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NPM1 (nucleophosmin 1) is a nucleolar phosphoprotein that
regulates many cellular processes, including ribosome biogene-
sis, proliferation, and genomic integrity. Although its role in
proliferating cell types and tissues has been extensively investi-
gated, little is known about its function in neurons and in the
brain where it is highly expressed. We report that NPM1 protein
expression is increased selectively in the striatum in both the
R6/2 transgenic and 3-nitropropionic acid-injected mouse
models of Huntington’s disease. Examination of the effect of
ectopic expression on cultured neurons revealed that increasing
NPM1 is toxic to otherwise healthy cerebellar granule and cor-
tical neurons. Toxicity is dependent on its cytoplasmic localiza-
tion and oligomerization status. Forced retention of NPM1 in
the nucleus, as well as inhibiting its ability to oligomerize, not
only neutralizes NPM1 toxicity but also renders it protective
against apoptosis. Although not blocked by pharmacological
inhibition of the pro-apoptotic molecules, JNK, glycogen syn-
thase kinase 3 beta, or caspases, toxicity is blocked by com-
pounds targeting cyclin-dependent kinases (CDKs), as well as
by dominant-negative forms of CDK1 and CDK2 and the pan-
CDK inhibitor, p21€PY/WVafl  AJthough induced in in vivo
Huntington’s disease models, NPM1 protein levels are
unchanged in cultured cerebellar granule and cortical neu-
rons induced to die by low potassium or homocysteic acid
treatment, respectively. Moreover, and counterintuitively,
knockdown of its expression or inhibition of endogenous
NPM1 oligomerization in these cultured neurons is toxic.
Taken together, our study suggests that although neurons
need NPM1 for survival, an increase in its expression beyond
physiological levels and its translocation to the cytoplasm
leads to death through abortive cell cycle induction.

NPM1, also known as B23, is an abundant, ubiquitously
expressed, and evolutionarily conserved non-ribosomal nucle-
olar phosphoprotein (1, 2). It is one of three members of the
nucleophosmin/nucleoplasmin family of proteins, the other
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two being NPM2 and NPM3. NPM1 is an important regulator
of a variety of cellular processes including centrosome duplica-
tion, genomic stability, cell proliferation, and the response to
genotoxic stress. Inactivation of the NPM1 gene in mice causes
death at midgestation, indicating its requirement for normal
development. Fibroblasts cultured from NPM1 knock-out mice
display genomic instability and reduced growth and cell prolif-
eration (3). Other studies have shown that NPM1 can shuttle
between the nucleolus and the nucleoplasm and from the
nucleus to the cytoplasm. Nuclear export is believed to be
required for cellular proliferation (4, 5). Mutations of NPM1
are associated with cancers and are responsible for approxi-
mately a third of cases of acute myeloid leukemia in humans (3,
6 —8). These mutations, which result in an altered C terminus
containing an addition of a nuclear export signal, have been
reported to aberrantly localize NPM1 to the cytoplasm (8).
Overexpression of NPM1, which results in elevated cytoplas-
mic localization, has been shown to promote cell transforma-
tion (9, 10).

Much of the research on NPM1 has been performed using
proliferating cells and tissue types, particularly in the context of
cancer (1-3). However, it is highly expressed in the brain and in
neurons, where its function is poorly understood. Emerging
evidence indicates that the nucleolus, of which NPM1 is a
prominent resident, does play an important role in neuronal
development and maintenance, and nucleolar dysfunction
has been implicated in various neurodegenerative diseases
(11, 12). This suggests that NPM1 may influence the regula-
tion of neuronal survival. Indeed, two separate studies have
described anti-apoptotic effects of NPM1 when overex-
pressed in cell lines of neuronal origin (13, 14). However, the
contribution of NPM1 to the regulation of survival in pri-
mary neurons is less clear. We have examined this issue
using two types of CNS neurons: cerebellar granule and
embryonic cortical neurons. Our results suggest that NPM1
plays complex roles in the regulation of neuronal survival
that are dependent on its level of expression, subcellular
localization, and the extent to which it oligomerizes.

Results

NPM1 Is Up-regulated in the Striatum in Mouse Models of
Huntington’s Disease—Because nucleolar dysfunction is a fea-
ture of neurodegenerative diseases (12, 16, 17) and given that
NPML1 is a key component of the nucleolus, we investigated
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FIGURE 1. Induction of NPM1 expression in mouse models of Huntington’s disease. A, NPM1 protein expression in the cortex (CTX), striatum (STR),
cerebellum (CBM), and rest of the brain (OBP) from WT and transgenic (Tg) R6/2 littermates at 6, 10, and 12 weeks of age. a-Tubulin serves as a loading control.
Graphs show densitometric analysis presented as means * S.D. (n = 3). B, protein expression of NPM1 from the striatum (STR) and the rest of the brain (OBP)
of wild-type mice injected with either saline control (C) or 3-NP for 1 day (D7), 3 days (D3), or 5 days (D5). a-Tubulin serves as a loading control. Graphs show

densitometric analysis presented as means = S.D. (n = 3).

the status of NPM1 expression in mouse models of HD.> We
first examined R6/2 transgenic mice, which are the most
commonly used mouse model of HD (18, 19). These mice
express an N-terminal fragment of the huntingtin gene
(HTT) with ~120 CAG repeats. Locomotor deficits can be
observed as early as 7 weeks of age, with severe striatal atro-
phy and motor impairment by 12 weeks followed by death at
~15weeks (18, 19). Whereas NPM1 expression in R6/2 mice
is elevated in the cortex, it is comparable in the rest of the
brain to wild-type littermates at 6 weeks (Fig. 14). However,

