MDS
(37–41). Future studies should formally exclude or diagnose
MDS in Rnps1F181I/F181I mice. If present in mice, our findings
suggest that RNPS1 mutations may be a previously unappreci-
ated cause of MDS in humans. Overall, our findings illuminate
a link between RNPS1-dependent splicing regulation and
TNF, in which RNPS1 is necessary to limit TNF-dependent
cell death and support hematopoiesis.

Materials and Methods

Sources of mice are provided in SI Appendix, Supplementary Materials and
Methods.

Flow Cytometry. Peripheral blood was collected from G3 mice >6 wk old by
cheek bleeding. The red blood cell (RBC)–depleted samples were stained for 1 h
at 4 °C in 100 lL of a 1:200 mixture of fluorescence-conjugated antibodies to
15 cell surface markers encompassing the major immune lineages (SI Appendix,
Supplementary Materials and Methods). Flow cytometry data were collected on a
BD LSR Fortessa, and the proportions of immune cell populations in each G3
mouse were analyzed with FlowJo software. The resulting screening data were
uploaded to Mutagenetix for automated mapping of causative alleles. Proce-
dures and antibodies for staining B cells, T cells, HSCs, hematopoietic progeni-
tors, and intracytoplasmic cytokines are provided in SI Appendix, Supplementary
Materials and Methods.

HSC Sorting and Bone Marrow Chimeras. For HSC sorting, +/+ (CD45.2),
F181I/F181I (CD45.2), or +/+ (CD45.1) bone marrows were stained with Alexa
Fluor 700 anti-mouse lineage mixture: B220, CD3, CD11b, Ly-6G/6C, and Ter-
119 antibodies (Biolegend, clones 17A2/RB6-8C5/RA3-6B2/Ter-119/M1/70), Ly-
6A/E (Sca-1) (Biolegend, clone D7), and CD117 (c-kit) (Biolegend, clone 2B8)
and then sorted using the fluorescence-activated cell sorter (FACS) Aria II SORP
or FACS Aria Fusion cell sorter (BD Biosciences).

Recipient mice were lethally irradiated with two 7-Gy exposures to
X-irradiation administered 5 h apart. Femurs derived from donor C57BL/6.SJL
(CD45.1) or CRISPR-F181I (CD45.2) homozygotes were flushed with phosphate-
buffered saline (PBS) using a 25G needle. To remove bits of bone, the marrow
was homogenized, and the solution was passed through a sterile 40-μm nylon
cell strainer (BD Biosciences). The volume was brought to 50 mL with medium
and then centrifuged at 700 × g for 5 min at 4 °C. The cells were then resus-
pended in 5 mL of RBC lysis buffer (Sigma-Aldrich) and incubated for 1 to
2 min. The cells were centrifuged at 700 × g for 5 min, and cells were resus-
pended in 1 mL PBS and transferred into 1.5-mL Eppendorf tubes and kept on
ice. A 1:1 mixture of bone marrow cells or purified HSCs from C57BL/6.SJL mice
(CD45.1) and CRISPR-F181I mice (CD45.2) or WT littermates (CD45.2) was trans-
ferred into the indicated recipient mice through retro-orbital injection. For 4 wk
after engraftment, mice were maintained on antibiotics. Twelve weeks after bone

marrow transplantation, peripheral blood was sampled and assessed with flow
cytometry using fluorescence-conjugated antibodies against the CD45 congenic
markers [CD45.1 (Biolegend, cloneA10), CD45.2 (Biolegend, clone 104)].

Detection of Apoptosis. Annexin V labeling and detection were performed
with the fluorescein isothiocyanate–annexin V apoptosis detection Kit I (BD
Biosciences) following the manufacturer’s instructions.

Immunization and Enzyme-Linked Immunosorbent Assay Analysis.

