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A variant of somatic nuclear autoantigenic sperm protein (SNASP) was identified from the murine lupus susceptibility locus
Sle2c1 by whole exome sequencing (WES). Previous studies have shown that mutant sNASP could synergize with the Fas'*
mutation in exacerbating autoimmunity and aggravating end-organ inflammation. In the current study, the SNASP mutation
was introduced into Slel.Yaa mice to detect whether it has a synergistic effect with Slel or Yaa loci. As expected, compared
with Slel.Yaa mice, Slel.Yaa.AsNASP mice showed enlarged lymph nodes, aggravated renal inflammation, and shortened
survival time. The proportions of CD3" T cells, activated CD19"CD86" B cells, Thl cells in the spleen and lymph nodes, and
Th17 cells in lymph nodes in Slel.Yaa.AsNASP mice were increased compared to those in Slel.Yaa mice. The levels of IFN-y
and TNF-« in the serum of Slel.Yaa.AsSNASP mice were higher than those of Slel.Yaa mice. The above results show that
mutant sSNASP can interact with different lupus susceptibility genes and promote the disease process of systemic lupus

erythematosus.

1. Introduction

Systemic lupus erythematosus (SLE) is a highly heteroge-
neous autoimmune disorder that causes damage to multiple
organ systems. The interactions between susceptibility genes
and environmental factors play a dominant role and result in
an irreversible loss of immunologic self-tolerance [1]. So far,
genome-wide association studies (GWAS) have identified
more than 100 alleles (SNPs), which increase the risk of
developing lupus in humans [2]. However, due to the inher-
ent limitations of human clinical studies, the role of these
genes is rarely elucidated. Because the clinical manifestations
of spontaneous lupus mice are comparable to those of
human SLE patients, various mouse models have been devel-
oped to dissect the genetic and cellular mechanisms of SLE
[2], as well as to identify and validate therapeutic targets [3].

The murine lupus susceptibility locus Sle2cl derived
from the NZM2410 strain has been proven to promote the

proliferation of Bla cells in the abdominal cavity and syner-
gism with lpr mutation in the B6.Sle2.Ipr mice, leading to
more severe lupus nephritis and marked lymphadenopathy
compared to B6.lpr mice [4]. Recently, a variant of somatic
nuclear autoantigenic sperm protein (sNASP), which is a
chaperone of histones, was identified from the Sle2cl locus
by whole exome sequencing (WES). A nonsynonymous
mutation of two adjacent bases on the sSNASP gene resulted
in changes of the 281 and 282 amino acids in the histone
binding region from valine and leucine to isoleucine and
phenylalanine. In our previous study, we revealed that the
mutant sSNASP has a greater affinity to the H4 histone or
H3.1/H4 tetramer than the normal sNASP protein in vitro,
suggesting that the amino acid changes alter its three-
dimensional structure and function. To confirm the role of
mutant sSNASP in Sle2-mediated autoimmune phenotypes,
we generated B6.AsNASP.Ipr mice by introgressing the
mutant sSNASP onto B6.Ipr mice and examined evidence of
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disease at 6 months of age [5]. Our results demonstrate that
the variant of SNASP in the B6.1pr strain was responsible for
aggravating inflammatory pathology alterations in the kid-
ney and lung and the majority of the cellular dysfunction
in the spleen and lymph nodes.

Slel.Yaa mice contain Slel and Y-linked autoimmune
accelerator (Yaa) loci and develop a lupus-like disease with
splenomegaly and glomerular nephritis in males [6].
Although the Yaa locus translocated from the X chromo-
some may contain as many as 16 genes, the major candidate
gene for causation of the Yaa-associated autoimmune phe-
notype has been TLR7 [7]. Decreased autoantigen tolerance
is part of the manifestation of SLE. Polymorphisms of the
SLAM/CD2 gene cluster identified in the Slel locus are
responsible for the loss of tolerance to the H2A/H2B/DNA
subnucleosome antigen [8]. Yaa is highly epistatic with the
Slel locus, culminating in severe pathology and fatal disease
at a relatively young age and release of inflammatory
cytokines.