2 The abbreviations used are HD, Huntington'’s disease; 3-NP, 3-nitropropi-
onic acid; CDK, cyclin-dependent kinase; CGN, cerebellar granule neuron;
HCA, homocysteic acid; OBP, other brain parts; HK, high potassium; LK, low
potassium; NLS, nuclear localization signal.
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at 10 weeks it is elevated in both the cortex and striatum,
coinciding with the onset of neuropathology (Fig. 14). Inter-
estingly, in extra-striatal tissue (see other brain parts (OBP)),
where there is limited or no neuropathology, expression is
unchanged (Fig. 14). We also used the 3-nitropropionic acid
(3-NP) model, a chemical model of HD (20, 21). Administra-
tion of 3-NP to mice causes robust and selective striatal neu-
rodegeneration and faithful recapitulation of key features of
HD. In this model, degeneration is obvious in the striatum 3
days after 3-NP administration and is severe by 5 days. NPM1
expression is significantly elevated in the striatum within 1 day
after 3-NP administration and is greatest at 3 days when degener-
ation is robust (Fig. 1B). Again, expression is unchanged in OBP
after 3-NP administration (Fig. 1B).

SASBMB

VOLUME 291+-NUMBER 39-SEPTEMBER 23,2016



120

~100 O GFP

Il NPM1

=3

o
*
*
*

Viability (%
N oA O
S o o

o

HK LK

(e

120

~100 O GFP

Hl NPM1

Hkk
n HCA

DAPI

Cleaved
Caspase-3

@
(=]

Viability (%
P -2)
o O

N
(=]

(=]

u

NPM1

@

20

1
100

==
o

N A&
o o

—_
2
c o
S5
-3
- C
g3
99 60
©
=0
oo
Z o
2

o

Nuc Cyto

O Alive
[ Dead

Regulation of Neuronal Viability by NPM1

w

50

40
30
® 2
10 |_—|-_|
0
GFP

o

Cleaved Caspase-3
Positive (%

=

PM

HT22

-

CGN

-n

120

100
801 xxx
60
40

: -1

Nuc

[ Alive
[l Dead

NPM1 Localization
(% of total counted cells)

o

FIGURE 2. Increased expression of NPM1 is toxic to otherwise healthy neurons. A, CGNs transfected with either EGFP or NPM1 and treated with HK or LK media
as described under “Experimental Procedures.” Viability of transfected cells was quantified by immunocytochemistry with GFP or FLAG antibodies. ***, p < 0.001 as
compared with EGFP HK (n = 4). B, CGNs transfected as performed in A. Viability was quantified by immunocytochemistry with GFP or FLAG antibodies co-stained for
cleaved caspase-3.***, p < 0.001 as compared with EGFP HK (n = 3). C, cortical neurons transfected with either EGFP or NPM1 for 8 h and then either left untreated (Un)
or treated with HCA for 15-16 h. Viability was quantified as done in A. ***, p < 0.001 as compared with untreated EGFP (n = 3). D, representative image showing
localization of ectopic NPM1 expression in living cells. NPM1 was transfected into CGNs (left panels) or HT22 cells (right panels) for 24 h. CGNs were then treated with HK
medium for an additional 24 h. The cells were then fixed and DAPI-stained, and NPM1 was imaged by EGFP autofluorescence. E, representative image showing
localization of ectopic NPM1 in apoptotic neurons from B. NPM1 displayed a nucleolar and nucleoplasmic localization in healthy living cells and a cytoplasmic
localization in dead cells. F and G, quantitation of NPM1 localization in relation to cell viability from CGNs (F) transfected in Band cortical neurons (G) transfected in C.

Each graph represents =800 cells counted. ***, p < 0.001 (n = 3).

Overexpression of NPM1 Kills Neurons—Because NPM1
expression is increased in mouse models of HD, we examined
whether increasing its expression ectopically impacted the viabil-
ity of normally healthy neurons. For this, we used CGNs, which are
healthy in culture when maintained in depolarizing medium (high
potassium or HK) but die when switched to non-depolarizing
medium (low potassium or LK). Elevated NPM1 expression in
CGN s causes death even in HK while not influencing cells already
undergoing apoptosis (Fig. 24). Induction of apoptosis by NPM1
was confirmed through cleaved caspase-3 co-staining (Fig. 2B). To
confirm that this result was not specific to CGNs, we utilized a
distinct neuronal type of embryonic cortical neurons, which can be
induced to die through oxidative stress by treatment with homo-
cysteic acid (HCA). Similarly, forced expression of NPM1 resulted
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in the death of otherwise healthy cortical neurons and did not
exacerbate death caused by HCA (Fig. 2C). In both types of neu-
rons, ectopic NPM1 localized predominantly in the nucleus and
within nucleoli when the neurons were healthy (Fig. 2D). How-
ever, in neurons that were dying, NPM1 was localized to the cyto-
plasm (Fig. 2E), including within neurites (Fig. 2E). Quantitation of
NPM1 localization in relation to neuronal viability confirmed this
localization pattern in both CGNs (Fig. 2F) and cortical neurons
(Fig. 2G).

NPM1 Is Neurotoxic When Localized to the Cytoplasm—
NPM1 is known to shuttle between the nucleolus, nucleoplasm,
and cytoplasm, at least in proliferating cell types (4, 5). As
described above, in dying neurons NPM1 localized preferen-
tially to the cytoplasm. To investigate the contribution of intra-

