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Abstract
Neuronal pentraxin with chromo domain (NPCD) comprises a group of neuronally expressed
pentraxins with both membrane and cytosolic isoforms; the functions of cytosolic NPCD isoforms
are not clear. Here, we demonstrate that a cytosolic NPCD isoform selectively interacts with the
BTB-Kelch protein Mayven/Kelch-like 2 (KLHL2), an actin-binding protein implicated in process
outgrowth in oligodendrocytes. The KLHL2-NPCD interaction was identified by a yeast two-
hybrid screen and confirmed through colocalization and co-immunoprecipitation studies.
Truncation analysis indicates that the kelch domains of KLHL2 interact with the pentraxin domain
of NPCD. NPCD forms protein inclusion bodies (aggresomes) when overexpressed in tissue
culture cells, KLHL2 localizes to these aggresomes, and overexpression of KLHL2 increases
NPCD aggresome formation. Since other members of the BTB-Kelch family can act as Cullin-
RING type E3 ubiquitin ligases, we tested the potential role of KLHL2 as a ubiquitin ligase for
NPCD. We found that KLHL2 interacts selectively with cullin 3, a key component of BTB-Kelch
ubiquitin ligase complexes. Further, overexpression of KLHL2 promotes NPCD ubiquitylation.
Together, these results suggest a novel E3 ubiquitin ligase function of KLHL2, with NPCD as a
substrate. As the formation of aggresomes is often associated with protein aggregation in
neurodegenerative diseases, we tested the effects of NPCD overexpression and KLHL2
coexpression on neuronal viability. Overexpression of NPCD in hippocampal neurons led to cell
death and apoptosis; this effect was exacerbated by KLHL2 co-expression. Our findings implicate
KLHL2 in ubiquitin ligase activity, and suggest potential roles of NPCD and KLHL2 in
neurodegeneration.
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Introduction
Neuronal pentraxins have been implicated in synaptic refinement and plasticity, neuronal
differentiation, and neurodegenerative disease (Dodds et al. 1997, Kirkpatrick et al. 2000,
Xu et al. 2003a, Chen & Bixby 2005b, Abad et al. 2006, Bjartmar et al. 2006, Cho et al.
2008, Moran et al. 2008). Three genes encode neuronal pentraxins: neuronal pentraxin 1
(NP1), neuronal pentraxin 2 (NP2), and neuronal pentraxin with chromo domain (NPCD)
(Schlimgen et al. 1995, Tsui et al. 1996, Dodds et al. 1997, Chen & Bixby 2005a). NP1 and
NP2 are known as secreted proteins with a number of suggested functions in neuronal
development. The best-studied product of the NPCD gene is a transmembrane protein called
neuronal pentraxin receptor (NPR), but this gene also encodes several cytoplasmic isoforms
in which a chromobox homolog (Cbx) domain is fused to the pentraxin domain (Chen &
Bixby 2005a, Chen & Bixby 2005b). The NPR isoform of NPCD interacts with NP1 and
NP2 to regulate synapse formation and synaptic plasticity (Cho et al. 2008, Kirkpatrick et al.
2000, Bjartmar et al. 2006). The function of cytosolic NPCD isoforms is less clear, though
RNAi knockdown suggests a role in neuronal process outgrowth (Chen & Bixby 2005b).
One approach to understanding the functions of cytosolic NPCD isoforms is to identify
protein interaction partners. We therefore performed a yeast two-hybrid screen using the
pentraxin domain of NPCD as the bait, and identified the BTB-Kelch family protein
Mayven/Kelch-like 2 (KLHL2) as a strong binding partner.

KLHL2 is an actin-binding protein highly expressed in the brain; it has been implicated in
oligodendrocyte process outgrowth as well as transcriptional regulation of growth promoting
factors in breast cancer cells (Bu et al. 2005, Jiang et al. 2005, Soltysik-Espanola et al.
1999, Williams et al. 2005, Montague et al. 2010). KLHL2 belongs to the BTB-Kelch
protein family, a group of ∼50 proteins sharing an N-terminal BTB (bric a brac, tramtrack,
and broad complex) or POZ (poxvirus zinc finger) domain and several C-terminal kelch
repeats (Stogios et al. 2005).

The BTB domain is a protein-protein interaction motif (Perez-Torrado et al. 2006, Zollman
et al. 1994), and the kelch repeats form a protein-interaction beta-propeller structure,
initially identified as binding to and stabilizing actin filaments (Li et al. 2004, Xue & Cooley
1993). Several members of the BTB-Kelch protein family have been recently described as
components of multi-protein complexes known as Cullin-RING E3 ubiquitin ligases (CRLs)
(Furukawa et al. 2003, Krek 2003, Pintard et al. 2004, Xu et al. 2003b). CRLs are involved
in the identification and targeting of proteins for ubiquitylation. BTB-Kelch proteins
function as substrate adapters, recruiting proteins destined for ubiquitylation into the CRL
complex. The large number of BTB-Kelch proteins is thought to comprise a pool of unique
substrate adapters, enabling the identification of a wide range of substrates for ubiquitylation
(Stogios et al. 2005).

Ubiquitylation is a post-translational modification that can regulate protein function,
distribution, and stability; polyubiquitylation of proteins can lead to recognition and
degradation via the 26S proteasome (Bochtler et al. 1999). Impairment of proteasome
function can lead to the accumulation and aggregation of ubiquitylated proteins, and the
formation of protein inclusion bodies, known as aggresomes, containing these proteins
(Johnston et al. 1998). Aggresomes are detergent-insoluble perinuclear structures,
containing not only the ubiquitylated and aggregated proteins, but also components of the
protein ubiquitylation, degradation, and folding machinery (Kopito & Sitia 2000). Proteins
described to form aggresomes when overexpressed in cultured cells are often associated
with protein deposition and neurodegenerative diseases such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), and prion diseases. In the case of HD,
mutation of the Huntingtin protein, leading to expanded glutamine repeats, results in
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increased aggregation and accumulation (Beaudoin et al. 2008). An aggregation-prone
isoform of the neuronal protein synphilin-1 (synphilin-1A) forms aggresomes, causes
neuronal death, and is present in protein deposits seen in the brains of patients with PD (Eyal
et al. 2006).

We report that cytosolic NPCD interacts selectively with KLHL2 in mammalian cells, and
that overexpressed NPCD colocalizes with KLHL2 in aggresomes. KLHL2 also interacts
with cullin 3, and overexpression of KLHL2 increases ubiquitylation of NPCD and the
formation of NPCD-dependent aggresomes. Finally, overexpression of NPCD in neurons
leads to apoptotic death, which is exacerbated by KLHL2. Our results suggest that KLHL2
is an E3 ubiquitin ligase, and that cytosolic NPCD is among its substrates. Our results are
also consistent with the idea that regulation of NPCD expression and its ubiquitylation are
important in neurodegeneration.

