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Deletion of the Huntingtin Proline-Rich
Region does not Significantly Affect Normal
Huntingtin Function in Mice
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Abstract. The N-terminus of Huntingtin, the protein encoded by the Huntington’s disease gene, contains a stretch of polyg-
lutamine residues that is expanded in Huntington’s disease. The polyglutamine stretch is flanked by two conserved protein
domains in vertebrates: an N1-17 domain, and a proline-rich region (PRR). The PRR can modulate the structure of the adjacent
polyglutamine stretch, and is a binding site for several interacting proteins. To determine the role of the PRR in Huntingtin
function, we have generated a knock-in allele of the mouse Huntington’s disease gene homolog that expresses full-length normal
huntingtin lacking the PRR. Mice that are homozygous for the huntingtin PRR deletion are born at the normal Mendelian
frequency, suggesting that the PRR is not required for essential huntingtin functions during embryonic development. Moreover,
adult homozygous mutants did not exhibit any significant differences from wild-type controls in general motor function and
motor learning. However, 18 month-old male, but not female, homozygous PRR deletion mutants exhibited deficits in the Morris
water task, suggesting that age-dependent spatial learning and memory may be affected in a sex-specific fashion by the huntingtin

PRR deletion.
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INTRODUCTION

Huntingtin (htt), the protein product of the HTT
gene, is a large (~350kD), predominantly cytoplas-
mic protein with limited homology to other proteins.
The htt polyglutamine (polyQ) stretch, which when
expanded to >39Q causes Huntington’s disease (HD),
is located near the N-terminus, and is flanked by two
protein motifs that are conserved in vertebrates [1-5]:
N1-17, an amino terminal domain that is a target for
a number of post-translational modifications and is
involved in htt’s association with membranes [6—10],
and a proline-rich region (PRR) that is a potential
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binding site for many htt-interacting proteins [11]. In
human htt, the 38 amino acid PRR consists of a stretch
of 11 prolines that is separated from a stretch of 10 pro-
lines by a 17 amino acid region containing 7 scattered
proline residues [12]. The mouse htt PRR consists of
25 prolines in a 32 amino acid domain with stretches
of 3, 10, 1, and 7 prolines interrupted by 1-3 amino
acid stretches of glutamine [13, 14].

The polyQ stretch has been the focus of intense
research, and is an obvious therapeutic target. How-
ever, a better understanding of the role of the polyQ
flanking sequences in htt function could provide valu-
able information on how these sequences modulate
normal and pathogenic htt function. PRRs in many pro-
teins are generally exposed and located at either the N-
or C-terminus, where they have the potential to form
extended structures and flexible regions [15, 16]. They
have been described as “sticky arms” that can rapidly
and reversibly bind to other proteins. Typically, PRRs
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participate in processes that require the rapid recruit-
ment or interchange of groups of interacting proteins,
such as in transcription initiation, cytoskeletal rear-
rangements, and in signaling. PRRs can also function
as protease cleavage sites, and as structural elements
that separate one functional domain from another.

In vitro experiments and structural analysis of
the htt N-terminus have suggested that the PRR
might also have arisen during evolution as a defense
against mutant htt aggregation and toxicity, either
directly by affecting the structure of the N-terminus
[17-20], or indirectly by its ability to bind inter-
acting proteins [11, 21]. The htt PRR, for example,
binds to WW domain- and Src homology 3 (SH3)-
containing proteins [22-28]. WW domains are present
in diverse signaling and structural proteins involved in
non-receptor signaling, channel function, protein pro-
cessing, and pre-mRNA splicing [29-31]. SH3 motifs
are associated with catalytic domains in enzymes,
structural proteins, and small adaptor proteins [30, 31].
Proteins with SH3 motifs can also function in signal
transduction, and participate in vacuole sorting and
receptor mediated endocytosis. Examples of proteins
that can associate with htt through its PRR include:
GAPDH, Grb2, HYP-A, HYP-C, IKKvy, MLK2, p53,
PACSIN1, PSD-95, RasGAP, and SH3GL3 [11]. For
many of these interacting proteins, the size of htt’s
polyQ stretch can influence the strength of their inter-
action with the PRR domain. It has been hypothesized
that the association of several of these proteins with
mutant htt’s PRR could be responsible for mediating
the resistance of many HD mouse models to exci-
totoxicity [21]. The IkB kinase complex (IKK) can
interact with htt through its IKK+y regulatory sub-
unit and can mediate phosphorylation of htt at S13
and S16, two critical posttranslational modifications
within htt’s N1-17 domain that modulate pathogene-
sis and turnover of mutant htt [10, 32, 33]. Additional
observations suggest that the htt PRR may serve as an
aggresome-targeting signal, promoting the transport of
small aggregates of mutant htt to the centrosomally
located aggresome in mammalian and yeast cells [34].
Although a number of studies have contributed to our
understanding of the role of the PRR in htt’s interaction
with protein partners, and in modulating the toxicity of
mutant htt N-terminal fragments, little is known about
the contribution of the PRR to normal full-length htt
function in vivo.

To determine the in vivo role of the mouse htt PRR
in normal htt function, we have generated a knock-in
mouse allele that expresses a version of the mouse
homolog of the HD gene (Hdh) containing a deletion

of the PRR encoded within exon-1 (Hdh®PRR). Mice
homozygous for the PRR deletion (Hdh®PRR/APRR)
were obtained at the predicted Mendelian frequency,
suggesting that the PRR deletion does not affect
critical htt functions during development. More-
over, no significant differences were found between
Hdh™PRR/APRR mice and wild-type controls in general
motor function, motor coordination and balance, and
motor learning. However, 18 month-old male, but
not female, HdhAPRR/APRR 1456 exhibited deficits in
the Morris water task, suggesting that age-dependent
spatial learning and memory may be affected by the
htt PRR deletion in a sex-specific fashion.