JOURNAL OF BIOLOGICAL CHEMISTRY 20789
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FIGURE 3. NPM1 toxicity is dependent on subcellular localization. A, sche-
matic detailing the constructs used in this study (adapted from Wang et al.
(22)). OD, N-terminal oligomerization domain; AS, acidic stretches; BD, basic
domain; AD, aromatic domain. B, representative images showing the localiza-
tion of NPM1 mutants in CGNs (left panel) and HT22s (right panel). NESD,
NESM, NLSD, and NoLSM mutants were transfected into CGNs for 24 h, fol-
lowed by 24-h HK treatment, or HT22s for 24 h. The cells were then fixed and
DAPI-stained, and NPM1 localization was imaged by EGFP autofluorescence.
C, CGNs transfected with EGFP, NESD, NESM, NLSD, or NoLSM and treated
with HK/LK medium. Viability was quantified by immunocytochemistry with
GFP or FLAG antibodies and DAPI staining. *, p < 0.05; **, p < 0.01; ***, p <
0.001 (n = 3). D, cortical neurons transfected with EGFP and the four NPM1
mutants for 8 h followed by HCA treatment for 15-16 h. Viability was quanti-
fied as just described. **, p < 0.01; ***, p < 0.001 (n = 3).

cellular localization to neurotoxicity, we utilized four mutant
NPM1 constructs, denoted as NLSD, NESD, NESM, and
NoLSM, whose localization was restricted to either the cyto-
plasm or nucleus (22). NLSD contains a 17-amino acid deletion
(residues 141-157) of the bipartite nuclear localization signal of
NPM1, whereas NESD has a 9-amino acid deletion (residues
94-102) and NESM has L100A and L102A mutations of the
nuclear export signal (Fig. 34). NoLSM contains W288G and
W290G mutations in the nucleolar localization signal of NPM1
(Fig. 3A). As described previously by Wang et al. (22), the local-
ization of NLSD is cytoplasmic and nucleolar but absent from
the nucleoplasm, whereas NESD, NESM, and NoLSM are
nuclear (Fig. 3B). When expressed in CGNs, NLSD displayed
toxicity similar to wild-type NPM1 under both HK and LK con-
ditions (Fig. 3C). In contrast, restricting NPM1 to the nucleus
using NESD or NESM reduced the toxicity of NPM1 in HK
substantially (Fig. 3C). Indeed, both NESD and NESM showed a
significant level of protection in LK-treated neurons. Mutation
of its nucleolar localization signal rendered NPM1 less toxic in
HK, however, and offered modest protection under LK condi-
tions (Fig. 3C). Similarly, these effects of the mutants on neuro-
nal viability were also seen in cortical neurons treated with
HCA (Fig. 3D). Along with the cytoplasmic localization of
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FIGURE 4. Effect of NPM1 on viability is dependent on its oligomerization
status. A, NPM1 RNA aptamers inhibit NPM1 oligomerization. NPM1 was co-
transfected into HEK293T cells with either a control plasmid (pLK0.1), 1A1, or
1AT1unc in @ 1:2 ratio for 24 h. The cells were then lysed and subjected to
cross-linking as described under “Experimental Procedures.” B, CGNs were
transfected with either pLKO0.1 co-expressing with EGFP ina 6.5:1 ratio, 1A1, or
1A 1unc for 48 h followed by HK/LK treatment. Viability was quantified based
on either EGFP (pLKO0.1) or DsRed (aptamers) autofluorescence. *, p < 0.05
(n = 3). C, CGNs transfected with EGFP and pLK0.1 or NPM1 and pLKO0.1, 1AT,
or 1A,y ina 1:2 ratio for 48 h followed by HK/LK. Viability was quantified by
immunocytochemistry based on EGFP or NPM1 transfection with GFP or
FLAG antibodies. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (n = 3). Dand E, EGFP
or NPM1,,,_504 Were transfected into CGNs and treated with HK/LK (D) or
cortical neurons and either left untreated (Un) or treated with HCA (E) as
previously described. Viability quantification was performed as done in C.
** p < 0.01 untreated NPM1 transfected neurons compared with
untreated EGFP transfected neurons; ***, p < 0.001 NPM1,,;_,9, trans-
fected neurons compared with EGFP transfected neurons in LK and HCA
(n = 3). F, cross-linking of NPM1 mutants transfected into HEK293T cells
for 24 h as described under “Experimental Procedures.” EGS, ethylene gly-
col bis-succinimidylsuccinate.

NPM1 in dying neurons, these results suggest that neurotoxic-
ity by NPM1 requires its cytoplasmic location.
Oligomerization of NPM 1 Promotes Neuronal Death—NPM1
forms pentameric oligomers through an oligomerization
domain mapped to residues 15—-118 within the protein (23, 24).
Aptamers have been identified that inhibit NPM1 oligomeriza-
tion both in vitro and in cells (25). Expression of these aptamers
in cancer cells not only increases their sensitivity to DNA-dam-
aging agents but is sufficient to promote apoptosis of these cells
(25). To investigate the significance of NPM1 oligomerization
to its regulation of neuronal viability, we utilized two aptamers
previously shown to block NPM1 oligomerization by Jian et al.
(25). We independently confirmed that both of these aptamers,
1A1 and 1A1, ,, (designated here as 1Alq,,,.) inhibited
NPM1 oligomerization (Fig. 44). Although neither aptamer
had an influence on the viability of CGNs undergoing apopto-
sis, both had a slight toxic effect on the viability of healthy neu-
rons, which was only significant with 1A1 (Fig. 4B). How-
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ever, when co-expressed with NPM1, not only was NPM1 no
longer toxic in HK, it fully protected CGNs from LK-induced
cell death (Fig. 4C), suggesting that whereas elevated expression
by itself was not toxic, the oligomerization of NPM1 trans-
formed it from a protective molecule to a toxic one. To further
investigate this issue, we expressed an NPM1 incapable of oli-
gomerizing because of a deletion of its N-terminal oligomeriza-
tion domain (NPM1,,;_,q,) (Fig. 3A4). Consistent with oligo-
merization being needed for toxicity rather than elevated levels,
overexpression of monomeric NPM1 no longer induced death
in healthy CGNs (Fig. 4D) and cortical neurons (Fig. 4E). As was
seen by co-expression with the aptamers, NPM1,,; 5o, Was
fully protective under apoptotic conditions (Fig. 4, D and E).
We tested the ability of NESD, NESM, NLSD, NoLSM, and
NPM1,,, 5, to oligomerize. As expected, NPM1,,;_,o, failed
to oligomerize (Fig. 4F). In comparison with wild-type NPM1,
both NoLSM and NLSD displayed a similar ability to oligomer-
ize (Fig. 4F). In contrast, NESD and NESM showed no oligo-
merization (Fig. 4F). Taken together, these results suggest that
oligomerization of NPM1 occurs in the cytoplasm and that it is
necessary for the neurotoxicity of NPM1.

