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Abstract

Defects in PTEN, a critical tumor suppressor, are associated with tumorigenesis and aberrant
organ sizes. It has been shown that heterozygous PTEN loss increases brains and neuron size,
while the specific loss of nuclear PTEN has the opposite effect. Here, we investigate the impact of
a combination of heterozygous PTEN loss and nuclear PTEN loss on the size of various organs,
including the brain, liver, thymus, spleen, and inguinal lymph node. We found that the effect of the
combination varies among organs. Notably, the combination of heterozygous PTEN loss and
nuclear PTEN loss restored the normal size of brains and neurons. In contrast, the liver’s size was
unaffected by either single PTEN defects or their combination. Strikingly, the size of the inguinal
lymph node was greatly increased due to lymphoma by the combination of the two PTEN defects.
These data suggest that nuclear PTEN and non-nuclear PTEN function in an antagonistic manner
in the brain while acting synergistically in the inguinal lymph node.
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1. Introduction

The tumor suppressor PTEN (phosphatase and tensin homolog deleted on chromosome ten)
is a multi-function protein with lipid and protein phosphatase activities [1-3]. Somatic
PTEN mutations have been found in various cancers, such as high-grade glioblastoma,
prostate, breast, endometrial, and thyroid carcinoma. Germline mutations of PTEN also
cause Cowden’s syndrome, which shows hamartoma of various tissues, such as the brain,
breast, and intestine, and has a high risk of cancer in the thyroid and breast [4]. Like human

2Corresponding authors: miijima@jhmi.edu, hsesaki@jhmi.edu.

Present address: Faculty of Pharmacy, Yasuda Women's University, Hiroshima, Japan
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Biochemical and Biophysical Research Communications

Declaration of competing interests

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Igarashi et al. Page 2

patients, heterozygous loss of PTEN in mice leads to hamartoma-like features and high
incidences of epithelial tumors [5-8]. These mice display a high penetrance of
lymphadenopathy and splenomegaly, leading to a lethal autoimmune disease [9].

Besides tumor suppression, PTEN plays a vital role in brain development and function
[10,11]. Mutations of PTEN are linked to autism spectrum disorder accompanied by
macrocephaly and epilepsy in human patients [12-15]. In mouse models, brain-specific
homozygous knockout of PTEN increases the size of the brain and the soma of neurons,
hypertrophic dendrites, axonal terminus with increased synapses, and granule cell dysplasia
in the cerebellum and dentate gyrus [10,16-18]. These mice show seizures, ataxia, and
behavior abnormalities, resembling human patients with Lhermitte-Duclos disease, a
cerebellar tumor associated with Cowden’s syndrome.

In cells, PTEN is located at multiple locations, including the plasma membrane and nucleus.
At the plasma membrane, PTEN dephosphorylates phosphatidylinositol (3,4,5)-triphosphate
to negatively regulate the intracellular signal transduction pathway mediated by
phosphatidylinositol 3-kinase (PI13K), AKT, and mTORCL1 [19-21]. It has been suggested
that macrocephaly results from enhanced PI3K-AKT-mTOR signaling. In the nucleus,
PTEN controls DNA repair, genome maintenance, and cell cycle progression [22,23].
Ubiquitination of lysine at residue 13 (K13) is critical for the nuclear localization of PTEN,
and its arginine substitution (K13R) blocks the accumulation in the nucleus, leaving most of
PTEN in the cytoplasm [24-26]. By CRISPR/Cas9 genome editing, we generated nuclear
PTEN deficient mutant mice in which the nuclear localization of PTEN is specifically
inhibited without affecting its plasma membrane localization [24,25]. In contrast to systemic
PTEN knockout mice, nuclear PTEN deficient mice display microcephaly with smaller soma
of neurons in the cerebellum, cerebral cortex, and hippocampus [24].

These data suggest that PTEN differently regulates the size of brains and neurons at different
intracellular locations. Furthermore, unlike systemic PTEN knockout mice, nuclear PTEN
deficient mice do not display spontaneous tumors [24,25,27]. Instead, nuclear PTEN
deficient mice produce liver cancers when exposed to mutagen and hepatotoxin, suggesting
that nuclear PTEN loss enhances the sensitivity to liver carcinogenesis [24,25,27]. It is
currently unknown how the functional relationship between PTEN at the plasma membrane
and nucleus affects organ size control and tumorigenesis. In the current work, we address
this outstanding question by crossing heterozygous PTEN knockout and nuclear PTEN
deficient mice.