MATERIALS AND METHODS

All experiments with mice were carried out in accor-
dance with the ethical guidelines described in the
“Guide for the Care and Use of Laboratory Animals”,
Institute of Laboratory Animal Resources, National
Research Council, 1996 edition. All procedures were
reviewed and approved by the Animal Care and Use
Committee of the University of Virginia.

Generation of HahAPRR mice

A synthetic Hdh exon-l/intron-1 Xmnl-Kpnl
restriction fragment containing the exon-1 7Q stretch
and PRR deletion, 3'terminus of exon-1, and a portion
of intron-1 containing a 100 bp deletion was generated
by annealing two Hdh”PRR exon-1 oligonucleotides
(APRR-1:5-CTGATGAAGGCTTTCGAGTCGCT
CAAGTCGTTTCAGCAGCAACAGCAGCAGCAG
CTGCCAGGTCCGGCAGAGGAA-3' and APRR-
2:5-AAGGGAGGTACCGGACTCACGGTCGGTG
CAGCGGTTCCTCTGCCGGACCTGGCAGCT-3'),
that have 23 complementary nucleotides at their
3’ends, and generating a complete duplex fragment by
extension with DNA Polymerase I (Klenow fragment).
After digestion with the restriction enzymes Xmnl
and Kpnl, the synthetic Hdh®RR fragment was used
to replace the wild-type Hdh exon-1 Xmnl-Kpnl
restriction fragment.

A gene-targeting vector was assembled as described
in [35]. ES cell transfection, selection, and genotyping
were performed using standard procedures. The
presence of the PRR deletion was confirmed by
PCR  (5GCGTAGTGCCAGTAGGCTCCAAG-3/;
3’CCTCGTCTTGCGGGGTCT-Y'), and five
independent ES cell clones were injected into
C57BL/6J host blastocysts to generate chimeric
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mice. Germline-transmitting male chimeras were
obtained from ES clones 41 and 58, and DNA
from tail biopsies was used to genotype progeny by
PCR (5’GCTGCACCGACCGTGAGTCC-3'; 5GGC
CTGACCCGGCTCTGTCTC-3"). Once germline
transmission was confirmed, sequencing of the DNA
from tail biopsies was also performed to ensure that
the desired sequence was present.

Motor and behavioral analyses

All motor and behavioral analyses were performed
blind to genotype. Testing was conducted at the same
time each day during the light phase of the diurnal
cycle. Mice were habituated to the testing room for
30 minutes prior to behavioral analyses. The follow-
ing testing sequence was used on separate cohorts of
HdhAPRR/APRR mice at 6, 12 and 18 months of age:
elevated plus-maze, open field, accelerating rotarod,
observational and neurological reflex screen, and Mor-
ris water maze. n="7-12 mice per genotype and sex
were used (with the exception of the 12 month-old
male mice, where n=35), and each group contained
mice derived from three to five litters.

Observational and neurological reflex screening

Body weight, general appearance, gait, limb clasp-
ing, and reflexes were assessed.

Forelimb grip strength

Forelimb grip strength was measured using a digital
force gauge (San Diego Instruments) that measures the
peak amount of force the mouse applies when grasp-
ing a pull bar assembly. Three trials per mouse were
performed, and then averaged.

Visual acuity

The visual placing test was used to assess visual acu-
ity. This testinvolved suspending the mouse by the base
of its tail, approximately 15 cm above a wire grid, and
noting the point of forelimb extension as it was low-
ered towards the grid. A mouse with good vision will
extend its forepaws towards the approaching surface
before its whiskers or nose touch the grid.

Neurological reflexes

Each mouse was evaluated for the presence or
absence of neurological reflexes. The eye blink reflex
was tested by lightly touching the eye with the tip of
a clean cotton swab. The ear twitch reflex was tested
by touching the ear with the tip of a clean cotton swap.

The whisker twitch reflex was tested by lightly brushing
the whiskers with a small brush. The flexion reflex was
tested by lightly pinching the toes with forceps and not-
ing the rapidity of foot withdrawal. The righting reflex
was evaluated by turning the mouse onto its back and
noting its ability to right itself onto all fours. The postu-
ral reflex involved the extension of all four limbs, and
the mouse’s ability to maintain an upright, balanced
position while in an empty cage that was being shaken
from side to side.

Elevated plus-maze

The elevated plus-maze (Med Associates) has
two open arms (35 x 6 cm?) and two closed arms
(35 x 6 x 20 cm?) that extended from a common cen-
ter square (6 X 6 cm?), and is elevated 72 cm above the
floor. A small raised lip (0.6 cm) around the edges of
the open arms helps to prevent the mice from falling
off the maze. Each mouse was initially placed on the
center square facing an open arm, and allowed to freely
explore the maze for 5 minutes. The test session was
recorded by a digital video camera mounted approxi-
mately 20 cm above the center square. Each 5 minute
test session was scored in a blinded fashion following
the conclusion of the experiment. Time spent in the
open arms, number of open arm entries, and number
of closed arm entries were scored. An open or closed
arm entry was defined as when all four paws com-
pletely crossed the line demarking the center of the
plus. Open and closed arm entries were combined to
give a measure of general exploratory activity.

