
Huntingtin interacting proteins 14 and 14-like are required
for chorioallantoic fusion during early placental development

Shaun S. Sanders a, Juan Hou b,1, Liza M. Sutton a, Victoria C. Garside b, Katherine K.N. Mui a,
Roshni R. Singaraja a,2,3, Michael R. Hayden a,n, Pamela A. Hoodless b

a Centre for Molecular Medicine and Therapeutics, Department of Medical Genetics, Child & Family Research Institute, University of British Columbia, 950
28th Avenue West, Vancouver, British Columbia, Canada V5Z 4H4
b Terry Fox Laboratory, BC Cancer Agency, 675 10th Ave West, Vancouver, British Columbia, Canada V5Z 1L3

a r t i c l e i n f o

Article history:
Received 30 May 2014
Received in revised form
1 September 2014
Accepted 12 November 2014
Available online 3 December 2014

Keywords:
Huntington disease
Palmitoylation
HIP14 or ZDHHC17
HIP14L or ZDHHC13
Chorioallantoic fusion
Placenta

a b s t r a c t

Huntington disease (HD) is an adult-onset neurodegenerative disease characterized by motor, cognitive,
and psychiatric symptoms that is caused by a CAG expansion in the HTT gene. Palmitoylation is the
addition of saturated fatty acids to proteins by DHHC palmitoylacyl transferases. HTT is palmitoylated by
huntingtin interacting proteins 14 and 14-like (HIP14 and HIP14L or ZDHHC17 and 13 respectively).
Mutant HTT is less palmitoylated and this reduction of palmitoylation accelerates its aggregation and
increases cellular toxicity. Mouse models deficient in either Hip14 (Hip14� /�) or Hip14l (Hip14l� /�)
develop HD-like phenotypes. The biological function of HTT palmitoylation and the role that loss of HTT
palmitoylation plays in the pathogenesis of HD are unknown. To address these questions mice deficient
for both genes were created. Loss of Hip14 and Hip14l leads to early embryonic lethality at day embryonic
day 10–11 due to failed chorioallantoic fusion. The chorion is thickened and disorganized and the
allantois does not fuse correctly with the chorion and forms a balloon-like shape compared to Hip14l� /�

; Hip14þ /þ littermate control embryos. Interestingly, the Hip14� /� ; Hip14�/� embryos share many
features with the Htt� /� embryos, including folding of the yolk sac, a bulb shaped allantois, and a
thickened and disorganized chorion. This may be due to a decrease in HTT palmitoylation. In Hip14� /� ;
Hip14l� /� mouse embryonic fibroblasts show a 25% decrease in HTT palmitoylation compared to wild
type cells. This is the first description of a double PAT deficient mouse model where loss of a PAT or
multiple PATs results in embryonic lethality in mammals. These results reinforce the physiological
importance of palmitoylation during embryogenesis.

& 2014 Elsevier Inc. All rights reserved.

Introduction

Huntington disease (HD) is an adult-onset, autosomal dominant
neurodegenerative disease characterized by motor, cognitive, and
psychiatric symptoms. In HD early degeneration of the striatum
occurs followed by more widespread degeneration in the later
stages of the disease (Roos, 2010; Sturrock and Leavitt, 2010). Most
patients with HD have an onset in midlife with death following, on
average, 20 years later (Roos, 2010; Sturrock and Leavitt, 2010). HD is
caused by a CAG (coding for glutamine, Q) expansion in the first

exon of the HTT gene, leading to an N-terminal poly-Q expansion in
the huntingtin (HTT) protein (The Huntington's disease collaborative
research group, 1993).

The HTT protein undergoes many post-translational modifica-
tions, including phosphorylation, SUMOylation, ubiquitination, acet-
ylation, proteolytic cleavage, and palmitoylation. These post-trans-
lational modifications modulate the functions of HTT and influence
toxicity of mutant HTT (mHTT) (reviewed in Ehrnhoefer et al. (2011)).
Palmitoylation is the commonly used term for S-acylation, the
reversible post-translational addition of long-chain saturated fatty
acids to proteins at cysteine residues via a thioester bond. S-acylation
is often referred to as palmitoylation because the most abundant lipid
substrate in the cell is the 16-carbon fatty acid palmitate (Hallak et al.,
1994; Smotrys and Linder, 2004). Palmitoylation is mediated by a
family of enzymes called the DHHC-domain containing palmitoylacyl
transferases (DHHC PATs) of which humans have 23 (ZDHHC1-9 and
11–24) and mice have 24 (Zdhhc1-9 and 11–25) (Ohno et al., 2006).
The palmitoylation of HTT and of many other proteins serves to dyna-
mically regulate membrane localization, function, protein–protein
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interactions, and other post-translational modifications of palmitoyl-
proteins (reviewed in Young et al. (2012)).

Palmitoylation of HTT and other proteins has been previously
implicated in the pathogenesis of HD and other neuropsychiatric
disorders including Alzheimer disease, schizophrenia, mental retar-
dation, and neuronal cereoid lipofuscinosis (reviewed in Young et al.
(2012)). Palmitoylation of HTT is reduced in the presence of the
polyglutamine expansion and further reduction of palmitoylation of
mutant HTT (mHTT), mediated by a reduction in activity of its PATs,
accelerates its aggregation and increases cellular toxicity, whereas
increased palmitoylation reduces aggregation (Yanai et al., 2006).
HTT interacts with and is palmitoylated primarily by two PATs: the
huntingtin interacting proteins 14 and 14-like (HIP14 and HIP14L or
ZDHHC17 and 13 respectively) (Huang et al., 2011; Singaraja et al.,
2002; Sutton et al., 2013). These two PATs are unique in that they are
the only two PATs that have an ankyrin repeat domain. It is this
domain that mediates the interaction between HIP14 and HTT
(Huang et al., 2011; Ohno et al., 2006). In fact, wild type (WT) HTT
is a modulator of HIP14 activity such that loss of WT HTT or the
presence of mHTT leads to decreased HIP14 auto-palmitoylation and
reduced palmitoylation of HIP14 substrates (Huang et al., 2011; Wan
et al., 2013). Interestingly, mouse models deficient in either Hip14
(Hip14� /�) or Hip14l (Hip14l� /�) develop HD-like phenotypes,
including predominant striatal degeneration and motor dysfunction,
but do not exhibit changes in the palmitoylation of HTT itself
(Singaraja et al., 2011; Sutton et al., 2013). It has been suggested
that the phenotypes of these two mouse models result from the
aberrant palmitoylation of other neuronal substrates rather than of
HTT itself (Singaraja et al., 2011; Sutton et al., 2013).

