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Carboxypeptidase E Independently Changes
Microtubule Glutamylation, Dendritic
Branching, and Neuronal Migration

Chen Liang1,2, Damien Carrel3,†, Nisha K. Singh1,2,†,
Liam L. Hiester1, Isabelle Fanget3, Hyuck Kim1,
and Bonnie L. Firestein1

Abstract
Neuronal migration and dendritogenesis are dependent on dynamic changes to the microtubule (MT) network. Among

various factors that regulate MT dynamics and stability, post-translational modifications (PTMs) of MTs play a critical role

in conferring specificity of regulatory protein binding to MTs. Thus, it is important to understand the regulation of PTMs dur-

ing brain development as multiple developmental processes are dependent on MTs. In this study, we identified that carboxy-

peptidase E (CPE) changes tubulin polyglutamylation, a major PTM in the brain, and we examine the impact of CPE-mediated

changes to polyglutamylation on cortical neuron migration and dendrite morphology. We show, for the first time, that over-

expression of CPE increases the level of polyglutamylated α-tubulin while knockdown decreases the level of polyglutamylation.
We also demonstrate that CPE-mediated changes to polyglutamylation are dependent on the CPE zinc-binding motif and that

this motif is necessary for CPE action on p150Glued localization. However, overexpression of a CPE mutant that does not

increase MT glutamylation mimics the effects of overexpression of wild type CPE on dendrite branching. Furthermore,

although overexpression of wild type CPE does not alter cortical neuron migration, overexpression of the mutant may act

in a dominant-negative manner as it decreases the number of neurons that reach the cortical plate (CP), as we previously

reported for CPE knockdown. Overall, our data suggest that CPE changes MT glutamylation and redistribution of

p150Glued and that this function of CPE is independent of its role in shaping dendrite development but plays a partial role

in regulating cortical neuron migration.
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Introduction
Carboxypeptidase E (CPE; aka neurotrophic factor-α1) is a
member of the N/E subfamily of the M14 family of metallo-
carboxypeptidases (Reznik & Fricker, 2001). It was discov-
ered as a prohormone-processing enzyme in endocrine cells
and neurons, where it is responsible for the proteolytic pro-
cessing of peptide intermediates, generating bioactive hor-
mones and neurotransmitters (Fricker & Snyder, 1982;
Hook et al., 1982). CPE hydrolyzes single carboxyl-terminal
amino acids from polypeptide chains with specificity for basic
residues, that is., lysine or arginine, by coordinating with zinc
ions. In addition to its enzymatic activity, CPE is involved in
sorting and transporting hormone and neuropeptide interme-
diates, such as pro-insulin, pro-brain-derived neurotrophic

factor (BDNF), and pro-opiomelanocortin (Dhanvantari
et al., 2003; Loh et al., 2002; Lou et al., 2005). In recent
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years, studies have elucidated the importance of CPE in the
nervous system. CPE−/− mice display a variety of neuronal
deficits, including abnormal dendritic structure and spine
morphology, neuronal degeneration, and deficits in learning
and memory (Woronowicz et al., 2008; Woronowicz et al.,
2010). A more recent study identified a new mutation in the
CPE gene from a patient with Alzheimer’s disease, suggesting
the involvement of this mutation in Alzheimer’s-related neuro-
degeneration, memory deficits, and depression (Cheng et al.,
2016). Furthermore, CPE protects CA3 hippocampal neurons
from stress-induced death and cognitive dysfunction (Xiao
et al., 2021).

Microtubules (MTs) and microtubule-associated proteins
(MAPs) play crucial roles in establishing proper neuronal
morphology, intracellular transport, and migration in the
cortex and hippocampus (Penazzi et al., 2016). To achieve
diversity and complexity in function, MT dynamics must be
precisely controlled. One of the most important mediators
of such control is post-translational modification (PTM) of
tubulins. Polyglutamylation represents a major PTM of MTs
in the brain (Audebert et al., 1994), and it is unique from
other PTMs in that polyglutamyl chains exhibit variable
lengths and are involved in regulating protein-binding affinity
to MTs. Specifically, the MAPs, Tau, MAP1B, and MAP2,
and kinesin motors, most efficiently bind to MTs that are
modified with three glutamyl units, while the relative affinity
of the binding of these proteins decreases with shorter or
longer glutamyl chain lengths on MTs (Bonnet, 2001;
Boucher et al., 1994; Larcher et al., 1996). More recently, it
was reported that there is graded control of the binding of
spastin to MTs, and spastin-mediated severing of MTs is regu-
lated by polyglutamylation (Valenstein & Roll-Mecak, 2016).
Specifically, modulation of spastin activity by polyglutamyla-
tion is biphasic and sensitive to glutamyl chain length.

Several polyglutamylases have been identified as members of
the tubulin tyrosine ligase-like (TTLL) protein family (Ikegami
et al., 2006; Janke et al., 2005; van Dijk et al., 2007). Depending
on the preference of the specific enzyme, glutamates can be
added onto a Glu residue in the carboxyl terminus of either
α-tubulin or β-tubulin, initiating side chains or elongating exist-
ing chains to variable lengths (van Dijk et al., 2007). In contrast,
deglutamylases regulate side chain length by removing gluta-
mates from α-tubulin or β-tubulin. Recent data suggest that
members of the cytosolic carboxypeptidase (CCP) family act
as deglutamylases (Kalinina et al., 2007; Rodriguez de la
Vega et al., 2007). CCPs share a conserved zinc-binding
motif, a consensus sequence within the M14 carboxypeptidase
family that includes CPE (Gomis-Ruth et al., 1999). Similar to
polyglutamylases, CCPs differ in their specificity for substrates
and activity, either shortening long side chains or removing the
branch point glutamates from α-tubulin or β-tubulin (Rogowski
et al., 2010). We recently found that CCP1 overexpression sup-
ports neuroregeneration in a spinal cord model of neurotoxicity
(Ramadan et al., 2021), pointing to a role for glutamylation in
the maintenance of neuronal health and functionality.