Overexpressed NPM1 Kills by Promoting Abortive Cell Cycle
Re-entry—Several studies performed in cell lines have found
that NPM1 promotes cell cycle progression, particularly when
it is in the cytoplasm. In fact, nuclear export is necessary for cell
cycle progression by NPM1 (4, 5, 10). Abortive cell cycle re-en-
try is a well described mechanism of neuronal death (26 -28).
We therefore investigated whether NPMI1-induced toxicity
involved activation of the cell cycle machinery. Treatment with
both roscovitine, a widely used and broad spectrum CDK inhib-
itor (29), as well as another CDK inhibitor, HSB13 (30), pro-
tected against NPM1 neurotoxicity (Fig. 54). Similarly, co-ex-
pression of dominant-negative forms of either CDK1 or CDK2
inhibited NPM1 neurotoxicity (Fig. 5B). Furthermore, the tox-
icity from NLSD expression is blocked by both treatment with
roscovitine and expression of dominant-negative CDK1 and
CDK2 (Fig. 5, D and E). Activation of caspases, JNK, and glyco-
gen synthase kinase 3 beta have also been shown to be impor-
tant for neuronal death (31-33). In contrast to the CDK inhib-
itors, however, inhibitors targeting these pro-apoptotic
molecules had no protective effect (Fig. 5A4). These results sug-
gest that the toxic effect of elevated NPM1 in neurons is medi-
ated by cell cycle activation.

An endogenous and physiological inhibitor of CDKs is
p21<'PWafll Tndeed, p21<P!/ W21 has been shown by a number
of laboratories to have strong neuroprotective effects both in
vitro and in vivo (34—-36). Consistent with its well established
protective activity, co-expression of p21<PY¥ail plocked
NPM1-induced neuronal death (Fig. 5C).

Expression and Significance of Endogenous NPM1 to Neuro-
nal Viability—As described above, NPM1 expression is ele-
vated in mouse models of HD. Ectopically increasing its levels
in cultured neurons has a neurotoxic effect. To examine
whether the expression of endogenous NPML1 is increased in
cultured neurons induced to die, we looked at its protein levels
in LK-treated neurons. As shown in Fig. 64, there is no signif-
icant change in expression of NPM1 protein. Similarly, in
cortical neurons induced to die by HCA treatment, NPM1
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FIGURE 5. Toxicity by increased NPM1 expression is cell cycle-dependent.
A, CGNs transfected with either EGFP or NPM1 were then treated with either
HK medium alone or HK medium supplemented with the following inhibitors:
Z-VAD (50 um), SB216763 (5 um), SP600125 (10 uMm), roscovitine (50 um), or
HSB13 (25 um). Viability was quantified by immunocytochemistry with a GFP
or FLAG antibody. ***, p < 0.001 as compared with GFP in HK; ###, p < 0.001
as compared with NPM1 treated with HK (n = 3). B and C, CGNs were trans-
fected with either EGFP and a control vector (Ctrl, pK3HA) or NPM1 and
pK3HA (Ctrl), DnCDK1, DnCDK2 (B), or p21 (C) in a 1:2 ratio followed by HK/LK
treatment. Viability was quantified based on NPM1 fluorescence by immuno-
cytochemistry with a GFP antibody. ***, p < 0.001 (n = 3). D, CGNs transfected
with EGFP or NLSD. The cells were then treated with either HK medium alone
or HK medium supplemented with roscovitine (50 wm). Viability was quanti-
fied as described for A.*, p < 0.05; **,p < 0.01 (n = 3). E, CGNs transfected with
EGFP and pK3HA (Ctrl) or NLSD and pK3HA (Ctrl), DnCDK1, or DnCDK2 ina 1:2
ratio followed by HK/LK treatment. Viability was quantified as described for B
and C.**, p < 0.01; *** p < 0.001 (n = 3). Ctrl, control.

expression remains unaltered (Fig. 6B). Immunocytochemi-
cal analysis of expression showed no discernible changes in
the number on NPM1-positive nucleoli or the intensity of
staining of the nucleoli in neurons that appeared to be rela-
tively healthy (data not shown). Interestingly and consistent
with the idea that NPM1 localization to the cytoplasm
induces neurotoxicity, NPM1 was cytoplasmic in dying neu-
rons (Fig. 6C and supplemental Fig. S1).

We proceeded to determine whether knocking down NPM1
influenced death of cultured neurons. We first tested the effec-
tiveness of three different shRNAs to suppress NPM1 expres-
sion in HT22 cells, a mouse neuroblastoma cell line that is easily
transfected. Two of the shRNA constructs tested, shl and sh2,
were effective in knocking down NPM1 (Fig. 7A). When trans-
fected into CGNSs, both sh1 and sh2 induced death in otherwise
healthy neurons (Fig. 7B). Knockdown of NPM1 with sh1 and
sh2 also reduced survival of cortical neurons (data not shown).
This suggested that although high levels of NPM1 are detri-
mental to neuronal survival, NPM1 at moderate levels is neces-
sary for the viability of neurons.