2. Materials and Methods
2.1. Mice

All animal work was performed according to the guidelines established by the Johns
Hopkins University Committee on Animal Care. PTENK13R.D384V/K13R D384V mjce have
been previously described [24,25,27]. PTEN*/~ mice were generated by crossing
PTEN(floX/flox (006440) and CMV-Cre transgenic mice (006054), both of which were
obtained from Jackson Laboratory. To produce PTENK13R.D384V/= mjce,

PTENK13R D384V/K13R,D384V mjce were crossed to PTEN*/~ mice.
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2.2. Immunofluorescence microscopy

Mice were anesthetized by intraperitoneal injection of Avertin and fixed by cardiac perfusion
of ice-cold 4% paraformaldehyde in PBS [24,25,27]. The tissues were dissected and further
fixed in 4% paraformaldehyde in PBS for 3 h at 4°C. The samples were incubated in PBS
containing 30% sucrose overnight and frozen in optimal cutting temperature compound
(Fisher Scientific; 23-730-571,) in a Tissue-Tek Cryomold (Sakura Finetek USA; 4566).
Frozen tissue blocks were sectioned and mounted on Superfrost Plus Microscope Slides
(12-550-15; Fisher Scientific). Sections were subjected to antigen retrieval with 10 mM
citrate buffer using a microwave oven and incubated with the primary antibodies to Car8
(1:500, Frontier Institute, Car8-Go-Af780-1), NeuN (1:200, Proteintech; 26975-1-AP), and
PTEN (1:100, Cell Signaling Technology; 9559) at 4°C overnight. After washes, the
samples were incubated with appropriate fluorescently-labeled secondary antibodies at room
temperature for 1 h. DAPI (1 pg/ml) was used to stain nuclear DNA. Samples were viewed
by Zeiss LSM780 confocal scanning microscope equipped with 10x or 63x objectives. The
nuclear and cytosolic fluorescent intensities were measured and averaged from three
different positions in each neuron using NIH ImageJ software.

2.3. Immunohistochemistry and histology

For immunohistochemistry, cryosections were stained with antibodies to B220 (1:100,
Invitrogen; 14-0452-82) and CD3 (1:100, Sigma; SAB5500058). After washes with PBS,
the samples were incubated with HRP-conjugated secondary antibody for 1 h at room
temperature and stained with 3,3'-diaminobenzidine. For histology, paraformaldehyde-fixed
tissues were embedded in paraffin at the Johns Hopkins School of Medicine Pathology Core.
Paraffin sections were cut, and stained with hematoxylin and eosin. The samples were
viewed using an Olympus BX51 microscope equipped with a DP-70 color camera.

2.4. Western blotting

Tissues were harvested from mice, flash-frozen in liquid nitrogen, and homogenized in RIPA
buffer (Cell Signaling Technology; 9806) containing phosphatase inhibitor cocktail 2 and 3
(Sigma; P5726 and P0044, respectively) [24,25,27]. Lysates were centrifuged at 14,000 x g
for 10 min, and the supernatants were collected. Proteins were separated by SDS-PAGE and
transferred onto Immaobilon-FL (Millipore; IPFL00010). After blocking in 3% BSA/PBS/
Tween-20 for 1 h at room temperature, the blots were incubated with primary antibodies:
PTEN (Cell Signaling Technology; 9559), NeuN (Proteintech; 26975-1-AP), AldhL1 (EMD
Millipore; MABN495), GFAP (Sigma; G3893), and GAPDH (Thermo Fisher; MA5—
15738). Immunocomplexes were visualized using appropriate fluorescent-labeled secondary
antibodies and detected using a PharosFX Plus molecular imager (Bio-Rad).

3. Results

3.1. Antagonistic effects of PTEN*/~ and PTENK13R.D384V/K13R,D384V g prain size and
neuronal morphology

Nuclear PTEN deficient mice carry two mutations, K13R and D384V, which together block
the accumulation of PTEN effectively in the nucleus [24,25,27]. Heterozygous knockout
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mice for PTEN were produced by crossing PTENfloX/flox mice to CMV-Cre mice [28,29].
CMV-Cre was then crossed out. By breeding, we generated wild-type mice (WT),
heterozygous PTEN knockout mice (PTEN*/"), nuclear PTEN deficient mice
(PTENKI3R,D384V/KI3R D384V ‘and pTENKI3R.D384V/~ mice. These mice showed similar
body sizes (Fig. 1A and B). In contrast, the size of the brain was altered. Brains were larger
in PTEN*~ mice and smaller in PTENK13R,D384V/K13R,D384V mjce (Fig. 1C and D).
Notably, PTENK13R.D384V/~ mice restored the brain’s normal size (Fig. 1C and D). In
contrast, the size of livers was not affected in these PTEN mutant mice (Fig. 1C). Further
analysis of the brain’s sub-regions showed that the cerebrum and cerebellum were
significantly larger in PTEN*/~ mice and smaller in PTENK13R.D384V/K13R.D384V mjce (Fig.
1D). Again, the size of both cerebrum and cerebellum were restored to normal in
PTENK13R/D384VI- mice (Fig. 1D). These data suggest that nuclear PTEN loss and
heterozygous PTEN loss antagonistically change the size of the brain, cerebrum, and
cerebellum.