The biological function of HTT palmitoylation and exactly what
role the loss of HTT palmitoylation plays in the pathogenesis of HD
are unknown. To answer these questions and to determine if HIP14
and HIP14L are in fact the only two PATs for HTT, the Hip14� /� and
Hip14l� /� mouse models were intercrossed to generate mice
deficient for both Hip14 and Hip14l genes. Here we provide the first
description of a double PAT deficient mouse model and show that
loss of a PAT or multiple PATs results in embryonic lethality
in mammals, demonstrating that palmitoylation is a critical factor
in early embryonic development.

Materials and methods

Mouse breeding and embryo dissection

FVB/N Hip14 gene-trapped mice (Hip14� /�; previously described
(Singaraja et al., 2011)), were crossed to FVB/N Hip14l gene-trapped
mice (Hip14l� /�; previously described (Sutton et al., 2013)) to
generate Hip14þ /� ; Hip14l� /� mice, which were intercrossed
to generate all embryos in this study. The University of British
Columbia Committee on Animal Care approved all procedures.
Previously described FVB/N Httpreex1/þ mice were intercrossed to
generate Httpreex1/preex1 (Htt� /�) embryos (Zeitlin et al., 1995).

Timed pregnancies were set up and female mice were exam-
ined for plugs every morning for 5 days. Noon of the day the plug
was found was considered embryonic day 0.5 (E0.5). Embryos
were either fully dissected or left within the yolk sac or within the
decidua at various gestational ages (E8.5–12.5) and either imme-
diately imaged and genotyped or fixed for in situ hybridization or
histology.

Genotyping

Embryos harvested to determine the stage of embryonic lethality,
for gross morphology, for in situ hybridization, or to establish MEFs
were genotyped by PCR following quick lysis of the yolk sac, a piece

of the yolk sac, or the embryo in the yolk sac. Quick lysis is
performed by overnight digestion at 551 with Proteinase K (Life
Technologies, Carlsbad, CA, USA) in 40 mM Tris, 50 mM KCl, and 1%
Tween-20 followed by inactivation of Proteinase K at 951 for 15 min.
Breeding mice and cell pellets from mouse embryonic fibroblast
(MEF) cell lines were genotyped as previously described at the
Hip14l locus to confirm homozygosity (Sutton et al., 2013). All
embryos and cell pellets were genotyped by PCR at the Hip14 locus
as previously described (Singaraja et al., 2011). Embryos from Httþ /�

intercrosses were genotypes at the HttPreex1 locus as previously
described (Zeitlin et al., 1995). All primer sequences are in Table S1.

DNA was extracted from paraffin embedded embryos as pre-
viously described (Gilbert et al., 2007). Briefly, the remaining piece
of embryos following paraffin embedding and sectioning were cut
out of the paraffin block, warmed at 551 until the paraffin melted,
left in xylene for 24 h, washed two times with xylene, washed
3 times with 100% ethanol; sequentially rehydrated with 95%, 70%
and 50% ethanol, and then carefully dissected out of the decidua.
DNA was extracted from embryonic tissue using the QIAamp DNA
Micro Kit (Qiagen, Limburg, Netherlands) according to the protocol
with the following additions: a 15 min 981 incubation in buffer ATL,
prior to adding Proteinase K, to reverse cross-linking of proteins to
nucleic acids and a 96 h digestion at 551 with Proteinase K.

Histology and in situ hybridization (ISH)

Embryos in decidua were paraffin embedded, sectioned at 5 μM,
and stained with hematoxylin and eosin (H&E) by Wax-it Histology
Services (Vancouver, BC, Canada; www.waxitinc.com).

Whole mount ISH, cryo-sectioning after whole mount ISH,
section ISH, and probe labeling were performed according to
standard protocols that were previously described (McKnight
et al., 2007). Probe templates were generated by RT-PCR amplifi-
cation from total RNA isolated from E8.5 mouse embryos, with an
average size of 400–800 bp, followed by sequence verification. All
PCR products were digested with XhoI and EcoRI and ligated into
pBluescriptII digested with the same enzymes. The subsequent
probe labeling was performed as previously described (McKnight
et al., 2007). At least three embryos were examined for each probe
at each time point. The primer sequences for generating the ISH
probes are included in Table S1.