Nuclear NPM1 Is Protective against mHTT-induced Cell
Death—As described above, NPM1 expression is increased in
the cortex and striatum of symptomatic R6/2 transgenic mice

JOURNAL OF BIOLOGICAL CHEMISTRY 20791
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as means = S.D. of endogenous NPM1 in CGN (A, n = 5) and cortical (B,n = 3)
cultures. The cells were either left untreated (Un) or treated with HK/LK
medium (CGNs) or HCA (corticals) for 3,6,and 9 h. Endogenous NPM1 expres-
sion was analyzed as described under “Experimental Procedures.” B-Tubulin
serves as a loading control and c-Jun serves as a marker for induction of
apoptosis. C, representative image showing localization of endogenous
NPM?1 in 6-h HK/LK-treated CGNs. Arrows indicate NPM1 localized to the cyto-
plasm of apoptotic cells.

(Fig. 1A). We therefore examined whether mutant huntingtin
(mHTT) itself had an effect on endogenous NPM1 oligomeri-
zation and localization. The mouse neuroblastoma Neuro2a
(N2a) cell line is sensitive to mHTT (37). Expression of two
mHTT constructs (Q138-GFP and Q138-RFP) into these cells
showed no change in endogenous NPM1 oligomerization over
a 72-h period (Fig. 84).

We proceeded to investigate whether the localization of
NPM1 is important for mHTT-induced toxicity of cortical neu-
rons. Although we find endogenous NPM1 localized to the
cytoplasm of dead cells (Fig. 6C and supplemental Fig. S1),
interestingly in neurons expressing either Q138-GFP or Q138-
RFP, NPM1 showed a nuclear pattern in both living and dead
cells (Fig. 8B). Toxicity in cortical neurons from mHTT expres-
sion occurs within 24 h. To examine the effect of NPM1 local-
ization on this toxicity, mHTT was expressed along with the
different NPM1 constructs. Toxicity by mHTT was not influ-
enced by wild-type NPM1 but was slightly increased when co-
expressed with the cytoplasmic localized NPM1 (Fig. 8C). How-
ever, nuclear-restricted and monomeric NPM1 (NESM and
NPM1,,; ,94) Was highly protective against mHTT toxicity
(Fig. 8C). These results suggest that mHTT does not directly
influence NPM1 but instead localization of NPM1 may play a
role in mHTT-induced neuronal death.

Discussion

In recent years, the importance of the neuronal nucleolus,
the proteins that reside there, and the impact of nucleolar stress
on neuronal health and during neurodegeneration have been
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gaining increasing attention (12). Because NPM1 is a key nucle-
olar protein and because of its high abundance and ubiquitous
expression in the brain, as well as the cellular processes it is
known to regulate, it is potentially an attractive molecule in the
regulation of neuronal viability. Indeed, recent evidence has
suggested this (13, 38). However, there remains to be a clear
consensus as to what its function in this process is. In this study,
we describe a complex role for NPM1 whereby neurons require
a healthy balance of its expression as too much and too little of
the protein can have negative consequences. Although the
mechanism of death by knockdown requires additional eluci-
dation, toxicity caused by increased expression is dependent
upon the ability of NPM1 to oligomerize and subsequently by
alteration of its subcellular localization and cell cycle activation.

In proliferating cells, changes in NPM1 expression have
revealed both pro-survival and pro-apoptotic qualities, depending
on cellular conditions (1). Thus far, neuronal NPM1 has been
investigated in two independent studies in the context of exci-
totoxicity, a process that leads to the necrotic death of neurons.
These studies showed that NPM1 mRNA is decreased in gluta-
mate-treated cortical cultures from PS1 M146V mutant trans-
genic mice (39) and that its protein is down-regulated in degen-
erating neurons of the rat hippocampal CA1 region, as well as
primary neuronal cultures following kainic acid treatment (13).
We report, however, that NPM1 expression is increased in both
the R6/2 transgenic and 3-NP chemical mouse models of Hun-
tington’s disease. This increase is more specific to the striatum
and observed when neurological deficits emerge. Furthermore,
comparatively we find that protein levels are relatively
unchanged in cultures of both HK/LK treated CGNs, as well as
HCA-treated cortical neurons. Thus, similar to what is seen in
actively dividing cells, changes in neuronal NPM1 expression,
as well as the effect this has, might be cell- and context-depen-
dent. The mode of cell death may also influence the pattern of
NPM1 expression in dying neurons. Although it is possible that
the up-regulation of NPM1 occurs in surviving neurons, rather
than dying cells, and may thus represent a neuroprotective
response, results from the overexpression of NPM1 in primary
neurons argue against this. Indeed, both in CGNs and cortical
neurons, elevated expression of NPMI1 induces death.
Although we do find that NPM1 can protect against mHTT
toxicity in cortical neurons, this was only true when restricted
to the nucleus. Wild-type NPM1 was unable to afford this pro-
tection, and a cytoplasmic restriction slightly exacerbated
death by mHTT. Thus, more investigation is required into the
in vivo nature of NPM1 during both early and late symptomatic
stages of HD.

Treatment with two pharmacological inhibitors, co-expres-
sion with dominant-negative forms of CDK1/2, and the over-
expression of p21<PY¥afl inhibits NPM1 neurotoxicity. We
therefore conclude that death from NPM1 expression is the
result of cell cycle activation, a process known to induce apo-
ptosis in neurons. Activation of cell cycle proteins and evidence
of abortive cell cycle re-entry has also been reported in vivo in
various models of neurodegenerative disease (40-42). Both
cyclin E/CDK2 and cyclin B/CDK1 have been reported to phos-
phorylate NPM1 (43, 44). It is possible that an increase in
NPM1 expression results in phosphorylation by CDKI1 or
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FIGURE 8. Nuclear and monomeric NPM1 protects against mHTT toxicity.
A, N2a cells were either left untransfected (Un) or transfected with EGFP,
Q138-GFP, or Q138-RFP. The cells were lysed 24, 48, or 72 h later and sub-
jected to cross-linking as described under “Experimental Procedures.” The
blots were probed for endogenous NPM1 and then reprobed with GFP and
RFP antibodies. B, cortical neurons were transfected with either Q138-GFP
(top panel) or Q138-RFP (bottom panel), and the cells were fixed 24 h later.
Immunocytochemistry was performed by co-staining with NPM1 and either
GFP or RFP antibodies. C, cortical neurons transfected in a 1:2 ratio with either
EGFP and a control vector (pK3HA) or Q138-RFP and EGFP, NPM1, NESM,
NLSD, or NPM1,5,_,q4. The cells were fixed 24 h later, and immunocytochem-
istry was performed with RFP and GFP antibodies. Viability was quantified by
RFP or GFP fluorescence and DAPI staining. ***, p < 0.001 as compared with
EGFP/control transfected cells; ###, p < 0.001 as compared with Q138-RFP/
EGFP transfected cells (n = 3). Ctrl, control.

