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In mice and humans, there are two known members of the Huntingtin interacting protein 1 (HIP1) family,
HIP1 and HIP1-related (HIP1r). Based on structural and functional data, these proteins participate in the
clathrin trafficking network. The inactivation of Hipl in mice leads to spinal, hematopoietic, and testicular
defects. To investigate the biological function of HIP1r, we generated a Hiplr mutant allele in mice. HipIr
homozygous mutant mice are viable and fertile without obvious morphological abnormalities. In addition,
embryonic fibroblasts derived from these mice do not have gross abnormalities in survival, proliferation, or
clathrin trafficking pathways. Altogether, this demonstrates that HIP1r is not necessary for normal develop-
ment of the embryo or for normal adulthood and suggests that HIP1 or other functionally related members of
the clathrin trafficking network can compensate for HIP1r absence. To test the latter, we generated mice
deficient in both HIP1 and HIP1r. These mice have accelerated development of abnormalities seen in Hipl
-deficient mice, including kypholordosis and growth defects. The severity of the HipIr/Hipl double-knockout
phenotype compared to the Hipl knockout indicates that HIP1r partially compensates for HIP1 function in the
absence of HIP1 expression, providing strong evidence that HIP1 and HIP1r have overlapping roles in vivo.

Huntingtin interacting protein 1-related (HIP1r) was origi-
nally identified in 1998 due to its homology to Huntingtin
interacting protein 1 (HIP1) (24) . The yeast orthologue of
HIP1 and HIP1r, Sla2p, is necessary for endocytosis, proper
cytoskeletal function, and growth at high temperatures (9, 30).
Both HIP1 and HIP1r have been implicated in endocytosis or
trafficking of clathrin-coated vesicles. Domains shared between
HIP1 and HIPI1r include the epsin N-terminal homology
(ENTH) domain, a central coiled-coil region containing a
leucine zipper, and a carboxyl-terminal TALIN homology do-
main. TALIN is an actin-binding protein implicated in both
cell-substratum and cell-cell interactions (23).

The ENTH domains bind inositol lipids and have thus far
only been found in endocytic proteins. The founding mamma-
lian members of the group of proteins with ENTH domains are
epsin, AP180, and CALM. ENTH domains bind the plasma
membrane lipid, phosphatidylinositol-4,5-bisphosphate (PtdIns-
4,5-P,), and have well-established roles in clathrin-mediated
endocytosis (7, 11). In contrast, the ENTH domains of HIP1
and HIP1r preferentially bind the intracellular membrane lip-
ids, phosphatidylinositol-3,4-bisphosphate (PtdIns-3,4-P,) and
phosphatidylinositol-3,5-bisphosphate (PtdIns-3,4-P,) (10).
This suggests that the HIP1 family may have distinct functions
associated with intracellular trafficking in addition to their
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roles in clathrin-mediated receptor internalization. In fact, re-
cent evidence points toward different functions at a molecular
level for the ENTH domain of epsin 1 versus that of AP180
(more recently referred to as the ANTH domain). In the case
of epsin, the ENTH domain has been shown to promote tu-
bulation of lipid micelles, implying that this domain facilitates
curvature of membranes (6, 26). Thus, its function is consistent
with a role in the internalization phase of endocytosis. On the
other hand, the ENTH/ANTH domain of AP180 does not
promote the curvature of the membrane. The HIP1 and HIP1r
ENTH domains are also referred to as ANTH domains due to
their greater homology to the ANTH domain of AP180 com-
pared to the ENTH domain of epsin. Finally, the recently
discovered ENTH domain-containing protein, enthoprotin
(also referred to as Clint and EpsinR), has been variably re-
ported to bind PtdIns-4-P, PtdIns-5-P, or PtdIns-3,4-P, , as well
as the clathrin-Golgi adapter protein, AP1 (y -adaptin) (8, 13,
18, 29). Enthoprotin is therefore thought to function in vesicle
trafficking from the Golgi complex to the plasma membrane
via its binding to vy -adaptin and intracellular membrane lipids
(8, 13, 18, 29). HIP1, although sharing the affinity for PtdIns-
3,4-P, with enthoprotin, binds to the clathrin adapter protein,
a-adaptin (AP2), which in contrast to its interacting lipids
localizes to the plasma membrane clathrin trafficking network.
Thus, the ENTH/ANTH family of proteins comprises a diverse
family of proteins with distinct functions in trafficking that may
be based partly on their subcellular localization as mediated by
differential lipid binding.

