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PKN1 kinase-negative knock-in
mice develop splenomegaly and
leukopenia at advanced age
without obvious autoimmune-like
phenotypes

Salman Mahmud Siddique?, Koji Kubouchi?, Yuka Shinmichi?, Nana Sawada?, Reiko Sugiura?,
Yasushi Itoh3, Shunsuke Uehara*, Kanae Nishimura®, Shunsuke Okamura®, Hiroyuki Ohsaki(®?,
Shingo Kamoshida®, Yusuke Yamashita®, Shinobu Tamura®, Takashi Sonoki®,

Hiroshi Matsuoka’, Tomoo Itoh® & Hideyuki Mukai®

Protein kinase N1 (PKN1) knockout (KO) mice spontaneously form germinal centers (GCs) and develop
an autoimmune-like disease with age. Here, we investigated the function of PKN1 kinase activity in
vivo using aged mice deficient in kinase activity resulting from the introduction of a point mutation
(T778A) in the activation loop of the enzyme. PKN1[T778A] mice reached adulthood without external
abnormalities; however, the average spleen size and weight of aged PKN1[T778A] mice increased
significantly compared to aged wild type (WT) mice. Histologic examination and Southern blot analyses
of spleens showed extramedullary hematopoiesis and/or lymphomagenesis in some cases, although
without significantly different incidences between PKN1[T778A] and WT mice. Additionally, flow
cytometry revealed increased numbers in B220+, CD3*, Grl* and CD193* leukocytes in the spleen

of aged PKN1[T778A] mice, whereas the number of lymphocytes, neutrophils, eosinophils, and
monocytes was reduced in the peripheral blood, suggesting an advanced impairment of leukocyte
trafficking with age. Moreover, aged PKN1[T778A] mice showed no obvious GC formation nor
autoimmune-like phenotypes, such as glomerulonephritis or increased anti-dsDNA antibody titer, in
peripheral blood. Our results showing phenotypic differences between aged Pkn1-KO and PKN1[T778A]
mice may provide insight into the importance of PKN1-specific kinase-independent functions in vivo.

PKN1 (also known as PKN« or PRK1) is one of three PKN isoforms (PKN1, PKN2, and PKN3) derived from
different genes in mammals' and activated by fatty acids and phospholipids, as well as following cleavage by
a caspase-3-like protease*®. Additionally, PKN1 is an effector protein kinase of Rho family GTPases, such as
RhoA, RhoB, RhoC, and Rac 1, in mammalian tissues’'*. PKN1 is expressed ubiquitously and involved in various
functions, including cell-cell adhesion'*'*, cell migration'®'%, vesicle transport?>?!, cell survival®*=?%, cell cycle
regulation'®?31 transcriptional regulation®-%, tumorigenesis'>*>**373, myogenic differentiation®, parallel
fiber-Purkinje-cell synapse formation in the cerebellum®, and pyrin inflammasome formation**2. In some cases,
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Spleen >1% body
Number of mice igh Large ILN Large MLN
WT 100 8 (8%) 10 (10%) 11 (11%)
PKN1[T778A] 103 27 (26.2%) 19 (18.5%) 21 (20.4%)

Table 1. Secondary lymphoid organs in aged mice. ILN, inguinal lymph node; MLN, mesenteric lymph node.

PKNI1 reportedly plays important roles independent of its kinase activity, such as activation of phospholipase
D1*, scaffolding for p38~ mitogen-activated protein kinase signaling*$, and increasing the survival of cardiac
muscle cells following ischemia/reperfusion®. Therefore, we speculate that the absence of PKN1 might result in
a complex phenotype attributed to the loss of both kinase-dependent and -independent functions. Yasui et al.®
generated Pknl-knockout (KO) mice that display an appearance comparable to that of the control and do not
exhibit defects in lymphocyte development within 12 weeks of age; however, germinal centers (GCs) form
spontaneously in the spleen at >30 weeks of age, even in the absence of immunization or infection, showing
an autoimmune-like disease characterized by autoantibody production and glomerulonephritis. These pheno-
types associated with aged PknI-KO mice suggest an indispensable function for physiologically appropriate
GC B cell survival and selection®. On the other hand, we previously investigated the kinase activity-dependent
role of PKN1 in vivo by generating Pknl homozygous T778A-knock-in (PKN1[T778A]) mice, lacking PKN1
kinase activity via disruption of the catalytic domain*. We found that mice aged 7 to 9 weeks exhibited selec-
tive decreases in the number of lymphocytes in peripheral blood and increases in this number in the spleen
and lymph nodes in the absence of apparent abnormality in lymphocyte-cell development in the bone marrow
and thymus*¢. This phenotype appeared to originate via defective lymphocyte egress from secondary lymphoid
organs and was supported by significantly lower chemotaxis of lymphocytes deficient in kinase activity toward
chemokines, such as sphingosine 1-phosphate (S1P) relative to that observed in wild-type (WT) cells in vitro*.
These data suggest that PKN1 kinase activity is critical for lymphocyte trafficking in young mice; however, the
long-term physiological role of this activity and related to the eventual phenotype in aged PKN1[T778A] mice
have not been analyzed. In the present study, we performed phenotypic analysis of aged PKN1[T778A] mice and
discussed potential differences in the phenotypes of aged PKN1[T778A] and previously reported Pkn1-KO mice.

Results

PKN1[T778A] mice show enlarged spleens at an advanced age. To determine the long-term
effects of PKN1 kinase deficiency in mice, we examined the organs of PKN1[T778A] and control WT mice aged
>1 year (male and female) [Table 1; WT male (n = 54), female (n =46); PKN1[T778A] male (n=>53), female
(n=50)]. Measurements of major organs (size and weight) between mutant and control mice revealed a statisti-
cally significant enlargement of the spleen in PKN1[T778A] mice (Fig. 1a,b) relative to WT mice, with an average
>2-fold increase in the spleen weight of PKN1[T778A] mice (0.33 g/1.13% of body weight) relative to WT mice
(0.14 g/0.48% of body weight). In addition, PKN1[T778A] mice aged 40-50 weeks also showed a significantly
larger spleen than WT mice (Fig. 1c). No significant difference in size and weight of other major organs such as
the liver, kidney, heart, lungs, and brain were observed between aged WT and aged PKN1[T778A] mice (Fig. 1d).
We observed a higher incidence of enlarged lymph nodes (inguinal and mesenteric) in aged PKN1[T778A] mice
relative to that in aged WT mice, as well as an enlarged spleen (Table 1).

Extramedullary hematopoiesis is not a major cause of characteristic spleen enlargement in
aged PKN1[T778A] mice. To clarify the cause of splenic enlargement, we first performed hematoxylin
and eosin (H&E) staining of sections of larger spleens from both aged PKN1[T778A] and aged WT mice and
compared them with normal spleens from young WT mice. We observed expansion of the red pulp along with
increased cellularity in some cases in both aged PKN1[T778A] and aged WT mice (Fig. 2a and Supplementary
Tables S1 and S2; WT: B522, B577, WT1a, B200, B471, B116, and B780; PKN1[T778A]: U664, U691, T433, T129,
B723, C165, B416, B529, B970, and B415). Additionally, megakaryocytes, confirmed via anti-CD42b antibody
staining of spleen sections (Fig. 2a) clearly increased in these mice (Supplementary Tables S1 and S2). Expansion
of splenic red pulp along with increased cellularity and an abundance of megakaryocytes represent key features
of enhanced extramedullary hematopoiesis in the spleen*”*, with extramedullary hematopoiesis, in general, rep-
resenting a valid cause of an enlarged spleen**-!. Therefore, we speculate that PKN1[T778A] mice may harbor
susceptible phenotypes promoting extramedullary hematopoiesis, despite extramedullary hematopoiesis-like
histological features were recorded in both aged PKN1[T778A] and aged WT mice. Peripheral blood analysis
did not show “anemia” in aged PKN1[T778A] mice, which is frequently linked to the enhanced extramedullary
hematopoiesis (Supplementary Table S3). Because aging-associated osteomyelosclerosis-related bone-marrow
hypoplasia leads to enhanced extramedullary hematopoiesis*®, and PKN3, which is a PKN1 isoform, is essential
for bone resorption by osteoclasts®, we then investigated whether aged PKN1[T778A] mice display ossification
and bone-marrow hypoplasia. H&E staining of femoral sections revealed neither bone-marrow hypoplasia nor
trabeculae formation within the bone-marrow space of aged PKN1[T778A] as well as control WT mice (Fig. 2b).
Moreover, we could not detect any notable difference in bone volume between PKN1[T778A] and WT mice
according to micro-computed tomography (CT) analysis of femora and fifth lumbar vertebrae from aged mice,
further supporting the histological findings (Supplementary Fig. S1). Taken together, these results suggest that
enhanced extramedullary hematopoiesis is not a specific feature of aged PKN1[T778A] mice.