Twelve- to sixteen-week-old mice were intramuscularly immunized with OVA
(200 lg; Invivogen) with alum (20 lg, Invivogen) as adjuvant on day 0 and
intraperitoneally immunized with NP50-AECM-Ficoll (50 μg, Biosearch Technolo-
gies) on day 8 as previously described (42). Blood was collected on day 6 after
NP-Ficoll immunization in minicollect tubes (Mercedes Medical) and centrifuged
at 1,500 × g to separate serum for determination of antigen-specific immuno-
globulin (Ig)G or IgM concentration by enzyme-linked immunosorbent assay
(ELISA) using standard methods (SI Appendix, Supplementary Materials
and Methods).

To detect TNF production, blood from 12- to 14-wk-old Rnps1+/+;Tnf �/�,
Rnps1+/+;Tnf +/+, Rnps1F181I/F181I;Tnf +/+, and Rnps1F181I/F181I;Tnf �/� mice
was collected and centrifuged at 1,500 × g to separate serum. WT or Rnps1-KO
EL4 cells (2 x 104/well) were plated in 96-well plates. Cell media were collected
72 h after plating. Mouse serum or cell media were assayed using TNF mouse
uncoated ELISA kit (Thermo Fisher Scientific) or IFN-a mouse precoated ELISA kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions.

B-cell activating factor (BAFF) concentrations in serum from 6- to 8-wk-old
Rnps1F181I/F181I and WT littermates were analyzed by BAFF ELISA Kit (Thermo
Fisher Scientific).

In Vivo NK Cell and CD8+ T Cell Cytotoxicity Analyses. Cytolytic CD8+

T cell effector function and NK cell–mediated killing were measured by standard
in vivo CTL assay or NK cell killing assay (SI Appendix, Supplementary Materials
and Methods).

MCMV Challenge and Quantification. MCMV (Smith strain) was adminis-
tered by intraperitoneal injection at 105 plaque-forming units (PFUs) per 20 g
body weight as described previously (43). Five days later, ∼30 mg of spleen was
harvested from each mouse. Total genomic DNA (including from mouse host
and MCMV virus) was extracted by incubating the tissues in 200 lL of 1X PCR
Buffer with Nonionic Detergents (PBND) buffer [10 mM Tris�HCl, pH 8.3, 50 mM
KCl, 2.5 mM MgCl2, 0.1 mg/mL gelatin, 0.45% (vol/vol) IGEPAL CA-630, and
0.45% (vol/vol) Tween 20] supplemented with 100 lg/mL proteinase K at 56 °C
overnight. Then, the supernatant DNA was incubated at 95 °C for 15 min to inac-
tivate the proteinase K and then diluted 100× and directly used for quantifica-
tion of the copy number of both mouse genome (represented by mouse gene
Actb) and MCMV genome (represented by MCMV immediate-early gene IE1) by
real-time qPCR. The viral titer was expressed as the copy number ratio of MCMV
genome versus mouse genome (shown in log10). The real-time qPCR primers
are listed in SI Appendix, Table S2.

In Vivo T Cell Proliferation. To detect antigen-specific T cell expansion, splenic
OT-I or OT-II T cells were isolated from Rnps1F181I/F181I or WT littermates using
the EasySep mouse CD8+ (or CD4+) T cell isolation kit (StemCell Technologies)
and stained for 20 min at 37 °C with 5 μM CellTrace Violet dye (Rnps1F181I/F181I