In a previous study, we reported a role for CPE in the reg-
ulation of neuronal migration and dendrite morphology
(Liang et al., 2019). We found that CPE carboxyl-terminal
interaction with p150Glued, a MT-binding protein, and anti-
catastrophe factor, mediates effects on dendrite branching
(Liang et al., 2019). Furthermore, CPE regulates the subcellu-
lar localization of p150Glued (Liang et al., 2019). Since CPE
shares a conserved zinc-binding motif with other reported
deglutamylases, in the current study, we asked whether CPE
plays a role in regulating tubulin polyglutamylation.
Interestingly, by changing CPE levels, we found that in
cells that overexpress CPE, tubulin polyglutamylation actu-
ally increases. Additionally, expression of CPE protein with
a mutated zinc-binding motif, which has no effect on glutamy-
lation, demonstrates that changes to glutamylation observed
when CPE is overexpressed are necessary to promote CPE
action on p150Glued localization but are not responsible for
CPE-mediated effects on neuronal migration and dendrite
morphology.

Methods

DNA Constructs and RNA Interference
Full-length rat CPE protein was subcloned into pEGFP-C1
or pCAG. A mutant of CPE lacking amino acids required
to bind zinc (CPE-H114A,E117A) was generated by site-
directed mutagenesis of the pEGFP-C1-CPE full-length con-
struct, with His114 mutated to Ala and Glu117 mutated
to Ala. cDNA encoding the mutant form of CPE,
CPE-H114A,E117A, was subcloned into pCAG-GFP.
siRNA against CPE and the appropriate negative control
were purchased from Life Technologies (CPE siRNA,
Mouse S64324; CPE siRNA Rat S220210; negative
control #1, cat# 4390743).

Antibodies and Reagents
Mouse anti-CPE (BD 610758; RRID:AB_398081) and
mouse anti-microtubule-associated protein 2 (MAP2; BD
556320; RRID:AB_396359) were from BD Pharmingen.
The mouse monoclonal antibody against dynactin p150Glued

(SC-135890; RRID:AB_2090598) was from Santa Cruz.
Rabbit anti-pericentrin (ab4448; RRID:AB_304461), rabbit
anti-alpha-tubulin (ab18251; RRID:AB_2210057), and
rabbit anti-detyrosinated-tubulin (ab3201; RRID:AB_177350)
were from Abcam. Mouse anti-polyglutamylated-tubulin
(B3) (T9822; RRID:AB_477598) was from Sigma. Rabbit
anti-acetyl-alpha-tubulin (5335 s; RRID:AB_10544694)
was from Cell Signaling. The antibody against green fluores-
cent protein (GFP; chicken; PA1-9533; RRID:
AB_1074893) was purchased from ThermoFisher.

The COS-7 (CRL-1651, RRID:CVCL_0224) and Neuro2a
(CCL-131, RRID:CVCL_0470) cell lines are commercially
available from American Type Culture Collection.
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COS-7 Cell Transfection and Immunocytochemistry
COS-7 cells (15,800 cells/cm2) were seeded on coverslips
previously coated with 0.1 mg/ml poly-D-lysine. One day
after plating, cells were transfected with pEGFP-C1,
pEGFP-C1-CPE, or pEGFP-C1-CPE-H114A,E117A using
Lipofectamine 2000 (ThermoFisher) following the manufac-
turer’s protocol. Forty-eight hours after transfection, cells
were fixed with 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) for 15 min and immunostained with
indicated antibodies, followed by Hoechst 33,225 dye nuclear
staining. Using Fluoromount G (Southern Biotechnology;
Birmingham, AL), coverslips were mounted onto glass slides
for imaging.

Immunofluorescent Microscopy and p150Glued

Localization Analysis
Analysis was performed as we have previously reported
(Liang et al., 2019). We used COS-7 cells for this assay to
compare our results to those we have published (Liang
et al., 2019) and due to the fact that it is easier for us to visual-
ize the centrosome in COS-7 cells than in Neuro2a cells.
COS-7 cells were imaged at 600x using an Olympus
Optical (Tokyo, Japan) IX50 microscope and fluorescent
imaging system. To determine p150Glued localization, a
straight line was drawn across the cell through the pericentrin-
positive centrosome and nucleus. The percentage of p150Glued

concentrated on the centrosome was determined by plotting
the intensity of p150Glued and pericentrin along the line
drawn. The intensity of p150Glued fluorescence was measured
within the peak of pericentrin (value A), and p150Glued fluo-
rescence within 1 µm of the pericentrin peak was measured
(value B). The percentage of p150Glued localized to the centro-
some was defined as the ratio of A to B.

Fractionation and Western Blot Analysis of Neuro2a
Cell Lysates
Neuro2a cells were plated at 40%–50% confluence in 60 mm
dishes and transfected 24 h after plating with pEGFP-C1,
pEGFP-C1-CPE, or pEGFP-C1-CPE-H114A,E117A using
Lipofectamine LTX Plus or transfected with negative
control siRNA or CPE siRNA using Lipofectamine
RNAiMax, following the manufacturer’s protocols. Cells
were collected 2 days after transfection into prewarmed (37°
C) MT stabilization and cell lysis buffer (100 mM PIPES
[pH 6.9], 5 mM EGTA, 5 mM MgCl2, 20% glycerol, 0.5%
Nonidet P40, 0.5% Triton X-100, and protease inhibitor cock-
tail [Cytoskeleton, Inc., cat# PIC02]), modified from a previ-
ous study (Audebert et al., 1993). Cells were homogenized,
and the extract was centrifuged at 350 x g at room temperature
for 5 min to pellet unbroken cells and tissue debris. The super-
natant was collected and centrifuged at 100,000 x g at 37°C
for 1 h to fractionate soluble and cytoskeletal proteins.