Incidence of lymphomagenesis in aged PKN1[T778A] mice does not differ significantly from
that in aged WT mice. In most lymphoid-cell malignancies, such as lymphomas, clonal proliferation
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Figure 1. Enlargement of spleen in aged PKN1[T778A] mice. (a) Comparison of splenic length between aged
WT and PKN1[T778A] mice. n=98, WT; 92, PKN1[T778A]. Data were analyzed by Mann-Whitney U test.
*#%P < 0.001. (b) Comparison of actual spleen weight (g) and % body weight of spleen between aged WT

and PKN1[T778A] mice. n= 100, WT; 103, PKN1[T778A]. Data were analyzed by Mann-Whitney U test.
*#%P < 0.001. (c) Comparison of spleen weight (g) between WT and PKN1[T778A] mice of 40-50 weeks age.
n=9. Data were analyzed by unpaired t-test. **P < 0.01. (d) Comparison of total body weight (g) and % body
weight of other major organs between aged WT and PKN1[T778A] mice. Data were analyzed by unpaired ¢-
tests. NS, not significant.

of B and/or T lymphocytes gives rise to the expansion of secondary lymphoid organs, such as the spleen or
lymph nodes®. H&E staining of the spleen sections of mice aged >60 weeks, revealed a considerable number of
PKN1[T778A] and WT mice with large spleens also displaying distorted follicular structure determined by either
the absence of or a wide marginal zone of the follicles (Fig. 3; Supplementary Tables S1 and S2; 9 of 15 WT and
18 of 23 PKN1[T778A] mice). Some of these structural distortions were associated with either expansion of the
white-pulp area or an increased number of follicles (Supplementary Tables S1 and S2; WT: C102, B516, C109,
WT3a, C171, C069, and C690; PKN1[T778A]: U793, U791, U690, T129, S106, B969, B657, B742, B530, and
B418). Because PKN1 reportedly inhibits transforming activity of Akt and enhances the activation-induced cell
death of B lymphocytes*, long-term deficiency in PKN1 activity appears sufficient to induce lymphomagenesis.
Therefore, we examined whether incidence of lymphomagenesis is clearly higher in aged PKN1[T778A] mice
than in aged WT mice. Enhanced monoclonal rearrangement of the immunoglobulin heavy chain (IgH) gene ]
region and T cell receptor (Tcr) gene JB2 region commonly occurs in most B and T cell lymphomas, respectively,
and indicates the clonality of malignant lymphoid proliferation as a hallmark for confirming lymphoma®*-*.
Therefore, we performed Southern blot analysis using mouse splenic DNA digested with different restriction
enzymes and hybridized with radioisotope-labeled pMJH4 and TCRB probes in order to detect the rearrange-
ment of the Igh J region and/or Tcr JB2 region, respectively (Supplementary Fig. S2). Twelve of the 25 aged
PKN1[T778A] mice with enlarged spleens showed enhanced monoclonal rearrangement of the Igh J region and
one of the Tcr JB2 region (Table 2 and Supplementary Fig. S2). For the WT mice, we found that 6 of 15 mice
showed enhanced rearrangement of the Igh J region and 2 showed rearrangement of the Tcr JB2 region (Table 2
and Supplementary Fig. S2). These results suggest that the incidence of lymphomagenesis in aged PKN1[T778A]
mice is similar to that in aged WT mice. Notably, the incidence of lymphomagenesis appeared independent of the
relative size of the spleens tested (Table 2).

Matured leukocyte populations increase in the spleen and decrease in the peripheral blood
of aged PKN1[T778A] mice. Southern blot analysis of splenic cells showed enhanced monoclonal rear-
rangements in some mice aged >50 weeks, as described above. Therefore, we focused on phenotypic analysis
of spleens from mice aged 40 to 50 weeks in order to avoid the effect of lymphomagenesis. As shown in Fig. 1c,
PKN1[T778A] mice in this age range showed significant enlargement of the spleen relative to their size in WT
mice. To investigate the possible expansion of specific splenic cell populations accountable for this enlargement,
we performed flow cytometric analysis using splenocytes from mice aged 40 to 50 weeks. We found that total
leukocyte count was significantly elevated in the PKN1[T778A] mouse spleen, with B220" (B cell marker),
CD3™ (T cell marker), Gr1*™ and CD193" (granulocyte markers) cells especially increased relative to levels
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PKN1[T778A]

Figure 2. Extramedullary hematopoiesis in aged mice. (a) Histological analysis of spleen. Representative
observation from samples of spleens of aged mice are shown (i, ii, iii: WT; iv, v, vi: PKN1[T778A]). HE,
hematoxylin & eosin staining; CD42b, immunostaining for CD42b to detect megakaryocytes. ii and v are higher
magnifications of the boxed area of i and iv respectively. Arrows indicate the presence of megakaryocytes.

Scale bar: 100 pm. (b) Representative hematoxylin & eosin staining of femoral sections from an aged WT and
PKN1[T778A] mouse pair (i, iii: WT; ii, iv: PKN1[T778A]). Scale bar: 100 pm.

in WT mice (Fig. 4a). Flow cytometric analysis of bone-marrow cells showed no significant difference in cell
count between aged PKN1[T778A] and aged WT mice, although we observed a tendency of increased num-
ber of Grl* cells in PKN1[T778A] mice relative to WT mice (Fig. 4b). On the other hand, analysis of circulat-
ing peripheral blood collected from the facial vein revealed a significantly lower number of leukocytes in both
young and aged PKN1[T778A] mice than in WT mice, despite comparable numbers of erythrocytes and platelets
(Fig. 4c). Among the peripheral leukocytes, absolute counts of lymphocytes were significantly lower in young
and aged PKN1[T778A] mice relative to WT mice (Fig. 4d). Counts of neutrophils and eosinophils were nor-
mal in young mice, although aged PKN1[T778A] mice showed markedly reduced counts of these cell popula-
tions relative to WT mice (Fig. 4d). To determine whether abnormality in immune cell distribution affects the
antigen-specific immune response in PKN1[T778A] mice, we subcutaneously injected ovalbumin (OVA) in mice
twice with 1-week interval and compared the elevation of OVA-specific IgG and IgM production between WT
and PKN1[T778A] mice. One week after the second injection, we measured serum IgG and IgM titers in WT and
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WT PKN1[T778A]

Lymphoma-like feature

Normal

Figure 3. Comparable incidence of lymphomagenesis between aged PKN1[T778A] and WT mice. Representative
observation of HE staining from samples of spleen with distorted follicular structure (upper and middle panel)
and normal follicular structure (lower panel) from aged WT and PKN1[T778A] mice. Scale bar: 500 pm.

PKN1[T778A] mice. As shown in Supplementary Fig. S3, no significant difference in the titer of OVA-specific
serum IgG and IgM was observed between WT and PKN1[T778A] mice.