Open-field testing

The VersaMax Animal Activity Monitoring System
(AccuScan Instruments) was used for open-field test-
ing. Each mouse was initially placed in the bottom
left corner of the arena, and monitored for 5 minutes.
Animal activity levels, including horizontal activ-
ity, vertical activity, total distance traveled, and time
spent in the center were analyzed using the VersaMax
software.

Accelerating rotarod

Motor coordination and balance were assessed
on an Economex accelerating rotarod (Columbus
Instruments) that has the capacity to test four mice
simultaneously. The testing procedure consisted of two
training phases and a testing phase: stationary train-
ing on a non-rotating rod, constant-speed training on
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a rod rotating at a speed of 2.0rpm, and three con-
secutive days of testing on an accelerating rotarod
(acceleration=0.1 rpm/sec). Latency to fall from the
rotarod was recorded.

Morris water maze

The test was conducted over eight consecutive days,
and included four consecutive training days on the hid-
den platform task, followed by a probe trial on day
five, the reversal task on days six and seven, and the
visible platform task on day eight. A standard circular
pool, with a diameter of 123 cm was used. The water
(23 £ 1°C) was whitened with non-toxic white tem-
pera paint, and highly visible room cues were placed
on the walls around the pool. The maze was digitally
divided into four equal quadrants with a target area cor-
responding to the size of the platform, and swim paths
were video tracked and analyzed using EthoVision XT
5.0 software (Noldus Information Technology). The
water was changed following the probe trial.

Hidden platform task

The hidden platform, 10 cm in diameter and com-
posed of clear Plexiglas, was submerged 1 cm below
the surface of the water in the middle of one of the four
quadrants. For each trial, the start position of the mouse
was randomly assigned to one of four start positions in
the quadrant opposite the target quadrant. Mice were
placed into the maze at the edge of the pool, facing
the wall. During the training trials, each mouse was
given 60 s to reach the hidden platform, climb up out
of the water and remain on the platform. After 30 s, the
mouse was taken off the platform, dried with a paper
towel and placed back into its cage. The trial was termi-
nated after 60 s. A value of 60 s was recorded as escape
latency for any mouse that did not reach the platform
within the trial period. Mice that failed to reach the plat-
form were either guided to or placed on the platform,
and then removed after 30 s. Mice were trained for four
trials per day, with an average inter-trial interval of 5
minutes, on four consecutive days.

Probe trial

On day five, following training on the hidden plat-
form task, the platform was removed from the pool.
Mice were placed into the maze as usual, and allowed to
swim for 60 s. Time spent in each quadrant, number of
entries into each quadrant, number of target crossings,
latency to first target entry, path length to first target
entry, average distance from the center of the platform
location, total swim distance and swim speed were

acquired using EthoVision XT 5.0 software (Noldus
Information Technology).

Reversal task

On day five and six, the platform was placed back
into the pool in the opposite quadrant, and the same
protocol was followed as for the hidden platform task.

Visible platform task

A glow stick was mounted onto the platform such
that it extended above the surface of the water for easy
visibility. The platform was then placed in the middle
of a third quadrant. Mice were placed into the maze as
usual, and removed as soon as they climbed up out of
the water and onto the platform. The escape latencies
were recorded over a total of four trials.

Immunohistochemistry

Mice were deeply anaesthetized using isoflurane and
euthanized by cervical dislocation. The brains were
harvested and flash frozen in 2-methylbutane on dry
ice. Frozen mouse brains were sectioned at 20 pum
using a cryostat (Bright Instruments), and stored at
—80°C until use. Sections were thawed from storage
at —80°C, washed briefly in 1X PBS, fixed for 15
minutes in 4% paraformaldehyde in 0.1 M phosphate
buffer pH 7.4, and washed three times for 5 minutes in
1X PBS. Sections were blocked in blocking solution
(5% donkey serum, 0.1% Triton X100, 1X PBS) for 30
minutes, and incubated overnight at 4°C with primary
antibody diluted in blocking solution (anti-htt, 1 : 250,
BML-PWO0595, Enzo Life Sciences). Following the
primary antibody incubation, sections were washed in
1% donkey serum, 0.1% Triton X100, 1X PBS three
times for 10 minutes, then incubated in secondary anti-
body (donkey anti-rabbit FITC, 711-095-152, Jackson
ImmunoResearch Laboratories) and To-Pro-3 iodide
(1:10000, T3605, Invitrogen) in the same washing
solution for one hour. Sections were washed three
times for 5 minutes in 1X PBS before adding the
Autofluorescence Eliminator Reagent according to the
manufacturer’s instructions (2160, Millipore). Finally,
sections were mounted with Vectashield mounting
medium (H-1000, Vector Laboratories), and exam-
ined using an Olympus BX51 microscope equipped
with a MagnaFire CCD camera. (n=3 for each
genotype).

Immunocytochemistry
Primary mouse embryonic fibroblasts (PMEFS)
were prepared from embryonic day 13.5 (E13.5)
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embryos, and cultured in vitro using standard pro-
cedures. PMEFs (at passage 3) were seeded at
a concentration of 1x 10° cells/well onto 24-well
culture plates containing 12mm gelatinized cover-
slips. The following day, cells were incubated with
MitoTracker Red CMXRos (100 pwm/mL, M-7512,
Invitrogen) for 30 minutes at 37°C, washed twice in 1X
PBS, fixed for 15 minutes in 4% paraformaldehyde in
0.1 M phosphate buffer pH 7.4, and washed three times
for 5 minutes in 1X PBS. Cells were then permeabi-
lized in 0.25% Triton X100, 1X PBS for 10 minutes,
washed three times for 5 minutes in 1X PBS, blocked
in 5% donkey serum, 0.1% Triton X100, 1X PBS for
30 minutes, then incubated overnight at 4°C with pri-
mary antibody diluted in the same blocking solution.
Secondary antibodies used were donkey anti-mouse
or rabbit —Cy3 or —FITC (Jackson ImmunoResearch
Laboratories), and nuclei were stained with To-Pro-
3 iodide (1:10000, T3605, Invitrogen). Cells were
mounted onto microscope slides using Vectashield
mounting medium (H-1000, Vector Laboratories), and
examined using a Nikon C-1 confocal microscope.
Three htt primary antibodies were used: BML-
PWO0595 (1:100, Enzo Life Sciences), MAB2166
(1:100, Millipore), and RabMAb (1 : 100, Epitomics).
Three independent experiments for each antibody were
performed.