CDK2, thereby leading to an abortive re-entry into the cell cycle
and consequently to cell death. However, it is plausible that
CDK1/2 activation is a consequence of cytoplasmic accumula-
tion of NPM1, thereby leading to cell cycle re-entry.

Although we report that ectopic expression induces death,
we also find, as others (13, 38) have, that knockdown also
induces neuronal death. However, although the mechanism by
which knockdown of NPM1 kills neurons remains to be eluci-
dated, this finding indicates that a physiological level of NPM1
is necessary for the survival of neurons. Interestingly, although
inhibition of cell cycle machinery prevented death from forced
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expression in HK, only a slight protection is seen under apopto-
tic conditions. Thus, although important for neurons under
normal conditions, NPM1 might not be necessary for the reg-
ulation of death under LK. It is possible that NPM1 provides
this effect under HK conditions through cooperation with a
partner whose expression decreases as neurons commit to apo-
ptosis. Alternatively, under LK conditions and in the presence
of elevated NPM1 expression, cell death pathways other than
those regulated by cell cycle machinery could be activated.

NPMLI is typically found as higher order oligomers, the for-
mation of which is important for its function. We investigated
this fact with the use of RNA aptamers designed to interfere
with oligomer formation. In line with physiological levels of
NPM1 being necessary for healthy neurons and as others have
reported (25) in cell lines, inhibiting endogenous oligomeriza-
tion induces death. Interestingly, when co-expressed together,
NPM1 was not only no longer toxic but also fully protective
against LK-induced apoptosis. The death-inducing activity of
ectopically expressed NPM1 is further blocked if it is con-
strained to the nucleus, and we show that NPM1 was unable to
oligomerize when strictly nuclear, suggesting that this process
required nuclear export. Less is known about monomeric
NPMI1. Inhibition of oligomerization by mutation of Cys*'
blocks NPM1 chaperone activity (45). Additionally, NPM1 is
known to bind DNA, as well as both single- and double-
stranded RNA (46). Interestingly, it is reported to be more capa-
ble of binding DNA when there is a greater presence of mono-
mers, whereas this is lost with greater amounts of oligomers
(46). However, the mechanism by which monomeric is protec-
tive against LK- and HCA-induced apoptosis is unclear and
requires further investigation.

In summary, we show for the first time that the nucleolar
phosphoprotein, NPM1, is selectively up-regulated in the stria-
tum of two models of Huntington’s disease, the R6/2 transgenic
and the 3-NP-injected mice. Both knockdown and ectopic
expression have detrimental effects on otherwise healthy neu-
rons. The toxic effect from increased expression is dependent
upon the ability of NPM1 to translocate to the cytoplasm and
oligomerize, which ultimately results in cell cycle activation.
However, we have found that monomeric forms of NPM1 are
fully protective against the induction of apoptosis. Further,
NPMI1 can protect against mHTT toxicity but only in its
nuclear and monomeric form. Although thus far described
as a protective molecule in neurons, our study sheds light on
a more complicated role, thereby revealing that a more in-
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depth investigation is needed to fully elucidate the role of
neuronal NPM1.

Experimental Procedures

Materials—Unless stated otherwise, all tissue culture
medium was purchased from Invitrogen, and chemicals and
reagents were purchased from Sigma-Aldrich. Poly-L-lysine for
primary neuronal cultures was purchased from Trevigen
(Gaithersburg, MD). Antibodies used in this study were as fol-
lows: anti-B23 (catalog no. B0556; Sigma-Aldrich), a-tubulin
(catalog no. T5168; Sigma-Aldrich), B-tubulin (catalog no.
5568P; Cell Signaling, Danvers, MA), cleaved caspase-3 (catalog
no. 9661S; Cell Signaling), c-Jun (catalog no. 9165S; Cell Signal-
ing), FLAG (catalog no. F1804; Sigma-Aldrich), GFP (catalog
no. SC-9996; Santa Cruz Biotechnology, Dallas, TX), and RFP
(catalog no. R10367; Invitrogen). Primary antibodies were used
at a concentration of 1:1,000, or 1:40,000 for «-tubulin, in 5%
bovine serum albumin. HRP-conjugated secondary antibodies
(Pierce) were used at concentrations of 1:10,000 to 1:40,000.