Pelleted cytoskeletal proteins were depolymerized and dena-
tured by incubation with 8 M urea for 1 h. Equal volumes of
protein samples were resolved by SDS-PAGE, and resolved
proteins were transferred to polyvinylidene fluoride (PVDF)
membranes. Membranes were probed for polyglutamylated-
tubulin, acetylated-tubulin, detyrosinated-tubulin, and
alpha-tubulin. Immunoreactive bands were visualized with
HyGlo Quick Spray (Denville Scientific; South Plainfield
NJ), and resulting films were quantified with ImageJ soft-
ware (NIH).

Coimmunoprecipitation
Twenty-four hours after plating, Neuro2a cells were transfected
with pEGFP-C1, pEGFP-C1-CPE, or pEGFP-C1-CPE-H114A,
E117A using Lipofectamine LTX Plus. Forty-eight hours
after transfection, cells were scraped into HEPES/sucrose
buffer (20 mM HEPES [pH 7.5], 320 mM sucrose, 1 mM
EDTA, 5 mM DTT, 1 mM PMSF) and homogenized.
Extracts were centrifuged to pellet unbroken cells or tissue
debris, supernatant was collected, and cytosolic proteins
were fractionated by centrifugation. Cytosolic fractions
were precleared with protein G agarose (50% slurry (GE
Healthcare, Piscataway, NJ, USA)) for 1 h, and after the addi-
tion of 0.05% bovine serum albumin (BSA), proteins were
immunoprecipitated with monoclonal dynactin p150Glued

antibody at 4°C overnight. Protein G agarose was added,
and the samples were incubated for 1 h. Immunoprecipitates
were washed with 0.1% Triton X-100, 50 mM Tris, pH 7.4,
300 mM NaCl, 5 mM EDTA, 0.02% NaN3, proteins were
eluted, and eluates were resolved by SDS-PAGE. Proteins
were transferred to PVDF membranes, which were probed
for the indicated proteins. HyGlo Quick Spray (Denville
Scientific; South Plainfield, NJ, USA) was used to visualize
immunoreactive bands, and films were quantified using
ImageJ software (NIH).

In Utero Electroporation, Histological Procedures,

Microscopy, and Migration Analysis

In utero electroporation was performed as we previously
reported (Liang et al., 2019; Carrel et al., 2015). Briefly, preg-
nant Swiss mice were anesthetized at gestation day 14.5
(E14.5) with isoflurane, and the uterine horns were exposed
in the abdominal cavity. Pulled glass capillaries (Drummond
Scientific, Broomall, PA, USA) were used to inject plasmids
(1–3 μl of 2–2.5 µg/µl stock) through the uterus into the
lateral ventricles of embryos. Embryos were co-injected
with 1 mg/ml Fast Green (Sigma). The heads of the
embryos were placed between tweezer-type electrodes and
electroporated as we described in (Liang et al., 2019; Carrel
et al., 2015). Embryos developed in utero for 3 days post-
electroporation, and the brains were dissected and fixed in
4% PFA in PBS for 48 h at 4°C. Brains were cryoprotected

Liang et al. 3



in 30% sucrose in PBS, frozen in PolyFreeze (Sigma), and
sectioned coronally at 16 µm. A Zeiss Axio Observer.Z1
microscope using a 20X numerical aperture (NA) 0.8 objec-
tive with a Clara E CCD Camera (Andor Technology
Limited, Belfast, UK) was used to image the sections.

In Vivo Neuronal Migration Analysis

TagRFP-positive cells were counted using ImageJ (http://rsb.
info.nih.gov/ij/; National Institutes of Health, Bethesda,
Maryland). Cortical regions of interest containing positive
cells were manually selected using nuclei stained with
Hoechst 33,225 as a guide. For local migration analyses, the
CP was divided into three equivalent regions of interest. A
combination of ImageJ built-in minimum and unsharp mask
filters were used to enhance the signal of cell bodies and
lower the signal in the processes. Cells were automatically
counted as local maxima. The same level of noise tolerance
for a given set of experiments was maintained (and after val-
idation of this level by manual counting of three to four sec-
tions). To standardize, we used median sections in a series
containing transfected cells (two sections per brain at E20,
separated by at least 48 µm) and discarded brains that did
not meet these two criteria. The number of transfected
neurons counted was normalized to the total number of trans-
fected neurons in the cortical region (for total cortical migra-
tion analyses) or in the CP. The experimenter was blinded to
conditions during analysis.

In Vivo Neuronal Morphology Analysis

TagRFP-positive cells were counted using ImageJ (http://rsb.
info.nih.gov/ij/; National Institutes of Health, Bethesda,
Maryland). For each section, the intermediate zone (IZ) was
manually selected using nuclei stained with Hoechst 33,225
as a guide. Brightness and contrast of the image were adjusted
as needed for optimal visualization of cells. A grid was over-
laid on the image, and the number of unipolar, bipolar, and
multipolar cells in each grid section within the IZ was
counted. The number of multipolar neurons counted within
the IZ was normalized to the total number of neurons
counted in the IZ of a given section. The experimenter was
blinded to conditions when analyzing images.

Primary Neuronal Culture and Dendrite Branching
Analysis
Primary cultures of hippocampal neurons were prepared as we
described previously (Liang et al., 2019; Akum et al., 2004;
Chen & Firestein, 2007). Tissue was mechanically dissoci-
ated, and cells were plated at a density of 10,500 cells/cm2

on poly-D-lysine-coated coverslips and maintained in
Neurobasal medium (ThermoFisher) supplemented with
B27 (ThermoFisher), GlutaMAX (ThermoFisher), penicillin,

and streptomycin. Cultures were co-transfected with
pCAG-mOrange and indicated CPE constructs using
Lipofectamine LTX Plus (ThermoFisher) at day in vitro
(DIV) 7, fixed at DIV 10, and immunostained for GFP and
MAP2, a neuronal marker. An Olympus Optical (Tokyo,
Japan) IX50 microscope and fluorescent imaging system
was used to image the neurons, and dendrite morphology was
assessed using our Bonfire analysis program (Kutzing et al.,
2010; Langhammer et al., 2010). The experimenter was
blinded to conditions when analyzing images.