Western blotting

Mouse brains were homogenized in lysis buffer:
50mM Tris pH 8.8, 100mM NaCl, 5mM MgCl,
ImM EDTA pH 8, 0.5% NP-40, 1 mM NaF, and
Halt™ Protease Inhibitor Cocktail (78430, Thermo
Fisher Scientific), and centrifuged for 10 minutes at
4°C (16,100 x g). Western blotting was performed as
described in [35]. For densitometry, films in the linear
exposure range were scanned on a flatbed scanner, and
analyzed using the ImageJ program (Rasband, W.S.,
ImageJ, U.S. National Institutes of Health, Bethesda,
MD, USA, http://rsb.info.nih.gov/ij/, 1997-2005).
Levels of protein in each sample were normalized to
B-actin. Primary antibodies used were: anti-htt
(1:3000, MAB2166, Millipore), PSD95 (1:1000,
#2507, Cell Signaling), CREB (1:1000, #9197, Cell
Signaling), anti-htt S13-P (1:1000, gift from L.
Thompson), tubulin (1:1000, T6793, Sigma), and
B-actin (1:1000, A4700, Sigma). In some cases, the
blots were stripped (Restore™ Western Blot Stripping
Buffer, 21059, Thermo Fisher Scientific) for 30 min-
utes, and re-probed with a new primary antibody. (n =3
for each genotype).

Subcellular fractionation

PMEFs (P3) were plated onto 10 cm culture dishes,
and grown until confluent. Nuclear and cytoplasmic
protein fractions were obtained using the NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Pierce,
78833), and analyzed by western blotting, as described
above.

Statistical analyses

Data were analyzed using the Student’s z-test
and two way repeated measures ANOVA with the
Holm-Sidak posthoc test. All statistical analyses used
SigmaStat 3.5 software (Systat Software). Significance
was accepted at P <0.05.

RESULTS

To generate the PRR deletion in the Hdh locus,
we assembled a gene targeting construct by replac-
ing an endogenous Hdh exon-1 XmnI-Kpnl restriction
fragment encoding the htt 7Q stretch and PRR with
an oligonucleotide-generated synthetic fragment con-
taining the 7Q stretch without the PRR (Fig. 1 and
Methods). Germline transmission was obtained from
two independent targeted ES cell clones, and mice
were backcrossed to the C57BL6/J strain for at least
six generations prior to characterization.

The PRR is not required for normal htt function
during development

To determine if the PRR deletion affected htt’s
essential functions during embryonic development,
the genotypes of progeny from Hdh®PRR/* heterozy-
gous intercrosses were evaluated for any deviation
from the expected Mendelian frequency (Table 1).
The predicted number of Hdh™PRR/APRR phuns were
obtained, and the HdhAPRR/APRR 1hice were indistin-
guishable from Hdh®PRR+ and wild-type littermates
at birth. HIhAPRR/APRR aqults are fertile, and the
mutation can be maintained in homozygosity. Hema-
toxylin and eosin stained sections of brains obtained
from 20 month-old Hdh"PRR/APRR and wild-type
littermates did not exhibit any gross anatomical abnor-
malities compared to their wild-type littermates (data
not shown). Taken together, these observations suggest
that the deletion of the htt PRR does not affect substan-
tially normal htt function during embryogenesis and
neurogenesis.
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Fig. 1. Generation of the Hdh™PRR allele. (A) Schematic of the wild-type Hdh allele surrounding the first exon is shown (Hdh) along with
the gene targeting construct (T) lacking the PRR, and the targeted locus following recombination (HdhAP). The “~” in the targeting vector
represents plasmid sequence, and the “II” indicates the restriction site used to linearize the targeting vector prior to ES cell electroporation.
The location of the neomycin phosphotransferase cassette (pgkneo, box) flanked by loxP sites (black arrowheads) that was used for positive
selection of the transfected ES cells is shown. The transcriptional orientations of the Hdh and pgkneo genes are indicated with arrows. The small
gray arrows indicate the location of the forward and reverse oligonucleotide primers used for PCR genotyping. The sizes of the wild-type and
targeted Ncol-digested genomic DNA fragments recognized by the 3'flanking probe (small black rectangle) are shown above (Hdh) and below
(HdhAP), respectively. Restriction enzyme sites are Notl (Not), Ncol (N), Hindlll (H), Xmnl (X) and Kpnl (K). The schematic is not drawn
to scale. (B) Exon-1 of the wild-type (Hdh) mouse htt gene was modified by gene targeting to generate a deletion of the sequence encoding
the mouse PRR (Hdh™"). The Xmnl and Kpnl restriction sites used for the modifications are shown. (C) DNA from tail biopsies was used to
genotype progeny by PCR with primers that were designed to discriminate between the wild-type (Hdh) and modified (HdhAP) alleles: Lane 1
- Hdht/*; Lane 2 - HAh®PRR/APRR. 1 ane 3 - Hdh™ PRR/+: M — 100 bp DNA molecular weight marker. (D) Nucleotide and encoded amino acid
sequence of the Hdh™ (top) and Hdh™"RR (bottom) exon-1 XmnI-Kpnl restriction fragment. Intron-1 sequence is presented in lower case, and
the first and last codons of the PRR are indicated in larger font.