Materials and Methods
Yeast two-hybrid screen

Yeast two-hybrid screens were performed using the Mate & Plate Mouse Embryo 17-day
cDNA library in yeast strain Y187 (MATα ura3-52 his3-200 ade2-101 trp1-901 leu2-3,112
gal4Δ met–gal80Δ MEL1 URA3::GAL1UAS-GAL1TATA-lacZ) from Clontech. Sequences
encoding exons 1–5 or 7–10 of Npcd (AY395907) were fused in frame to the GAL4 DNA
binding domain coding sequence in the pGBDU-C1 vector and transformed into yeast strain
pJ69-4A (MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4Δ gal80Δ LYS2::GAL1-HIS3
GAL2-ADE2 met2::GAL7-lacZ), a kind gift from Dr. Sandra Lemmon, University of Miami
(James, et al., 1996). Library screening was performed by mating the pretransformed Mouse
Embryo 17-day cDNA library in strain Y187 with pJ69-4A containing a NPCD bait and
selection of candidate two hybrid interaction clones for expression of LEU2, URA3, ADE2,
and MEL1. Candidate clones were plated on 5-FOA to lose the URA3 bait plasmid, and then
retested to eliminate self-activating prey plasmids. Prey plasmids were isolated from
positive clones by shuttling into bacteria and sequenced. To confirm the interaction, purified
prey plasmid was co-transformed with the NPCD bait plasmid into pJ69-4A and rechecked
for growth on SD-Leu-Ura-Ade medium.

Plasmid transfection
Plasmids—Full length cDNA sequences for NPCD (Isoform IV, 1.1kb variant), Mayven/
KLHL2, and KEAP1 were PCR-amplified using Phusion high-fidelity polymerase (New
England BioLabs), cut with restriction enzymes, and directly ligated in frame into the MCS
of both pCMV-Myc and pCMV-HA plasmids (Clontech, Mountain View, CA). Full length
cDNA sequences of Mayven/KLHL2 and KEAP1, used as template for PCR-amplification,
were obtained from the Open Biosystems MGC full-insert expression library. Mayven/
KLHL2 truncation mutants were constructed by Phusion PCR amplification from full length
Mayven/KLHL2 cDNA. Plasmids encoding HA-Cullin1, -Cullin2, and -Cullin3 were
generous gifts from Dr. Mark Hannink (University of Missouri) and were constructed in the
pCI- HA expression vector (Clontech). Expression plasmids for fluorescently tagged NPCD
domains were constructed using Taq PCR amplification, ligation into pGEM-T Easy,
digestion with restriction enzymes, and ligation into the pEGFP-N2 expression vector
(Clontech). All plasmids were sequenced to confirm sequence fidelity. Expression plasmids
for mCherry/mVenus-NPCD and mCherry/mVenus- Mayven/KLHL2 were constructed
through Phusion PCR amplification, digestion with restriction enzymes, and direct ligation
into a modified pSport6 expression vector (Invitrogen). The pSport6 vector was modified by
the insertion of fluorescent-tag sequence (mVenus, accession: DQ092360; mCherry,
accession: AY678264) into the MCS, followed by the in-frame insertion of full length
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NPCD (Isoform IV, 1.1kb variant) or full length Mayven/KLHL2 cDNA sequence. The
Myc-Cherry expression plasmid was obtained from Dr. Murray Blackmore. The HA-
ubiquitin plasmid (Lim et al. 2005) was purchased from Addgene (Addgene plasmid
17608).

HEK293T (HEK) cells were transfected using Lipofectamine 2000 essentially according to
the manufacturer’s recommendations. Briefly, cells were transfected at ∼90% confluency;
both plasmid DNA and Lipofectamine were diluted in opti-MEM media, incubated 5 min,
then combined and incubated at RT 20 min prior to pipetting over the plated cells.
Hippocampal neurons were transfected with the AMAXA Rat Neuron Nucleofector Kit
(Lonza), using the program O-003. Plasmid DNA (3ug, or up to 5ul) for transfections was
directly added into electroporation cuvettes. Neurons were gently resuspended in
Nucleofector solution (100ul per transfection reaction or 1 million cells, transferred to
electroporation cuvettes (100ul of cell suspension) with plasmid DNA, and cuvettes were
shaken to mix. Immediately after electroporation, 500ul of RT culture media was added to
each of the cuvettes and the neurons were removed from the cuvettes using the supplied
plastic squeeze bulbs. Neurons were plated in equilibrated media.

Immunoprecipitation and immunoblotting
The anti-c-Myc immunoprecipitation kit (Sigma, St. Louis, MO) was used for all
immunoprecipitation experiments. 30ul of affinity matrix was added to protein lysate
prepared in CelLytic M Cell Lysis Reagent (Sigma) with 1x EDTA-free Complete protease
inhibitor cocktail (Roche, Indianapolis, IN). Lysate was incubated at 4°C overnight with
gentle end-over-end rotation in spin columns. Affinity matrix was washed by gravity flow
with 10 volumes of chilled 1x IP buffer (Sigma) containing protease inhibitors, then 1x with
chilled 0.1x IP buffer with protease inhibitors before boiling at 95ºC in 2x sample buffer for
10 minutes. Eluted proteins were resolved in 8% or 10% SDS-PAGE gels, transferred to
nitrocellulose membrane, and probed with appropriate primary antibodies. IRDye700/800-
conjugated secondary antibodies (Rockland, Gilbertsville, PA) were used to visualize blots
using the Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE). In most cases,
samples were split into 2 aliquots and loaded in parallel on different gels for HA- and Myc
immunoblotting.

Immunocytochemistry and imaging
For colocalization and confocal microscopy experiments, transfected HEK cells were
trypsinized 24h post-transfection and allowed to adhere to glass coverslips for 12h in culture
before fixation using 4% paraformaldehyde with 4% sucrose in PBS for 15 minutes at RT.
Fixed cells were washed with PBS, blocked and permeabilized (2% fish gelatin and 0.03%
Triton X-100 in PBS overnight at 4ºC), and stained with Hoechst nuclear stain and
appropriate antibodies. Stained and washed cells were mounted onto microscope slides
using Prolong Gold antifade reagent (Invitrogen, Carlsbad, CA). Images were scanned using
a Zeiss LSM510 confocal microscope. For wide-field microscopy, cells were plated and
visualized on tissue culture plastic using a Nikon TE200 inverted fluorescence microscope.