Statistical Analysis
All analyses were performed using GraphPad Prism
(GraphPad Software; San Diego, CA, USA). Student’s t-test
or ANOVA followed by a multiple comparisons test was
used when appropriate. All statistical tests used for each
experiment are noted in the figure legends.

Results
CPE Protein Shares Homology with Reported Tubulin
Deglutamylases. Since CPE belongs to the M14 carboxypep-
tidase family, we performed multiple sequence alignment to
identify conserved motifs among several members of the
CCP family. Interestingly, CPE shows homology to cytosolic
carboxypeptidase (CCP) 1, CCP4, CCP5, and CCP6, with
highest homology at a majority of the putative active sites
for substrate binding and catalysis (Figure 1) (Aloy et al.,
2001). Carboxypeptidases demonstrate a preference for
C-terminal basic amino acids, where they act to hydrolyze
these C-terminal amino acids. CPE shares a zinc-binding
motif with these carboxypeptidases, and this motif is con-
served among M14 family members and is crucial for their
enzymatic activity (Figure 1) (Gomis-Ruth et al., 1999).
Moreover, our previous work demonstrated that CPE expres-
sion is evenly distributed throughout the dendrites of cortical
neurons and co-localizes with β-III tubulin, further substanti-
ating the possibility of a potential interaction between CPE
and β-tubulin (Liang et al., 2019). Recent evidence suggests
that several carboxypeptidases alter glutamylation levels of
MTs (Rogowski et al., 2010), and thus, we asked whether
CPE could change MT glutamylation in addition to its main
protease activity (Hutton et al., 1987).

Alterations in CPE Protein Levels Change Tubulin
Polyglutamylation. To investigate whether CPE changes
PTM of MTs and specifically deglutamylation, we overex-
pressed or knocked down CPE protein in Neuro2a cells and
examined changes to PTMs, including polyglutamylation,
acetylation, and detyrosination, in both polymerized (cyto-
skeletal) MTs and free (soluble) tubulin pools. First, we con-
firmed CPE overexpression and CPE siRNA knockdown
efficiencies in fractionated Neuro2a cell lysates (Figure 2A).
We observed overexpression and efficient knockdown,
respectively, in both cytoskeletal and soluble fractions
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(Figure 2A). CPE was knocked down on average by 90% (n =
3; p < 0.001 as determined by paired Student’s t-test). We then
examined polyglutamylation levels of MTs and soluble
tubulin pools. Surprisingly, in the cytoskeletal fractions of
Neuro2a cells, we found that CPE overexpression resulted
in increased levels of polyglutamylated α-tubulin, while
knockdown of CPE resulted in decreased polyglutamylated
α-tubulin (Figure 2B, C). This increase is modest, ∼25%,
but it is significant. Polyglutamylated α-tubulin levels
remain the same in the soluble fractions of Neuro2a cells
(Figure 2D, E). These results suggest that CPE plays a
novel role, either directly or indirectly, in changing the poly-
glutamylation of MTs. Furthermore, the effect of alterations in
CPE levels is distinct from the functions previously reported
for deglutamylases of the M14 carboxypeptidase family.

We next asked whether the effect of CPE on tubulin poly-
glutamylation is dependent on its zinc-binding motif, which is
conserved among M14 carboxypeptidase family members
(Gomis-Ruth et al., 1999). Although not much is known

about the role of zinc in regulating the deglutamylation activ-
ity of these proteins, it was previously reported that activity of
the tubulin glutamylase, Nna1, increases in the presence of
zinc (Wu et al., 2012). Thus, we generated a mutant form of
CPE predicted to lack the capacity to bind zinc by substituting
histidine 114 and glutamate 117, both in the zinc-binding
motif, with alanines. Upon Western blot analysis of the cyto-
skeletal and soluble fractions of Neuro2a cell lysates, we
observed that overexpression of this mutant, CPE-H114A,
E117A, does not change the level of polyglutamylated
α-tubulin (Figure 2B–E). This result supports a role for CPE
in influencing the polyglutamylation of tubulin in MTs and
suggests that this activity of CPE is dependent on zinc
binding.

To further investigate whether CPE changes additional
PTMs of MTs, we analyzed the cytoskeletal and soluble
Neuro2a lysate fractions for acetylated α-tubulin and
detyrosinated α-tubulin. In contrast to that seen for polygluta-
mylation, we observed no significant changes in either

Figure 1. Carboxypeptidase E (CPE) protein shares homology with reported tubulin deglutamylases. Sequence alignment of mouse CPE

protein and four reported tubulin deglutamylases: cytosolic carboxypeptidase (CCP) 1, CCP4, CCP5, and CCP6. Sequences near the amino

and carboxyl termini are not shown due to lack of homology with CPE. Conserved residues are shown in red boxes and white characters;

conservatively changed residues are shown in red characters with blue frames. Red asterisks indicate the conserved zinc-binding motif,

which was mutated to generate the CPE-H114A,E117A mutant construct used in this work. Blue dots indicate the putative active sites of

CPE protein.
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acetylation or detyrosination of tubulin as a result of alter-
ations in CPE protein levels (Figure 3), suggesting that CPE
specifically influences glutamylation.