Deletion of the PRR does not affect htt steady-state
levels or subcellular localization, but does affect
htt phosphorylation at S13

The htt PRR, in addition to providing a pro-
tein interaction domain, may affect htt’s N-terminal
structure, as well as its subcellular localization and
post-translational modifications. Although htt is pre-
dominantly a cytoplasmic protein, it has the capability
to shuttle between the nucleus and cytoplasm [36-38],
and mutations within the N1-17 domain have been

shown to alter its subcellular localization [39]. To
determine if the htt PRR deletion can affect the overall
stability and steady-state localization of APRR-
htt, we performed western analyses of whole brain
extracts from HdhAPRR/APRR - papAPRRA - and wild-
type littermates using an anti-htt antibody (MAB2166)
that recognizes both wild-type and APRR-htt.
Quantification of htt levels by densitometry revealed
that the PRR deletion did not affect significantly
steady-state levels of APRR-htt in comparison to wild-
type htt (Fig. 2A). However, the PRR deletion does
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Table 1

Mendelian analysis of progeny

Cross No. of litters No. observed® (No. of expected®) progeny
Hdh/+ Hdh PRR/+ Hdh® PRR/APRR
HanAPRRA s Hdp™ PRE/* 36 64 (72) 149 (144) 64 (72)

4 All progeny genotyped at postnatal day10. *Calculation based on the predicted Mendelian ratio. Genotypes were obtained
at the predicted Mendelian frequencies (x> P>0.05 for all genotypes).
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Fig. 2. Deletion of the PRR does not affect htt expression levels. (A) Densitometry analysis of wild-type and APRR-htt levels calculated
from western blots of whole brain protein extracts obtained from wild-type (+/+) and Hdh®PRR/APRR (AP/AP) mice. (B) Whole brain protein
extracts (100 wg) from Hdh®PRR/IAPRR (AP/AP), HAR®PRR/+ (AP/+), and Hdht/* (+/+) mice were fractionated on 5% SDS-PAGE, and
analyzed by western blotting using an antibody that recognizes both wild-type and APRR-htt (MAB2166). The position of a 250 kD protein
standard is indicated on the left. (C) Immunohistochemical analyses of coronal brain sections obtained from 20 month-old wild-type (+/+) and
Hdh®PRR/APRR ( AP/ AP) mice using an anti-htt antibody (BML-PW0595, epitope: htt N2-17) recognizing both wild-type and APRR-htt. Nuclei

were stained with To-Pro-3 iodide. Scale bars = 100 pm.

affect htt’s migration on SDS-PAGE, as full-length
APRR-htt migrates slightly faster than wild-type htt
(Fig. 2B). This difference in migration is greater than
what would be expected for a 32 amino acid deletion,
and likely reflects an effect of the PRR deletion on htt’s
overall conformation.

To determine if the htt PRR deletion affects the
expression of APRR-htt in the brain, we performed
immunohistochemical analyses of htt expression in
fresh frozen coronal brain sections from 20 month-old
wild-type and Hdh PRR/APRR mice (Fig. 2C). The pat-
tern of htt immunostaining was indistinguishable in the
wild-type and homozygous mutant cortex, striatum,

and hippocampus, with both wild-type htt and APRR-
htt localized predominantly in the cell bodies and
neuropil.

To confirm that the htt PRR deletion did not
affect its subcellular localization, primary mouse
embryonic fibroblasts (PMEFs) were obtained from
E13.5 wild-type and Hdh®PRR/APRR empbryos, and
immunocytochemical analyses were performed using
three anti-htt antibodies: BML-PWO0595 (recogniz-
ing htt aa 2-17), MAB2166 (recognizing htt aa
414-503), and RabMAb (recognizing htt between
aa 585-606). Immunocytochemical staining for htt
in the Hdh® PRR/APRR PMEFs was indistinguishable
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Fig. 3. Htt subcellular localization and fractionation are not affected by the PRR deletion. (A) Immunocytochemical analyses of PMEFs
obtained from wild-type (+/+) and HdhAPRR/APRR (AP/AP) embryos using an anti-htt antibody (BML-PW0595), as well as Mitotracker Red
CMXRos, a red-fluorescent dye that stains mitochondria. Nuclei were stained with To-Pro-3 iodide. Scale bars =50 wm. (B) Nuclear (Nuc) and
cytoplasmic (Cyto) protein fractions (40 pg) isolated from HdhAPRR/+ (AP/+) P3 PMEFs were fractionated on 9% SDS-PAGE, and analyzed by
western blotting using antibodies recognizing htt (MAB2166), PSD95 and tubulin (proteins preferentially enriched in the cytoplasmic fraction),
and CREB (a protein that preferentially associates with the nuclear fraction). (C) Whole brain protein extracts from 5 month-old wild-type,
Hdh®PRR/+and Hdh™PRR/APRR mice were fractionated on 5% SDS-PAGE, and analyzed by western blotting using an anti-htt phospho-S13
antibody (S13-P), and MAB2166. A non-specific protein recognized by the phospho-S13 antibody in both wild-type and Hdh® PRR/APRR protein
samples is indicated with an “*”. The sizes (in kD) of protein standards are indicated on the left.