Autoimmune disease-like phenotypes are not observed in aged PKN1[T778A] mice. Marked
leukopenia and spleen enlargement at an advanced age increase the likelihood of developing autoimmune dis-
ease®”8. A previous study reported that Pkn1-KO mice spontaneously form GCs at >30 weeks of age, develop
an autoimmune-like disease characterized by proliferative glomerulonephritis at 6 months of age, and exhibit a
substantial increase in serum level of anti-dsDNA antibodies at 1 year of age*. Therefore, we examined whether
aged PKN1[T778A] mice suffer from these autoimmune-like phenotypes. GC formation was not evident in
H&E-stained spleen sections from both PKN1[T778A] and WT mice at 40 weeks of age (Fig. 5a), and flow
cytometric analysis using splenic cells showed that the CD19" CD95" GL7" GC B cell fraction was small and
comparable between PKN1[T778A] and WT mice at >30 weeks of age (Fig. 5b), suggesting no spontaneous
or accelerated GC formation in aged PKN1[T778A] mice. Moreover, serum levels of anti-dsDNA antibodies in
PKN1[T778A] mice >1 year of age were comparable with those in WT mice, with levels in both mouse groups
much lower than the previously reported titer from Pkn1-KO mice (Fig. 5¢)**. H&E and periodic acid-Schiff
(PAS) staining of kidney sections from mice >1 year of age revealed no increases in mesangial cell number or
thickness of the basement membrane in glomeruli of PKN1[T778A] mice as compared with WT mice (Fig. 5d).
Additionally, deposition of IgG and complement component 3 (C3) in mesangial regions were not evident in
either aged PKN1[T778A] mice or aged WT mice according to immunohistochemistry (Fig. 5d). Because con-
tinuous proteinuria is characteristic feature of glomerulonephritis®®, we collected urine samples for three consec-
utive days from PKN1[T778A] and WT mice aged >1 year and examined the protein. No significant difference
was observed in protein content between aged PKN1[T778A] and aged WT mice (Fig. 5e and Supplementary
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Southern blotting
Basic information pMJH4 TCRB

Mouse ID. Age (W) Gender | Sp.wt. (g) Result Remark Result | Remark
C102 64 F 0.91 + for EcoRI, BamHI, BgIII —
B522 96 F 0.90 . =
B516 94 M 0.90 + for BamHI -
B577 92 F 0.63 + for BamHI —
C109 64 F 0.43 - -
WT1la |98 F 0.40 — —
B200 110 M 0.39 — -

WT B471 94 M 0.27 — —
WT3a |98 F 0.22 + for HindIII + for HindIII
B485 85 M 0.21 + for EcoRlI, HindIII, BgIII —
Bl16 118 M 0.19 — -
Cl171 61 F 0.18 + for HindIIl, BamHI —
B609 82 M 0.15 — —
C069 67 F 0.14 — + for EcoRI
C690 70 F 0.13 — —
U791 88.9 F 1.23 + for EcoRI, BamHI, Bglll —
U664 88.3 F 1.00 + for EcoRI -
B497 90 M 0.87 — —
U691 98.4 F 0.81 + for EcoRI —
R678 90 F 0.80 + for EcoRI, HindIII .
T129 81 F 0.75 + for EcoRI -
S106 90 M 0.68 + for EcoRI + for HindIII
B969 74 F 0.62 + for EcoRI, BamHI —
B723 82 M 0.51 — -
B657 76 F 0.33 + for EcoRI —
C165 61 F 0.32 — -
B416 98 M 0.29 — -

PKN1[T778A] | B529 84 F 0.29 - -
B970 74 F 0.27 — —
R675 90 F 0.26 - -
B415 98 M 0.23 — —
C081 65 F 0.22 + for EcoRI -
C085 65 F 0.21 - -
B331 101 M 0.21 — —
A771 77 M 0.20 + for EcoRI —
B742 76 M 0.20 + for EcoRI -
B530 84 F 0.19 - -
B418 89 F 0.19 — —
Cl167 61 F 0.19 - -
C088 65 F 0.18 + for EcoRI —

Table 2. Results of Southern blot analysis of splenic DNA from aged mice. Total 15 WT and 25 PKN1[T778A]
mice were analyzed.+, enhanced clonal rearrangement; —, no enhanced clonal rearrangement; W, week; Sp.wt.
(g), spleen weight in gram.

Table 4). Because spontaneous recovery of kidney lesions as age advances appears unlikely, especially in auto-
immune diseases, these results suggest that aged PKN1[T778A] mice do not significantly develop proliferative
glomerulonephritis.

Basal levels of Akt (5473) phosphorylation are not enhanced in splenocytes from PKN1[T778A]
mice. A previous study suggested that PKN1 regulates B cell survival and selection, particularly in GCs,
through down-regulation of Akt activity, and that B cells from Pkn1-KO mice harbor consistently enhanced
“basal” levels of Akt (S473) phosphorylation in the absence of B cell-receptor stimulation**. To determine whether
deficiency in PKN1 kinase activity upregulates Akt activity in vivo, we measured Akt (§473) phosphorylation lev-
els by immunoblot analysis of splenic and lymph-node tissues from PKN1[T778A] and WT mice. To preserve the
physiological status of the phosphorylated Akt protein, tissues were fixed using cold trichloroacetic acid (TCA)/
acetone in order to avoid Akt dephosphorylation during sample preparation immediately after collection from
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Figure 4. Cell count of spleen, bone marrow and peripheral blood from WT and PKN1[T778A] mice. (a)
Spleen (n=>5) and (b) bone marrow (n=3) cells of WT and PKN1[T778A] mice were characterized by flow
cytometric analysis using fluorophore conjugated antibodies against indicated cell markers. Bone marrow cells
were counted as the number of cells per femur. (¢) Peripheral blood count (n=15) and (d) leukocyte cellularity
in the peripheral blood (n=15). Data were analyzed by unpaired t-tests. *P < 0.05, **P < 0.01, ***P < 0.001.

mice under anesthesia. No significant differences in relative Akt (S473) phosphorylation levels were observed
in PKN1[T778A] mice as compared with WT mice, in either splenic or lymph-node tissues (Fig. 6a,b). We
also assayed Akt phosphorylation levels at T308 and T450, which are required for activation of Akt. As shown
in Supplementary Fig. S4, relative Akt phosphorylation at T308 and T450 were comparable between WT and
PKN1[T778A] mouse lymphoid tissues.
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Figure 5. Absence of autoimmune-like phenotypes in aged PKN1[T778A] mice. (a) Representative HE staining
of spleen sections from WT and PKN1[T778A] mice >60 weeks of age both showing absence of germinal center

(GC) within the follicles. Scale bar: 500 pm. (b) Flow cytometric analysis of GC B cells from splenocytes that
were stained with CD19, GL7 and CD95. Statistical analysis of CD95" GL7* B cells in splenic CD19" B cells.

Data were analyzed by unpaired t-test. n =5. NS, not significant. (¢) Serum Anti-dsDNA titer in >1 year aged
mice evaluated by ELISA. Data were analyzed by Mann-Whitney U test. n =27, WT; 28, PKN1[T778A]. NS, not
significant. (d) Absence of glomerulonephritis in aged PKN1[T778A] mice. Hematoxylin-eosin staining (HE,
Top), Periodic acid-Schiff staining (PAS, Second), immune staining with anti-IgG antibodies (Anti-IgG, Third)
and anti-C3 antibodies (Anti-C3, Bottom) of kidney sections from >1 year aged WT and PKN1[T778A] mice.
Scale bar: 100 pm. (e) Urine protein level measured. Data represents experiment of Day-1 among 3 consecutive

days. Data were analyzed by Mann-Whitney U test. n=15, WT; 14, PKN1[T778A].
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Figure 6. Measurement of phosphorylation of Akt at S473. (a) Representative image of immunoblotting
(cropped images). Full length images are shown in Supplementary Fig. S5. Lane 1-3: WT samples; 1X, 2X and
4X dilutions. Lane 4-6: PKN1[T778A] samples; 1X, 2X and 4X dilutions. Molecular weight of Akt and P-Akt are
59 KDa and 60 KDa respectively. (b) Quantification of Akt phosphorylation at S473 position (relative to total
Akt protein). Data represents average of six individual experiments. Data were analyzed by unpaired ¢-test.