The cerebellum consists of two layers, the molecular and granular layers. The molecular
layer mainly contains the soma of large Purkinje cells and their highly extended and
branched dendrites. The granular layer has small granule cells. Consistent with the changes
observed in the whole cerebellum (Fig. 1D), immunofluorescence microscopy of sagittal
sections using antibodies to Car8 (a Purkinje cell marker) and NeuN (a neuron marker used
to visualize granular layer) showed that the area of the cerebellum was increased in PTEN*/~
mice, decreased in PTENK13R.D384V/K13R,D384V mijce, and restored in PTENK13R.D384V/-
mice (Fig. 2A and B). These changes result from combined changes in both molecular and
granular layers, which were increased in PTEN*/~ mice, decreased in
PTENKI3R.D384V/K13R D384V an( restored in PTENK13R.D384VI- mice (Fig. 2C-E).
Furthermore, PTEN*/~ mice showed an increased frequency of Purkinje neurons that extend
two primary dendrites from the soma (Fig. 2F and G). This increase was compensated in
PTENKI3R.D384V/- mjce (Fig. 2F and G). PTENK13R.D384V/KI3R.D384V mjce showed the
normal frequency (Fig. 2F and G).

To examine the size of individual neurons, we quantified the soma of Purkinje cells by Car8
staining and granule cells by NeuN staining. We found that the soma size of both neurons
was increased in PTEN*/~ mice, decreased in PTENK13R.D384V/KI3R.D384V mjce, and
returned to WT levels in PTENK13R.D384V/- mice (Fig. 2H). These data suggest that the loss
of nuclear PTEN and the heterozygous loss of PTEN show opposite effects on the sizes of
neurons.

3.2. Intracellular distribution of PTEN in PTEN*/~, PTENK13R D384V/K13R,D384V 5n(g
PTENK13R,D384V/- heyrons

To examine the localization of PTEN in PTEN*/~, PTENK13R,D384V/K13R,D384V gn
PTENKI3R.D384V/neyrons, we performed quantitative immunofluorescence microscopy of
sagittal sections of the cerebellum using antibodies to PTEN and the Purkinje cell marker
Car8 (Fig. 3A). In WT Purkinje cells, the quantification of PTEN signals showed
approximately equal intensity in the nucleus and cytosol (Fig. 3A and B). In PTEN*/~ mice,
although the total intensity is decreased, the ratio of PTEN signal in the nucleus relative to
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that in the cytosol was unaffected (Fig. 3A and B). In contrast, as expected [24],
PTENKI3R.D384V/K13R D384V mjce showed a dramatic decrease in the relative intensity of
PTEN in the nucleus (Fig. 3A and B). This decrease remained unchanged in
PTENK13RD384V/- mice (Fig. 3A and B). As a control, we analyzed the signal intensity of
Car8. Distinct from PTEN, Car8 was predominantly located in the cytosol, and the signal
ratio between the nucleus and cytosol were similar in WT, PTEN*/-,
PTENKI3R,D384V/KI3R D384V and pTENKI3R.D3BAVI- pyrkinje cells (Fig. 3A and B). These
data indicate that the K13R and D384V mutations block the localization of PTEN in the
nucleus, and that decreasing the total amount of PTEN does not change the relative
distribution of PTEN in the nucleus.

To examine the effects of decreases in levels of nuclear PTEN and total PTEN on the ratio of
neurons and astrocytes in the brain, we analyzed levels of NeuN (a neuron marker),
Aldh1L1 (an astrocyte marker), and GFAP (an astrocyte marker), along with PTEN in the
cerebellum and cerebral cortex (Fig. 3C and D). We found that PTEN levels were
dramatically decreased in PTEN*/~ and PTENKI3R.D384V/= mice. |n contrast, levels of
NeuN, Aldh1L1, and GFAP were equivalent in WT, PTEN*/~, PTENKL3R,D384V/K13R,D384V
and PTENKI3R.D384V/- mjce (Fig. 3C and D). Therefore, it appears that the ratio of neurons
and astrocytes is not grossly affected in the PTEN mutant mice.