Table 2
Assessment of general health and neurological reflexes in male mice
Age 6 months 12 months 18 months
++ (n=28) AP/AP?* (n=28) ++ (n=5) AP/AP (n=5) ++ (n=9) AP/AP (n=12)
General health
Body weight (g) 30.8+ 1.1° 292+1.2 339415 347423 343412 344+1.0
Forelimb grip strength (g) 89.442.5° 91.6+2.2 100.7£3.5 101.8+3.5 92.1+23 97.0+2.0
Visual forepaw reach (%) 100 100 100 100 100 100
Limb clasping (%) 0 0 0 0 0 0
Neurological reflexes
Eye blink (%) 100 100 100 100 100 100
Ear twitch (%) 100 100 100 100 100 100
Whisker twitch (%) 100 100 100 100 100 100
Toe pinch (%) 100 100 100 100 100 100
Righting reflex (%) 100 100 100 100 100 100
Postural reflex (%) 100 100 100 100 100 100

AHARAPRRAPRR bExpressed as mean + SEM.
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Fig. 4. Deletion of the htt PRR does not affect anxiety and overall activity levels in HdhPRR/APRR mice. (A-C) The elevated plus maze was
used to evaluate anxiety-like traits. Time spent in the open arms, number of open arm entries, and total number of entries were recorded for
male mice at 6, 12, and 18 months of age. (D-G) General activity levels were collected using an automated activity cage. Horizontal activity,
vertical activity, total distance, and percent time spent in the center were measured in male mice at 6, 12, and 18 months of age. All data are

expressed as mean == SEM.

from that observed in the wild-type PMEFs with
all three antibodies (MAB2166 and RabMAD stain-
ing not shown) (Fig. 3A). In addition, the wild-type
and Hdh® PRR/APRR PMEFs were stained with Mito-
Tracker Red CMXRos, a fluorescent mitochondrial
dye. Htt can both associate with and modulate the
trafficking of mitochondria in cells [40, 41]; there-
fore, a potential deficit in APRR-htt’s function in

organelle trafficking may impact the localization of
mitochondria in the cell. We could not detect any obvi-
ous differences between the predominantly perinuclear
mitochondrial staining we observed in wild-type and
Hdh”PRR/APRR PMEFs. Similarly, no obvious dif-
ferences in the subcellular fractionation of wild-type
and APRR-htt in Hdh®PRR/+ PMEFs were detected
(Fig. 3B). Both wild-type and APRR-htt were enriched
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in the cytoplasmic fraction, with a lower amount
present in the nuclear fraction.

To determine if deletion of the PRR can influ-
ence post-translational modification of the htt N1-17
domain, whole brain extracts prepared from 5 month-
old wild-type, Hdh®PRR+ and Hdh™ PRR/APRR mice
were analyzed by western blotting using an anti-
phospho-S13 antibody (Fig. 3C). A protein species
co-migrating with soluble full-length wild-type htt
was detected in both the wild-type and Hdh® PRR/+
extracts, but not in the Hdh® PRR/APRR oxtracts. The
amount of this species was also reduced in the
Hdh” PRR/% brain in comparison to wild-type brain,
suggesting that its level correlated best with the level
of wild-type htt in the extracts. This species was also
absent from extracts prepared from an Hdh conditional
knock-out brain (data not shown). Taken altogether,
these data suggest that the htt PRR can modulate phos-
phorylation of htt at its N-terminus.

Male HdhAPRRIAPRR yice exhibit a subtle
behavioral phenotype

To determine if deletion of the htt PRR affects any
behavioral phenotypes, separate cohorts of male wild-
type and Hdh® PRR/APRR mice at 6, 12, and 18 months
of age, as well as female wild-type and Hdh™ PRR/A PRR
mice at 6 and 18 months of age were subjected to a
series of behavioral tests. Each genotype group con-
tained mice from several litters to average out any home
cage factors that could potentially influence behavior
(such as parental care and social dominance status).
Grip strength and neurological reflexes, including eye
blink, ear twitch, whisker twitch, toe pinch, postural
reflex, and the righting reflex were assessed in each
mouse. In all of these preliminary tests, no signifi-
cant differences were found between wild-type and
Hdh" PRR/APRR mice (Table 2 and Table S1).

The elevated plus-maze was used to evaluate
anxiety-like traits. Open and closed arm entries
were combined to give a measurement of general
exploratory activity. Reduced anxiety in the elevated
plus-maze is indicated by an increase in the num-
ber of open arm entries, and the proportion of time
spent in the open arms. No significant differences were
observed between male wild-type and Hdh®PRR/APRR
mice in time spent in the open arms, number of open
arm entries, and total number of open and closed-arm
entries at any of the ages tested (Fig. 4A—C). A trend
towards a significant difference was observed between
wild-type and HdhPRR/APRR females at 6 months of
age in the proportion of time spent in the open arms
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Fig. 5. Rotarod testing of motor coordination and balance in
HdhAPRRAPRR and control mice. (A—C) Motor coordination and
balance, as well as motor learning were tested on an accelerating
rotarod. Male mice were tested at 6, 12 and 18 months of age. All
data are expressed as mean £+ SEM; e.g. *P < 0.05, see text.

of the maze (P =0.05, Student’s #-test) (Figure Supple-
mentarylA), but no differences were observed on any
other parameters (Figure S1A-C).

To evaluate locomotion and exploratory behav-
ior, open-field testing was performed. No significant
differences in horizontal activity, vertical activity,
total distance traveled, and time spent in the cen-
ter of the cage were observed between wild-type and
HAdhAPRRAPRR mice (Fig. 4D-G, Figure S1D-G).