Generation of mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEFs) were generated from E9.5
embryos as previously described (Shiota et al., 2006). Briefly,
embryos were washed with PBS and the heads were removed. The
rest of the embryo was disaggregated by passage slowly once
through a 28-gauge needle into DMEM with 10% fetal bovine serum,
penicillin/streptomycin (1000 Units/mL Penicillin and 1000 μg/mL
streptomycin), non-essential amino acids, 1 mM sodium pyruvate,
10 μM β-mercaptoethanol, and 2 mM L-glutamine in a single well of
a 48-well plate (all media and additives from Life Technologies,
Carlsbad, CA, USA; β-mercaptoethanol from Sigma-Aldrich, St. Louis,
MO, USA). Cells were maintained until confluent (1–2 days) at 371 in
5% CO2 at which point they were passaged by trypsinization and
replated into a 24-well plate (passage one). At passage three cells
were immortalized by transfection with pSV3-neo (SV40 immorta-
lization construct; ATCC) using X-tremeGENE 9 DNA transfection
reagent (Roche, Basel, Switzerland) according to the manufacturer's
instructions. 48 h later cells were passaged and 1 mg/mL G418
(Thermo Fisher Scientific, Waltham, MA, USA) was added to the
culture media to select for SV40 immortalization.
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Acyl-biotin exchange palmitoylation assay and western blotting
analysis

Acyl-biotin exchange (ABE) palmitoylation assays were per-
formed on frozen cell pellets from WT and Hip14� /� ; Hip14l� /�

MEFs as previously described (Drisdel and Green, 2004; Huang et al.,
2009). Briefly, cell pellets from three wild types and two Hip14� /� ;
Hip14l� /� cell lines from three separate passage numbers were
harvested and immediately frozen and stored at �801 until geno-
typing results were obtained. Frozen cell pellets were then homo-
genized on ice in 500 μL lysis buffer (150 mM NaCl, 50 mM Tris,
5 mM ethylenediaminetetraacetic acid, 0.1% SDS, 1% triton X-100, pH
7.4) with 100 mM N-ethylmaleimide (NEM, Sigma-Aldrich, St. Louis,
MO, USA). Cell homogenates were sonicated for 5 s at 20% power to
shear DNA and the insoluble material was removed by centrifuga-
tion at 14,000 revolutions per minute for 15 min. HTT was immu-
noprecipitated from cell lysates by overnight incubationwith Protein
G Dynabeadss (Life Technologies, Carlsbad, CA, USA) and in-house
anti-HTT antibody (BKP1). Beads were then washed and split into
two and treated with neutral pH hydroxylamine (HAMþ; Sigma-
Aldrich, St. Louis, MO, USA) in lysis buffer or just lysis buffer (HAM-)
for two hours at room temperature. Following HAM treatment beads
were washed and treated with 2.5 μM EZ-Link BMCC-Biotin
(Thermo Fisher Scientific, Waltham, MA, USA) in pH 6.2 lysis buffer
for one hour at 4 1. At the end of the BMCC-Biotin treatment beads
were washed and then heated at 701 with 1X NuPAGE LDS Sample
Buffer (Life Technologies, Carlsbad, CA, USA) and 50 μM fresh
dithiothreitol (Sigma-Aldrich, St. Louis, MO, USA) to elute HTT
protein.

Supernatants were run on NuPAGEs Novexs 3–8% Tris-Acetate
gels (Life Technologies, Carlsbad, CA, USA), transferred to nitrocellu-
lose, and blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich,
St. Louis, MO, USA) in Phosphate Buffered Saline (PBS). Primary
antibody dilutions of HTT mouse monoclonal antibody (MAB2166,
EMD Millipore, Billerica, MA, USA) in 5% BSA PBST (5% Tween-20)
were applied to the immunoblots at 4 1C overnight. Dilutions of IRDye
800CWgoat anti-Mouse (610-131-121; Rockland, Boyertown, PA USA;
1: 2500) secondary antibody and Alexa Fluors 680 conjugated
streptavidin (S-32358, Molecular Probes, Life Technologies, Carlsbad,
CA, USA; 1:10,000) were applied in 5% BSA PBST for an hour.
Fluorescence was scanned and quantified with Odyssey Infrared
Imaging system (Li-COR Bioscience; Lincoln, NE, USA) and quantified
using the Li-COR software. Palmitoylation of HTT in Hip14� /� ;
Hip14l� /� MEFs was analyzed as a ratio of HAMþ palmitoylation
signal to total immunoprecipitated HTT protein signal and normalized
to the wild type cells control condition. Data were analyzed using the
Student's t-test. Error bars are in standard error of mean.

Quantitative real time PCR

Total RNA was isolated from �80 1C frozen WT and Hip14� /� ;
Hip14l� /� MEFs cell pellets using the RNeasy mini kit (Qiagen,
Venio, Limburg, Netherlands). RNA was treated with DNAse I (Life
Technologies, Carlsbad, CA, USA) to remove residual genomic DNA.
cDNA was prepared from 1 μg total RNA using SuperScripts III
First-Strand Synthesis System (Life Technologies, Carlsbad, CA, USA).
Quantitative RT-PCR (qPCR) on the mouse Zdhhc genes (Hip14,
Hip14l and Zdhhc1-9, 12, 15, 16, 18, 20, 21, and 24) was performed
using Power SYBR Green PCR master mix (Applied Biosystems, Life
Technologies, Carlsbad, CA, USA) in the ABI 7500 Fast Real-Time PCR
system (Applied Biosystems, Life Technologies, Carlsbad, CA, USA)
under default condition. Each sample was run in triplicate. Expres-
sion levels for mRNA were normalized to a normalization factor
calculated from the geometric average of endogenous levels of three
reference genes: beta-actin (Actb), hypoxanthine phsphoribosyl-
transferase 1 (Hprt1), and 60S ribosomal protein L13a (Rpl13a). All

primer sequences are shown in Table S1. Data were analyzed using
the Student's t-test. Error bars are in standard error of mean.

Results

Loss of both Hip14 and Hip14l leads to early embryonic lethality

To generate mice deficient for both Hip14 and Hip14l, Hip14� /�

mice were crossed with Hip14l� /� mice to generate Hip14þ /� ;
Hip14l� /� mice, which were intercrossed to generate all embryos in
this study (Hip14þ /� ; Hip14l� /� x Hip14þ /� ; Hip14l� /�) (Singaraja
et al., 2011; Sutton et al., 2013). No Hip14� /� ; Hip14l� /� were
observed upon genotyping mice of weaning age (Table 1; p¼3.90E–
17; N¼218). These data indicate that the mice of this genotype were
dying during embryogenesis or shortly following birth.