HIP1 and HIP1r have been shown to colocalize partially
with clathrin, AP-2, and endocytosed transferrin, and both
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proteins biochemically fractionate with clathrin-coated vesicles
(4, 5, 16, 19, 21, 28). Although HIP1 and HIPIr belong to the
same family and share these common domains and properties,
HIPI1r differs from HIP1 in several important ways (10). For
example, HIP1r is expressed more ubiquitously than HIP1, and
only HIP1r binds F-actin via the TALIN homology domain in
vitro (4, 15). Unlike HIP1, HIP1r does not interact with Hun-
tingtin in the yeast two-hybrid system (2), does not bind AP2
directly, and has a lower affinity for clathrin compared to HIP1
(15). These findings suggest that HIP1 and HIP1r may play
both distinct and overlapping roles in clathrin-mediated vesicle
trafficking. Specifically, the ability of HIP1r to bind both actin
and clathrin has raised the possibility that HIP1r but not HIP1
links actin cytoskeletal functions and receptor-mediated endo-
cytosis (4).

Deletion of Hipl in the mouse results in varied effects on
several different organs. We have found that Hipl ~/~ mice
have increased apoptosis of postmeiotic spermatids and testic-
ular degeneration (21), which results in reduced fertility of
male Hipl /~ mice (19a). An independently derived Hipl
knockout developed tremor, gait ataxia, and thoracolumbar
kyphosis, in addition to testicular degeneration (17). In addi-
tion to spinal deformities, one mutation of Hip!I has resulted in
microophthalmia and cataracts (19a). In primary hippocampal
neurons, the absence of HIP1 results in a possible defect in
clathrin-mediated trafficking of GluR1-containing AMPA re-
ceptors in which intracellular/surface glutamate receptor ratios
are diminished in the HipI knockout cells after ligand stimu-
lation (17).

To investigate the role of HIP1r in vivo, we generated mice
with a targeted deletion of the HipIr exons 2 to 8. Mice defi-
cient in HIP1r are viable and fertile and have no gross mor-
phological abnormalities by 1 year of age. Analysis of Hiplr~/~
mouse embryonic fibroblasts (MEFs) also showed no abnor-
malities in constitutive or stimulated clathrin-mediated endo-
cytosis in the HipIr knockout background. HipIr mutant mice
also were crossed with Hip/ mutant mice to produce double-
knockout mice. Hip1r/Hipl double-mutant mice showed accel-
erated development and penetrance of abnormal traits, includ-
ing spinal defects and growth arrest, that occur in adult Hip!
mutant mice (17). Our findings demonstrate that HIP1r is not
necessary for normal development and growth of the mouse
embryo or adult. We suggest that HIP1 or other functionally
related members of the clathrin trafficking network may com-
pensate for the loss of HIP1r expression. In support of this
hypothesis, HIP1r acts to partly compensate for the loss of
HIP1 function in the mutant Hipl background.

MATERIALS AND METHODS

Immunohistochemistry. A normal human tissue microarray was stained with
the anti-HIP1r monoclonal antibody 1E1 by standard methods (10) (VastArrays;
ResGen).

Construction of HipIr targeting vector. The 5’ end of the mouse HipIr gene
was isolated by PCR screening of a bacterial artificial chromosome (BAC) library
and confirmed by hybridization with a cDNA probe spanning nucleotides 300 to
433 of murine Hiplr coding sequence (as numbered in the NCI database;
accession no. AF221713). The BAC clone was digested with a panel of 10
restriction enzymes and the fragments subcloned into the pZERO-2 vector.
Three subclones (Xhol-3, HindIII-2, and BamHI-3) were analyzed by restriction
digests and Southern blotting to create a plasmid contig of 22.7 kb (see Fig. S1
in the supplementary material). The exon-intron junctions were confirmed by
comparing the cDNA coding sequence of the human Hiplr with mouse cDNA
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sequence (accession no. AF221713 [mouse] and AB013384 [human]) and by
sequencing several genomic subclones with exon-specific primers. Subclone Hin-
dIII-2 was digested with Kpnl, and the released 2.6-kb fragment was inserted into
the Kpnl site of the 38loxpNeo targeting vector to create plasmid #1 containing
the 5" arm. Subclone BamHI-3 was digested with Spel, blunt ended, and ligated
to the Xhol-digested and blunt-ended plasmid #1 to create the final vector,
38loxpNeoHIP1r. This vector has the reverse-oriented floxed neomycin resis-
tance cassette in the place of exons 2 to 8 of the HipIr gene.