Whether mutant SNASP works synergistically with other
lupus genes to promote the inflammatory response and pro-
gression is unknown. Therefore, we introduced the mutant
sNASP into Slel.Yaa mice to determine whether it has epi-
static product effect with Slel or Yaa loci. The synergistic
effect between the sNASP mutant and the Slel.Yaa locus
was determined by measuring the changes of lymphocyte
subsets in peripheral immune organs, terminal organ dam-
age, levels of serum inflammatory cytokines, and survival
time of mice.

2. Materials and Method

2.1. Mice. Slel.Yaa mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). The Slel.Yaa.AsSNASP
line was derived by breeding female B6.AsNASP mice to
male B6.Slel.Yaa mice and subsequent intercrossing of
progeny. All animals were cared for under experimental pro-
tocols approved by the Weifang Medical University Animal
Care Committee and housed in a specific pathogen-free
(SPF) facility.

2.2. Data and Sample Collection. Mice were sacrificed at 6
months after birth, and the spleen, lymph nodes, kidney,
and lung were collected. Weight of fresh organs was com-
pared between the two genotypes. Spleen and lymph nodes
were ground to prepare single-cell suspension, and cell sub-
sets were determined by flow cytometry. Pathological lesions
of the kidney and lung were evaluated after staining. Pro-
teinuria was measured using Coomassie brilliant blue G-
250 (Solarbio, Beijing, China) as per the manufacturer’s
instructions. Bull serum albumin (BSA) serial dilutions were
prepared for a standard curve.

2.3. Kidney and Lung Histopathology. For histology, tissues
of the kidney and right upper lobe lung were fixed in 4%
paraformaldehyde and embedded in paraffin, and the sec-
tions were stained with hematoxylin and eosin (H&E). In
addition, the sections of kidney were also stained with peri-
odic acid Schiff (PAS). Renal and lung lesions were scored in
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a blind method as the previous reports [9, 10]; glomerular
lesions and lung pathology alterations were rated as grades
0-4 from normal to severe as previously described [5]. For
immunohistochemistry, kidneys were embedded in an opti-
mal cutting temperature (OCT) compound and stored at
—80°C. Frozen sections were fixed in cold acetone at 4°C
for 10min and blocked with 2% newborn bovine serum
(NBS) for 10min. Sections were stained with FITC-
conjugated rat anti-mouse C3 (SC-58926, Santa Cruz Bio-
technology, Dallas, TX) and IgGx BP-CFL 488 (SC-516176,
Santa Cruz Biotechnology, Dallas, TX). All images were
obtained by Olympus BX53 fluorescence microscope and a
DP80 camera. On average, 20 glomeruli were randomly
selected from each sample and semiquantitatively assessed
as 0-4 grades according to staining intensity using Image]
software (NIH).

2.4. Cytokine ELISA. Serum concentrations of the cytokines
IL-1p, IL-6, IL-17, IFN-y, and TNF-«a were determined by
mouse uncoated ELISA kits (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.

2.5. Flow Cytometry. lymphocyte subsets in the spleen and
lymph nodes were analyzed by flow cytometry as previously
described. In brief, the isolated immunocytes were first
blocked with excessive rat anti-mouse CD16/32 antibody
(2.4G2) for 30 min at 4°C, then stained with antibodies for
30 min at 4°C, washed and determined by a BD FACSVerse
flow cytometer (BD Biosciences, San Jose, CA, USA).The
antibodies used for flow cytometry were CD3 (17A2), CD4
(RM), CD8 (53-6.7), CD19 (1D3), CD86 (GL1), CD5 (53-
7.3), CXCR5 (2G8), PD-1 (J43), CD1d (1Bl), IFN-y
(XMG1.2), IL-4 (11B11), IL-17A (TC11-18H10), and
CD69 (H1.2F3). All antibodies were purchased from BD
Pharmingen (San Jose, CA, USA) or eBioscience (San Diego,
CA, USA). For intracellular staining, cells were first stimu-
lated with the leukocyte activation cocktail (BD Biosciences,
San Jose, CA, USA) for 4 h, then fixed with the fixation/perm
dilution (Invitrogen, Carlsbad, CA, USA) before intracellular
staining.