In-vivo ubiquitylation assay
A total of 5ug plasmid DNA was used for transfection of each well of a 6-well culture plate:
1ug of plasmid expressing HA-ubiquitin, 2ug of plasmid expressing either Myc-Cherry or
Myc-NPCD, and 2ug of plasmid expressing either mVenus or mVenus-KLHL2. Cells were
viewed at 24h post-transfection to confirm expression before incubation in SDS lysis buffer
(2% SDS, 1% NaCl, and 0.2% Tris-HCl, pH 8) at RT with incubation at 95º C for 20
minutes followed by vortexing. Protein lysate was diluted with the same lysis buffer without
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SDS to a final SDS concentration of 0.5% before use in the standard immunoprecipitation
procedure. Substrate proteins were detected by Western blot as described.

Protein fractionation
A total of 4ug of plasmid DNA was used in transfection of each well of a 6-well culture
plate: 2ug of HA-NPCD and 2ug of either pCMV-Myc, Myc-KLHL2 or Myc-BTB-BACK.
10h and 20h post-transfection, cells were lysed with CelLytic M Lysis Reagent (see above).
Soluble protein (supernatant) was removed after centrifugation at 16,000xg to pellet the
insoluble fraction. The insoluble pellet fraction was subjected to three rounds of sonication
(25s, 30% Duty Cycle, 60 watt output) and ultracentrifugation (100,000 rpm, Beckman
Airfuge) in CelLytic M Lysis Reagent. The resulting pellet was dissolved in sample buffer
before loading.

Cell viability and TUNEL assays
The cell viability assay was performed on neuronal cultures 12h post-transfection. Calcein
AM and ethidium homodimer-1 staining was performed using the Live/Dead Viability/
Cytotoxicity Kit for Mammalian Cells (Invitrogen). Cells were plated in individual 35mm
plates so that staining and quantification could be done on each transfection condition
individually. TUNEL staining was performed on neuronal cultures fixed at 8h post-
transfection using the APO-BrdU TUNEL Assay Kit (Invitrogen). Cells were fixed using
4% paraformaldehyde with 4% sucrose on ice for 20 minutes and incubated with 70%
ethanol overnight at −20º C. Staining was done according to the manufacturer’s
recommendations.

Antibody sources
Anti-Ubiquitin (ab19247), anti-vimentin (ab8545), and anti-Cullin3 (ab1871) antibodies
were purchased from Abcam (Cambridge, MA). Anti-Hsp70 antibody (sc-65521) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). E7 monoclonal anti-β-tubulin
antibody (Developmental Studies Hybridoma Bank) was used for tubulin staining in COS-7
cells. Anti-Myc-epitope (M4439), anti-HA-epitope (H9658), and anti-GAPDH (G8795)
antibodies were purchased from Sigma. Alexa Fluor Dye-conjugated secondary antibodies
(Invitrogen) were used in immunocytochemistry experiments: Alexa Fluor 488 (green) and
Alexa Fluor 546 (red). For western blot analysis, IRDye 700/800 secondary antibodies
(Rockland) were used to visualize immunoreactive bands in the Odyssey Infrared Imaging
System (LI-COR Biosciences).

Quantification and Statistical Analysis
Densitometric analysis was performed using the Odyssey Infrared Imaging System.
Integrated intensity was measured for discrete bands and normalized to the integrated
intensity of other bands as appropriate. Monoubiquitylated Myc-NPCD as detected by anti-
HA antibody (recognizing HA-ubiquitin) was normalized to total levels of Myc-NPCD as
detected by anti-Myc antibody. Intensities of insoluble HA-NPCD bands were normalized to
soluble NPCD within the same sample.

Aggresomes were identified based on morphology, fluorescence intensity, and size. The
appearance of NPCD-containing aggresomes ranged from small punctate dots near the
nucleus (∼1–2uM in diameter) to large masses (∼10–15uM in diameter) occupying most of
the cytoplasm. NPCD-containing aggresomes were cytosolic dense masses that appeared
bright compared to all other cellular fluorescence. A cell was counted as having an
aggresome if it had either a small punctate aggresome or a large aggresome. HEK cell
transfection efficiency was consistently at or near 100%; therefore the percentage of cells
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with aggresomes was calculated by the number of cells with aggresomes divided by the total
number of cells (nuclei).

Statistical significance was determined using an unpaired Student’s t-test or one-way
ANOVA with Tukey post-hoc test, as appropriate.

Results
The NPCD pentraxin domain interacts with kelch repeats of KLHL2

As a first step in elucidating the function of cytoplasmic NPCD isoforms, we carried out a
yeast two-hybrid screen to identify interacting proteins. In a screen of 4.7 million clones
using the NPCD pentraxin domain (NPCD exons 7–10) as bait, 41 of the 42 positive clones
represented partial cDNAs of KLHL2 (data not shown). KLHL2 (Kelch-like 2), also known
as Mayven, is an actin-binding protein highly expressed in the brain. It belongs to the BTB-
Kelch family of proteins that share an N-terminal BTB domain, C-terminal kelch repeats,
and usually an intervening BACK domain. Each of the interacting clones we identified
encoded the BACK domain and kelch repeats of KLHL2; many were truncated and did not
contain the BTB domain. These results suggest that the kelch repeats and/or the BACK
domain of KLHL2 interact with the NPCD pentraxin domain.

To test the NPCD-KLHL2 interaction in mammalian cells, we performed co-
immunoprecipitation experiments using full-length KLHL2 and full-length cytoplasmic
NPCD. NPCD precipitated with KLHL2, but not with the related BTB-Kelch family
member (and cullin-RING E3 ubiquitin ligase) Keap1/KLHL19 (Furukawa & Xiong 2005,
Kobayashi et al. 2004), in transfected HEK cells (Fig. 1A). To investigate which region of
KLHL2 mediates NPCD binding, we performed co-transfection experiments using
truncation mutants of KLHL2. In these experiments all KLHL2 constructs encoding kelch
domains, but no constructs lacking this domain, co-precipitated with NPCD, suggesting that
the kelch repeats are necessary and sufficient for NPCD interaction (Fig. 1B).

KLHL2 and NPCD colocalize in aggresomes in transfected cells
To identify the subcellular sites of KLHL2/NPCD interaction, we examined the localization
of fluorescently tagged KLHL2 and NPCD in co-transfected HEK cells. Confocal
microscopy revealed that KLHL2 and NPCD most strongly colocalize in a dense, roughly
spherical, perinuclear structure (Fig. 2A–C and data not shown). The location, size, and
shape of these structures suggest that they are aggresomes. Aggresomes contain
ubiquitylated proteins as well as components of the protein folding and degradation
machinery, and are often surrounded by a cage of the intermediate filament protein vimentin
(Johnston et al. 1998). As predicted, putative NPCD-containing inclusion bodies were
surrounded by a vimentin cage (Fig. 2D–F), and co-localized strongly with two different
aggresome markers, Hsp70 (Fig. 2G–I) and ubiquitin (Fig. 2J–L). These results indicate that
exogenously expressed KLHL2 and NPCD colocalize in aggresomes. The Ptx domain of
NPCD is responsible for this function, as expression of the Ptx domain, but not the Cbx
domain, was sufficient for aggresomal localization (Supplementary Fig. 1).