Performance on an accelerating rotarod was used
to assess motor coordination and balance. A reduction
in the latency to fall over repeated testing sessions on
consecutive days provides a measure of motor learn-
ing. A trend towards a significant difference between
male wild-type and Hdh PRR/APRR ice was observed
on trial day 2 (P=0.05, ANOVA), and a significant
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Fig. 6. Spatial learning and memory in the Morris water maze task is affected in older male Hdh® PRR/APRR mice, Escape latencies for the hidden
platform (A), reversal (C) and visible platform tasks (D), and number of target entries during the probe trial (B) were recorded for male mice at
18 months of age. All data are expressed as mean == SEM; *P <0.05, see text.

difference was observed on trial day 3 (P=0.04,
ANOVA) at 12 months of age (Fig. 5B). However, no
significant differences were observed between geno-
types at any other age among both males and females
(Fig. 5A, 5C, Fig. S2A, S2B). We reason that the lower
number of mice analyzed at 12 months of age may
have contributed to the differences observed at this time
point.

The Morris water maze task was conducted over
eight consecutive days to assess spatial learning and
memory. Wild-type and Hdh™ PRE/APRR mjce were first
tested on a hidden platform task for four days (four tri-
als/day). A reduction in escape latency over repeated
testing sessions provides a measure of the mouse’s abil-
ity to learn the task. A probe trial, in which the hidden
platform was removed from the pool, was used on the
fifth day to confirm that learning based on external
environmental cues had occurred. If the mouse spent
a significantly greater amount of time swimming near
the former location of the platform, it was considered
to have learned the location of the hidden platform. A
reversal task, in which the hidden platform was moved

to the opposite quadrant of the pool, was then used
on the sixth and seventh day to measure the mouse’s
ability to learn a new location for the platform. Finally,
on the eighth day, a visible platform task was conducted
to confirm that the mouse had the procedural ability to
perform the water maze task. No significant differences
were detected in escape latencies for the hidden plat-
form, reversal and visible platform tasks, and in the
number of target entries during the probe trial for both
male and female wild-type and HdhPRR/APRR mice
at 6 months of age (data not shown). A significant dif-
ference between genotypes in male mice at 12 months
of age was observed on training day 3 of the hidden
platform task (P =0.009, ANOVA) (data not shown). In
addition, significant differences were detected between
genotypes in 18 month-old male mice on training days
3 (P=0.04, ANOVA) and 4 (P =0.03, ANOVA) in the
hidden platform task (Fig. 6A), in the number of tar-
get entries during the probe trial (P =0.003, Student’s
t-test) (Fig. 6B), and on test day 2 (P =0.005, ANOVA)
in the reverse platform task (Fig. 6C). In contrast, no
significant differences were found between wild-type
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and HdhAPRR/APRR female mice at 18 months of age
(Fig. S3A—C). We also observed no significant differ-
ences between genotypes in the visible platform task or
in the mean swim speeds of either male or female mice
(Fig. 6D, Fig. S3D), suggesting that the 18 month-old
HdhAPRR/APRR mice had the visual and motor abil-
ity to perform the tasks. Overall, these results suggest
that spatial memory and navigation may be impaired
in older Hdh"PRR/APRR males.

DISCUSSION

Our results suggest that deletion of the PRR has arel-
atively subtle impact on normal htt function. Although
a number of proteins have been proposed to interact
with the htt PRR, many of these studies utilized trun-
cated htt species as bait, and it is not clear whether
the PRR is exposed or accessible to all potential pro-
tein binding partners in full-length htt. If we assume
that most of these protein interactions also occur in
the context of full-length htt, deletion of their binding
site does not seem to affect appreciably htt’s core func-
tions during development, as Hdh" PRR/APRR mice are
viable and fertile. However, we did observe that dele-
tion of htt’s PRR reduced S13 phosphorylation within
the N1-17 domain. Our inability to detect S13 phospho-
rylation in soluble full-length APRR-htt is consistent
with previous work suggesting that an interaction of
IKK with the htt PRR and its adjacent polyQ stretch can
modulate phosphorylation of the htt N-terminus and htt
turnover [10, 32]. However, our western blotting pro-
tocol was not designed to detect the higher molecular
weight phosphorylated htt species that are observed
when using higher concentrations of SDS and reducing
agent in the SDS-PAGE sample buffer together with
modified transfer conditions [42]. Further experiments
are needed to determine if such high molecular weight
species are also absent in the HdhAPRR/APRR byeain and
if APRR-htt turnover in the proteosome or lysosome
is affected by the PRR deletion.

The mild behavioral phenotypes observed in
older male Hdh"PRRAPRR mice contrasts with the
progressive degenerative phenotype observed in Hdh
conditional knock-out mice [43], suggesting that the
PRR is not an essential htt domain, and more likely
represents a region of htt that may modulate its
conformation and function. This view is consistent
with studies using synthetic peptides that suggest that
the htt PRR can act as a structural element that pro-
tects against polyQ toxicity [17, 18]. Interestingly, the
PRR in the context of an expanded polyQ stretch can

also act as an aggresome targeting signal [34]. How-
ever, both of these PRR functions might not apply to
the normal htt protein, as its short polyQ stretch does
not form a stable -sheet structure that is prone to
aggregation. We note that in yeast and mammalian cell
culture experiments expressing truncated normal htt
N-terminal fragments containing a PRR deletion (as
controls for the expression of mutant htt N-terminal
fragments with a PRR deletion), their solubility and
subcellular localization are similar to wild-type htt, and
they do not produce a noticeable phenotype [44—47].