Discussion

We observed spleen enlargement as a prominent phenotype in aged PKN1[T778A] mice. Extramedullary hemato-
poiesis and lymphomagenesis in spleens were observed in some cases; however, neither phenotype is likely to be
an exclusive feature of aged PKN1[T778A] mice responsible for spleen enlargement. We previously reported that
lymphocytes from PKN1[T778A] mice at aged 7-9 weeks show lower levels of chemotaxis toward chemokines,
such as S1P, and have a tendency to accumulate in secondary lymphoid organs, likely owing to defective egress
from these organs*. Consistent with this finding, lymphocyte count in the peripheral blood is significantly lower
in PKN1[T778A] mice aged 7-9 weeks relative to that in control WT mice*. In the present study, B220*, CD3™,
Grl*, and CD193" cell populations were significantly elevated in the spleen of aged PKN1[T778A] mice (Fig. 4a)
in contrast to the marked decrease in leukocytes in peripheral blood from aged PKN1[T778A] mice (Fig. 4c,d).
If PKN1 plays critical roles in the trafficking of not only lymphocytes but overall leukocytes, continued leukocyte
accumulation might lead to the eventual enlargement of the spleen in aged PKN1[T778A] mice, although the
general mechanism of splenic granulocyte turnover/trafficking has yet not been clarified®. It should be noted that
the number of neutrophils and eosinophils in peripheral blood markedly decreased along with that of lympho-
cytes in PKN1[T778A] mice aged 40 weeks (Fig. 4c,d), although the numbers of neutrophils and eosinophils were
within a normal range in PKN1[T778A] mice aged 7 to 9 weeks*®. A potential reason for the reduced neutrophil
count in the circulation in aged PKN1[T778A] mice is age-related reduction in neutrophil release from the bone
marrow. After production and maturation, egress from the bone marrow requires neutrophil migration across
the bone-marrow sinusoidal endothelium in an abluminal-to-luminal direction®. The bone-marrow sinusoidal
endothelium is unique in that it constitutively expresses integrin ligands, such as vascular-cell adhesion molecule-1
and intercellular adhesion molecule-1°!. Neutrophil migration across the bone marrow endothelium is facilitated
by interaction of integrins, such as CD49D on neutrophils, with integrin ligands on bone-marrow endothelium®%.
Yuan et al. recently reported that Pkn1-KO impairs neutrophil-integrin activation and adhesion to endothelial
cells, and that the mechanism involves polarization defects in RAB21 via reduced PKN1-mediated phosphoryla-
tion of rabphilin 3 A homolog, a RAB21 effector, in Pkn1-KO neutrophils?. Therefore, deficiency in PKN1 kinase
activity might cause impaired adhesion of neutrophils to bone marrow endothelium, leading to reduced egress of
neutrophils from the bone marrow and into circulation. This might be supported by the bone-marrow cell count
in our aged PKN1[T778A] mice showing a tendency of increased number of Gr1™ cells as compared with that in
control aged WT mice (Fig. 4b). A recent study reported that neutrophil proportions increased in the bone mar-
row and secondary lymphoid organs, such as the spleen, of elderly healthy C57BL/6] mice (aged 22-24 months) as
compared with their younger counterparts®. This was suggested to be a result of chronic low-grade inflammation
during aging (i.e., “inflammaging”) characterized by elevated levels of circulating proinflammatory cytokines®*.
PKN1 reportedly phosphorylates pyrin to inhibit formation of the pyrin inflammasome, which promotes inflam-
mation by secreting pro inflammatory cytokines, such as interleukin (IL)-13 and IL-18*"%>. Consistent with this
finding, Pkn1 knockdown using small-interfering RNA in lipopolysaccharide-primed bone-marrow-derived mac-
rophages induces spontaneous IL-10 release'. In this context, it seems plausible that deficient PKN1 kinase activity
renders mice vulnerable to inflammation, which might contribute to “inflammaging”-related neutrophil accu-
mulation in the spleen of aged PKN1[T778A] mice. However, our aged PKN1[T778A] mice showed peripheral
neutropenia, which is unlikely in cases of pyrin-inflammasome formation often associated with neutrophilia. It is
possible that reduced pyrin phosphorylation owing to a lack of PKN1 kinase activity might be compensated by the
presence of PKN2 in PKN1[T778A] mice.

SCIENTIFIC REPORTS |

(2019) 9:13977 | https://doi.org/10.1038/s41598-019-50419-2


https://doi.org/10.1038/s41598-019-50419-2

www.nature.com/scientificreports/

Pkn1-KO mice show spontaneous GC formation and autoimmune-like disease characterized by autoanti-
body production and proliferative glomerulonephritis suggested as a consequence of hyperactivation of Akt
in B cells®. In the present study, aged PKN1[T778A] mice showed neither obvious GC formation, increased
anti-dsDNA-antibody titer in peripheral blood, nor signs of proliferative glomerulonephritis. What is the poten-
tial cause of this phenotypic difference, considering that both mice have null PKN1 kinase activity? Yasui et al.
established Pkn1-KO mice using E14 ES cells derived from the 129/Ola mouse strain, and our PKN1[T778A]
mice were established using RENKA ES cells® derived from C57BL/6N (Charles River). Yasui et al. reported that
Pkn1-KO mice were backcrossed to C57BL/6 mice for 15 generations*, although the sub-strain name of C57BL/6
was not described. Therefore, phenotypic differences between Pkn1-KO and PKN1[T778A] mice might result
from genetic variations between mouse strains/sub-strains, as genetic variations linking to differences in immune
function and allergy have been reported even among C57BL/6 sub-strains®’.

In our study, basal Akt (S473) phosphorylation levels in both splenic and lymph-node tissues from
PKN1[T778A] mice were not elevated as compared with those from WT mice. Akt activity could remain within
the normal range in vivo in PKN1[T778A] mice in contrast to that observed in PknI-KO mice, also possibly
explaining the absence of these immunological phenotypes in PKN1[T778A] mice. Pkn1-KO mouse tissues lack
PKNI1 protein, whereas, PKN1 protein in PKN1[T778A] mouse tissues are present at ~50% their level in WT
mice, although completely lacking kinase activity*‘. Even a lower concentration of PKN1 might efficiently con-
trol total Akt activity in vivo in a mechanism independent of kinase activity. A previous study reported that
Akt activation requires phosphorylation at T308 in the activation loop by phosphoinositide-dependent kinase-1
(PDK1)%, and that phosphorylation of at $473 in the carboxyl-terminus mainly by mammalian target of rapa-
mycin complex-2 (mTORC2)®, is required for maximal Akt activation’. Additionally, PKN1 is reportedly
activated by binding to PDK1 via the PKN1 carboxyl-terminal region”!-7%. Moreover a PKN1 kinase-deficient
mutant (K644E) remains capable of binding PDK17}; therefore it is possible that kinase-deficient PKN1[T778A]
inhibits Akt kinase activity by interfering with the interaction of Akt with PDK1 in vivo, whereas this inhibition
is abolished in PknI-KO mice'. A recent study demonstrated an interaction between PKN1 and mTORC2 at
the turn motif of PKN1 and suggested PKNI1 as an important effector of mTORC2?!. Because Akt is also an
mTORC2-effector protein, absence of PKN1 might enhance the Akt-mTORC?2 interaction, leading to upregulated
Akt (S473) phosphorylation in PknI-KO mice but not in PKN1[T778A] mice. Furthermore, Akt phosphoryla-
tions at T308 and S473 in vivo are not mutually exclusive; therefore, affecting even one of these phosphorylation
events likely results in different Akt activities between PKN1[T778A] and PknI-KO mice.