2.6. Statistical Analysis. Data analyses and graphs were per-
formed with Prism 5.0 software (GraphPad). Student’s
paired t-test was used for comparison between the two
groups. All values were reported as mean + SEM, and P <
0.05 was considered significant.

3. Results

3.1. The sNASP Variant Aggravates End-Organ Damage in
Slel.Yaa.AsNASP Mice. To confirm whether the mutant
sNASP has epistatic interactions with the Slel and Yaa loci,
we analyzed the pathological alterations of the Slel.Yaa.As-
NASP strain compared to the control Slel.Yaa mice at 6
months of age. The spleen sizes of Slel.Yaa.ASNASP were
comparable to that of Slel.Yaa mice(Figure 1(a)), but
Slel.Yaa.AsNASP mice presented larger pooled lymph nodes
(385.04 + 81.92mg), about 3 times larger than that of
Slel.Yaa mice (145.02 + 50.78 mg). Slel.Yaa.AsSNASP mice
also presented larger kidneys than that of Slel.Yaa mice
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F1GURE 1: The sSNASP variant promotes end-organ damage in Slel.Yaa mice. The weight of the spleen (a), lymph nodes (b), and kidney (c).

Determination of urine protein (d).

(Figure 1(c)), which were consistent with the increase of
proteinuria in Slel.Yaa.AsNASP mice (Figure 1(d)).

The pathology of their kidneys and lungs was also exam-
ined in our studies and showed more severe end-organ dam-
age in sNASP mutant mice. Glomerular enlargement,
mesangial cell proliferation, mesangial expansion, glomeru-
lar necrosis, tubular edema, and necrosis were observed in
both groups. However, the degree of glomerular endovascu-
lar hyperplasia, mesangial cell proliferation, inflammatory
cell infiltration, and renal tubular lesions, such as edema
and necrosis of renal tubular epithelial cells, was higher than
in Slel.Yaa mice. We measured the long axis of the glomer-
ulus and compared the size of the glomeruli of the two
groups of mice. The results showed that the glomeruli of
Slel.Yaa.AsNASP mice were significantly larger than those
of Slel.Yaa mice (Slel.Yaa: 83.15+ 3.485 ym, Slel.Yaa.As-
NASP: 92.33 + 2.474 um, P = 0.0455) (Figure 2(a)). Immune
complexes in the kidney were detected using the indirect
immunofluorescence staining. The Slel.Yaa.AsNASP mice
showed significantly more C3 deposition in glomeruli than
Slel.Yaa (Figure 2(c)), yet there was no statistical difference
for IgG deposition in glomeruli between Slel.Yaa.AsNASP
and Slel.Yaa mice (Figure 2(b)). Pathological manifestations
of inflammatory cell exudation, alveolar wall thickness, and
fibrosis were observed in the lungs of both groups.
Slel.Yaa.AsNASP mice appeared to have developed more
severe lung inflammation and fibrosis; however, no signifi-
cant statistical difference in the histopathological score was
observed (Figure 2(d)).

3.2. The sNASP Variant Can Increase the Levels of Serum
Inflammatory Cytokines in Slel.Yaa.AsNASP Mice. Cyto-
kines play an important role in SLE initiation and progres-
sion, so we measured the expression of serum IL-13, IL-6,

IL-17, IEN-y, and TNF-« using ELISA. Interestingly, IL-13
was decreased in Slel.Yaa. AsNASP mice (Figure 3(a)), while
IFN-y (Figure 3(b)) and TNF-« (Figure 3(c)) were increased
compared with Slel.Yaa mice, and there was no difference in
the levels of IL-17 (Figure 3(d)) and IL-6 (Figure 3(e))
between the two groups. These results reveal that IFN-y
and TNF-a may play a major role in the exacerbation of
inflammation led by mutant sNASP.