Overexpression of CPE Alters p150Glued Localization
at the Centrosome and is Partially Dependent on the
Zinc-Binding Motif. We previously reported that CPE regu-
lates the localization of its interactor, p150Glued, at the centro-
some (Liang et al., 2019). Thus, we asked whether the CPE

zinc-binding motif and changes to tubulin polyglutamylation
are involved in the regulation of p150Glued localization. To
confirm that the mutated CPE protein, CPE-H114A,E117A,
does indeed bind to p150Glued, we performed a
co-immunoprecipitation assay. We expressed GFP,
GFP-tagged CPE, or GFP-tagged CPE-H114A,E117A in
Neuro2a cells and immunoprecipitated p150Glued from the
cytosolic protein extract. We found that CPE-H114A,

Figure 2. Alterations in carboxypeptidase E (CPE) protein levels result in changes to polyglutamylation of α-tubulin. (A) Confirmation of

overexpression of CPE and CPE-H114A,E117A and knockdown of CPE in Neuro2a cells. Neuro2a cells were transfected with pEGFP,

pEGFP-CPE, pEGFP-CPE-CPE-H114A,E117A, control siRNA (CTL siRNA), or CPE siRNA. Cells were collected 48 h after transfection, and

cytoskeletal and soluble proteins were fractionated and resolved by SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) membranes,

and membranes were immunoblotted for CPE. Representative blots are shown. (B) Western Blot analysis of polyglutamylation of tubulin in

cytoskeletal fractions of Neuro2a cells. Cells were transfected with pEGFP, pEGFP-CPE, pEGFP-CPE-H114A,E117A, CTL siRNA, or CPE

siRNA. Cells were collected and lysed 48 h after transfection. Cytoskeletal and soluble proteins were fractionated and resolved by

SDS-PAGE, transferred to PVDF membranes, and membranes were immunoblotted for polyglutamylated α-tubulin and total α-tubulin. Left,
representative blots of CPE overexpression and control conditions. Right, representative blots of CPE knockdown and control conditions.

(C) Quantitation of polyglutamylated α-tubulin levels normalized to total α-tubulin levels and compared to control in cytoskeletal fractions.

(D) Western Blot analysis of polyglutamylation of tubulin in soluble fractions of Neuro2a cells. Left, representative blots of CPE

overexpression and control conditions. Right, representative blots of CPE knockdown and control conditions. (E) Quantitation of

polyglutamylated α-tubulin levels normalized to total α-tubulin levels and compared to control in soluble fractions. Error bars indicate ±
SEM n = 6 for all cytoskeletal fractions, n = 3 for all soluble fractions. Outliers were excluded by Grubbs’ test. *p< 0.05 was determined by

repeated measures one-way ANOVA followed by Tukey’s multiple comparisons test (left panels) or paired Student’s t-test (right panels).
Note: AU = arbitrary units.
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Figure 3. Alterations in carboxypeptidase E (CPE) protein levels do not affect levels of acetylated or detyrosinated α-tubulin. (A) Western

blot analysis of acetylated α-tubulin in cytoskeletal fractions of Neuro2a cells. Cells were transfected with pEGFP, pEGFP-CPE,

pEGFP-CPE-H114A,E117A, control (CTL) siRNA, or CPE siRNA. Cytoskeletal proteins were fractionated and resolved by SDS-PAGE,

transferred to polyvinylidene fluoride (PVDF) membranes, and membranes were immunoblotted for acetylated α-tubulin and total

α-tubulin. Representative blots are shown. (B) Quantitation of acetylated α-tubulin levels/total α-tubulin levels relative to control in

cytoskeletal fractions. (C) Western blot analysis of α-tubulin acetylation in soluble fractions of Neuro2a cells. Representative blots are

shown. (D) Quantitation of acetylated α-tubulin levels/total α-tubulin levels relative to control in soluble fractions. (E) Western blot analysis

of detyrosinated α-tubulin in cytoskeletal fractions of Neuro2a cells. Cells were transfected with pEGFP, pEGFP-CPE, pEGFP-CPE-H114A,

E117A, CTL siRNA, or CPE siRNA. Representative blots are shown. (F) Quantitation of detyrosinated α-tubulin levels/total α-tubulin levels

relative to control in cytoskeletal fractions. (G) Western blot analysis of detyrosinated α-tubulin in soluble fractions of Neuro2a cells.

Representative blots are shown. (H) Quantitation of detyrosinated α-tubulin levels/total α-tubulin levels relative to control in soluble

fractions. Error bars indicate ± SEM, n = 3 for all conditions.

Note: AU = arbitrary units.
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E117A co-immunoprecipitates with p150Glued at similar
levels as wild type CPE (Figure 4A, B). We then transfected
COS-7 cells with constructs encoding GFP, CPE, or
CPE-H114A,E117A and analyzed the percentage of
p150Glued protein localized at the centrosome using pericen-
trin as a marker. As we demonstrated previously (Liang
et al., 2019), overexpression of CPE decreases p150Glued

localization at the centrosome (Figure 4C, D). Interestingly,
overexpression of the zinc-binding domain mutant CPE
(CPE-H114A,E117A) partially attenuates the effect of CPE
overexpression on p150Glued distribution (Figure 4C, D), as
the percentage of p150Glued localized at the centrosome
when CPE-H114A,E117A is overexpressed does not signifi-
cantly differ from that observed with either GFP or CPE over-
expression. Our results suggest partial involvement of the
zinc-binding motif and tubulin polyglutamylation in the regu-
lation of p150Glued localization by CPE. Our data also indicate
that although the zinc-binding motif is necessary, it is not suf-
ficient to promote CPE action on p150Glued localization.