T cells) (Life Technologies) or CellTrace Far Red dye (WT T cells) (Life Technolo-
gies). A 1:1 mix of labeled Rnps1F181I/F181I and WT cells was intravitreally
injected to CD45.1 mice. The next day, 100 lg of OVA in 200 lL of PBS or 200
lL of sterile PBS as a control was intraperitoneally injected into the recipients.
The marked cells were analyzed at 48 h after immunization, using a FACS LSR
(Becton Dickinson). To assess the homeostatic T cell proliferation, splenic pan-T
cells from CD45.1 (WT) or CD45.2 (Rnps1F181I/F181I) mice were isolated by using
the EasySep mouse pan-T cell isolation kit (StemCell Technologies). Pan-T cells
were labeled for 20 min at 37 °C with 5 μM CellTrace Far Red dye (Life Technolo-
gies) and were intravenously injected into irradiated recipients with a 1:1 mix of
CD45.1 and CD45.2 cells. The marked cells were analyzed at day 7 after injection
using annexin V, CD4 (BD Biosciences, clone RM4-5), and CD8a (Biolegend,
clone 53-6.7) staining by a FACS LSR (Becton Dickinson).
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Measurement of Cytokine Production by Peritoneal Macrophages. Four
days after intraperitoneal injection of 2 mL of BBL thioglycollate medium [4%
(wt/vol) brewer’s thioglycollate medium power (BD Biosciences)], thioglycollate-
elicited macrophages were recovered in 5 mL of PBS by peritoneal lavage. Cells
were seeded onto 96-well plates at 1 × 105 cells per well and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS) (Gibco), 1% penicillin/streptomycin (Life Technologies) at 37 °C, and
5% CO2. Macrophages were stimulated for 4 h with Pam3CSK4 (40 ng/mL),
poly(I:C) (20 lg/mL), lipopolysaccharide (LPS) (10 ng/mL), R848 (25 ng/mL)
(all from Enzo Life Science), or CpG (Sigma-Aldrich, 100 lg/mL). dsDNA (IDT,
2 lg/mL) was complexed with Lipofectamine 2000 (Life Technologies) and trans-
fected according to the manufacturer’s instructions. Nigericin (Sigma-Aldrich,
10 lg/mL) stimulation for 1 h was performed after 4-h LPS priming (10 ng/mL).
Cytokine concentrations in the supernatants were measured using ELISA kits for
mouse IFN-a, interleukin-1b, and TNF (eBioscience).

Generation of Rnps1 Knockout EL4 Cells Using the CRISPR-Cas9 System.

To generate Rnps1-KO EL4 cell lines, mouse EL4 cells (T cell line) were trans-
fected with a PX458 plasmid encoding a small base-pairing guide RNA targeting
the genomic locus of mouse Rnps1 (50-caggaagctccagcacgtcc-30) and green fluo-
rescent protein (GFP). Forty-eight hours after transfection, GFP+ cells were sorted
by flow cytometry, and single colonies were selected by a limiting dilution assay.
The single colonies were screened and confirmed by immunoblotting using an
RNPS1 antibody (GeneTex, GTX129789).

Plasmids. WT or F181I mouse RNPS1 (NM_009070) was tagged with an
N-terminal HA epitope in pCMV6 vector. Amino acids 255 to 581 of mouse ACI-
NUS (NM_019567) and full-length mouse SAP18 (NM_009119), UPF2
(NM_001081132), UPF3A (NM_025924), PNN (NM_008891), MAGOH
(NM_001282737), EIF4A3 (NM_138669), Y14 (NM_001039518), and MLN51
(NM_138660) were cloned into pCDNA6 vector with a FLAG epitope. Plasmids
were sequenced to confirm the absence of undesirable mutations.

In Vitro Stimulation of T Cells. Splenic CD8+ T cells were negatively enriched
using the EasySep Mouse CD8+ T Cell Isolation Kit (StemCell Technologies). For
the in vitro stimulation assay, 3 × 106 CD8+ T cells were treated for 4 h at 37 °C
with either vehicle (sterile PBS), recombinant mouse TNF (50 ng/mL) (ENZO Life
Sciences), or FasL (25 ng/mL) (R&D Systems). Rnps1+/+ or Rnps1-KO EL4 T cells
(1 × 106/well) were treated with vehicle (sterile PBS), recombinant mouse TNF
(50 ng/mL) for 4 h, or 100 ng/mL mouse TNF neutralizing rabbit antibody (CST,
clone D2H4) for 72 h. Then, the cells were washed twice in sterile PBS to remove
residual proteins in the culture media. Proteins levels were measured
using immunoblot.