Southern blot analysis. Standard genotypic analysis from tail biopsies of
3-week-old mice for the Hipl knockout were performed as previously described
(19a, 21). For the HipIr mutant, the 5’ probe distinguished 10.5-kb (wild-type)
and 9.2-kb (recombinant) fragments from BamHI-digested genomic DNA. The
3" probe recognized 11.1-kb (wild-type) and 7.8-kb (recombinant) bands from
BamHI-digested genomic DNA (see Fig. 2B).

RNA isolation and Northern blot analysis. Total RNA was isolated from
mouse brain by using TRIzol reagent (Invitrogen). Poly(A) RNA was purified by
using the Poly(A)Purist MAG protocol according to manufacturer’s directions
(Ambion). Then, 5 p g of poly(A) RNA was separated on a 1% agarose gel with
6% formaldehyde, stained with ethidium bromide, transferred to Nytran mem-
brane, and cross-linked. The membrane was prehybridized in buffer containing
5X SSC, 5 X Denhardt solution, 1% sodium dodecyl sulfate (SDS) (wt/vol), and
100 w g of denatured salmon sperm DNA/ml for 3 h at 65°C. For the mouse
HIP1r Northern blot probe, a 700-bp HindIII- and BamHI-digested fragment
from murine Hiplr cDNA was used as the probe. The neomycin probe DNA
fragment was amplified by PCR with the targeting vector as the template with the
following primers: Neo F 1440K 5'-AGGATCTCCTGTCATCTCA-CCTTGCT
CCTG-3' and Neo R 1441K 5'-AAGAACTCGTCAAGAAGGCGATAGAAG
GCG-3'. The thermocycling conditions were 94°C for 11.5 min; 30 cycles of 94°C
for 1 min, 68°C for 1 min, and 72°C for 1 min; and 72°C for 10 min. The 0.5-kb
PCR product was detected on a 1% agarose—Tris-borate-EDTA gel and purified
by using the Qiaex IT agarose gel extraction protocol (Qiagen). Generation of the
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) probe has been de-
scribed previously (31). The probes were 32 P labeled with a random primed
labeling kit according to manufacturer’s directions (Roche). The blot was hy-
bridized overnight at 65°C, washed twice in 2X SSC (1 X SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) for 20 min, once in 1X SSC for 10 min, and twice
in 0.1X SSC for 10 min. The blot was exposed for 3 to 4 days on Kodak Biomax
film.

Isolation and maintenance of MEFs. HipIr heterozygous F; mice were inter-
crossed, and embryos were collected at day 14.5 of gestation. Embryo lengths
were measured to confirm the predicted gestational age (11.5 to 12.5 mm = 14.5
days) (14). After removal of the head and liver, embryos were minced and
incubated in 2 ml of 0.05% trypsin-EDTA (Invitrogen) at 37°C for 10 min. After
trituration to generate single cell suspensions, cells were grown in Dulbecco
modified Eagle medium (DMEM) containing 10% fetal calf serum, gentamicin,
glutamine, minimal essential medium nonessential amino acids, and  -mercap-
toethanol in a 37°C incubator with 5% CO, . MEF cell lines were immortalized
after 30 serial passages by using the NIH 3T3 protocol (27). Genotypes were
determined by both Southern and Western blot analysis for all cell lines.

Isolation of keratinocytes. Epidermal keratinocytes were isolated as described
by Dlugosz et al. (3). Briefly, 1- to 2-day-old mice from a HipIr~/~ and HipIr*'~
intercross were sacrificed, soaked in 5% iodine, and then washed in 70% ethanol.
After removal of the tail and limbs, the skin of each animal was removed in one
piece and floated dermal side down in 0.25% trypsin overnight at 4°C. The
epidermal layer was then separated from the dermis and vortexed in high-
calcium medium, inducing the keratinocytes to disperse into the medium. The
cells were then pelleted and plated in calcium-containing medium. After 24 h,
the cells were changed to a low-calcium medium. Finally, after 2 days of growth,
cells were lysed and analyzed for total epidemal growth factor receptor (EGFR)
levels by Western analysis with anti-EGFR sheep polyclonal antibody (Upstate
Biotechnology).