The phenotypic differences between aged PknI-KO and aged PKN1[T778A] mice might also be related
to Rho GTPase interaction with PKN1. Interaction between PKN1 and PDKI1 reportedly occurs in a Rho
GTPase-dependent manner crucial for subsequent signaling pathways’. Rho GTPases (RhoA, RhoB, RhoC, and
Racl) mainly bind to the antiparallel coiled-coil domain 1 in the PKN1 amino-terminal regulatory region’~'%
Because this region remains intact in PKN1[T778A], Rho GTPase binding to PKN1 is possible in PKN1[T778A]
mice. A previous study reported that the endogenous and the GTPase activating protein (GAP)-stimulated
GTPase activity of RhoA is inhibited by interaction with PKN1 and results in sustainment of the RhoA-PKN1
interaction''. Given the lack of PKN1 protein in Pkn1-KO mice, it is possible that unbound Rho GTPases nor-
mally targeted by PKN1 might interact with other Rho GTPase effector proteins, which contrasts with the pro-
cess in PKN1[T778A] mice. Therefore, differences in Rho GTPase-mediated signaling between Pkn1-KO and
PKNI1[T778A] mice might explain the observed phenotypic differences. Additionally, active forms of Rho
GTPases such as, RhoA and Racl, can directly or indirectly interact with and activate the phosphoinositide
3-kinase-Akt signaling pathway’*-7’. Taken together, Rho GTPase and Akt-mediated signaling might play key
roles in the different phenotypes observed between PKN1[T778A] and Pkn1-KO mice.

Materials and Methods

Animals. PKN1 kinase-negative knock-in mice (PKN1[T778A] mice) were generated as previously
described?s, and were backcrossed at least 10 times into the Charles River C57BL/6N background before phe-
notypic analysis. For all experiments, we used specific-pathogen-free mice that were ultimately compared
with littermates or controls. This study was approved by the Institutional Animal Care and Use Committee
of Kobe University (Permission numbers: 22-05-19, 25-07-01, HEN1-25-07-01, 30-06-02) and Kindai
University (Permission number: KAPS-30-001), and was carried out according to the Kobe University Animal
Experimentation Regulations and the Kindai University Animal Experimentation Regulations.

Mouse dissection. Dissection was performed according to the standard protocol’®. Briefly, mice were dis-
sected after euthanasia using isoflurane inhalation. A portion of spleens and lymph nodes were frozen in liquid
nitrogen immediately after dissection and preserved at —80 °C. The remaining organ samples were fixed with 4%
paraformaldehyde (PFA) in 0.2 M phosphate buffer (PB) at 4 °C overnight, followed by replacing the PFA solution
with 20% sucrose in 0.1% PB and maintaining at 4 °C until use.

Antibodies. Monoclonal antibodies used for flow cytometric analysis of cell-surface antigens were as follow.
Allophycocyanin (APC)-conjugated mouse/human anti-CD45R/B220 (clone RA3-6B2), APC-conjugated mouse
anti-CD3 (clone 17A2), APC-conjugated mouse anti-Ly-6G/Ly-6C (Gr-1; clone RB6-8C5), APC-conjugated
mouse anti-TER-119/erythroid cell, APC-conjugated mouse anti-CD41 (clone MWReg30), fluorescein
isothiocyanate-conjugated mouse anti-CD193 (CCR3; clone J073E5), APC-conjugated mouse anti-CD34
(clone MEC14.7), and APC-conjugated mouse anti-Ly-6A/E (Sca-1; clone E13-161.7) were purchased from
BioLegend (San Diego, CA, USA). The anti-CD42b antibody (SP219; ab183345) was purchased from Abcam
(Cambridge, UK). Purified mouse anti-Akt (610860) was purchased from BD Biosciences (San Jose, CA, USA).
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Phosphorylated Akt (S473) (#9271) was purchased from Cell Signaling Technology (Danvers, MA, USA). For
kidney immunostaining, goat anti-mouse C3 (V-20) (sc-14612) was purchased from Santa Cruz Biotechnology,
and anti-goat horseradish peroxidase (HRP) polymer and anti-mouse HRP polymer were purchased from
Nichirei Bioscience (Tokyo, Japan).

Histological analysis. Histological staining of PFA-fixed spleen sections was performed as previously
described*. Murine kidneys were fixed in 4% PFA and embedded in paraffin for histological analysis. Sections
(3 pm) were cut and mounted on aminopropyltriethoxysilane-coated slides, and H&E staining was performed
to assess histological features. PAS staining was performed to evaluate mesangial expansion. For immunohisto-
chemical staining, endogenous peroxidase was inactivated by treatment with 0.3% hydrogen peroxide in meth-
anol for 30 min. Heat-induced antigen retrieval was performed by incubating sections with 10 mM Tris base
containing 1 mM ethylenediaminetetraacetic acid (pH 9.0) in a pressure cooker for 8 min. Nonspecific binding
sites were blocked with 0.25% casein solution (Dako, Glostrup, Denmark) for 5min. Sections for C3 analysis
were incubated for 1h with a goat polyclonal anti-C3 antibody (1:200), followed by incubation with an anti-goat
HRP polymer for 1 h. Sections for IgG staining were incubated with an anti-mouse HRP polymer for 30 min. The
reaction products were developed with a diaminobenzidine solution (Dako). Imaging was performed by using
BZ-9000 All-in-one Fluorescence Microscope (Keyence).

Southern blot analysis. Southern blot analysis was performed as previously described”*®. Briefly, after
genomic DNA isolation by phenol/chloroform extraction and ethanol precipitation, 10 ug of DNA was digested
with the indicated restriction enzymes (EcoRI, HindIII, BamHI, and BgIII), and electrophoresed on an 0.8%
agarose gel, followed by transfer to a nylon membrane (Hybond -N; Amersham Bioscience, Little Chalfont, UK).
Southern blots were hybridized with 32P-labeled either a 1.2-kb pMJH4 or a 2.3-kb TCR J32 probe. Imaging was
performed on a Typhoon FLA 9500 imager (GE Healthcare Life Sciences).

Flow cytometry. Cell suspensions were prepared from bone marrow and spleens and treated with 1 x ACK
buffer (150 mM NH,CI, 10mM KHCOj3, and 1 mM EDTA) to remove erythrocytes. After washing and resuspen-
sion with staining buffer (0.5% bovine serum albumin in phosphate-buffered saline), cells were labeled with the
appropriate primary antibodies for 30 min on ice. After washing with staining buffer, cells were subjected to flow
cytometry using an Accuri system (BD Biosciences), and data were analyzed using BD Accuri C6 software (BD
Biosciences).

Analysis of peripheral blood. Peripheral blood from mice was collected in anti-coagulant-coated tubes
(BD Biosciences) from the facial vein by pricking with a 5.5-mm animal lancet (Goldenrod; Braintree Scientific,
Braintree, MA, USA). Blood count was measured using an XN-1000V hematology analyzer (Sysmex Corp., Kobe,

Japan).

Immunization. Mice were subcutaneously immunized with 100 ug of OVA (Sigma-Aldrich, St. Louis, MO,
USA) in the presence of Imject alum (Thermo Scientific, Rockford, IL, USA) in a 1:1 ratio (100 uL of Imject alum
to 100 L of immunogen) and a total volume of 200 uL per animal. Mice were immunized twice with a 1-week
interval. One week after the second immunization, blood samples were collected from each individual mouse and
serum was kept at —80 °C until used.