3.3. Slel.Yaa.AsNASP Mice Developed More Severe
Lymphocyte Subset Disorder. The imbalance and dysfunction
of T and B lymphocyte subsets is an important cause of SLE.
Therefore, we compared the main lymphocyte subsets in the
spleen and lymph nodes between two groups of mice
(Table 1). Compared with the Slel.Yaa mice, the percentages
of CD3* T cells, activated CD19"CD86" B cells, Th1 (CD4*
IFN-y™) cells (Figure 4(a)), and CD19*CD5"CD1d"e" Breg
cells (Figure 4(b)) increased significantly while CD19"B cells
decreased in the spleen of Slel.Yaa.AsNASP mice. In the
lymph nodes, the percentages of activated CD19"CD86" B
cells, CD4*TFN-y* Thl cells (Figure 4(c)), and CD4'IL-
17A" Th17 cells (Figure 4(d)) in the Slel.Yaa.AsNASP mice
were greater than those in the Slel.Yaa mice. Other subsets,
such as CD3"CD4" T cells, CD3"CD4" T cells, Tth, activated
CD4"CD69" T, and CD4"IL-4" Th2 cells, were comparable
between Slel.Yaa.AsNASP and Slel.Yaa mice.

3.4. Effect of SNASP Gene Mutation on the Survival Rate of
Slel.Yaa Mice. An overall survival trend for Slel.Yaa.As-
NASP compared to the Slel.Yaa mice up to 12 months is
shown in Figure 5. Kaplan-Meir lifespan analysis indicated
a significant P value of 0.0411 for overall survival differences.
The variant of sSNASP decreased the survival rate of Slel.Yaa
mice from 72.973% to 66.667% by month 6, 56.757% to
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FiGure 2: Pathological changes of the kidney and lung in mice. Representative HE-stained and PAS-stained kidney section (x400
magnification) and renal histopathology scores (a). Representative images of mouse IgG (b) and C3 (c) deposit in glomeruli from
Slel.Yaa and Slel.Yaa.AsNASP mice (x400 magnification) and their respective fluorescence intensity grades. Representative H&E-stained
lung section (x100 magnification) and pulmonary histopathology scores (d).
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F1GURE 3: The level of serum inflammatory cytokines in mice. Decreased level of IL-1f in Slel.Yaa.AsNASP mice compared with Slel.Yaa
mice (a), but the levels of IFN-y (b) and TNF-« (c) were increased in Slel.Yaa.AsSNASP mice compared with Slel.Yaa mice. The levels of IL-6
(d) and IL-17A (e) had no significant change.

TasLE 1: Effects of NASP variant on splenic and lymph nodes’ lymphocyte subsets.

Lymphocyte subsets Slel.Yaa (n=10) SPSlleefrln.YaaAsNASP (n=10) Slel.Yaa (n=10) Lymp;lleri(.)g:;AsNASP (n=10)
CD3" 32.12+2.377 39.90 +1.661" 48.35 + 3.245 47.54 + 3.400
CD19" 52.85+2.984 44.01 + 1.633" 42.73 +3.195 42.77 +3.306
CD3*"CD4" 66.09 +2.272 63.54 +1.080 57.11 +4.764 61.26 +2.177
CD3*CD8" 19.87 £+ 1.715 24.06 + 0.9000 33.09 £4.928 27.39 £ 1.980
CD19"CD86* 32.95+2.352 52.54 +2.678"" 39.00 + 3.660 49.88 +3.172"
CD4"CD69" 37.70 £ 5.005 35.86 +3.319 28.61 +2.023 24.54 +4.058
Tth (CD4*CXCR5"PD-1%) 6.308 + 1.349 5.210 +£1.487 2.154 +0.2812 2.408 + 0.5558
Breg (CD19+CD5+CD1dhigh) 4.762 +0.4781 7.664 +0.5883"" 3.133+0.3116 3.892 +0.2756
Th1 (CD4*IFN-y") 39.29+£1.980 46.75+2.217" 23.36 +2.333 31.36 £2.180"

Th2 (CD4'IL-4")
Th17 (CD4'IL-17A%)

1.193 £0.2066
0.4778 £0.1230

0.9120 £ 0.0969
0.5944 £ 0.0679

0.5752 £0.1106
0.5990 £0.0725

0.4593 £0.0573
1.130 +£0.1004*"

Results are mean + SEM; *P < 0.05 vs. Slel.Yaa mice; **P < 0.01 vs. Slel.Yaa mice.
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37.255% by month 9, and 45.946% to 23.529% by month 12
(Figure 5).