Western blot of mouse tissues. For analysis of the epidermis, skin from 1.5 cm
of tail was scraped by using a no. 10 blade to isolate the epidermis. Samples were
homogenized in 100 p I of lysis buffer containing 1% Triton X-100 and protease
inhibitors. For all other tissues, 10 to 20 mg of fresh or frozen tissue was added
to 200 to 300 w1 of lysis buffer, homogenized for 10 s by using a small homog-
enizer, and incubated on ice for 15 min. Samples were centrifuged at 14,000 rpm
in a 4°C microcentrifuge for 15 min, and supernatants were transferred to a new
tube. Protein concentrations were determined by Bradford assay (Bio-Rad).
Then, 50 . g of protein was subjected to SDS-8% polyacrylamide gel electro-
phoresis (PAGE) and transferred to nitrocellulose. HIP1r was identified by using
the polyclonal anti-HIP1r antibody UM359 (10) and horseradish peroxidase
(HRP)-conjugated anti-rabbit secondary antibody. EGFR was detected by using
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FIG. 1. HIPIr expression in normal human tissues. Photomicrographs of a normal human tissue microarray stained with anti-HIP1r MAb 1E1.
Examples of tissues with high (brain, bone marrow, pancreas, pituitary, small intestine, stomach, spleen, thyroid, and tonsil), moderate (skin,
kidney, ventricular muscle, and prostate), and low (peripheral nerve and colon) HIP1r staining are shown.

an anti-EGFR sheep polyclonal antibody (1:500; Upstate Biotech). Other anti-
bodies used were monoclonal anticlathrin (1:1,000; TD.1), monoclonal anti-
adaptin vy (1:1,000; Transduction Laboratories), polyclonal anti-adaptin o (1:
1,000; Santa Cruz), polyclonal anti-HIP1 (1:5,000, UM354; Assay Designs, Inc.),
polyclonal anti-HIP1r (1:10,000, UM365), and polyclonal antiactin (1:500,
Sigma). Signal was detected by reaction with enhanced chemiluminescence re-
agent for HIP1r and HIP1 or SuperSignal West Pico Chemiluminescent sub-
strate (Pierce) for other proteins according to the manufacturer’s directions.

Cell proliferation assay. Cell proliferation was measured by MTT assay ac-
cording to the manufacturer’s directions (Roche). A total of 2 X 10° or 2 X 10*
cells suspended in 100 p 1 of medium from each MEF line were plated in
quadruplicate in 96-well plates. Measurements of absorbance at 600 nm were
taken at 1, 2, 4, 8, and 11 days of growth by using an enzyme-linked immunosor-
bent assay plate reader.

Growth factor stimulation. MEF cell lines were plated onto 100-mm dishes
and grown to 70 to 80% confluence. Cells were serum starved for 18 h, pretreated
with cycloheximide to inhibit protein synthesis (100 p g/ml for 30 min), and
stimulated with EGF (100 ng/ml) or platelet-derived growth factor B3 (PDGF
BB ; 50 ng/ml). Cells were harvested 0, 1, and 2 h poststimulation and lysed in
buffer containing 1% Triton X-100 and protease inhibitors. Protein concentra-
tions were determined by using Bradford reagent (Bio-Rad). Then, 50 p g of
protein was subjected to SDS-7% PAGE and transferred to nitrocellulose. To
detect the EGFR, a sheep polyclonal anti-EGFR antibody was utilized (2 p. g/ml)
according to the manufacturer’s directions (Upstate Biotechnology). HRP-con-
jugated anti-sheep secondary antibody (1:2,000) and SuperSignal West Pico
chemiluminescent substrate (Pierce) were used to detect the bound primary
antibody. To detect the PDGF B R, a polyclonal anti-PDGF B R antibody
(1:1,000; BD Pharmingen) and secondary HRP-conjugated anti-rabbit antibody
(1:5,000) were used. Antiactin (1:500; Sigma) staining was used as a loading
control.
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EGF and transferrin uptake and immunofluorescence. For EGF internaliza-
tion, cells were grown on coverslips until 70 to 80% confluent and starved in
serum-free medium for 16 h. Samples were washed in ice-cold DMEM, incu-
bated for 1 h at 4°C with 500 ng of Alexa Fluor 488-EGF (Molecular Probes)/ml,
and then shifted to 37°C for 30 min to allow internalization. For transferrin
internalization, cells were starved for 3 h in serum-free medium, washed in
ice-cold DMEM, incubated for 1 h at 4° with 50 w g of Texas red-transferrin
(Molecular Probes)/ml, and then shifted to 37°C for 30 min. Cells were fixed with
4% paraformaldehyde and mounted onto slides with Vectashield mounting me-
dium with DAPI (4',6'-diamidino-2-phenylindole). Samples were visualized by
using an Olympus fluorescence microscope, and images were captured digitally.