Expression Plasmids—Expression plasmids used in this study
and purchased from Addgene (Cambridge, MA) are as follows:
GFP- and FLAG-tagged NPM1 (catalog no. 17578), NESD (cat-
alog no. 13283), NESM (catalog no. 13282), and NLSD (catalog
no. 13287) plasmids were donated by Xin Wang (22), FLAG-
p21 (catalog no. 16240) donated by Mien-Chie Hung (47), HA-
tagged dominant-negative Cdc2/CDK1 (DnCDK]1, catalog no.
1889), and CDK2 (DnCDK2, catalog no. 1885) plasmids were
donated by van den Heuvel and Harlow (48). The mutant hun-
tingtin (mHTT) constructs, Q138-GFP and Q138-RFP, were
kind gifts from J. Troy Littleton at the Massachusetts Institute of
Technology. NPM1 RNA aptamers, 1A1 and 1A1,_,, (referred to
in this study as 1A1q,,,..), were a kind gift from C. Yang at the
Institute of Genetics and Developmental Biology, Chinese Acad-
emy of Sciences. NPM1 mutant and deletion constructs, NoLSM
and NPM1,,, ,q, were created by using full-length NPM1 in
pEGFP-C2 listed above as a template. The following primers were
used to create these constructs: nucleolar localization signal
mutant (W288G, W290G; NoLSM): NPM1fwd, 5'-TCGAATTC-
TGCAGTCGAC-3’,and NoLSMrev, 5'-TCCGGTGGATCCTT-
AAAGAGACTTCCTCCCCTGCCCGAG-3" (NoLSM PCR pro
duct was digested with EcoRI and BamHI and then ligated into
pEGFP-C2); and oligomerization domain mutant (NPM1,,; ,4,):
NPM1, 5, _,oufwd, 5'-CAAGGATGACGACGACAAGCATA-
TGGAAGATGCAGAG-3', and NPM1-rev, 5'-TCCGGTGG-
ATCCTTAAAGAGACTTCCTCCACTGCCAGAG-3'. This
product was then used as a template for PCR with the primers:
NPM1fwd: 5'-GGGCCCGGGATCCTGCCCGCACATGGA-
CTACAAGGATGAC-3’, and NPM1-rev, 5'-TCCGGTGGA-
TCCTTAAAGAGACTTCTCCACTGCCAGAG-3'. The resulting
product was digested with BamHI and ligated into pEGFP-C2.
All constructs were sequenced and then transfected in
HEK293T cells to check for expression by EGFP autofluores-
cence. Protein lysates were subjected to Western blot analysis
to check proper protein size.

Culture, Treatment, and Transfection of Neurons—Cerebel-
lar granule neurons (CGNs) were cultured as previous
described (49). Briefly, 7—8-day-old Wistar rats were eutha-
nized, and cerebella were extracted and plated in 24-well plates
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(1 X 10° cells/well) or 60-mm dishes (12 X 10° cells) in culture
medium (basal minimal Eagle’s medium, supplemented with
10% FBS, 25 mm KCI, 2 mM glutamine, and 0.2% gentamycin).
To prevent replication of non-neuronal cells, cytosine arabino-
foranoside (10 wM) was added to the culture medium 18-22 h
after plating. Transient transfections were performed on day
4-5 in vitro by the calcium phosphate method as previously
described (50, 51) and allowed to express for 24 h (or 48 h in the
case of shRNA). Cultures were then switched to serum-free
culture medium (basal minimal Eagle’s medium, 2 mm gluta-
mine, and 0.2% gentamycin) supplemented with 25 mm KCI
(HK) or without KCI (LK). For pharmacological inhibitor stud-
ies, at the time of medium switch cells were treated with either
HK medium alone or HK medium supplemented with inhibi-
tors of the following concentrations: Z-VAD at 50 um, SB216763
at5 uM, SP6001245 at 10 um, roscovitine at 50 um, or HSB13 at 25
M. All pharmacological inhibitors were purchased from Calbi-
ochem (Billerica, MA), and their ability to inhibit their targets at
the doses listed above was confirmed in control experiments. After
24 h treatment, the cells were fixed, immunocytochemistry was
performed, and cell viability was quantified based on cell morphol-
ogy using DAPI staining as previously described (52, 53). The cells
with condensed or fragmented nuclei were scored as dead. Co-
staining for cleaved caspase-3 was used as a secondary method to
confirm cell death.

Rat cortical cultures were prepared from the cerebral cortex
of E16-17 Wistar rats as previously described (54-56). The
cultures were maintained in neurobasal medium with 1% B27
supplement, 0.25% L-glutamine, 1% penicillin/streptomycin,
0.1% HEPES, and 1.1% sodium pyruvate without serum to min-
imize glial proliferation. The cultures were transfected on day 6
in vitro by the calcium phosphate method and allowed to express
for 8 h followed by 15-16 h of treatment with 1 mm HCA. Viability
was quantified as described above for CGNs. For cell lysates for
Western blot analysis, 60-mm dishes were either left untreated or
treated with 1mmM HCA on day 7 in vitro. HCA induces death in
cortical neurons through oxidative stress (57, 58).

Culture and Transfection of Cell Lines—The HEK293T (cat-
alog no. CRL-11268) and Neuro2a (N2a, catalog no. CLL-131)
cell lines were purchased from ATCC and maintained in
DMEM supplemented with 10% FBS. The HT22 hippocampal
neuroblastoma cell line was a kind gift from Dr. Rajiv Ratan
(Burke Medical Research Institute) and was maintained in
DMEM without sodium pyruvate supplemented with 10% FBS.
All cell line transfections were performed using Lipofectamine
2000 (Life Technologies) diluted in Opti-Mem reduced serum
medium by following the manufacturer’s guidelines.