To determine when the Hip14� /� ; Hip14l� /� mice were dying,
embryos from at least three litters per time point were harvested
from embryonic days 8.5 to 12.5 in utero (E8.5 to E12.5) timed
pregnancies. No changes in the expected Mendelian ratios of
genotypes were observed at E8.5 or E9.5 (Table 1; p¼0.92 and
0.88, respectively; N¼ 124 and 218, respectively). However, at E10.5
there was a significant decrease in the number of Hip14� /� ;
Hip14l� /� embryos recovered (Table 1; p¼0.01; N¼62). At E11.5
no live embryos were recovered and eight dead or reabsorbing
Hip14� /� ; Hip14l� /� embryos were recovered (Table 1; p¼1.22E–
04; N¼47). Again at E12.5 only dead or reabsorbing Hip14� /� ;
Hip14l� /� embryos were recovered (Table 1; p¼4.39E–04; N¼43).
These data indicate that the stage of embryonic lethality in the
Hip14� /� ; Hip14l� /� embryos is between E10 and E11 in utero.

Hip14 and Hip14l are widely expressed during embryonic
development

Since Hip14� /� ; Hip14l� /� mice are embryonic lethal between
days E10 and 11, we sought to determine the expression pattern of
Hip14 and Hip14l just prior to this time point. In situ hybridizations
(ISH) using probes against Hip14 or Hip14l mRNA in whole mount
embryos were performed using WT embryos at E7.5, E8.5, and
E9.5. With the exception of a slightly lower level of expression of
Hip14 in the heart at E9.5 (asterisk in Fig. 1F) both genes were
expressed in the entire embryo at all three time points tested as
observed in whole mount embryos and in the indicated sections
(Fig. 1). To determine the pattern of expression of Hip14 and Hip14l
in the placenta, ISH was performed using the probes mentioned
above in sectioned E8.5 decidua. Hip14 and Hip14l are expressed

Table 1
Genotypes of offspring from Hip14þ /- ; Hip14l� /� intercrosses.

Hip14þ /þ ;
Hip14l� /�

Hip14þ /- ;
Hip14� /�

Hip14� /� ;
Hip14l� /�

Total
(alive)

χ2 p value

E8.5 Observed 30 61 33 124 0.92
Expected 31 62 31

E9.5 Observed 52 109 57 218 0.88
Expected 55 108 55

E10.5 Observed 16 40 6 62 0.01
Expected 16 30 16

E11.5 Observed 20 (1) 27 (3) 0 (8) 47 1.22E�04
Expected 12 23 12

E12.5 Observed 17 26 0 (10) 43 4.39E�04
Expected 11 21 11

Weaning Observed 65 153 0 218 3.90E�17
Expected 55 108 55

The number of progeny is shown with dead or reabsorbing embryos in brackets.
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in the chorion (arrow) and allantois (arrowhead) of the E8.5
developing placenta (Fig. 1G and O, respectively).

Chorioallantoic fusion is abrogated in Hip14� /� ; Hip14l� /� embryos

To determine the cause of embryonic lethality in the Hip14� /� ;
Hip14l� /� embryos, the gross morphology was examined in
embryos from five E8.5–E9.5 litters. A total of 16 Hip14� /� ;
Hip14l� /� embryos were obtained from these five litters. In 11 of
the 16 (69%) Hip14� /� ; Hip14l� /� embryos chorioallantoic fusion
was observed to have completely failed (Fig. 2F–H) and in the
remaining incomplete chorioallantoic fusion was evident (Fig. 2D, E,
and I). Chorioallantoic fusion occurs at E8.5 when the allantoic
mesoderm attaches to the chorionic mesothelium to ultimately form
the placenta (Cross et al., 2003; Inman and Downs, 2007). In the
former case, where chorioallantoic fusion had failed, the allantois
had grown in size appropriately but failed to make contact with the
chorionic mesothelium and formed a balloon-like structure (Fig. 2F–
H). In addition, the allantois was observed to ectopically fuse to the
yolk sac in some embryos such as in Fig. 2G and H (arrow in H). In
embryos in which incomplete chorioallantoic fusion occurred, the
allantois appeared to make contact with the chorionic mesothelium
but did not form the appropriate funnel shape as in the control
embryos. Although the allantois in these mutants suggests that
cavitation is occurring, it formed a balloon-like shape, indicating
incomplete fusion (Fig. 2C versus 2I). This incomplete or failed
chorioallantoic fusion in the Hip14� /� ; Hip14l� /� embryos is likely
the cause of the embryonic lethality observed as the placenta, in

turn, fails to develop and the embryo fails to receive sufficient
nutrition. In embryos past this stage of development, the develop-
ment of the embryo was delayed.

Two variations on the phenotype of the embryo were also
observed: a severe and a mild phenotype (Fig. 2D–F and G–I,
respectively). In the severe phenotype the embryos exhibit growth
retardation as early as E8.5, do not turn properly, and are disorga-
nized (Fig. 2D–F). This phenotype was observed in 14 out of 16
(87.5%) Hip14� /� ; Hip14l� /� embryos and 10 of these had failed
chorioallantoic fusion. In those Hip14� /� ; Hip14l� /� embryos with
a severe phenotype, the amniotic membrane was small and tight
possibly restricting the growth of the embryo along the anterior–
posterior axis to the point that by E10.5 the embryos were severely
contorted (Fig. 2D–F). The mild phenotype was observed in two of
the 16 Hip14� /� ; Hip14l� /� embryos (12.5%; Fig. 2G–I), in which,
the growth of the embryo was not significantly delayed. In one, the
chorioallantoic fusion failed (Fig. 2G–H) and in the other there was
incomplete chorioallantoic fusion (Fig. 2I).