The phenotypic consequences of the htt PRR dele-
tion are similar, in some respects, to the mild impact
of deleting the normal htt polyQ stretch [35]. In both
cases, homozygous mice are viable and fertile, and they
exhibit relatively subtle behavioral deficits. However,
the htt polyQ deletion in homozygosity can extend
lifespan, and affects HD mouse model phenotypes in
trans by stimulating neuronal autophagy [48]. With the
limited numbers of older Hdh®PRR/APRR mice that are
currently available, we do not yet know if their lifes-
pan is affected, and future experiments are needed to
determine if the PRR deletion in trans can affect HD
mouse model pathogenesis.

X-ray crystallographic analysis of the htt
N-terminus has revealed that the N1-17 and PRR
domains exhibit less conformational flexibility than
the polyQ stretch [49]. Based on both X-ray crystal-
lographic and circular dichroism (CD) analyses, the
PRR forms a classic proline helix that can either be
straight or kinked. Deletion of the PRR in the context
of full-length htt alters its migration on SDS-PAGE,
suggesting that htt’s overall structure is affected
by the loss of its PRR. Nevertheless, this potential
structural change does not significantly affect normal
htt function, as HdhAPRRAPRR mice do not exhibit
marked phenotypes. We note that full-length HTT
that is expressed in insect cells and then purified by
immunoaffinity chromatography can adopt multiple
conformations [50], which is an observation that
is consistent with the hypothesis that htt can act
as a flexible scaffolding protein for diverse cellular
processes. Thus, it is not surprising that deletion of
the PRR may affect htt structure but not significantly
affect its core functions.

Male Hdh”PRR/APRR mice exhibit a behavioral
phenotype in the Morris water maze task at 18 months
of age. Significant differences were detected between
mutants and controls in the hidden platform task,
reverse platform task, and the probe trial, suggesting
that spatial memory and navigation are affected. The
HdhAPRR/APRR ‘mice appear to have the necessary
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visual and motor skills that are required to successfully
perform this task, because no significant differences
were observed between the HdhAPRR/APRR  apq
wild-type mice in the visible platform task, or in their
mean swim speeds. It was difficult for us to assess
visual ability with respect to the visual cues used
to help the mice navigate the maze because these
cues were placed outside of the maze, and the visible
platform task uses a cue placed within the maze.
Stress coping strategies, such as floating and attempts
to escape along the wall of the maze could also
produce confounding results, but these behaviors were
not observed in our tests. Nevertheless, additional
behavioral tests, such as the novel object recognition
task, could be performed to confirm the presence of a
learning and memory deficit in these mice.

In contrast to the males, female HdhA PRR/APRR 1ice
did not show any significant differences from wild-type
controls in the Morris water maze task. Sex differ-
ences have been observed in other models for HD, but
they have not been studied extensively. In the CAG140
knock-in mouse model, Hdh!40Q/149Q females spend
more time grooming in the open-field, and on a running
wheel during the diurnal dark phase, in comparison
to Hdh'*9/149Q males and wild-type mice of both
sexes [51]. Female R6/1 transgenic mice at 8 weeks
of age also exhibit more depression-like phenotypes
than males [52]. In contrast, both male N171-82Q
transgenic mice and male HD transgenic rats exhibit
a greater deficit in rotarod performance than females
[53, 54]. In addition, a male deficit was observed in
response to environmental enrichment with the R6/2
transgenic mouse model, with environmental enrich-
ment having a positive effect on the cognitive perfor-
mance of R6/2 female mice in the Morris water maze

task, and a detrimental effect on male performance
[55]. Male YAC128 mice also have a shorter lifespan
than YAC128 females [56]. Moreover, age-at-onset is
increased in female HD patients, and the progression
of the disease in females is slower in comparison to
males [57-59]. Taken together, these data suggest that
further investigation into the role of sex differences in
HD pathogenesis, and the contribution of the PRR to
potential sex-specific functions for htt is warranted.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1
Assessment of general health and neurological reflexes in female mice

Age 6 months 18 months
+/+ AP/AP? +/+ AP/AP
(n=10) (n=8) (n=7) (n=8)
General health
Body weight (g) 22.140.8° 233£1.0 27.0£19 25.8+£1.2
Forelimb grip strength (g) 89.3+2.1° 90.5+24 76.3+£23 82.8+2.2
Visual forepaw reach (%) 100 100 100 100
Limb clasping (%) 0 0 0 0
Neurological reflexes
Eye blink (%) 100 100 100 100
Ear twitch (%) 100 100 100 100
Whisker twitch (%) 100 100 100 100
Toe pinch (%) 100 100 100 100
Righting reflex (%) 100 100 100 100
Postural reflex (%) 100 100 100 100

AHARAPRR/IAPRR ATl progeny; "Expressed as mean = SEM.
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Supplementary Figure. 1. Deletion of the htt PRR does not affect anxiety traits and overall activity levels in female mice. (A—C) The elevated
plus maze was used to evaluate anxiety-like traits. Time spent in the open arms, number of open arm entries, and total number of entries were
recorded for female mice at 6 and 18 months of age. (D-G) General activity levels were collected using an automated activity cage. Horizontal
activity, vertical activity, total distance, and percent time spent in the center were measured in female mice at 6 and 18 months of age. All data
are expressed as mean = SEM; *P =0.05.
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Supplementary Figure. 3. Female Hdh® PRR/APRR mice have normal spatial learning and memory. The Morris water maze was used to analyze

spatial learning and memory. Escape latencies for the hidden platform (A), reversal (C), and visible platform tasks (D), and the number of target
entries during the probe trial (B) were recorded for female mice at 18 months of age. All data are expressed as mean = SEM.
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