3.3. Synergistic effects of PTEN*/~ and PTENK13R.D384V/K13R,D384V g the size of immune

organs

In addition to the brain, we found that the sizes of the immune organs — the thymus, spleen,
and inguinal lymph node — were also altered in the PTEN mutant mice (Fig. 4A). PTEN*/~
mice showed increased weights of the thymus and spleen, while

PTENK13R D384V/K13R,D384V mjce displayed normal weight. In contrast to the brain, the
average weight of the thymus and spleen was modestly increased in PTENK13R,D384V/~
mice, although the differences were not significant (Fig. 4A).

Notably, we found a dramatic change in the inguinal lymph node of PTENK13R,D384V/-
mice. Consistent with previous studies [30], PTEN*/~ mice displayed hypertrophy of
inguinal lymph nodes (Fig. 4B and C). This hypertrophy was greatly enhanced in
PTENK13R.D384V/- mice (Fig. 4B and C). PTENK13R,D384V/K13R D384V mjce showed a
normal size of inguinal lymph node (Fig. 4B and C). Also, the frequency of lymph node
hypertrophy was higher in PTENK13R.D384V/= mice than PTEN*/mice (Fig. 4D).
Hematoxylin and eosin (H&E) staining revealed that lymphoma is formed in PTEN*/~ and
PTENK13R.D384V/- mice (Fig. 4E). Consistent with a further increased size of the inguinal
lymph node, lymphoma was larger in PTENK13R.D384V/= mijce compared with PTEN*/~
mice (Fig. 4E). WT and PTENK13R,D384V/K13R,D384V mjce did not develop lymphoma. To
test what types of cells are increased in the lymph node, we performed
immunohistochemistry using antibodies to B220 (a marker for B-cells) and CD3 (a marker
for T-cells). The area positive for these antibodies was normalized relative to the total area of
inguinal lymph nodes. We found that the relative CD3-positive area did not change in WT,
PTEN+/_, pTENK13R,D384V/K13R,D384V’ and PTENK13R.D384V/mice (Fig. 4F and G). In
contrast, the relative B220-positive area was increased in PTENKI3R.D384vi- mice (Fig. 4F
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and G). These data suggest the enhanced proliferation of B-cell lineages in
PTENKI3R.D384V/- mjce (Fig. 4F and G).

4. Discussion

PTEN is a master regulator of the size and morphology of the brain and neurons.
Heterozygous loss of PTEN in PTEN*/~ mice induces macrocephaly through enhanced
PI3K-mTORCI1 signaling, leading to excess cell growth [16,17,31-34]. In contrast, we have
shown that decreasing levels of PTEN in the nucleus in PTENK13R.D384V/K13R D384V yjce
results in microcephaly with reduced sizes of multiple types of neurons in the cerebellum,
cerebral cortex, and hippocampus [24]. In the current work, we found that normal brain and
neuron size is restored in PTENK13R.D384V/~ mice Our data suggest that the heterozygous
loss of PTEN and the decrease in nuclear PTEN levels antagonistically change cell growth
in the brain. We do not yet know how such opposing effects are generated. Although one
possible mechanism is regulation of the PI3K-mTORC1 pathway, we found that this
pathway is not affected in PTENK13R/D384V/K13R.D384V hrains [24]. It is possible that other
signaling mechanisms that control cell growth contribute to the brain phenotypes in
PTENK13R.D384V/- mice, For example, nuclear PTEN may control cell growth through
another crucial tumor suppressor, p53, which functions together with PTEN in the nucleus
[27,35]. It would be of great importance to further investigate the molecular basis underlying
these physiological changes in the brain.

PTEN*/~ mice develop a lethal polyclonal autoimmune disease due to decreased
Fasmediated apoptosis in T lymphocytes in which PI3K signaling is elevated [9]. In humans,
heterozygous loss of PTEN has been reported in lymphoma [7,36,37]. Consistent with these
previous studies, we confirmed that heterozygous loss of PTEN leads to lymphoma.
Furthermore, we found that PTENK13R,D384V/K13R D384V mjce have a normal thymus,
spleen, and inguinal lymph node. To our surprise, the combination of heterozygous PTEN
loss and nuclear PTEN deficiency synergistically increased the size of the inguinal lymph
node. This synergistic effect in the lymph node is in sharp contrast to the antagonistic effects
in the brain. In PTENK13R.D384V/= |ymph nodes, a modest increase was found in the
population of B220-positive B-cells compared with CD3-positive T-cells. Therefore, in these
mutant lymph nodes, enhanced growth of B-cells may be preferentially induced. We have
previously shown that nuclear PTEN deficiency increases DNA damage in response to
oxidative stress [25,27]. In highly mitotic B- and T-cells, a compromised DNA damage
response may synergistically increase the frequency of hyperplasia and tumorigenesis in the
immune organs.