Overexpression of CPE-H114A,E117A Alters Cortical
Neuron Migration. As we demonstrated previously (Liang
et al., 2019), CPE expression is required for proper cortical
neuron migration. To investigate whether the zinc-binding
motif of CPE and tubulin polyglutamylation regulate neuronal
migration, we co-electroporated pTagRFP with GFP
(control), GFP-tagged CPE, or GFP-tagged CPE-H114A,
E117A constructs in utero into embryonic day (E)14.5
mouse brains and analyzed brain sections at E17.5. We
assessed neuronal migration to the ventricular zone (VZ),
intermediate zone (IZ), and cortical plate (CP). We observed
a decrease in the percentage of neurons reaching the CP when
CPE-H114A,E117A is overexpressed, although migration to
different regions within the CP is unaffected (Figure 5A–C).
Furthermore, overexpression of either wild type or mutant
CPE results in a greater percentage of cells that demonstrate
multipolar morphology in the IZ, suggesting that these cells
have stopped migrating (Figure 5D–E). In contrast, overex-
pression of CPE does not alter overall cortical neuron migra-
tion or migration within the CP (Figure 5A–C). Migration
and changes to morphology are regulated by independent
mechanisms (reviewed in Tabata & Nagata, 2016).
Although these results are surprising, they suggest that
CPE regulates the two processes independently. These
results suggest that the zinc-binding motif of CPE plays a
role in cortical neuron migration. It may act in a dominant-
negative manner by either inhibiting normal glutamylation
induced by CPE or attenuating other processes that regulate
neuronal migration.

Overexpression of CPE-H114A,E117A Alters Dendritic
Arborization in Cultured Hippocampal Neurons. Based on
our previous findings (Liang et al., 2019), we proposed that a
balance of CPE protein levels may be required to maintain
proper dendritic arborization in hippocampal neurons. We
demonstrated that overexpression of CPE results in decreased
dendrite branching proximal to the soma and that this effect is

dependent on its carboxyl terminus (Liang et al., 2019). To
investigate whether CPE-mediated effects on dendritic arbor-
ization are dependent on CPE-mediated changes to tubulin
polyglutamylation, we overexpressed CPE or CPE-H114A,
E117A in rat hippocampal neuronal cultures at DIV 7 and
examined dendrite morphology at DIV 10, a time when
active branching occurs in our cultures (Banker & Goslin,
1988; Charych et al., 2006; Dotti et al., 1988). Sholl analysis
demonstrates that overexpression of either CPE or
CPE-H114A,E117A results in decreased dendrite branching
proximal to the soma (0–12 μm and 0–18 μm, respectively;
Figure 6A–C), suggesting that the regulation of proximal
dendrite number by CPE is independent of the CPE zinc-
binding motif, and most likely, CPE-mediated tubulin
polyglutamylation.

Discussion
Here, we identify a novel role for CPE in changes to polyglu-
tamylation of MTs. We find that histidine 114 and glutamate
117, predicted to be involved in zinc-binding, are essential
for this effect of CPE overexpression. We show that zinc-
binding, which correlates with CPE-mediated changes to
polyglutamylation, plays a role in redistribution of
p150Glued from the centrosome; however, overexpression
of a zinc-binding CPE mutant results in only a partial
effect on p150Glued localization, suggesting additional
CPE-mediated mechanisms. Overexpression of either CPE
or CPE-H114A,E117A results in similar decreases to proxi-
mal dendrites in cultured neurons, but only overexpression
of CPE-H114A,E117A alters cortical neuron migration.
Taken together, our results suggest a novel role for
CPE-mediated changes to polyglutamylation in MT motor
localization independent of CPE effects on dendrite branch-
ing and neuron migration.

Novel Function for CPE in Regulating Tubulin
Polyglutamylation
Various patterns of polyglutamylation can be generated on
MTs and confer specificity of MAPs and motor protein
binding to MTs (Bonnet, 2001; Boucher et al., 1994;
Larcher et al., 1996; Valenstein & Roll-Mecak, 2016).
Therefore, it is of importance to understand how polygluta-
mylation is regulated. Since CPE shares a conserved zinc-
binding motif with currently known deglutamylases of the
CCP family (Rodriguez de la Vega et al., 2007;
Gomis-Ruth et al., 1999; Rogowski et al., 2010), we
explored the role of CPE in altering tubulin polyglutamyla-
tion. Surprisingly, we found that overexpression of CPE
increases polyglutamylated α-tubulin, while knockdown of
CPE decreases polyglutamylation. In addition,
CPE-mediated effects on polyglutamylation levels are
dependent on its zinc-binding motif. These results indicate

8 ASN Neuro



a novel function for CPE in regulating tubulin polyglutamy-
lation, either directly by acting on MTs or indirectly by alter-
ing other enzymes or signaling pathways.

The molecular mechanism underlying CPE action remains
unclear, but one possible explanation is that CPE may form a
complex with polyglutamylases or deglutamylases and

Figure 4. Overexpression of carboxypeptidase E (CPE) alters p150Glued localization at the centrosome and is partially dependent on the

zinc-binding motif. (A) CPE and CPE-H114A,E117A co-immunoprecipitate with p150Glued. Neuro2a cells were transfected with GFP or CPE

constructs. Cells were collected after 48 h, and proteins were extracted and subjected to immunoprecipitation with p150Glued antibody.

Loading control (Load) and immunoprecipitates (IP) were resolved by SDS-PAGE. Proteins were transferred to PVDF membranes, and

membranes were immunoblotted for GFP and p150Glued. Load represents 4% of extracted proteins. Uncropped, representative blots are

shown. IgG bands (marked by the line) are present in the blot, confirming that p150Glued was immunoprecipitated with the p150Glued

antibody since the same antibody was used for probing the blot and the IP. (B) Quantitation of GFP band intensities. Integrated density is the

cumulative sum of pixel values (intensities) in the band that is detected for the GFP protein as measured using NIH ImageJ software. Error

bars indicate ± SEM, n = 5 for all conditions. *p< 0.05 was determined by one-way ANOVA followed by Dunnett’s multiple comparisons

test. (C) Representative images showing p150Glued localization at the centrosome in COS-7 cells. COS-7 cells were transfected with GFP or

CPE constructs. Cells were fixed at 48 h after transfection and immunostained with anti-GFP (green), anti-p150Glued (red), and

anti-pericentrin (white), and nuclei were labeled with Hoechst dye (blue). Scale bar = 10 μm. (D) Quantitation of the percentage of

p150Glued proteins localized at the centrosome. For each independent experiment, 15–25 transfected cells of each condition were analyzed

as described in Materials and Methods. Error bars indicate ± SEM, n = 4 for all conditions. *p< 0.05 was determined by repeated measures

one-way ANOVA followed by Tukey’s multiple comparisons test.