4. Discussion

Spontaneous mouse lupus models, such as NZB/W Fl,
NZM2410, MRL/lpr, and BXSB/Yaa, are useful tools for
the study of the etiology of the disease. A series of gene alter-
ations found in these models are deemed to be related to

Slel.Yaa  Slel.Yaa.AsNASP

of lymphocyte subsets in spleen and lymph nodes of mice. Representative FACS plots and percentages of Thl
(a) and Breg (CD19*CD5*CD1d"#") cells (b) in the spleen, as well as Thl (CD4'IFN-y") cells (c) and Th17

lupus, such as the Fas gene in MRL/lpr and TLR7 in
BXSB/Yaa mice. In the past decade, three lupus susceptibil-
ity genes, CDKN2c, CSF3R, and mutant Skint6, have been
identified from the Sle2c1 locus of the NZM2410 strain [4,
5, 10, 11]. Recently, we revealed a novel mutant sSNASP in
the Sle2c1 locus, which can cooperate with Fas'™" mutation
to amplify autoimmunity and greatly exacerbate kidney
and lung damage in the B6.Ipr strain [5]. Whether mutant
sNASP works synergistically with other lupus genes to
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FiGure 5: Effect of sSNASP gene mutation on the survival rate of
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(n=37) and Slel.Yaa.AsNASP (n=51) mice up to 12 months. A
Kaplan-Meir survival analysis was shown. The log-rank (Mantel-
Cox) test was applied with a P value = 0.0411.

promote the inflammatory response and progression is
unknown. Therefore, we introduced the mutant sSNASP into
Slel.Yaa mice to determine whether it has an epistatic prod-
uct effect with Slel or Yaa loci. As predicted, the mutant
sNASP further aggravated the immune disorders in
Slel.Yaa.AsSNASP mice and led to a stronger autoimmune
response, which was reflected in the hyperplasia of periph-
eral lymphoid organs, especially lymph nodes.

T cells have been found to play a crucial role in the path-
ogenesis of SLE [12, 13], among which CD4" T cells are
active mediators for the pathogenesis of SLE [13, 14]. Cyto-
kine dysregulation promotes immune dysfunction, and tis-
sue inflammation is one of the hallmarks of SLE [15, 16].
Th1 cells secrete cytokines such as IFN-y and TNF-«, which
can activate macrophages and inflammatory T lymphocytes.
Uncontrolled Th1 activity devotes to a wide range of auto-
immune disorders [17, 18]. A host of reports on spontane-
ous and induced lupus models pointed to the onset of SLE
associated with high levels of IFN-y and TNF-a [18, 19].
Compared to Slel.Yaa mice, the proportion of Thl cells
secreting IFN-p in peripheral lymphoid organs in
Slel.Yaa.AsSNASP mice was significantly higher, and the
levels of IFN-y and TNF-« in the serum were also increased.
We hypothesize that the Thl subset is one of the main tar-
gets of the mutant sSNASP and contributes to the lupus path-
ogenesis, and the variant leads to uncontrolled IFN-y and
TNF-«a transcription. In addition to Th1 cell subsets, more
and more studies have confirmed that IL-17 plays a momen-
tous role in human SLE patients and murine lupus models
[20, 21]. Our results indicated that the proportion of Th17
cells in the lymph nodes of Slel.Yaa.AsNASP mice increased
significantly and almost twice that of Slel.Yaa mice. Studies
have shown that IL-17 can promote autoreactive B cell pro-
liferation and differentiation and autoantibody production
alone or in combination with the B cell activating factor
(BAFF) [22]. As a potent proinflammatory cytokine, IL-17