Cell Culture, Transfection, Co-IP, and Immunoblotting. HEK293T cells
were grown at 37 °C in DMEM (Life Technologies) supplemented with 10% (vol/
vol) FBS (Gibco) and 1% penicillin-streptomycin (Life Technologies) in 5% CO2.
Transfection of plasmids was carried out using Lipofectamine 2000 (Life Technol-
ogies) according to the manufacturer’s instructions. Thirty-six to 48 h after trans-
fection, cells were harvested in Nonidet P-40 lysis buffer [20 mM Tris–Cl, pH 7.5,
150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1 mM ethylene glycol tet-
raacetic acid (EGTA) , 1% (vol/vol) Nonidet P-40, 2.5 mM Na4P2O7, 1 mM
C3H9O6P, 1 mM Na3VO4, and protease inhibitors] for 45 min at 4 °C. Co-IP
assays were performed using cell extracts from HEK293T cells overexpressing WT
RNPS1, RNPS1F181I, truncated mouse ACINUS, full-length mouse SAP18, UPF2,
UPF3A, PNN, MAGOH, EIF4A3, Y14, and MLN51 proteins. Cell extracts were
mixed, and proteins were immunoprecipitated by anti-FLAG M2 affinity gel
(Sigma-Aldrich). Captured proteins were eluted in PBS with 30 lL of 200 μg/mL
3×FLAG peptides (Sigma-Aldrich) and 8lL of sample buffer mixed with 0.1%
bromophenol blue, heated to 95 °C for 3min. Samples were centrifuged at
12,000× g for 1min, and then the supernatants were subjected to sodium
dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis for immunoblotting
analysis by anti-FLAG (Sigma-Aldrich, clone M2) and anti-HA (CST, clone C19F4),
as described below.

For direct immunoblot analysis of CD8+ T cells, splenic CD8+ T cells were
enriched using EasySep Mouse CD8+ T Cell Isolation Kit (StemCell Technolo-
gies). Approximately 106 unstimulated or stimulated CD8+ or EL4 T cells were
lysed in buffer [1% SDS (Thermo Fisher Scientific), 1:10,000 Benzonase (Sigma-

Aldrich), and 1:100 Protease Inhibitor Mixture (Cell Signaling Technology) in
buffer A (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes), 2
mM MgCl2, and 10 mM KCl)] and analyzed by standard immunoblot analysis
using the antibodies listed in SI Appendix, Supplementary Materials and
Methods.

rmsd MD Simulation Analysis. Three systems (ASAP, PSAP, and EJC complex)
were used for rmsd analysis to predict the RNPS1F181I interaction changes. For
system 1, three domains, RNPS1 (Residue IDs 1 to 88), SAP18 (120 to 244), and
Acinus (89 to 115), were included in the rmsd analysis. For system 2, three
domains, RNPS1 (Residue IDs 1 to 88), SAP18 (120 to 244), and PNN (89 to
119), were included in the rmsd analysis. For system 3, four domains, RNPS1
(Residue IDs 534 to 621), MAGOH (391 to 533), EIF4A3 (1 to 390), and UPF3B
(622 to 636), were included in the rmsd analysis. The F181I substitution was
included (renumbered as F25I in systems 1 and 2, as F558I in system 3). After
the stepwise minimizations, the MD equilibrium phase, 2,500 MD snapshots
were evenly selected from 1-ms MD trajectories for post-MD analysis. We calcu-
lated average structures for both RNPS1WT and RNPS1F181I. Then, we calculated
the residue–residue correlations following a computation protocol proposed by
Kong and Karplus (44). We improved their protocol by including the solvation
free energies in residue–residue correlation calculation. The MD system setup
and MD simulation protocol were described previously (45–48).

Standard Growth Curve. Live Rnps1+/+ or Rnps1-KO EL4 cells (1 × 104/well)
were treated with 100 ng/mL mouse TNF neutralizing rabbit antibody (CST,
clone D2H4) or isotype control for 7 d. Every 24 h, the cells were centrifuged at
700 × g for 5 min and resuspended in 20 μl PBS. Suspended cells (10 lL) and
an equal volume of Trypan Blue (10 lL) were mixed to count the total number
of cells using a TC20 Automated Cell Counter (Bio-Rad). A standard growth curve
was generated by graphing cell counts every 24 h.