Note: AU = arbitrary units.
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regulate substrate targeting or enzymatic activity. Indeed,
immunoprecipitation of mouse brain polyglutamylase sug-
gests that this enzyme may exist as a multimeric complex; a
subunit of the complex, PGs1, regulates localization of the
enzyme (Regnard et al., 2003). Furthermore, we specifically
assessed the effects of CPE on polyglutamylated α-tubulin.
It is also possible that CPE affects polyglutamylation of
β-tubulin.

The Zinc-Binding Motif of CPE is Necessary but not
Sufficient to Promote CPE Action on p150Glued

Localization
CPE expression begins early and increases dramatically
during embryonic development (Birch et al., 1990),
(Zheng et al., 1994). Roles for CPE in the endocrine and
nervous systems as a prohormone-processing enzyme,
sorting receptor, and mediator of vesicular transport have
been reported by multiple groups (reviewed in Cawley
et al., 2012). However, knowledge about how CPE contrib-
utes to neuronal development is only beginning to emerge
(Loh et al., 2002). We reported previously that CPE and
its interactor, p150Glued function to control cortical

development and dendrite morphogenesis (Liang et al.,
2019), and others have reported a role for CPE in dendritic
arborization and spine morphology in vivo (Woronowicz
et al., 2010), neuronal degeneration and memory deficits
(Woronowicz et al., 2008), dysfunction of BDNF signaling
(Xiao et al., 2017), and neuronal protection from injury
(Cheng et al., 2013; Cheng et al., 2015). CPE may regulate
neuronal function, at least in part, by mediating effects on
the MT network and MT-associated proteins (Liang et al.,
2019).

CPE overexpression alters the localization of p150Glued, a
protein that anchors MTs at the centrosome and binds to MT
plus-ends (Liang et al., 2019; Askham, 2002; Berrueta et al.,
1999; Quintyne et al., 1999), and this relocalization is depen-
dent on the interaction between CPE carboxyl terminus and
p150Glued (Liang et al., 2019). Since polyglutamylation
influences protein binding to MTs, CPE may affect
p150Glued localization by regulating levels of MT polygluta-
mylation, and thus, changes to p150Glued binding affinity to
centrioles or MTs. Interestingly, we found that the zinc-
binding motif and CPE-mediated changes to polyglutamyla-
tion are necessary, but not sufficient, for regulating
p150Glued localization. Together with our previous findings,
we provide new insights into CPE-mediated regulation of

Figure 5. Overexpression of CPE-H114A,E117A alters overall cortical neuron migration. (A) Mice at E14.5 were co-electroporated in
utero with pTagRFP and GFP (control) or carboxypeptidase E (CPE) constructs, and brains were analyzed at E17.5. Representative images of

coronal brain sections are shown for each condition. Scale bar = 50 μm. (B, C) Quantitation of the percentage of transfected cells in each

cortical area. Error bars indicate ± SEM. For (B): n = 8, GFP; n = 4, CPE; n = 5, CPE-H114A, E117A. For D: n = 14, GFP, n = 4, CPE, n

= 4, CPE-H114A, E117A. *p< 0.05 was determined by two-way ANOVA followed by Tukey’s multiple comparisons test. Comparisons are

to the GFP (control) group. (D) Representative images of transfected cells in the IZ of coronal brain sections after in utero electroporation
with constructs as indicated that were analyzed for multipolar to bipolar transition. Arrows point to unipolar or bipolar cells; arrowheads

point to multipolar cells. Scale bar = 20 μm. (E) Quantitation of the percentage of multipolar transfected cells. Error bars indicate ± SEM,

n = 11, GFP; n = 4, CPE; n = 4, CPE-H114A, E117A. **p< 0.01, ***p<0 .001 was determined by two-way ANOVA followed by Dunnett’s
multiple comparisons test. Comparisons are to the GFP (control) group.

Notes: Red = transfected cells; Blue =Hoechst dye. VZ = ventricular zone; IZ = intermediate zone; CP = cortical plate; CPi = inner

cortical plate; CPm =middle cortical plate; CPo = outer cortical plate.
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p150Glued localization, suggesting the involvement of the
CPE zinc-binding motif.

The Zinc-Binding Motif of CPE Plays a Role in Neuronal
Migration but not in the Regulation of Dendrite
Morphology
Our previous work shows that CPE is required for proper cor-
tical cell migration and dendrite branching (Liang et al.,
2019). Knockdown of CPE protein in utero of E14.5 mice
results in an increased percentage of cells found in the IZ at
E17.5 and fewer cells located in the CP compared to control
(Liang et al., 2019). In cultured neurons, both overexpression
and knockdown of CPE protein lead to decreased dendrite
branching, suggesting that a balance of CPE protein level is
required for normal dendritogenesis (Liang et al., 2019).

MT polyglutamylation is controlled in a graded manner
(Valenstein & Roll-Mecak, 2016), and disrupted polygluta-
mylation levels, and the requirement for MT glutamylation
may be different for cortical neuron migration and
changes to morphology. Resulting alterations in binding of
MAPs and motor proteins to MTs from disrupted polygluta-
mylation may cause abnormalities in neuronal development.

The observation that CCP1, a deglutamylase also known as
Nna1, is specifically expressed in differentiating neurons
during brain development and upregulated in regenerating
motor neurons after injury (Harris et al., 2000) also suggests
a role for polyglutamylation in neurite outgrowth. Mutations
in the glutamylase TTL5 that reduce glutamylation levels
have been linked to retinal degeneration (Bedoni et al.,
2016; Lee et al., 2013; Sergouniotis et al., 2014).
Furthermore, mutations in the deglutamylase CCP1 that
result in excess MT glutamylation contribute to neurodegen-
eration (Rogowski et al., 2010).