RESULTS

HIP1r expression in human tissue. By further defining the
expression pattern of the HIP1r protein, we hoped to predict
where the effects of HIP1r loss in the HipIr knockout mouse
may be most obvious phenotypically. To do this, a normal
human tissue microarray was stained by immunohistochemis-
try for HIP1r with the anti-HIP1r monoclonal antibodies 1E1
(Fig. 1) and 1C5 (data not shown) (10). Strong HIP1r expres-
sion was observed in several tissues, including the brain, bone
marrow cells, liver, pancreas, pituitary, small intestine, stom-
ach, spleen, thyroid, and tonsils. Moderate HIP1r staining was
present in the epidermis of the skin, proximal tubules of the
kidney, and ventricular muscle of the heart. In contrast to
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FIG. 2. Disruption of the murine HipIr gene by homologous recombination. (A) Hiplr targeting strategy. HipIr exons 2 to 8 were replaced by
the neomycin resistance gene in the opposite orientation as the HipIr gene in the targeted allele. The genomic sequences recognized by the 5’ and
3’ Southern blot probes are shown (5’ probe and 3’ probe). K, Kpnl; Ap, Apal; B, BamHI; E, EcoRI; Rv, EcoRV; H, HindIII; S, Sacl; Sp, Spel;
X, Xbal; Xh, Xhol. (B) Genotype analysis of the F, generation. Representative BamHI-digested genomic DNA fragments detected by hybrid-
ization with the 3’ Southern blot probe are shown. (C) Northern blot analysis of mouse brain. Hybridization of poly(A) mRNA with a mouse HipIr
c¢DNA probe identified the 4.4-kb HipIr mRNA transcript (top panel). The neomycin probe recognized a 2.2-kb transcript corresponding to the
neomycin-resistant mRNA transcript (middle panel). GAPDH was used as a loading control (bottom panel). (D) Western blot analysis. Tissue
extracts of organs from wild-type (top panel) and HipIr~'~ (bottom panel) mice were blotted with anti-HIP1r polyclonal antibody UM359.

HIP1 expression (22), there was little HIP1r staining in periph-
eral nerves and blood vessel endothelium, whereas expression
of HIP1r was observed in the HIP1-negative prostate epithe-
lium. Like HIP1, the colonic epithelium also showed low levels
of HIPIr.

Mapping and targeted deletion of HipIr . In order to under-
stand the function of HIP1r in vivo, we generated a mouse with
a targeted deletion of exons 2 to 8 of the HipIr gene. Exons 2
to 9 of the mouse HipIr gene were first isolated in a single BAC
clone and used to construct the targeting vector (see supple-
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FIG. 3. Growth analysis of Hiplr~'~ mice. (A) Average weights of adult female (>8 weeks old) HipIr*'* (n = 12), Hiplr*/~ (n = 32) and
Hiplr~'~ (n = 31) mice. (B) Average weights of adult male (>8 weeks old) HipIr*'* (n = 15), Hiplr*'~ (n = 31), and Hiplr '~ (n = 9). Error

bars represent standard deviations.