can induce various cells such as epithelial cells and fibro-
blasts to secrete chemokines and cytokines to mediate tissue
damage [23, 24]. Thus, IL-17 may be another contributor
among the CD4" T lymphocyte subsets to more end-organ
severe glomerular mesangial expansion and pulmonary
interstitial fibrosis in SNASP mutant mice. We were sur-
prised to find that there was no difference in the proportion
of CD4"CD69" T cells in Slel.Yaa.AsNASP compared to
Slel.Yaa. The variant not only affects T cell subsets, we also
found that the increased CD19"CD86" B cells in both the
spleen and lymph nodes indicate enhanced activation of B
cells in Slel.Yaa.AsNASP mice. Interestingly, the proportion
of Breg cells in the spleen of Slel.Yaa.AsNASP increased
slightly than those in Slel.Yaa mice. Breg cells mainly medi-
ate immunosuppression by secreting IL-10, while IL-10 can
affect the development of T helper lymphocytes by inhibit-
ing Th1 cells secreting IFN-y and IL-2 [25]. We consider
that the hyperproliferation of Th1 cells disrupts the balance
between Thl and Breg cells and that increased secretion of
IFN-y feedback promotes proliferation and differentiation
of Breg cells to inhibit Thl cells [26, 27].

Similar to what has been reported previously in
B6.ANASP lpr mice, we found that Slel.Yaa.AsNASP mice
have more severe renal damage than Slel.Yaa mice. The pro-
teinuria and C3 disposition of Slel.Yaa.AsNASP mice were
also increased. In previous studies, we have substantiated
that the reclc allele and the variant of SNASP promote the
lung inflammation when coexpressed with the Fas'™" muta-
tion [5]. However, in our present study, we observed that
the SNASP mutation only slightly exacerbated lung inflam-
mation in Slel.Yaa.AsNASP mice. The above results suggest
that mutant sNASP seems to only aggravate the existing
inflammatory response rather than start a new inflammatory
response, because there is already intense renal inflamma-
tion in Slel.Yaa mice. Along with these manifestations, the
survival rate of Slel.Yaa. AsNASP mice declined significantly
compared to that of Slel.Yaa mice.

How the mutant NASP promotes inflammation has yet
to be further elucidated. As a key molecule in chromosome
assembly, SNASP plays an important role in the late stage
of DNA replication and chromosome folding [28-30]. It
binds to H3, H4, and H1, participates in histone transport,
and promotes cell proliferation [30, 31]. The sNASP also
regulates chromatin accessibility through maintaining his-
tone H3K9mel [32], and DNA methylation has been shown
to affect the function of T cells in lupus mice [33, 34]. Many
studies have shown that the sSNASP is involved in the chem-
ical modification of histones H3 and H4. After binding the
histone H3-H4 heterodimer, the sSNASP mediates histone
acetyltransferase activity 1 (HAT1) to the carboxyl end of
histone H4 and catalyzes the acetylation of lysine at posi-
tions 5 and 12 (h4k5ac, h4kl2ac). A recent study showed
that SNASP can negatively regulate toll-like receptor signal-
ing by binding tumor necrosis factor receptor associated fac-
tor 6 (TRAF6) and preventing its ubiquitination in the
cytoplasm of the macrophage [35]. As a candidate gene for
human SLE [36], TRAF6 has a central role in the nuclear
factor NF-«B activation pathway. It regulates inflammation,
survival, and activation of multiple immune cell subsets.



In conclusion, the mutant sSNASP may participate in the
disease process by changing the acetylation modification of
the histone, DNA methylation of immune cells, or TRAF6-
centered signaling transduction pathway. At least one point,
as in our preliminary study, the mutant sNASP enhances the
response of macrophages to LPS stimulation and leads to
increased release of inflammatory cytokines (data not listed).
On the whole, this study further confirmed that the mutant
sNASP is a unique lupus susceptibility gene, which can
cooperate with different lupus susceptibility genes to aggravate
inflammatory response and promote disease progression.
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