We observed that expression of CPE-H114A,E117A dis-
rupts neuronal migration, indicating the necessity of the
CPE zinc-binding motif in normal cortical development.
Interestingly, CPE-H114A,E117A-mediated disruptions in
neuronal migration are similar to those observed with
shRNA-mediated knockdown of CPE, in which there was a
decreased percentage of cells in the CP (Liang et al., 2019).
Two possible explanations may exist for this result. First,
CPE-mediated changes to tubulin polyglutamylation may
not be involved in neuronal migration since overexpression
of CPE does not show disrupted migration (Liang et al.,
2019). The binding of zinc to CPE may regulate other func-
tions of CPE. Alternatively, CPE-H114A,E117A may act in

Figure 6. Overexpression of carboxypeptidase E (CPE) decreases proximal dendritic arborization in cultured hippocampal neurons and is

not dependent on zinc-binding. (A) Rat hippocampal neurons were co-transfected with pCAG-mOrange (to visualize dendrites) and pEGFP

(GFP), pEGFP-CPE (CPE), or pEGFP-CPE-H114A,E117A (CPE-H114A,E117A) at DIV 7. Neurons were fixed and immunostained for GFP

and MAP2 at DIV 10. Neurons positive for both GFP and mOrange were used for Sholl analysis. Representative mOrange fluorescent

images of neurons are shown as inverted black images. Scale bar = 50 μm. (B) Sholl analysis of neurons overexpressing GFP, CPE, or

CPE-H114A,E117A. (C) Sholl analysis from (B) within 60 μm from the soma. Comparisons are to the GFP (control) group. Error bars

indicate ± SEM, n (neurons) = 95, GFP; n = 96, CPE; n = 93, CPE-H114A,E117A. *p<0 .05, **p< 0.01 was determined by two-way

ANOVA followed by Bonferroni multiple comparisons test.
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Figure 7. Model for the role of carboxypeptidase E (CPE)- mediated polyglutamylation in neuronal development. (A) CPE modulates

mictotubule (MT) dynamics, which ultimately facilitate proper neuronal migration and dendritic arborization during development. CPE binds

to and prevents the localization of p150Glued to the centrosome through its C-terminal interacting motif. Free CPE and p150Glued-bound

CPE further influence MT dynamics and stability by directly or indirectly catalyzing polyglutamylation of tubulin. However, maintenance of

CPE expression and polyglutamylation levels within a critical threshold may be necessary for proper neuronal development. (B) Mutation of

the zinc-binding motif prevents interaction between CPE and p150Glued and CPE-mediated changes to polyglutamylation, partially attenuates

p150Glued localization at the centromere, decreases neuronal migration to the CP, and increases the percentage of multipolar cells in the

intermediate zone (IZ). As is the case with wild-type CPE, overexpression of mutant CPE decreases proximal dendritic arborization,

suggesting a dose-dependent effect on dendrite morphology that is independent of CPE-mediated glutamylation. Created with

BioRender.com.
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a dominant-negative manner and disrupt normal function of
endogenous CPE protein.

Surprisingly, in hippocampal neuronal cultures, overex-
pression of CPE-H114A,E117A results in the same pheno-
types in dendrite architecture as does wild type CPE,
suggesting that the zinc-binding motif is not involved in reg-
ulation of dendritogenesis. It is possible that the decrease in
dendrite branching caused by CPE overexpression is not
related to the increase in MT polyglutamylation at the time
point we examined but is solely dependent on the interaction
between the carboxyl terminus of CPE and p150Glued.
However, we observed decreases in dendritic branching in
cortical neurons in vivo and hippocampal neurons in vitro
upon knockdown of CPE (Liang et al., 2019). It has been pre-
viously shown that both increased and decreased levels of
tubulin polyglutamylation outside of a critical threshold can
reduce the extent of spastin-mediated MT severing
(Valenstein & Roll-Mecak, 2016), and MT dynamics contrib-
ute significantly to neuronal architecture (Penazzi et al.,
2016). Thus, CPE-H114A,E117A acting in a dominant-
negative manner as discussed above and recapitulating the
effects of CPE knockdown on polyglutamylation to decrease
dendritic arborization is also a possible mechanism of CPE
action.

Model for the Role of CPE-Mediated Polyglutamylation
in Neuronal Development
Based on our findings, we propose the following model for
the mechanism and effects of CPE-mediated polyglutamyla-
tion on dendritic arborization and neuronal migration during
brain development (Figure 7). CPE binds to and prevents
the localization of p150Glued (and possibly other MAPs) to
the centrosome through its C-terminal interacting motif.
Free CPE and p150Glued-bound CPE further influence MT
dynamics and stability by directly or indirectly catalyzing poly-
glutamylation of tubulin, a PTM that modulates MT-associated
protein interactions and MT severing. CPE-mediated changes
to polyglutamylation are dependent on zinc binding, and inter-
action of CPE with p150Glued is partially dependent on the
activity of the CPE zinc-binding motif. All of these functions
of CPE contribute to the modulation of MT dynamics, which
ultimately facilitate proper neuronal migration and dendritic
arborization during development. However, maintenance of
CPE expression and polyglutamylation levels within a critical
threshold may be necessary to ensure proper neuronal
development.

In summary, our study reports the identification of a novel
function for CPE in promoting changes to tubulin polygluta-
mylation, and our data suggest that the zinc-binding motif is
essential for mediating this effect. Moreover, we show that
the CPE zinc-binding motif and CPE-mediated changes to
polyglutamylation do not regulate dendrite morphogenesis
but that the CPE zinc-binding motif is necessary for proper

cortical neuron migration. Taken together with our previous
results (Liang et al., 2019), the zinc-binding and p150Glued

interacting motifs of CPE play distinct roles in CPE function.
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