Western Blotting—The cells were lysed with 1X cell lysis
buffer (20 mm Tris-HCl, pH 7.5, 150 mm NaCl, 1 mm Na,EDTA,
1 mMm EGTA, 1% Triton, 2.5 mm sodium pyrophosphate, 1 mm
B-glycerophosphate, 1 mm Na;VO, 1 ug/ml leupeptin) con-
taining a protease inhibitor mixture tablet (Roche), frozen at
—80 °Cforatleast 1 h, thawed, and centrifuged at 14,000 X g for
10 min at 4 °C. The supernatant was collected as the whole cell
soluble lysate, and protein concentration was determined by
the Bradford assay (Bio-Rad). Unless stated otherwise, 40 ug of
protein was mixed with 6X SDS sample buffer (375 mm Tris-
HCl, pH 6.8, 12% SDS, 60% glycerol, 300 mM dithiothreitol, and
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0.012% bromphenol blue), boiled at 95 °C for 5 min, and sub-
jected to SDS-PAGE. The proteins were electrophoretically
transferred from the gel to an enhanced PVDF membrane (Bio-
Rad) at 4 °C overnight. Membranes were incubated in blocking
buffer (1X TBS, 5% (w/v) nonfat dry milk and 0.05% Tween 20)
at 25 °C for 1 h, and then subsequently incubated at 4 °C over-
night with primary antibodies, which was followed by second-
ary antibody for 1 h at 25 °C. Immunoreactivity was developed
by enhanced chemiluminescence and visualized by autoradiog-
raphy using ECL or ECL prime reagents (GE Healthcare).

ShRNA-mediated Knockdown—For knockdown experi-
ments, the following shRNAs targeting NPM1 were purchased
from Sigma-Aldrich: TRCN0000115427, TRCN0000115428,
and TRCN0000115430 referred to here as shl, sh2, and sh3,
respectively. The pLK0.1-TRC (pLKO0.1) control shRNA, which
contains a non-hairpin 18-bp insert, was purchased from Add-
gene (catalog no. 10879) donated by David Root (59). To test
knockdown efficiency, each shRNA was transfected into the
HT22 neuroblastoma cell line using Lipofectamine 2000
according to the manufacturer’s instructions and allowed to
express for 72 h. The cells were then lysed in 1X cell lysis buffer
and subjected to Western blotting with an antibody against
endogenous NPM1. For viability studies, pLKO.1 or each
shRNA was transfected into neuronal cultures along with EGFP
in a 6.5:1 ratio as described above. For CGNs, the cells were
transfected on day 4 in vitro. The medium was switched 48 h
later to HK/LK medium for 24 h. Cortical neuronal cultures
were transfected on day 6 in vitro and allowed to express for
72 h. The cells were then fixed and DAPI-stained, and viability
was quantified based on EGFP fluorescence.

Cross-linking Analysis—Cross-linking was performed as pre-
viously described (60, 61). HEK293T or N2a cells were trans-
fected using Lipofectamine 2000 and allowed to express for
2472 h. The cells were then lysed in 150 ul of HEGNT buffer
(20 mm HEPES, pH 7.5, 1 mm EDTA, 10% glycerol, 0.4 M NaCl,
1% Triton X-100) by freezing at —80 °C for at least 1 h, thawed,
and centrifuged at 14,000 X g for 10 min. 50 ug of whole cell
lysate was then incubated with either DMSO or 0.5 mm ethyl-
ene glycol bis-succinimidylsuccinate for 30 min at 25 °C. Cross-
linking was quenched with the addition of 0.025 mm Tris-HCl,
pH 7.5, for 15 min at 25 °C. The reactions were then boiled in
6X SDS at 95 °C for 5 min and then subjected to SDS-PAGE on
an 8% gel.

The R6/2 Transgenic Mouse Model of HD—Female mice
hemizygous for an ovarian transplant of exon 1 of the human
huntingtin transgene containing 120 = 5 CAG repeats were
bred with WT B6CBAF1/] male mice (Jackson Laboratory).
Genotyping was performed 5-7 days after birth following Insti-
tutional Animal Care and Use Committee-approved guidelines.
For subsequent generations of breeding, transgenic (R6/2) male
mice were bred to non-littermate WT females. At 6, 10, and 12
weeks of age, gender-matched WT and R6/2 littermates were
euthanized, and brains were dissected into the following
regions: striatum (STR), cortex (CTX), cerebellum (CBM), and
the rest of the brain (OBP). Tissue was homogenized in 1X
radioimmune precipitation assay buffer (20 mm Tris-HCI, pH
7.5, 150 mMm NaCl, 1 mm Na,EDTA, 1 mm EGTA, 1% Nonidet
P-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate,
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1 mm B-glycerophosphate, 1 mm NazVO, 1 ug/ml leupeptin)
containing a protease inhibitor mixture tablet and lysed by
freezing at —80 °C for at least 1 h. Samples were then thawed,
centrifuged at 14,000 X g for 10 min, and subjected to Western
blotting.

The 3-NP Mouse Model of HD—10-week-old C57BL/6 male
mice (Charles River Laboratories, Wilmington, MA) were
administered 3-NP as previous described (15, 30, 62). Briefly,
mice received 10 intraperitoneal injections of either saline con-
trol or 3-NP (50 mg/kg, pH 7.4) every 12 h for 5 days. Pairs of
control and 3-NP mice were euthanized by CO, inhalation after
1,3, or 5 days of injections. Brains were dissected into either the
STR or the rest of the brain (OBP). The tissue was then homog-
enized in 1 X radioimmune precipitation assay buffer and lysed
by freezing at —80 °C for at least 1 h. The samples were thawed,
centrifuged at 14,000 X g for 10 min, and subjected to Western
blotting.

Animal Usage—All of the procedures conducted using ani-
mals were reviewed and approved by the Southern Methodist
University Institutional Animal Care and Use Committee.

Statistical Analysis—All graphs were created and statistical
analysis was performed using the GraphPad Prism software,
and all densitometric analysis was done using Image]. Student’s
t test was performed for statistical analysis. For comparing mul-
tiple data sets, one-way analysis of variance with Tukey’s mul-
tiple comparisons posttest was used. The results are shown
as the means = standard deviation from at least three indepen-
dent experiments. p values of p < 0.05 were deemed statistically
significant. Asterisks are used to denote statistical significance:
* p < 0.05; **, p < 0.01; and ***, p < 0.001. Unless mentioned
otherwise, all viability experiments were performed in dupli-
cate and repeated three times. For each viability experiment,
=200 transfected cells were counted.
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