PTC and Splicing Variation Analysis. Splenic CD8+ T cells or HSCs from indi-
vidual Rnps1+/+;Tnf +/+, Rnps1+/+;Tnf ��, Rnps1F181I/F181I;Tnf +/+, or
Rnps1F181I/F181I;Tnf �/� mice were negatively enriched using the EasySep
Mouse CD8+ T Cell or HSC Isolation Kit (StemCell Technologies). Total RNAs
from these cells were extracted using the RNeasy Plus kit with genomic DNA
elimination (Qiagen). Libraries were generated using the KAPA Stranded RNA-
Seq Kit with RiboErase (HMR) (Kapa Biosystems). Paired-end 2 × 100–bp
sequencing was performed using an Illumina HiSEq. 2500. For RNA-seq data
analysis, reads were de-multiplexed using CASAVA, and tophat (v.2.0.10) was
used to map the reads to the mouse transcriptome (build mm10). Cufflinks and
cuffmerge (v.2.1.1) were then used to calculate fragments per kilobase of tran-
script per million reads mapped and consolidate results across the samples (data
were averaged for each genotype/treatment combination). Finally, cuffdiff
(v.2.1.1) was used to calculate log-fold changes and the associated statistics. The
R package of IsoformSwitchAnalyzeR was used to analyze PTC-containing
transcript accumulations. Q values were FDR-corrected P values calculated by Iso-
formSwitchAnalyzeR. Isoform frequency expressed as F181I/F181I: +/+ (log2)
versus switch Q value (�log10) was plotted in the graph.

For splicing analysis, reads from mapped bam files for each sample were sep-
arated by chromosome due to size. The chromosomal bam files were then fed to
ASpli (49, 50), using the GRCm38 reference gene transfer file for gene annota-
tion and read quantification. Based on reference genome annotations for exons
and introns, counts of reads spanning junctions between exons as well as those
that read from exon into intron were gathered. These counts were then analyzed
via the AsDiscover function of ASpli to annotate junctions, and Percent Intron
Retention (PIR) or Percent Sequence Inclusion (PSI) metrics were output for all
alternate splicing events as described (https://bioconductor.org/packages/
release/bioc/vignettes/ASpli/inst/doc/ASpli.pdf). Once junctions were collected
and analyzed for alternate splicing, the junctionDUReport function was used to
generate lists of differentially expressed junctions, with their associated P values.
Splicing events for which any junction returned a read value of not available
(“NA”) were eliminated from further analysis and from the datasets.

RNA Preparation, Reverse Transcription, and RT-PCR. RNA from total splenic
CD8+ T cells from Rnps1+/+;Tnf +/+, Rnps1+/+;Tnf �/�, Rnps1F181I/F181I;
Tnf +/+, or Rnps1F181I/F181I;Tnf �/� mice was extracted using TRIzol reagent
(Sigma-Aldrich) and treated with RQ1 ribonuclease-free deoxyribonuclease
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(DNase I) (Promega) at 37 °C for 30 min to remove contaminating genomic
DNA. DNase I was heat inactivated by heating to 65 °C for 10 min. Equal
amounts (1 lg) of RNA were used for reverse transcription using an oligo (dT)
primer (Promega) and ImProm-II reverse transcriptase (Promega) following the
manufacturer’s instructions. RT-PCR was performed for relative quantification.
The RT-PCR primer pairs used to detect splicing errors are listed in SI Appendix,
Table S2.

Statistical Analysis. The statistical significance of differences between groups
was analyzed using GraphPad Prism by performing the indicated statistical
tests. Differences in the raw values among groups were considered statistically
significant when P < 0.05. P values are denoted by *P < 0.05; **P < 0.01;
***P < 0.001; NS, not significant with P > 0.05.

Data Availability. RNA-seq data have been deposited in the National Center
for Biotechnology Information (NCBI) Sequence Read Archive (accession
SRP274576). The mouse strains carrying the Rnps1 unbalanced and F181I
alleles are available from the Mutant Mouse Regional Resource Center. All other
data are included in the manuscript and/or supporting information.
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