NPCD is a substrate for KLHL2-dependent ubiquitylation
Proteins found in aggresomes are often ubiquitylated (Garcia-Mata et al. 1999). To test
whether NPCD becomes ubiquitylated when overexpressed, we transfected HEK cells with
Myc-tagged NPCD and HA-tagged ubiquitin, immunoprecipitated NPCD, and probed the
precipitate with anti-HA to detect the covalent attachment of ubiquitin to NPCD. An HA-
immunoreactive band, migrating at the Mr of monoubiquitylated NPCD, was present in the
NPCD transfected cells and could be precipitated with anti-Myc (Fig. 3A asterisk, small
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arrowhead). Additionally, a smear of HA immunoreactivity above the molecular weight of
monoubiquitylated NPCD (Fig. 3A, bracketed) was precipitated by anti-Myc; this
presumably corresponds to polyubiquitylated NPCD. These results indicate that NPCD can
be ubiquitylated when expressed in heterologous cells.

The BTB-Kelch protein family, of which KLHL2 is a member, is a superfamily of proteins
that are emerging as adapters for cullin-RING E3 ubiquitin ligases (Krek 2003, Pintard et al.
2004, Stogios & Prive 2004, Xu et al. 2003b, Furukawa et al. 2003). Though KLHL2 has
not been studied in this context, the ubiquitylation of NPCD and its localization with
KLHL2 in aggresomes suggest that KLHL2 may serve as an E3 ubiquitin ligase targeting
NPCD. To test whether NPCD is marked for ubiquitylation by KLHL2, we performed an in
vivo ubiquitylation assay. HEK cells were transfected with HA-ubiquitin, together with
Myc-NPCD (or Myc-Cherry control) and mVenus-KLHL2 (or mVenus control). As in the
previous experiment, NPCD but not mCherry became both mono- and polyubiquitylated
(Fig. 3B). Interestingly, expression of KLHL2 led to an apparent increase in both mono-
(arrow in Fig. 3B) and polyubiquitylated (bracket in Fig. 3B) forms of NPCD.
Quantification of ubiquitylated NPCD (normalized to total precipitated NPCD) showed that
KLHL2 coexpression increased NPCD monoubiquitylation by 66% (± 15%; N=3; p < 0.05)
and polyubiquitylation by 80% (± 25%; Fig. 3B and data not shown). Our findings
demonstrate that KLHL2 increases NPCD ubiquitylation and suggest that KLHL2 acts as a
ubiquitin ligase for NPCD.

KLHL2 interacts with cullin 3
Ubiquitylation is a multi-step process involving three classes of enzyme: E1 ubiquitin
activating enzymes, E2 ubiquitin conjugating enzymes, and E3 ubiquitin ligases (Hershko &
Ciechanover 1986, Hershko & Ciechanover 1992, Pickart 2001, Scheffner et al. 1995).
Cullin-RING E3 ubiquitin ligases are formed by the RING finger protein ROC1 (which
binds to the E2 conjugating enzyme), a substrate adapter (such as the Skp1/F-box complex,
or a BTB-Kelch protein), and a cullin protein that interacts with both ROC1 and the
substrate adapter. All BTB-Kelch protein family members with reported E3 ubiquitin ligase
activity bind to cullin 3 (Cul3) (Angers et al. 2006, Furukawa et al. 2003, Furukawa &
Xiong 2005, Rondou et al. 2008). To test whether KLHL2 binds to Cul3, we expressed
Myc-tagged KLHL2 and either HA-tagged Cul1, Cul2, or Cul3 in HEK cells. As expected,
KLHL2 co-immunoprecipitated with Cul3, but not with Cul1 or Cul2 (Fig. 4A; asterisk). To
test whether KLHL2 could interact with endogenous Cul3, we expressed Myc-KLHL2 (or a
Myc-Cherry control) in HEK cells, precipitated KLHL2 with anti-Myc, and probed the
precipitates with a specific Cul3 antibody. Endogenous Cul3 co-precipitated with KLHL2
(Fig. 4B; asterisk), but not with the mCherry control. Thus KLHL2 can interact with Cul3,
providing further evidence for its role as a cullin-RING E3 ubiquitin ligase.

To investigate which region of KLHL2 mediates Cul3 binding, we performed co-
transfection experiments using truncation mutants of KLHL2, as was previously done for
NPCD binding. Strong Cul3 binding was seen with full-length KLHL2 (Fig. 4C, lane 5), and
Cul3 also bound efficiently to a truncation mutant containing the BTB and BACK domains
(Fig. 4C, lane 2).

Apparently weaker binding was seen with KLHL2 truncation mutants containing the BTB
domain alone (Fig. 4C, lane 1) or the BACK and kelch domains (Fig. 4C, lane 3). No
binding was observed with a mutant containing only the kelch domains (Fig. 4C, lane 4).
These results suggest that the BTB and BACK domains of KLHL2 are required for efficient
Cul3 binding, and are consistent with findings obtained with other BTB-Kelch family
ubiquitin ligases.

Tseng and Bixby Page 7

Mol Cell Neurosci. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Both HA-tagged exogenous cullins and the endogenous Cul3 protein found in HEK cells
appeared as a doublet, with one band migrating at the expected Mr of ∼80 kDa and a second
band migrating at a Mr approximately 9 kDa higher (e.g., Fig. 4A, small arrow). The upper
band is likely to represent Cul3 modified with the ubiquitin-like protein Nedd8 (Rabut &
Peter 2008). Neddylation of cullins is thought to be facilitated by binding to adaptor proteins
and substrates (Merlet et al. 2009), but we did not explore this issue in our experiments.