More detailed examination of the gross morphology of the
Hip14� /� ; Hip14l� /� embryos was performed by H and E staining
of paraffin embedded and sectioned embryos. Embryos at E9.5 were
sectioned within the yolk sac with the chorion still attached and
embryos at E8.5 were dissected and sectioned within the decidua
in order to maintain structural integrity of the embryo and extra-
embryonic tissues. In the control embryos at E8.5, the allantois
(indicated by arrowheads) fused normally to the chorion (indica-
ted by an arrow in the inset) and the chorionic mesothelium had
appropriately formed a bilayer (Fig. 3A and B). However, in the

Fig. 1. Expression of Hip14 and Hip14l mRNA in the whole embryo at E8.0, E8.5, and E9.5. Expression of Hip14 in E8.0 (A), E8.75 (B), E9.5 (C) whole mount embryos by in situ
hybridization using an antisense probe against Hip14 mRNA. The indicated sections (red dotted lines) through the E8.75 and E9.5 embryos are shown in E and F, respectively.
Expression of Hip14 in the placenta at E8.5 is shown in G, where desidua were embedded and sectioned prior in situ hybridization, with the chorion indicated by an arrow
and the allantois indicated by an arrowhead. The negative control staining using the sense version of the Hip14 probe is shown in D and H. Hip14l mRNA expression in E7.75
(I), E8.5 (J), E9.5 (K) embryos by in situ hybridization is shown. The indicated sections (red dotted lines) through the E8.5 and E9.5 embryos are shown in M and N,
respectively. Expression of Hip14l in the placenta at E8.5 is shown in G, where desidua were embedded and sectioned prior in situ hybridization, with the chorion indicated
by an arrow and the allantois indicated by an arrowhead. Hip14l sense probe negative control staining is shown in L and P.
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Hip14� /� ; Hip14l� /� embryos, the allantois (arrowhead and inset)
had grown towards the chorion (arrow and inset) but did not fuse
with the chorionic mesothelium (Fig. 3D–F). The chorionic
mesothelium in the Hip14� /� ; Hip14l� /� embryo was also thick-
ened and disorganized and did not form the appropriate cell
bilayer (Fig. 3E).

An example of a severe phenotype of the Hip14� /� ; Hip14l� /�

embryos at E9.5 was sectioned and H and E stained (Fig. 3G–I). An
image of the embryo pre-sectioning is shown in Fig. 3G wherein the
balloon-like shape of the allantois and the ectopic fusion of the
allantois to the yolk sac can be observed. The embryo was distorted
and disorganized (Fig. 3H) and the ectopic fusion of the allantois
(arrowhead) to the yolk sac can clearly be seen (Fig. 3H and the
inset I). In addition, abnormal folding of the yolk sac visceral
endoderm was also observed (Fig. 3H).

No change in expression of cell adhesion molecules in Hip14� /� ;
Hip14l� /� embryos

The receptor ligand complex, VCAM1 and α4-integrin (ITGA4)
are thought to mediate the union of the allantois and the chorion
(Cross et al., 2003; Inman and Downs, 2007). Itga4 is normally
expressed on the basal surface of the chorion (Yang et al., 1995),
while Vcam1 is expressed in the allantois (Gurtner et al., 1995;
Kwee et al., 1995). To determine the molecular basis of the
chorioallantoic fusion defect in the Hip14� /� ; Hip14l� /� embryos,
the expression of cell adhesion molecules, required for chorioal-
lantoic fusion, was assessed by in situ hybridization in control
(Hip14þ /þ ; Hip14l� /�) and Hip14� /� ; Hip14l� /� embryos. There
was no change in expression of either of these genes in the
Hip14� /� ; Hip14l� /� embryos compared to control embryos

Fig. 2. Gross morphology of Hip14� /� ; Hip14l� /� embryos. Images of control Hip14þ /þ ; Hip14l� /� embryos at E8.5 (A and B) within the yolk sac and E9.5 (C) removed from
the yolk sac with the allantois and chorion still attached are shownwith the allantois indicated by an asterisk (* denotes allantois in all images of fig). The lateral view of the
E8.5 embryo is shown in (A) and the front view is shown in (B). The severe phenotype of the Hip14� /� ; Hip14l� /� embryos is shown in the middle three panels with the
lateral and front views of the E8.5 embryo in (D) and (E), respectively, and the E9.5 embryo without yolk sac in (F). The mild phenotype of the E8.5 Hip14� /� ; Hip14l� /�

embryos is shown in (G) and (H), lateral and front views respectively and the E9.5 embryo is shown in (I).
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(Fig. 4). Itg4a is appropriately expressed on the basal surface of the
chorion (arrows in Fig. 4A and E) and Vcam1 is still expressed in
the allantois (arrowheads of Fig. 4B and F and sections in Fig. 4C
and G). These data indicate that the defect is not due to altered
expression of either of these two genes. In addition, the mRNA
expression of the hedgehog signaling genes Shh, Foxa2, Ptch1, and
Isl1, and the left/right patterning gene Pitx2 were unchanged in
Hip14� /� ; Hip14l� /� embryos compared to control embryos
suggesting that the embryo proper is appropriately patterned
(data not shown).