Enzyme-linked immunosorbent assay (ELISA). OVA-specific IgG and IgM were assayed using
standard ELISA procedures. In short, polystyrene plates (Maxisorp, Denmark) were coated with OVA (10 mg/
mL) overnight at 37 °C, washed twice with PBS, blocked with 1% BSA in PBS for 2h at 37°C, and incubated
with serial dilutions of each mouse antiserum starting at 1/5. After incubation for 2 h at room temperature, the
plates were washed 3 times with PBS with 0.05% Tween 20 (PBS-T) and incubated for 2h at room tempera-
ture with horseradish peroxidase conjugated goat anti-mouse IgG and goat anti-mouse IgM at 1:4000 dilution
in 0.1% BSA in PBS-T. Plates were then washed 3 times with PBS-T and developed by addition of 0.7 mg/mL
2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (Sigma-Aldrich, St. Louis, MO, USA)
and 8.8 mM H,0, in 70 mM phosphate-citrate buffer at pH 4.2. The optical density at 405nm (OD,y;) was meas-
ured on an iMark Microplate Absorbance Reader (Bio-Rad, USA). The OD,; of control wells containing PBS-T
as the antigen was used as background values and subtracted from all test values.

Serum anti-dsDNA antibody titers were measured using a mouse anti-dsDNA ELISA kit (Shibayagi,
Shibukawa, Japan) according to manufacturer instructions.

Immunoblot analysis. Immunoblot analysis was performed as previously described®!. To preserve phos-
phorylated Akt protein, immediately after collection from mice under anesthesia, organs were frozen in liq-
uid nitrogen, after which ice-cold TCA/acetone was applied to the frozen tissues for overnight incubation at
—80°C. Three different amounts of each protein sample (8 ug, 4 ug, and 2 ug) were subjected to immunoblot
analysis. Signal intensities of Akt and phosphorylated Akt were measured using FC8000 software (Menlo Systems,
Newton, NJ, USA). The ratio of phosphorylated Akt to Akt in each individual experiment was calculated, with the
mean of six individual experiments analyzed.

Urinalysis. The concentration of protein in urine from individual mice was determined semi-quantitatively
by reagent strips for urine analysis (Albustix, Siemens Healthcare Diagnostics) for 3 consecutive days. A drop of
urine was collected on the reagent strip. The indicator range for protein was then, within 10 sec, compared with
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the color chart on the package for each test, which had six gradings: —, &, 14, 2+, 34, and 4+. Reading was done
in daylight and by the same observer, who had normal color vision.

Statistical analysis. All experiments were performed independently in triplicate at least, and statistical
significance was calculated using Student’s unpaired t-test or Mann-Whitney U test to examine the differences
between the two groups of data. A p value < 0.05 was considered significant. Data displayed in the figures and text
represent mean =+ standard error (SEM) of representative experiments unless otherwise stated.

Data Availability
The datasets generated and/or analyzed during the current study are available from the corresponding author on
reasonable request.

References

1. Mukai, H. The structure and function of PKN, a protein kinase having a catalytic domain homologous to that of PKC. ] Biochem.
133, 17-27 (2003).

2. Kitagawa, M., Mukai, H., Shibata, H. & Ono, Y. Purification and characterization of a fatty acid-activated protein kinase (PKN) from
rat testis. Biochem J. 310(Pt 2), 657-664 (1995).

3. Mukai, H. et al. Activation of PKN, a novel 120-kDa protein kinase with leucine zipper-like sequences, by unsaturated fatty acids and
by limited proteolysis. Biochem Biophys Res Commun. 204, 348-356 (1994).

4. Takahashi, M., Mukai, H., Toshimori, M., Miyamoto, M. & Ono, Y. Proteolytic activation of PKN by caspase-3 or related protease
during apoptosis. Proc Natl Acad Sci USA 95, 11566-11571 (1998).

5. Morrice, N. A., Gabrielli, B., Kemp, B. E. & Wettenhall, R. E. A cardiolipin-activated protein kinase from rat liver structurally distinct
from the protein kinases C. J Biol Chem. 269, 20040-20046 (1994).

6. Palmer, R. H. et al. Activation of PRK1 by phosphatidylinositol 4,5-bisphosphate and phosphatidylinositol 3,4,5-trisphosphate. A
comparison with protein kinase C isotypes. ] Biol Chem. 270, 22412-22416 (1995).

7. Watanabe, G. et al. Protein kinase N (PKN) and PKN-related protein rhophilin as targets of small GTPase Rho. Science. 271,
645-648 (1996).

8. Amano, M. et al. Identification of a putative target for Rho as the serine-threonine kinase protein kinase N. Science. 271, 648-650
(1996).

9. Hutchinson, C. L., Lowe, P. N., McLaughlin, S. H., Mott, H. R. & Owen, D. Differential binding of RhoA, RhoB, and RhoC to protein
kinase C-related kinase (PRK) isoforms PRK1, PRK2, and PRK3: PRKs have the highest affinity for RhoB. Biochemistry. 52,
7999-8011 (2013).

10. Flynn, P, Mellor, H., Palmer, R., Panayotou, G. & Parker, P. ]. Multiple interactions of PRK1 with RhoA. Functional assignment of
the Hr1 repeat motif. ] Biol Chem. 273, 2698-2705 (1998).

11. Shibata, H. et al. Characterization of the interaction between RhoA and the amino-terminal region of PKN. FEBS Lett. 385,221-224
(1996).

12. Owen, D. et al. Molecular dissection of the interaction between the small G proteins Racl and RhoA and protein kinase C-related
kinase 1 (PRK1). J Biol Chem. 278, 50578-50587 (2003).

13. Torbett, N. E., Casamassima, A. & Parker, P. ]. Hyperosmotic-induced protein kinase N 1 activation in a vesicular compartment is
dependent upon Racl and 3-phosphoinositide-dependent kinase 1. ] Biol Chem. 278, 32344-32351 (2003).

14. Calautti, E. et al. Fyn tyrosine kinase is a downstream mediator of Rho/PRK2 function in keratinocyte cell-cell adhesion. J Cell Biol.
156, 137-148 (2002).

15. Fischer, A. et al. Impaired tight junction sealing and precocious involution in mammary glands of PKN1 transgenic mice. J Cell Sci.
120, 2272-2283 (2007).

16. Lachmann, S. et al. Regulatory domain selectivity in the cell-type specific PKN-dependence of cell migration. PLoS One. 6, €21732
(2011).

17. O’Sullivan, A. G., Mulvaney, E. P, Hyland, P. B. & Kinsella, B. T. Protein kinase C-related kinase 1 and 2 play an essential role in
thromboxane-mediated neoplastic responses in prostate cancer. Oncotarget. 6, 26437-26456 (2015).

18. Singh, N. K. et al. Protein Kinase N1 Is a Novel Substrate of NFATc1-mediated Cyclin D1-CDK6 Activity and Modulates Vascular
Smooth Muscle Cell Division and Migration Leading to Inward Blood Vessel Wall Remodeling. Journal of Biological Chemistry. 287,
36291-36304 (2012).

19. Jilg, C. A. et al. PRK1/PKN1 controls migration and metastasis of androgen-independent prostate cancer cells. Oncotarget. 5,
12646-12664 (2014).

20. Yuan, Q. et al. PKN1 Directs Polarized RAB21 Vesicle Trafficking via RPH3A and Is Important for Neutrophil Adhesion and
Ischemia-Reperfusion Injury. Cell reports. 19, 2586-2597 (2017).

21. Gampel, A., Parker, P. ]. & Mellor, H. Regulation of epidermal growth factor receptor traffic by the small GTPase rhoB. Curr Biol. 9,
955-958 (1999).

22. Takagi, H. et al. Activation of PKN Mediates Survival of Cardiac Myocytes in the Heart During Ischemia/Reperfusion. Circ Res. 107,
642-649 (2010).

23. Kajimoto, K. et al. Hypotonic swelling-induced activation of PKN1 mediates cell survival in cardiac myocytes. Am ] Physiol Heart
Circ Physiol. 300, H191-200 (2011).

24. Francois, A. A. et al. Loss of Protein Kinase Novel 1 (PKN1) is associated with mild systolic and diastolic contractile dysfunction,
increased phospholamban Thr17 phosphorylation, and exacerbated ischaemia-reperfusion injury. Cardiovasc Res. 114, 138-157
(2018).