KLHL2 overexpression increases formation of NPCD-containing aggresomes
Polyubiquitylation of proteins can lead to proteasome-dependent degradation (Hershko &
Ciechanover 1992, Thrower et al. 2000). For the BTB-Kelch ubiquitin ligases KLHL12 and
KLHL20, coexpression with their ubiquitylation substrates led to decreased levels of these
substrates (Angers et al. 2006, Lee et al. 2010). To test whether KLHL2 enhances
proteasome-mediated degradation of NPCD, we measured levels of overexpressed NPCD in
the presence and absence of co-transfected KLHL2 at 10h and 20h after transfection. We
observed no differences in the level of soluble NPCD when KLHL2 was co-expressed (Fig.
5A; upper panel, open arrowhead). However, NPCD forms aggresomes when
overexpressed, unlike the reported substrates of KLHL12 (Dishevelled) or KLHL20 (death-
associated protein kinase [DAPK]) (Angers et al. 2006, Lee et al. 2010). As proteins found
in aggresomes are detergent-insoluble, we probed the insoluble protein fraction in cells co-
transfected with NPCD and KLHL2. At 10h after transfection, there was a dramatic increase
in insoluble NPCD in the presence of KLHL2 compared to the control (Fig. 5A; lower
panel, asterisk). At 20h after transfection, insoluble NPCD levels were more similar in
KLHL2-expressing cells and controls, due to an overall increase of insoluble NPCD protein
in all conditions. Quantification of insoluble NPCD levels at 10h showed a 7-fold increase
with KLHL2 co-expression (Figure 5A; left graph) compared to empty plasmid (pCMV-
Myc) or a mutant KLHL2 in which the kelch domains were deleted (p < 0.01). At 20h (Fig.
5B, right panel), values for KLHL2 co-expression were higher, but this difference did not
quite reach statistical significance (p = 0.053).

To determine whether the increase in insoluble NPCD with KLHL2 co-expression correlated
with increased aggresome formation, we expressed fluorescently-tagged NPCD in HEK
cells with KLHL2, or with one of two controls: empty plasmid (pCMV-Myc) or the KLHL2
deletion mutant Myc-BTB-BACK (lacks kelch repeats). Co-expression of full-length
KLHL2 led to the formation of larger NPCD-containing aggresomes at 10h after
transfection (Figure 5Ba-c; arrowheads) as well as an increase in the percentage of cells with
aggresomes at both 10h and 20h after transfection (Fig. 5B, graphs; p < 0.05). The
appearance of larger aggresomes at the earlier time point is consistent with our observations
of increased levels of insoluble NPCD. The increased percentage of cells containing NPCD
aggresomes with KLHL2 expression could be due to the interaction of KLHL2 with NPCD.
Supporting this hypothesis, the kelch domain deletion mutant of KLHL2 (Fig. 5B; BTB-
BACK), which is unable to interact with NPCD, had no effect on aggresome formation
compared to the controls. Since KLHL2 co-expression increases both NPCD ubiquitylation
and aggresome formation, ubiquitylation of NPCD by a KLHL2-containing ligase may play
a role in aggresome formation.

NPCD Expression in Neurons Causes Cytotoxicity
The accumulation of aggregated proteins in aggresomes is often studied in
neurodegenerative and protein deposition disease. To explore whether NPCD
overexpression can be linked to neuronal cytotoxicity, we used E18 hippocampal neurons,
which endogenously express both KLHL2 and NPCD (Chen & Bixby 2005a, Chen & Bixby
2005b, Soltysik-Espanola et al. 1999). We measured cell viability in cultured hippocampal
neurons in response to expression of NPCD with or without co-expression of KLHL2. Using

Tseng and Bixby Page 8

Mol Cell Neurosci. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a live (Fig. 6A-C; green) and dead (Fig. 6D-F; red) cell double stain, we found a 40%
decrease in neuronal viability in response to NPCD expression (p<0.05), and an 80%
decrease with co-expression of KLHL2 (p< 0.01; Fig. 6G) compared to controls. Expression
of KLHL2 alone did not increase neuronal cell death (Fig. 7 and data not shown). Since
hippocampal neurons normally express cytoplasmic NPCD (Chen & Bixby 2005a), our
findings suggest that appropriate regulation of NPCD expression levels is essential for
neuronal viability. Presumably the aggregation and aggresome formation of NPCD seen in
HEK cells is relevant to the observed neuronal cytotoxicity, as coexpression of KLHL2
exacerbates this phenotype.

KLHL2 enhances apoptotic effect of NPCD overexpression
Protein deposition diseases often lead to neuronal death via apoptotic mechanisms (Eyal et
al. 2006, Morishima et al. 2001). To test whether overexpression of NPCD mediates
neuronal cytotoxicity through apoptosis, hippocampal neurons were transfected to express
KLHL2 alone, NPCD alone, KLHL2 with NPCD, or NPCD with a KLHL2 kelch domain
deletion mutant (BTB-BACK). KLHL2 overexpression did not increase apoptosis, measured
by TUNEL staining (Fig. 7G), over plasmid controls (Fig. 7F, K). Overexpression of NPCD
increased apoptosis about 2-fold after 8h (Fig. 7H, K), which was further increased by
coexpression of KLHL2 (Fig. 7I, K) compared to either empty plasmid (p < 0.01) or NPCD
(p < 0.05). Thus overexpression of NPCD induces neuronal apoptosis, and coexpression of
KLHL2 enhances the apoptosis-inducing effect of NPCD. The kelch domains of KLHL2 are
required for enhancement of NPCD-induced apoptosis, as no increase in apoptosis was seen
when the BTB-BACK mutant (lacks kelch domains) was co-expressed with NPCD (Fig. 7J,
K). This observation is consistent with the idea that interaction of KLHL2 with NPCD, and
increased NPCD ubiquitylation and aggregation, exacerbate apoptosis in neurons
overexpressing NPCD.

Discussion
We report the identification of a novel interaction between cytosolic NPCD and the BTB-
Kelch protein KLHL2. Investigation of this interaction in cultured cells showed that KLHL2
colocalizes with NPCD in aggresomes, binds both NPCD and Cul3, and increases
ubiquitylation of NPCD and the rate of NPCD aggresome formation. Thus KLHL2 appears
to function as a cullin-RING E3 ubiquitin ligase for NPCD. Overexpression of NPCD in
primary neurons revealed a neurotoxic effect, mediated through apoptosis. Interestingly,
overexpression of KLHL2 exacerbated the neuronal cytotoxicity of NPCD, suggesting the
possibility that ubiquitylation and aggregation are toxic in this situation.