Hip14� /� ; Hip14l� /� embryos have morphological similarities to
embryonic lethal Htt deficient embryos

The phenotype of the Hip14� /� ; Hip14l� /� embryos was
reminiscent of that of the three Htt deficient mouse lines (Table 2)
that are also embryonic lethal (Duyao et al., 1995; Nasir et al., 1995;
Zeitlin et al., 1995). These three lines primarily vary in their targeting

strategy and also have subtle differences in phenotypes. The
phenotype of the Hip14� /� ; Hip14l� /� embryos were particularly
reminiscent of the HttPreex1 (Htt� /�) mice, which have a targeted
deletion of the Htt promotor and exon 1. These mice are embryonic
lethal between E8.5 and 10, slightly later than the other two Htt
deficient lines, and have folded and disorganized extraembryonic
membranes (Zeitlin et al., 1995), similar to that observed in the
Hip14� /� ; Hip14l� /� embryos. The similarity in phenotypes bet-
ween the Hip14� /� ; Hip14l� /� and the Htt� /� embryos (Zeitlin
et al., 1995) and the fact that HIP14 and HIP14L are the two primary
PATs for HTT (Huang et al., 2011) suggests that the lethality may
have a common origin. Consequently, the morphology of the
HttPreex1 deficient embryos was examined by histology and com-
pared to that of the Hip14� /� ; Hip14l� /� embryos (Fig. 3J–L).

Two phenotypes of Htt� /� embryos were observed. The first
closely resembled embryos previously described by Zeitlin et al. in
which gastrulation had occurred but the embryo did not develop
normally along the distal–proximal axis (Zeitlin et al., 1995)(Fig. 3J).

Fig. 3. Histology of Hip14� /� ; Hip14l� /� and Htt� /� embryos. An H and E stained section of a control E8.5 embryo (Hip14þ /þ ; Hip14l� /�) is shown in (A) with the inset in
(B) and an E9.5 embryo in (C). Arrowheads indicate the allantois and arrows indicate the chorion. An H and E stained section of an E8.5 Hip14� /� ; Hip14l� /� embryo is
shown in (D) with the inset in (E) and an E9.5 embryo in (F), the inset in G, and the pre-sectioning whole mount of the same embryo in H. H and E stained sections of two
different E8.5 Htt� /� embryos are shown in (I) and (J), with the inset of (J) shown in (K).
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In these embryos, folding of the yolk sac visceral endoderm and a
bulb shaped allantois was also observed (Fig. 3I and data not shown).
In the second phenotype of the Htt� /�- embryos (shown in Fig. 3K
and L) the germ layers had formed but no organs or other structures
had developed. In these embryos, a bulb shaped allantois and a
thickened and disorganized chorionic mesothelium was also
observed (Fig. 3K and L). The folding of the yolk sac visceral
endoderm, the bulb shaped allantois, and the thickened and dis-
organized chorionic mesothelium observed in the Htt� /� embryos
are reminiscent of the defect observed in the Hip14� /� ; Hip14l� /�

embryos. However, the developmental defects of the Htt� /� embryo

are more pronounced than those in the Hip14� /� ; Hip14l� /�

embryos. These data indicate that the Hip14� /� ; Hip14l� /� embryos
at least partially phenocopy the Htt� /� embryos.

Palmitoylation of HTT is significantly decreased in Hip14� /� ;
Hip14l� /� mouse embryonic fibroblasts

Since HIP14 and HIP14L are the primary PATs for palmitoylation
of HTT and Hip14� /� ; Hip14l� /� embryos partially phenocopy the
Htt� /� embryos, we hypothesized that the defects in the extraem-
bryonic tissues in the Hip14� /� ; Hip14l� /� might be due to loss of
HTT function as a result of loss of HTT palmitoylation. To address this
question, MEF cell lines were generated from three WT and two
Hip14� /� ; Hip14l� /� E9.5 embryos and acyl-biotin exchange (ABE)
assays were performed to compare the levels of HTT palmitoylation.
Cell pellets were lysed and HTT was immunoprecipitated in the
presence of N-ethylmaleimide, which blocks unmodified cysteine
residues. Immunoprecipitated HTT was incubated in neutral hydro-
xylamine to cleave the thioester bond between palmitate and
cysteine residues, followed by incubation in 2.5 μM biotin-BMCC
to label newly free cysteines with biotin. HTT was eluted from the
beads, run on a western blot, and probed with streptavidin to detect
palmitoylation and with an antibody against HTT to detect total
immunoprecipitated HTT. The fraction of HTT that is palmitoylated is
calculated as the ratio of the streptavidin signal over the HTT signal.
A significant decrease in HTT palmitoylation of 25% was observed in
the Hip14� /� ; Hip14l� /� cells compared to the WT control cells
with no signal observed as expected in the negative control HAM-
lanes (Fig. 5). In agreement with previously published reports, no
change in HTT palmitoylation was observed in the Hip14� /� or
Hip14l� /� MEF cell lines (data not shown) (Singaraja et al., 2011;
Sutton et al., 2013).

Although HTT palmitoylation in the Hip14� /� ; Hip14l� /� cells
was significantly decreased, the change was fairly modest. This
may suggest that other PATs are involved/responsible for the
palmitoylation of HTT and are compensating for loss of HIP14
and HIP14L. Therefore, the level of mRNA expression of all 24
murine DHHC PATs was determined in WT and Hip14� /� ;
Hip14l� /� MEFs to determine if there is upregulation of expression
of any of these genes that may provide partial compensation and
palmitoylation of HTT. No expression of Zdhhc11, 14, 19, 22, 23, or
25 was detected using 3 sets of primers each. Fig. S1 shows mRNA
expression of Hip14, Hip14l, and Zdhhc1-9, 12, 15, 16, 18, 20, 21, and
24. As expected, a significant decrease in expression of Hip14 and
Hip14l was observed in the Hip14� /� ; Hip14l� /� cells. No other
significant changes in mRNA expression of any of the other DHHC
PAT genes were observed. These data indicate that none of the
other DHHC PATs are compensating for loss of Hip14 and Hip14l by
up-regulation of expression at the mRNA level (Fig. S1).