25. Thauerer, B., Zur Nedden, S. & Baier-Bitterlich, G. Protein Kinase C-Related Kinase (PKN/PRK). Potential Key-Role for PKN1 in
Protection of Hypoxic Neurons. Current neuropharmacology. 12, 213-218 (2014).

26. James, R. G. et al. Protein kinase PKN1 represses Wnt/beta-catenin signaling in human melanoma cells. J Biol Chem. 288,
34658-34670 (2013).

27. Misaki, K. et al. PKN delays mitotic timing by inhibition of Cdc25C: possible involvement of PKN in the regulation of cell division.
Proc Natl Acad Sci USA 98, 125-129 (2001).

28. Isagawa, T., Takahashi, M., Kato, T. J., Mukai, H. & Ono, Y. Involvement of protein kinase PKN1 in G2/M delay caused by arsenite.
Mol Carcinog. 43, 1-12 (2005).

29. Su, C,, Deaton, R. A., Iglewsky, M. A., Valencia, T. G. & Grant, S. R. PKN activation via transforming growth factor-beta 1 (TGF-beta
1) receptor signaling delays G2/M phase transition in vascular smooth muscle cells. Cell Cycle. 6, 739-749 (2007).

30. Wang, F. et al. RhoA promotes epidermal stem cell proliferation via PKN1-cyclin D1 signaling. PLoS One. 12, €0172613 (2017).

31. Yang, C. S. et al. The protein kinase C super-family member PKN is regulated by mTOR and influences differentiation during
prostate cancer progression. Prostate. 77, 1452-1467 (2017).

SCIENTIFIC REPORTS |

(2019) 9:13977 | https://doi.org/10.1038/s41598-019-50419-2


https://doi.org/10.1038/s41598-019-50419-2

www.nature.com/scientificreports/

32.
33.
34,
35.
36.
37.

38.

41.
42.
43.
44.
45.

46.
47.

48.
49.
50.
51.
52.

53.
54.

55.
56.
57.
58.

59.
. Deniset, ]. F, Surewaard, B. G., Lee, W. Y. & Kubes, P. Splenic Ly6G(high) mature and Ly6G(int) immature neutrophils contribute to

60.

61.
62.

63.

64.

65.
. Fukaya, M. et al. Abundant distribution of TARP gamma-8 in synaptic and extrasynaptic surface of hippocampal neurons and its

67.
68.
69.

70.
. Dong, L. Q. et al. Phosphorylation of protein kinase N by phosphoinositide-dependent protein kinase-1 mediates insulin signals to

72.
73.
74.
75.

76.

Metzger, E., Muller, J. M., Ferrari, S., Buettner, R. & Schule, R. A novel inducible transactivation domain in the androgen receptor:
implications for PRK in prostate cancer. EMBO J. 22, 270-280 (2003).

Metzger, E. et al. Phosphorylation of histone H3 at threonine 11 establishes a novel chromatin mark for transcriptional regulation.
Nat Cell Biol. 10, 53-60 (2008).

Deaton, R. A,, Su, C,, Valencia, T. G. & Grant, S. R. Transforming growth factor-betal-induced expression of smooth muscle marker
genes involves activation of PKN and p38 MAPK. ] Biol Chem. 280, 31172-31181 (2005).

Haraga, A. & Miller, S. I. A Salmonella type III secretion effector interacts with the mammalian serine/threonine protein kinase
PKNI1. Cell Microbiol. 8, 837-846 (2006).

Cho, J. A. et al. Cardiolipin activates antigen-presenting cells via TLR2-PI3K-PKN1-AKT/p38-NF-kB signaling to prime antigen-
specific naive T cells in mice. Eur ] Immunol. 48, 777-790 (2018).

Galgano, M. T., Conaway, M., Spencer, A. M., Paschal, B. M. & Frierson, H. E. Jr. PRK1 distribution in normal tissues and carcinomas:
overexpression and activation in ovarian serous carcinoma. Hum Pathol. 40, 1434-1440 (2009).

Chang, J. et al. Exome-wide analysis identifies three low-frequency missense variants associated with pancreatic cancer risk in
Chinese populations. Nat Commun. 9, 3688 (2018).

. Chen, L. et al. Clonality and evolutionary history of rhabdomyosarcoma. PLoS Genet. 11, €1005075 (2015).
40.

Nedden, S. Z. et al. Protein kinase N1 critically regulates cerebellar development and longterm function. The Journal of clinical
investigation. 128, 2076-2088 (2018).

Park, Y. H., Wood, G., Kastner, D. L. & Chae, J. J. Pyrin inflammasome activation and RhoA signaling in the autoinflammatory
diseases FMF and HIDS. Nat Immunol. 17,914-921 (2016).

Chung, L. K. et al. The Yersinia Virulence Factor YopM Hijacks Host Kinases to Inhibit Type III Effector-Triggered Activation of the
Pyrin Inflammasome. Cell Host Microbe. 20, 296-306 (2016).

Oishi, K. et al. PKN regulates phospholipase D1 through direct interaction. J Biol Chem. 276, 18096-18101 (2001).

Takahashi, M. et al. Regulation of a mitogen-activated protein kinase kinase kinase, MLTK by PKN. ] Biochem. 133, 181-187 (2003).
Yasui, T. et al. Protein kinase N1, a cell inhibitor of Akt kinase, has a central role in quality control of germinal center formation. Proc
Natl Acad Sci USA 109, 21022-21027 (2012).

Mashud, R. et al. Impaired lymphocyte trafficking in mice deficient in the kinase activity of PKN1. Sci Rep. 7, 7663 (2017).

Chan, C. B. et al. Mice lacking asparaginyl endopeptidase develop disorders resembling hemophagocytic syndrome. Proc Natl Acad
Sci USA 106, 468-473 (2009).

Bauer, W. et al. Osteomyelosclerosis, anemia and extramedullary hematopoiesis in mice lacking the transcription factor NFATc2.
Haematologica. 96, 1580-1588 (2011).

Kim, C. H. Homeostatic and pathogenic extramedullary hematopoiesis. Journal of blood medicine. 1, 13-19 (2010).

Spencer, R. P. & Pearson, H. A. The spleen as a hematological organ. Seminars in nuclear medicine. 5,95-102 (1975).

Song, M. K,, Park, B. B. & Uhm, J. E. Understanding Splenomegaly in Myelofibrosis: Association with Molecular Pathogenesis.
International journal of molecular sciences. 19, 898 (2018).

Uehara, S. et al. Protein kinase N3 promotes bone resorption by osteoclasts in response to Wnt5a-Ror2 signaling. Science signaling.
10, eaan0023 (2017).

Morse, H. C. 1L et al. Bethesda proposals for classification of lymphoid neoplasms in mice. Blood. 100, 246-258 (2002).

Arnold, A. et al. Inmunoglobulin-gene rearrangements as unique clonal markers in human lymphoid neoplasms. The New England
journal of medicine. 309, 1593-1599 (1983).

Flug, E, Pelicci, P. G., Bonetti, E, Knowles, D. M. II. & Dalla-Favera, R. T-cell receptor gene rearrangements as markers of lineage
and clonality in T-cell neoplasms. Proc Natl Acad Sci USA 82, 3460-3464 (1985).

Cleary, M. L., Chao, J., Warnke, R. & Sklar, ]. Immunoglobulin gene rearrangement as a diagnostic criterion of B-cell lymphoma.
Proc Natl Acad Sci USA 81, 593-597 (1984).

Zheng, P., Chang, X., Lu, Q. & Liu, Y. Cytopenia and autoimmune diseases: a vicious cycle fueled by mTOR dysregulation in
hematopoietic stem cells. ] Autoimmun. 41, 182-187 (2013).

Auerbach, A., Summers, T. A., Zhang, B. & Aguilera, N. S. Splenic manifestations of chronic autoimmune disorder: a report of five
cases with histiocytic necrotizing change in four cases. Histopathology. 63, 19-28 (2013).