Exogenous overexpression of NPCD and KLHL2 resulted in strong colocalization in
aggresome-like inclusion bodies, though neither protein has been found in these structures in
vivo (Bjartmar et al. 2006, Chen & Bixby 2005a, Montague et al. 2010, Soltysik-Espanola et
al. 1999). It is likely that our use of the CMV promoter leads to NPCD expression levels in
excess of those normally found in neurons. Indeed, we assume that levels of cytosolic
NPCD are normally tightly regulated, preventing aggresome formation. Aggresomes are
normally formed when the ubiquitin proteasome degradation pathway is impaired or
overwhelmed and proteins targeted for degradation accumulate and aggregate. Proteins that
fold inefficiently, such as mutated forms of the cystic fibrosis transmembrane conductance
regulator (CFTR), or the alternatively-spliced synphilin-1A isoform, have been reported to
form aggresomes (Eyal et al. 2006, Johnston et al. 1998). Other disease associated proteins
such as huntingtin, presenilin 1, alpha-synuclein, and prion protein form aggresomes when
overexpressed in cultured cells (Johnston et al. 2002, Junn et al. 2002, Ma & Lindquist
2001, Taylor et al. 2003, Waelter et al. 2001). Whether cytosolic NPCD isoforms form
aggresomes in neurons during stress or disease states is a topic for future studies.
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NPCD-containing inclusion bodies were positive for three known aggresome markers--
ubiquitin, Hsp70, and vimentin. Because of the link between ubiquitylation and aggresome
formation, and because several other BTB-Kelch proteins act as components of cullin-RING
E3 ubiquitin ligases (Angers et al. 2006, Furukawa & Xiong 2005, Lee et al. 2010, Rondou
et al. 2008), we hypothesized that KLHL2 shares this function. All known BTB-Kelch E3
ubiquitin ligases bind selectively to Cul3 rather than other cullins (Krek 2003, Pintard et al.
2004), as we have shown for KLHL2. Further, overexpression of the BTB-Kelch E3
ubiquitin ligases KLHL12 or KLHL20 increases substrate ubiquitylation (Lee et al. 2010,
Rondou et al. 2008), similar to our findings with KLHL2 and NPCD. Together with the
observation that NPCD does not interact with a related BTB-Kelch protein, Keap1, our
results suggest that NPCD is a specific target for ubiquitylation by a cullin-RING E3 ligase
containing KLHL2.

Our truncation analysis identified the kelch domains of KLHL2 as interacting with NPCD;
previous reports implicate the KLHL2 kelch repeats in actin binding (Li et al. 2004,
Williams et al. 2005, Xue & Cooley 1993). Multiple binding partners have been found for
kelch repeats in other cullin-RING E3 ligases. For example, the kelch repeats of Keap1 bind
both to its ubiquitylation substrate Nrf2 and to actin (Ogura et al. 2010). Additionally,
binding to two different substrates through the kelch repeats, such as dishevelled and the D4
dopamine receptor, has been reported for KLHL12 (Angers et al. 2006, Rondou et al. 2008).
Because BTB-Kelch proteins appear to form homodimers (Ogura et al. 2010, Perez-Torrado
et al. 2006), it is possible that KLHL2 binds actin filaments and NPCD simultaneously.

Our analysis implicates both the BTB and BACK domains of KLHL2 in Cul3 binding. BTB
domains (or domains with similar structures) are considered the interaction motifs for cullin
proteins (Krek 2003, Perez-Torrado et al. 2006), and these are typically associated with Cul3
interaction in other BTB-Kelch proteins (Angers et al. 2006, Furukawa & Xiong 2005).
However, BTB deletion mutants of Keap1/KLHL19 and KLHL12 have also been reported
to interact with Cul3 (Kobayashi et al. 2004, Rondou et al. 2008). In our experiments, a
combination of the BTB and BACK domains provided the most efficient binding to Cul3,
suggesting that these two domains may either cooperate or bind independently. The BACK
domain has been hypothesized to function as a structural “joint,” allowing for flexibility
between the BTB domain and kelch repeats (Stogios & Prive 2004). Our results suggest that
the BACK domain may also play a role in Cul3 binding.

Overexpression of E3 ubiquitin ligases, and the consequent increase in substrate
polyubiquitylation, is generally found to decrease levels of soluble substrate protein through
ubiquitin-proteasome degradation, as is the case for KLHL12/dishevelled or KLHL20/
DAPK (Angers et al. 2006, Lee et al. 2010). Overexpression of KLHL2 did not affect levels
of soluble NPCD, but rather increased accumulation of detergent-insoluble NPCD and the
rate of NPCD-dependent aggresome formation. Although these findings are unusual, they
are not unprecedented. For example, overexpression of the E3 ubiquitin ligases, seven in
absentia homolog 1 and 2 (SIAH-1, SIAH-2), promote ubiquitylation of an alternatively
spliced isoform of synphilin-1 (synphilin-1A) and its accumulation in aggresomes (Eyal et
al. 2006, Szargel et al. 2009, Liani et al. 2004). Synphilin-1A is an aggregation-prone
ubiquitylation substrate of SIAH-1 and SIAH-2 that is found in protein deposits associated
with PD, known as Lewy bodies (Liani et al. 2004). Overexpression of synphilin-1A in
neurons results in apoptotic cell death, and may represent an underlying cause of neuronal
degeneration through an unknown mechanism (Eyal et al. 2006). Other neurodegenerative
disease-related proteins, such as alpha-synuclein and amyloid-beta, also cause apoptosis
when overexpressed in neurons (van der Putten et al. 2000, Xu et al. 2002, Paradis et al.
1996). Similarly, we find that NPCD overexpression in hippocampal neurons promotes
apoptotic cell death. Although overexpression of KLHL2 alone did not increase neuronal
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apoptosis, co-expression of KLHL2 and NPCD increased apoptosis over that seen with
NPCD alone. These findings indicate that the action of KLHL2 exacerbates NPCD-induced
cytotoxicity. Based on our results in HEK cells, we speculate that increased NPCD
ubiquitylation, driven by co-expression of KLHL2, enhances NPCD aggregation and
NPCD-induced cytotoxicity in primary neurons. This idea is in line with reports that
increased ubiquitylation of alpha-synuclein by its E3 ubiquitin ligases, SIAH-1 and SIAH-2,
results in increased aggregation and neurotoxicity (Rott et al. 2008, Lee et al. 2008). In this
system, increased synphilin-dependent aggresome formation has been linked to decreased
apoptosis, suggesting a protective effect of aggresomes (Liani et al. 2004). Although
KLHL2 co-expression in HEK cells is associated with an increase in NPCD-dependent
aggresome formation, it is unclear whether this is also true in primary neurons, as
transfected hippocampal neurons died prior to significant aggresome formation.