Discussion

We present here a description of a double PAT deficient mouse
model and provide the first report of embryonic lethality in
mammals related to the absence of any DHHC PAT or PATs. The

Fig. 4. Expression of Itga4 and Vcam1 in Hip14� /� ; Hip14l� /� whole embryos.
Expression of Itga4 is shown in a control embryo (Hip14þ /þ ; Hip14l� /�) in (A) and
an Hip14� /� ; Hip14l� /� in (D) with the allantois indicated by an arrowhead and
the chorion indicated by an arrow. Expression of Vcam1 is shown in a control
embryo (Hip14þ /þ ; Hip14l� /�) in (B) and an Hip14� /� ; Hip14l� /� in (E) with the
indicated section (red dotted line) shown in (C) and (F), respectively.

Table 2
Comparison of the phenotype of Hip14� /� ; Hip14l� /� embryos to that of Hdh� /� embryos.

Hdhex5 (Nasir et al., 1995) Hdhex4–5 (Duyao et al., 1995) HdhPreex1 (Zeitlin et al., 1995) Hip14� /� ; Hip14l� /�

Stage of lethality E7.5–8.5 E7.5–8.5 E8.5–10.5 E10–11
Extraembryonic
membranes

Present but reduced in size Reduced in size but grossly normal Folded and disorganized Failed A-C union, folded and disorganized
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most striking finding of this study is that mice deficient in both
Hip14 and Hip14l phenocopy Htt deficient mice.

Loss of both Hip14 and Hip14l leads to embryonic lethality
between E10 and E11 in utero. We identified failed chorioallantoic
fusion leading to failure in placental formation as the cause of this
lethality. The defect appears to be in the chorionwhere the chorionic
mesothelium, which mediates the initial contact with the allantoic
mesoderm (Cross et al., 2003), is thickened and disorganized. In
contrast, the allantois appears to form and extend properly but is
unable to fuse normally, or at all, with the chorionic mesothelium.
Subsequently, the allantois forms a balloon-like shape indicating
incomplete or failed chorioallantoic fusion and occasionally it is
found ectopically fused to the yolk sac. Besides these defects in
placental formation, two distinct phenotypes are observed in the
embryos themselves, one a severe phenotype and the other a more
mild phenotype (Fig. 2). In embryos displaying the severe pheno-
type, which occurred in 87.5% of Hip14� /� ; Hip14l� /� embryos,
early growth retardation occurs along with a small, tight amniotic
membrane that restricts the growth along the anterior–posterior
axis causing the embryo to become disorganized and distorted. The
mild phenotype is observed in 12.5% of Hip14� /� ; Hip14l� /�

embryos and the growth of the embryo is not significantly delayed.
The factors that influence the variation in phenotypes are presently
unknown but may be due to variation in the levels of palmitoylation
of the various HIP14 and HIP14L substrates.

Palmitoylation of proteins can affect their function or localiza-
tion. Thus, the Hip14� /� ; Hip14l� /� phenotype is likely due to a
functional disruption of a protein target or targets. One potential
target is HTT. HIP14 and HIP14L are the two primary DHHC PATs

that palmitoylate HTT, and mouse models deficient in either of
these genes develop HD-like phenotypes, despite there being no
change in HTT palmitoylation in the brains from these mice (Huang
et al., 2011; Singaraja et al., 2011; Sutton et al., 2013). The HD-like
phenotypes of the Hip14� /� and Hip14l� /� mouse models likely
result from deficient palmitoylation of other neuronal substrates
(Singaraja et al., 2011; Sutton et al., 2013). WT HTT enhances the
enzyme activity of HIP14 towards its substrates in a dose dependent
manner, whereas mHTT does not. Thus, in HD, loss of HIP14 activity
leads to the underpalmitoylation of neuronal HIP14 and HIP14L
substrates, including HTT, which may contribute to the pathogen-
esis of HD (Huang et al., 2011; Singaraja et al., 2011). The biological
function of HTT palmitoylation and the consequences of loss of HTT
palmitoylation are currently unknown.

Interestingly, the Hip14� /� ; Hip14l� /� embryos share many
features with the Htt� /� embryos, including folding of the yolk sac
visceral endoderm, bulb shaped allantois, and thickened and
disorganized chorionic mesothelium. There are two possible
mechanisms underlying the observed similarity in phenotypes
between Hip14� /� ; Hip14l� /� and Htt� /� mice: loss of HIP14/
HIP14L function leading to decreased substrate palmitoylation or
loss of HTT palmitoylation. The first possibility is that WT HTT
regulates HIP14 and, potentially, HIP14L function, thus, in the
absence of WT HTT or in the absence of HIP14 and HIP14L there
would be aberrant palmitoylation of yet to be determined HIP14
and HIP14L substrates.

There are many other examples of mice deficient in genes that
exhibit failed chorioallantoic fusion and embryonic lethality, for
example mice lacking brachyury (T), α-4 integrin (Itga4), Vcam1,
fibroblast growth factor receptor 2 (Fgfr2), and the Hsp40 homolog
Dnajb6 (Mrj) all have failed chorioallantoic fusion, like the Hip14� /�

; Hip14l� /� embryos (Cross et al., 2003; Hunter et al., 1999; Inman
and Downs, 2007; Xu et al., 1998). Since palmitoylation of proteins
can affect their function or localization, the Hip14� /� ; Hip14l� /�

phenotype is likely due to a functional disruption of a protein target.
These proteins, or others, could be potential HIP14 and HIP14L
substrates and loss of palmitoylation of any of these may contribute
to the Hip14� /� ; Hip14l� /� phenotype. Although, there was no
change in the mRNA expression of T (data not shown), Itga4, and
Vcam1 in the Hip14� /� ; Hip14l� /� embryos their palmitoylation
and localization or function could still be altered by the loss of Hip14
and Hip14l. Currently, palmitoylation of these proteins has not been
explored. If that were the case, they would be expected to be less
palmitoylated in Hip14� /� ; Hip14l� /� and Htt� /� embryos. Indeed,
any of the proteins mentioned above or others could be substrates of
HIP14 and HIP14L and could be contributing to the phenotype.