Reich, H. N. et al. A molecular signature of proteinuria in glomerulonephritis. PLoS One. 5, e13451 (2010).

eradication of S. pneumoniae. The Journal of experimental medicine. 214, 1333-1350 (2017).

Furze, R. C. & Rankin, S. M. Neutrophil mobilization and clearance in the bone marrow. Immunology. 125, 281-288 (2008).
Burdon, P. C., Martin, C. & Rankin, S. M. The CXC chemokine MIP-2 stimulates neutrophil mobilization from the rat bone marrow
in a CD49d-dependent manner. Blood. 105, 2543-2548 (2005).

Petty, J. M., Lenox, C. C., Weiss, D. J., Poynter, M. E. & Suratt, B. T. Crosstalk between CXCR4/stromal derived factor-1 and VLA-4/
VCAM-1 pathways regulates neutrophil retention in the bone marrow. Journal of immunology (Baltimore, Md: 1950). 182, (604-612
(2009).

Tomay, E et al. Aged neutrophils accumulate in lymphoid tissues from healthy elderly mice and infiltrate T- and B-cell zones.
Immunology and cell biology. 96, 831-840 (2018).

Broz, P. & Dixit, V. M. Inflammasomes: mechanism of assembly, regulation and signalling. Nat Rev Immunol. 16, 407-420 (2016).

major role in AMPA receptor expression on spines and dendrites. Eur ] Neurosci. 24, 2177-2190 (2006).

Simon, M. M. et al. A comparative phenotypic and genomic analysis of C57BL/6] and C57BL/6N mouse strains. Genome Biol. 14,
R82 (2013).

Alessi, D. R. et al. Characterization of a 3-phosphoinositide-dependent protein kinase which phosphorylates and activates protein
kinase Balpha. Curr Biol. 7, 261-269 (1997).

Sarbassov, D. D., Guertin, D. A, Ali, S. M. & Sabatini, D. M. Phosphorylation and regulation of Akt/PKB by the rictor-mTOR
complex. Science. 307, 1098-1101 (2005).

Hart, J. R. & Vogt, P. K. Phosphorylation of AKT: a mutational analysis. Oncotarget. 2, 467-476 (2011).

the actin cytoskeleton. Proc Natl Acad Sci USA 97, 5089-5094 (2000).

Flynn, P, Mellor, H., Casamassima, A. & Parker, P. J. Rho GTPase control of protein kinase C-related protein kinase activation by
3-phosphoinositide-dependent protein kinase. J Biol Chem. 275, 11064-11070 (2000).

Wick, M. J., Dong, L. Q., Riojas, R. A., Ramos, F. J. & Liu, FE. Mechanism of phosphorylation of protein kinase B/Akt by a
constitutively active 3-phosphoinositide-dependent protein kinase-1. ] Biol Chem. 275, 40400-40406 (2000).

Bokoch, G. M., Vlahos, C. J., Wang, Y., Knaus, U. G. & Traynor-Kaplan, A. E. Rac GTPase interacts specifically with
phosphatidylinositol 3-kinase. Biochem J. 315(Pt 3), 775-779 (1996).

Del R, D. P,, Miyamoto, S. & Brown, J. H. Focal adhesion kinase as a RhoA-activable signaling scaffold mediating Akt activation and
cardiomyocyte protection. J Biol Chem. 283, 35622-35629 (2008).

Murga, C., Zohar, M., Teramoto, H. & Gutkind, J. S. Racl and RhoG promote cell survival by the activation of PI3K and Akt,
independently of their ability to stimulate JNK and NF-kappaB. Oncogene. 21, 207-216 (2002).

SCIENTIFIC REPORTS |

(2019) 9:13977 | https://doi.org/10.1038/s41598-019-50419-2


https://doi.org/10.1038/s41598-019-50419-2

www.nature.com/scientificreports/

77. Coupel, S., Leboeuf, F.,, Boulday, G., Soulillou, J. P. & Charreau, B. RhoA activation mediates phosphatidylinositol 3-kinase-
dependent proliferation of human vascular endothelial cells: an alloimmune mechanism of chronic allograft nephropathy. Journal
of the American Society of Nephrology: JASN. 15, 2429-2439 (2004).

78. Fiette, L. & Slaoui, M. Necropsy and sampling procedures in rodents. Methods in molecular biology (Clifton, NJ). 691, 39-67 (2011).

79. Enomoto, Y. et al. Emu/miR-125b transgenic mice develop lethal B-cell malignancies. Leukemia. 25, 1849-1856 (2011).

80. Okazaki, I. M. et al. Constitutive expression of AID leads to tumorigenesis. The Journal of experimental medicine. 197, 1173-1181
(2003).

81. Danno, S. et al. PKN2 is essential for mouse embryonic development and proliferation of mouse fibroblasts. Genes Cells. 22, 220-236
(2017).

Acknowledgements

We thank Akira Hashiramoto, Hidenori Matsuzaki, Mona Mehruba, Sally Danno, Takamichi Murakami,
Nobuhiko Hoshi, and Toshifumi Yokoyama for their helpful opinions and discussions regarding this work. We
would like to thank Editage (www.editage.jp) for English language editing. This study was supported by research
grants from the Ministry of Education, Culture, Sports, Science and Technology, Japan, and by the MEXT-
supported Program for the Strategic Research Foundation at Private Universities.

Author Contributions

S.M.S., KK, Y.S,,N.S,, R.S. and H. Mukai performed dissection and macroscopic analyses of mouse organs and
urine analysis. K.K. and S.M.S. performed ELISA. S.M.S., Y.I,, K.N,, S.0., H.O,, S.K., H. Matsuoka and T.I. carried
out histological analyses. S.M.S., Y.Y., S.T. and T.S. performed flow cytometric analyses and Southern blotting.
S.U. performed micro CT analysis. H. Mukai designed the project. S.M.S. and H. Mukai wrote the manuscript. All
authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-50419-2.

Competing Interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:13977 | https://doi.org/10.1038/s41598-019-50419-2


https://doi.org/10.1038/s41598-019-50419-2
http://www.editage.jp
https://doi.org/10.1038/s41598-019-50419-2
http://creativecommons.org/licenses/by/4.0/

	PKN1 kinase-negative knock-in mice develop splenomegaly and leukopenia at advanced age without obvious autoimmune-like phen ...
	Results

	PKN1[T778A] mice show enlarged spleens at an advanced age. 
	Extramedullary hematopoiesis is not a major cause of characteristic spleen enlargement in aged PKN1[T778A] mice. 
	Incidence of lymphomagenesis in aged PKN1[T778A] mice does not differ significantly from that in aged WT mice. 
	Matured leukocyte populations increase in the spleen and decrease in the peripheral blood of aged PKN1[T778A] mice. 
	Autoimmune disease-like phenotypes are not observed in aged PKN1[T778A] mice. 
	Basal levels of Akt (S473) phosphorylation are not enhanced in splenocytes from PKN1[T778A] mice. 

	Discussion

	Materials and Methods

	Animals. 
	Mouse dissection. 
	Antibodies. 
	Histological analysis. 
	Southern blot analysis. 
	Flow cytometry. 
	Analysis of peripheral blood. 
	Immunization. 
	Enzyme-linked immunosorbent assay (ELISA). 
	Immunoblot analysis. 
	Urinalysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Enlargement of spleen in aged PKN1[T778A] mice.
	Figure 2 Extramedullary hematopoiesis in aged mice.
	Figure 3 Comparable incidence of lymphomagenesis between aged PKN1[T778A] and WT mice.
	Figure 4 Cell count of spleen, bone marrow and peripheral blood from WT and PKN1[T778A] mice.
	Figure 5 Absence of autoimmune-like phenotypes in aged PKN1[T778A] mice.
	Figure 6 Measurement of phosphorylation of Akt at S473.
	Table 1 Secondary lymphoid organs in aged mice.
	Table 2 Results of Southern blot analysis of splenic DNA from aged mice.