Our results linking dysregulation of NPCD expression to protein aggregation and
neurotoxicity are interesting in light of the association between neuronal pentraxins and
neurodegenerative disease. Overexpression of NP1 in cerebellar granule cells results in
apoptotic neuronal cell death (DeGregorio-Rocasolano et al. 2001). Furthermore, NP1
expression is increased in cultured cortical neurons after exposure to the AD-associated
protein amyloid-beta (Aβ); increased NP1 expression resulted in a loss of synapses,
reduction in neurite outgrowth, and apoptotic neuronal death (Abad et al. 2006). NP1 levels
increase in the brains of AD patients as well as in AD mouse models; in these situations,
NP1 protein was found to be associated with tau protein deposits and amyloid plaques in or
around dystrophic neurites (Abad et al. 2006). Similarly, NP2 is the most highly upregulated
gene in the substantia nigra of patients with PD (Moran et al. 2008). Additionally, NP2
protein accumulates with alpha-synuclein in Lewy bodies, an abnormal PD-associated
protein aggregate found in neuronal cytoplasm. Recently, elevated levels of 30kDa and 55
kDa species of NPCD have been associated with AD (Yin et al. 2009). Therefore, it is likely
that dysregulation of NPCD expression, aggregation, or function may have a role in
neurodegenerative disease. Further investigation of NPCD aggregation, and the regulation of
its ubiquitylation state by KLHL2, may provide insight into the role of the ubiquitin
machinery in protein deposition, aggregation, and cytotoxicity.

Cytosolic NPCD isoforms were first identified in a screen to identify intracellular binding
partners of the receptor protein tyrosine phosphatase PTPRO, a neuronally expressed
phosphatase that regulates axon growth and guidance (Chen & Bixby 2005a, Gonzalez-Brito
& Bixby 2009, Shintani et al. 2006, Stepanek et al. 2005). Knockdown of NPCD in PC12
cells revealed a loss of NGF-induced process outgrowth, suggesting the possibility that
NPCD and PTPRO cooperate in this function (Chen & Bixby 2005b). Similarly, KLHL2
binds actin, regulates process outgrowth in oligodendrocytes, and is expressed in both cell
bodies and processes of neurons (Jiang et al. 2005, Williams et al. 2005) (Soltysik-Espanola
et al. 1999). It will be interesting to explore the possibility that KLHL2 and NPCD work
together to regulate axon outgrowth in neurons.