The second possible mechanism underlying the observed simi-
larity in phenotypes between the Hip14� /� ; Hip14l� /� and Htt� /�

embryos is that reduced HTT palmitoylation causes the phenotype.
This is possible since HIP14 and HIP14L are the two primary PATs for
HTT (Huang et al., 2011). In MEF cells generated from Hip14� /� ;
Hip14l� /� embryos, a 25% decrease in HTT palmitoylation was
observed compared to WT MEF cells (Fig. 5). HTT palmitoylation is
significantly decreased but not completely abolished in this system,
which may be due to compensation by another DHHC PAT in the
Hip14� /� ; Hip14l� /� MEF cells that does not occur in the extra-
embryonic tissues of the developing Hip14� /� ; Hip14l� /� embryos.
Although there was no change in mRNA expression of any other
Zdhhc genes in the Hip14� /� ; Hip14l� /� MEFs, there may be
compensation occurring at the protein expression level or at the
PAT activity level that cannot be detected using current techniques.

It is likely that in the Hip14� /� ; Hip14l� /� MEF cell lines
compensation occurs following loss of both Hip14 and Hip14l that
does not occur in the extraembryonic tissues of the developing
embryo. Different cell types express different Zdhhc genes at
different levels. For example, Zdhhc2, -3, -6, -15, -19, and -23 are

Fig. 5. Palmitoylation of HTT in WT and Hip14� /� ; Hip14l� /� MEFs. HTT acyl-
biotin exchange assay were performed to assess HTT palmitoylation levels in WT
and Hip14� /� ; Hip14l� /� MEFs. MEF pellets were lysed and HTT was immuno-
precipitated in the presence of N-ethylmaleimide to block unmodified cysteine
residues. Immunoprecipitated HTT was then split in and half was treated with
hydroxylamine (HAM) to cleave the thioester bond between palmitate and cysteine
residues (HAMþ) and the other half was treated with buffer alone (HAM-).
Samples were then treated with biotin-BMCC to label newly free cysteines with
biotin. The HAM-negative control was included to show that the streptavidin signal
is specific to the ABE treatment. HTT was then run on a western blot and probed
with streptavidin to detect biotin (palmitoylation) and an antibody against HTT to
detect total immunoprecipitated HTT. The images shown are a composite of
individual wells from one individual experiment. The quantification of three
independent experiments of 3 WT and 2 Hip14� /� ; Hip14l� /� MEF cells lines is
shown in (B). HTT palmitoylation is calculated as ratio of streptavidin (palmitoyla-
tion) signal to total immunoprecipitated HTT signal. The error bars represent
standard error of the mean and p¼0.0007 by Student's t-test.
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not expressed in human placental tissue despite being expressed
at varying levels in most other tissues tested (Ohno et al., 2006).
Interestingly, ZDHHC2, -3, and -23 are among those DHHC PATs
that have been shown to have a low level of palmitoylation activity
towards HTT when overexpressed in COS cells with HTT (120–
150% increase in palmitoylation versus the 225–250% increase in
palmitoylation observed with overexpression of HIP14 or HIP14L
with HTT) (Huang et al., 2011). Zdhhc23 was not expressed in the
Hip14� /� ; Hip14l� /� MEFs making it an unlikely candidate for a
compensatory PAT but Zdhhc2 and 3 are expressed in these cell
lines but not in human placental tissue (Ohno et al., 2006).
ZDHHC3 is an especially good candidate as a compensatory PAT
for loss of Hip14 and Hip14l in the Hip14� /� ; Hip14l� /� MEFs, as it
is a promiscuous PAT that has been shown to have many over-
lapping substrates and has a low level of palmitoylation activity
towards HTT and is Golgi localized, as are HIP14 and HIP14L
(Huang et al., 2009; Ohno et al., 2006).

Ideally, the levels of HTT palmitoylation would be compared
between the Hip14� /� ; Hip14l� /� MEF cell lines and the extra-
embryonic tissues of Hip14� /� ; Hip14l� /� embryos to determine
if there is a greater decrease in HTT palmitoylation in the
extraembryonic tissues. Unfortunately, the methods currently
available are not sensitive enough to detect HTT palmitoylation
in such a small amount of tissue. If in the future this is possible, it
would provide more evidence for the hypothesis that decreased
HTT palmitoylation contributes to the similar phenotypes in the
extraembryonic tissues of the Hip14� /� ; Hip14l� /� and the Htt� /

� embryos.
In fact, these two mechanism may not be mutually exclusive and

both may be contributing to the observed similarity in phenotypes
between Hip14� /� ; Hip14l� /� and Htt� /� embryos. In the Hip14� /�

; Hip14l� /� embryos there is decreased HTT palmitoylation, which
leads to reduced HTT function, as well of loss of the two PATs, which
would lead to decreased palmitoylation of other putative substrates.
Since HIP14 function is impaired following loss of WT HTT (Huang
et al., 2011), in the Htt� /� embryos not only is HTT function
completely lost but there would also be decreased HIP14, and
potentially HIP14L, function. It is possible that less compensation
by other PATs occurs in the Htt� /� embryos since HIP14 and HIP14L
are still expressed at their normal levels. This would mean that in
the Htt� /� embryos there is actually a greater decrease in palmi-
toylation of other HIP14 and HIP14L substrates compared to that in
the Hip14� /� ; Hip14l� /� embryos. This along with a complete loss
of HTT function would explain why the Htt� /� phenotype is more
severe than the Hip14� /� ; Hip14l� /� phenotype.

This is the first description of embryonic lethality in a mouse
model deficient in a DHHC PAT(s) deficient mouse model, demon-
strating the physiological importance of palmitoylation during
embryogenesis. The most compelling finding of this study is the
phenotypic overlap with the Htt� /� mice and the evidence that
HIP14 and HIP14L are important for development of the extra-
embryonic membranes and the placenta.
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