Our data support the notion that PTEN has multiple tumor suppressor activities in different
intracellular locations. PTEN has been described at other locations beyond the nucleus and
plasma membrane, such as endosomes and ER-mitochondria contact sites. It will be
necessary to further decipher tumor suppressor activities and targeting mechanisms at each
of these compartments to fully understand the pathogenesis of PTEN-associated human
cancers.
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Highlights

. Nuclear and non-nuclear PTEN play distinct roles in organ growth and
tumorigenesis

. Nuclear PTEN and non-nuclear PTEN antagonistically regulate brain and
neuron size

. Nuclear PTEN controls dendritic shape in Purkinje neurons

. Lymphoma is synergistically suppressed by nuclear PTEN and non-nuclear
PTEN
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Figure 1. Brain size in PTEN mutant mice.

(A) General appearance of WT, PTEN*/~, PTENK13R.D384V/KI3R D384V gng

Page 11

PTENK13R.D384V/~ male mice at 8-14 weeks old. (B) Bodyweight at 7—15 weeks old. Values
are mean + SD (n = 7-11 male mice). (C) Weight of the brain and liver relative to body
weight at 7-15 weeks old. Values are mean £+ SD (n = 10-13 male mice). (D) The area of the
whole brain, cerebrum, and cerebellum was determined from the top view at 7-15 weeks
old. Values are mean + SD (n = 8-10 mice). Statistical analysis was performed using one-

way ANOVA with post-hoc Tukey: *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Size of neurons and dendritic branching in PTEN mutant cerebellum.
(A) Sagittal sections of the cerebellum cut in the midline were immunostained with anti-

Car8 and anti-NeuN antibodies. Boxed regions are enlarged. (B-E) Quantification of the size
of the cerebellum: area of the cerebellum (B), area of the molecular layer (C), area of the
granular layer (D), and the thickness of the molecular layer (E). Values are mean + SD (n =
6 mice). (F and G) Sagittal sections of the cerebellum in the midline were immunostained
with anti-Car8 antibodies. The percentage of Purkinje cells that extend more than one
dendrite from the soma was quantified. Values are mean + SD (n = 6 mice). (H) Soma area
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of Purkinje cells (n = 73-85) and granule cells (n = 93-261) was quantified using Car8 and
NeuN staining, respectively. Values are mean + SD. Statistical analysis was performed using
one-way ANOVA with post-hoc Tukey: *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. PTEN localization and neuron size in PTEN mutant mice.
(A) Sagittal sections of the cerebellum in the midline of the indicated mice were

immunostained with antibodies to Car8 and PTEN along with DAPI. Boxed regions are
enlarged. (B) The signal intensity of Car8 and PTEN in the nucleus relative to the cytosol
was determined. Values are mean + SD (n = 63-73 Purkinje cells). (C) Western blotting of
the cerebellum and cerebral cortex from the indicated mice at 7-15 weeks old using
antibodies PTEN, NeuN, AldhlL1, GFAP, and GAPDH. (D) Quantification of band
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intensity. Values are mean + SD (n =5 mice). Statistical analysis was performed using one-
way ANOVA with post-hoc Tukey: *p < 0.05, ***p < 0.001.
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Figure 4. Neoplastic lymph nodes in PTENKI3R.D384V/~ mice,
(A) Weight of the thymus and spleen relative to body weight at 7-15 weeks old. Values are

mean + SD (n = 1013 male mice). (B) Inguinal lymph nodes in WT, PTEN*/",

PTENK13R D384V/KI3R,D384V  and pTENKI3RD384VI- mice at 9-16 weeks old. Boxed
regions are enlarged. (C) Areas of inguinal lymph nodes were quantified. Values are mean +
SD (n = 9-14). (D) The frequency of mice with neoplastic lymph nodes. Values are mean (n
=12-17). (E) H&E staining of lymph node sections. (F) Serial sections of inguinal lymph
nodes were immunostained with antibodies to B220 and CD3, and H&E stained. (G) The
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relative area positive for B220 or CD3 in lymph nodes was determined. Values are mean +
SD (n=6-10 for B220, n= 4-8 for CD3). Statistical analysis was performed using one-way
ANOVA with post-hoc Tukey: *p < 0.05, **p < 0.01, ***p < 0.001.
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