Conclusions
In summary, we have identified a novel interaction between NPCD and KLHL2, and
demonstrated a novel E3 ubiquitin ligase activity of KLHL2. Additionally, we have
observed that overexpression of NPCD leads to NPCD ubiquitylation, aggresome formation
in HEK293T cells, and apoptosis in hippocampal neurons. Our results implicate components
of the ubiquitin machinery in protein aggregation and neuronal toxicity of at least one
neuronal pentraxin, and contribute to an expanding appreciation of the role of ubiquitylation
and neuronal pentraxins in neurodegenerative disease.
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Figure 1.
Selective co-immunoprecipitation of NPCD with KLHL2 containing Kelch domains. A.
HEK cells were transfected with HA-NPCD and either Myc-Cherry, Myc-Keap1, or Myc-
KLHL2. 48h post-transfection, protein lysate (Input) or anti-Myc immunoprecipitate (IP:
Myc) was subjected to SDS-PAGE and Western blot with anti-Myc, anti-HA, and anti-
GAPDH (control, asterisk). All 4 constructs were expressed (Input), and each of the 3 Myc
constructs (but not GAPDH) were immunoprecipitated. HA-NPCD co-immunoprecipitated
with Myc-KLHL2 but not with Myc-Cherry or Myc-Keap1 (IB: HA). B. HEK cells were
transfected with HA-NPCD and one of the Myc expression constructs illustrated at top: (1)
Myc-BTB, (2) Myc-BTB-BACK, (3) Myc-BACK-Kelch, (4) Myc-Kelch, (5) Myc-KLHL2,
or (6) Myc-Cherry. Protein lysate and anti-Myc immunoprecipitate were subjected to SDS-
PAGE and Western blot as in A. All constructs were expressed, but HA-NPCD co-
immunoprecipitated only with Myc-BACK-Kelch, Myc-Kelch, and Myc-KLHL2 (lanes 3,
4, and 5). Similar results were seen in a second experiment.
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Figure 2.
NPCD colocalizes with KLHL2 and aggresome markers. A–C. HEK cells were transfected
with mCherry-KLHL2 (A, red) and mVenus-NPCD (B, green). After 48h, confocal
microscopy shows strong colocalization in large perinuclear structures (arrowheads; overlay
in C). D–L. HEK cells were transfected with mVenus-NPCD (green; E, H, K). After 48h,
cells were fixed and stained with antibodies against vimentin (D, red), Hsp70 (G, red), or
ubiquitin (J, red); overlays are shown in F, I, and L. (D–F) Confocal microscopy of an
optical slice through the NPCD-containing structure showed an encircling vimentin ring (F).
A second optical slice (inset, F) shows the cage-like appearance of vimentin forming around
the NPCD structure. (G-I) Hsp70 immunostaining (red) colocalized with NPCD expression
(green) in large perinuclear aggregates and to some degree in cytosolic puncta. (J–L)
Ubiquitin immunostaining (red) showed strong colocalization with NPCD (green). Scale
bar, 10uM.
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Figure 3.
NPCD is a ubiquitin ligase substrate. A. HEK cells were transfected with HA-Ubiquitin and
either Myc-Cherry or Myc-NPCD. After 24h, cell lysate (Input) or Myc immunoprecipitate
(IP: Myc) was subjected to SDS-PAGE and probed with anti-Myc or anti-HA. Myc-Cherry
and Myc-NPCD were precipitated in similar amounts (labeled arrowheads). A Myc-
immunoreactive band migrating 9 kDa above Myc-NPCD, corresponding to
monoubiquitylated NPCD, was immunoprecipitated by anti-Myc (asterisk, small
arrowhead). An HA-immunoreactive smear, corresponding to total ubiquitylated proteins,
was seen in both Myc-Cherry and Myc-NPCD expressing cells; ubiquitylated proteins above
the MW of Myc-NPCD (brackets) were enriched in Myc-NPCD expressing cells and
immunoprecipitated by anti-Myc. B. In-Vivo Ubiquitylation by KLHL2. HEK cells were
transfected with HA-Ubiquitin, one of two substrates (Myc-Cherry or Myc-NPCD), and
mVenus-KLHL2 or mVenus (Con). Total lysates (upper blots), and anti-Myc
immunoprecipitates (lower blots) were subjected to Western blotting with anti-Myc and
anti-HA. (Upper Left) Cells expressing Myc-Cherry showed no difference in total
ubiquitylation (IB: HA) in response to mVenus-KLHL2. (Lower Left) Immunoprecipitation
of Myc-Cherry did not co-precipitate ubiquitylated proteins. (Upper Right) Cells expressing
Myc-NPCD showed increased ubiquitylation at Mrs above that of NPCD when mVenus-
KLHL2 was expressed. (Lower Right) Immunoprecipitation of Myc-NPCD co-precipitated
ubiquitylated proteins the size of monoubiquitylated NPCD (arrow) and above (bracket);
levels of these ubiquitylated NPCD species were higher with KLHL2 expression. Similar
results were seen in a second experiment.
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Figure 4.
KLHL2 interacts with Cul3 through the BTB-BACK domain. A. HEK cells were transfected
with Myc-KLHL2 and either HA-Cul1, HA-Cul2, or HA-Cul3. After 48h, lysates (Input)
and Myc immunoprecipitates (IP: Myc) were blotted with anti-Myc and anti-HA. Although
all three cullin isoforms were expressed, only HA-Cul3 co-immunoprecipitated with Myc-
KLHL2 (asterisk). The bands 9kDa above each cullin (arrow) are likely to be neddylated
forms of the respective cullin proteins. B. HEK cells were transfected with either Myc-
KLHL2 or Myc-Cherry control, and subjected to immunoprecipitation and Western blotting
as in A. Endogenous Cul3 protein co-precipitated with Myc-KLHL2 (asterisk), but not Myc-
Cherry. C. HEK cells were transfected with HA-Cul3 and one of the following: (1) Myc-
BTB, (2) Myc-BTB-BACK, (3) Myc-BACK-Kelch, (4) Myc-Kelch, (5) Myc-KLHL2, or (6)
Myc-Cherry and subjected to immunoprecipitation and Western blotting after 48h. A
variable level of both neddylation and expression was seen with HA-Cul3 (Input, IB: HA).
All Myc-tagged constructs were immunoprecipitated. HA-Cul3 co-immunoprecipitated with
Myc-BTB (lane 1; asterisk), Myc-BACK-Kelch (lane 3; double asterisk), Myc-BTB-BACK
(lane 2; triple asterisk) and Myc-KLHL2 (lane 5); association with the BTB-BACK mutant
and full-length KLHL2 appeared quantitatively the strongest. Similar results were seen in a
second experiment.
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Figure 5.
KLHL2 expression increases both distribution of NPCD into the insoluble fraction and
aggresome formation. A. HEK cells were transfected with HA-NPCD and either pCMV-
Myc, Myc-KLHL2, or Myc-BTB-BACK. 10h and 20h post-transfection, cells were
harvested and separated into soluble and insoluble fractions before SDS-PAGE and Western
blotting. GAPDH was present in the soluble fraction (upper blots) but not the insoluble
fraction (lower blots). At 10h, all expressed proteins were present in the soluble fraction, and
substantial Myc-KLHL2 but not Myc-BTB-BACK was present in the insoluble fraction.
Insoluble NPCD was strongly increased by expression of Myc-KLHL2. At 20h, both Myc-
KLHL2 and Myc-BTB-BACK were present in the insoluble fraction. Graphs: At 10h post-
transfection, the relative amount of insoluble NPCD was significantly increased by KLHL2
expression (N= 3, one-way ANOVA with Tukey post-hoc tests; ** = p < 0.01). No
difference was seen between control and Myc-BTB-BACK coexpression conditions. At 20h
post-transfection, insoluble HA-NPCD appeared to be increased by Myc-KLHL2, but this
increase did not reach statistical significance (N=3, one-way ANOVA with Tukey post-hoc
tests; #; p = 0.053). B. HEK cells were transfected with mVenus-NPCD (green) and either
pCMV-Myc (a, d), Myc-KLHL2 (b, e), or Myc-BTB-BACK (c, f). Cells were fixed 10h or
20h post-transfection. (a-c) 10h post-transfection, cells transfected with control plasmids or
Myc-BTB-BACK showed small punctate structures in a small percentage of cells
(arrowheads). Cells transfected with Myc-KLHL2 showed the formation of larger
aggresomes in a higher number of cells. (d-f) 20h post-transfection, larger aggresomes
(arrowheads) were seen in all conditions. Graphs: The percentage of cells with NPCD
aggresomes increased with KLHL2 co-expression at both 10h and 20h. (N=3, one-way
ANOVA with Tukey post-hoc tests; *; p < 0.05). No differences were seen between control
plasmid and Myc-BTB-BACK transfection conditions. Scale bar = 10uM
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Figure 6.
NPCD overexpression and KLHL2 co-expression increase neuronal death. E18 hippocampal
neurons were transfected with control plasmids (A, D), Myc-NPCD and pCMV-HA (B, E),
or Myc-NPCD and HA-KLHL2 (C, F). 12h post-transfection, cells were stained with
calcein AM (green, stains live cells) and propidium iodide (red, stains dead cells). (A, D)
Neurons transfected with control plasmids (pCMV-Myc, pCMV-HA) looked generally
healthy and showed approximately equal numbers of live and dead cells per field. (B, E)
Neuronal cultures transfected with Myc-NPCD and pCMV-HA showed an increased
percentage of dead cells. (C, F) In neuronal cultures transfected with Myc-NPCD and HA-
KLHL2 the vast majority of cells were dead at 12h. (G) Cultures transfected with control
plasmids showed approximately 47% cell viability (Con). Cultures transfection with Myc-
NPCD and pCMV-HA (NPCD) showed a significant decrease in cell viability (to 30%).
Cultures transfected with Myc-NPCD and HA-KLHL2 (NPCD/KLHL2) showed cell
viability of only 11% (N=3; one-way ANOVA with Tukey post-hoc tests; * = p < 0.05
compared to control; ** = p < 0.01 compared to control, p < 0.05 compared to NPCD)
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Figure 7.
NPCD overexpression and KLHL2 co-expression increase neuronal apoptosis. E18
hippocampal neurons were transfected with control plasmids (A, F), Myc-KLHL2 and
pCMV-HA (B, G), HA-NPCD and pCMV-Myc (C, H), Myc-KLHL2 and HA-NPCD (D, I),
or Myc-BTB-BACK and HA-NPCD (E, J). Cells were fixed and TUNEL stained (green)
after 8h. (A, F) Neuronal cultures transfected with control plasmids looked healthy with low
levels of TUNEL stained cells (arrow). (B, G) Expression of Myc-KLHL2 did not appear to
alter cell health. (C, H) NPCD expression increased the number of TUNEL positive, phase-
bright cells (arrows). (D, I) Co-expression of KLHL2 and NPCD greatly increased the
number of TUNEL positive cells (arrows). (E, J) Co-expression of BTB-BACK and NPCD
did not increase TUNEL staining above that of NPCD alone. (K) NPCD expression
significantly increased the percentage of TUNEL positive cells, and this percentage was
further increased by co-expression of KLHL2 but not the BTB-BACK mutant. (N=3, one-
way ANOVA with Tukey post-hoc tests; * = p < 0.05 compared to control; ** = p < 0.01
compared to control, p < 0.05 when compared to NPCD)
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