mental Fig. S1). Several primers covering a region 5" of exon 2
failed to document the presence of exon 1. Hence, the exact
genomic location of mouse exon 1 was not defined. Exons 2 to
8 of the Hiplr gene (encompassing nucleotides 92 to 719 of the
murine Hiplr cDNA [accession no. AF221713]) were replaced
with a neomycin resistance cassette in reverse orientation
flanked by loxp sites. Portions (5.0 and 2.8 kb) of genomic
sequence at the 5’ and 3’ ends, respectively, were used as the
homologous arms (Fig. 2A). The HipIr targeting construct was
electroporated into RW1 129Sv mouse embryonic stem (ES)
cells (obtained from Incyte Genomics, St. Louis, Mo.). Selec-
tion for neomycin resistance produced multiple clones. Each
ES clone was subjected to Southern blotting with both 5’ and
3’ probes for Hiplr. Of 384 clones tested, 6 ES clones were
found to be correctly targeted at both the 5” and the 3’ ends
(see Fig. S2 in the supplemental material). ES cells from two of
these clones, 4C9 and 2F2, were injected into C57BL/6 blas-
tocysts. The blastocysts were then implanted successfully into
pseudopregnant females. For each clone, Southern blot anal-
ysis of tails from the resulting chimeras indicated that all ani-
mals had significant contributions from the 129 Sv ES cell
lineage. Male chimeras were then mated with C57BL/6 female
mice to produce the F, generation. Southern blot analysis of
the genomic DNA from F, agouti mice indicated germ line
transmission of the recombinant HipIr allele for both the 4C9
and 2F?2 lines. Mice were then expanded for subsequent anal-
ysis.

HIPIr -deficient mice are viable and fertile. F, heterozygous
mice were intercrossed, and the resultant F, offspring were
genotyped for Hiplr by Southern blot (Fig. 2B). Mating of the
F, generation produced Hiplr™'*, Hiplr™'~, and Hiplr~'~
mice in normal Mendelian ratios (24, 53, and 23%, respectively
[316 total mice]). Northern blot analysis of brain with a mouse
HiplIr probe showed the absence of Hiplr mRNA in Hiplr'~
mice (Fig. 2C, top panel). Overblotting with a neomycin probe
showed the expected expression of the neomycin mRNA only
in the Hiplr '~ mice (Fig. 2C, middle panel).

In the mixed 129 Svj/C57BL/6 background, Hiplr~'~ mice
were completely viable. Total necropsy and evaluation of in-
dividual tissues by hematoxylin and eosin staining of paraffin
sections showed no pathological changes in HipIr~'~ mice;
these tissues included the liver, spleen, pancreas, stomach,
small and large intestines, kidney, adrenal glands, bladder,
testis, epididymis, prostate, seminal vesicle, ovary, thymus,

heart, lung, muscle, eye, and brain. HipIr~'~ mice exhibited no
gross phenotype by 12 months of age. Peripheral blood counts
of HipIr~'~ mice were also normal (data not shown). A survey
of organs by Western blot analysis with the polyclonal anti-
HIP1r antibody confirmed the absence of HIP1r expression in
all of the knockout tissues (Fig. 2D, bottom panel). Finally,
Hiplr~/~ male and female mice were fertile, produced normal-
sized litters, and were of normal weight. To document the
latter, HipIr*'*, Hiplr™/~, and Hiplr~'~ mice in the colony
that were 8 weeks of age or older were weighed. Comparison
of homozygous wild type, heterozygous, and homozygous null
mice showed no significant differences in body weights for
either females (Fig. 3A, n = 75) or males (Fig. 3B, n = 55).
Growth analysis of Hiplr~'~ MEFs. To further investigate
the effects of HIP1r absence on cellular function, HipIr*'™,
Hiplr*'~, and HipIr~/~ MEFs from 14.5-day-old embryos
were isolated and immortalized (see Materials and Methods).
Southern and Western blot analyses of the resulting MEF cell
lines confirmed the mutation of the HipIr gene and the ab-
sence of HIP1r protein, respectively (Fig. 4A). Since HIP1 is
overexpressed in tumors (22) and is able to transform fibro-
blasts (20), the HIP1 family may be involved in cellular prolif-
eration. Therefore, we tested the effects of HIP1r deficiency on
cellular proliferation of MEFs by using the MTT assay. This
colorimetric assay measures the amount of purple formazan
crystals metabolized from the yellow tetrazolium salt MTT by
viable cells. Formazan is then solubilized and quantified by
spectrophotometry at a wavelength of 600 nm. The amount of
formazan crystals formed directly correlates with the increase
in total metabolic activity associated with an increase in the
number of living cells. This assay was used to compare the
proliferation rates of Hiplr’/~ MEF cell lines compared to
wild-type MEFs from the same litter. High and low numbers of
cells from each cell line were plated in quadruplicate and then
measurements taken at 1, 2, 4, 8, and 11 days of growth. We
found no differences in cellular proliferation rates in the
HipIr~'~ MEFs compared to wild-type MEFs when cells were
grown under normal conditions, at both low and high density
plating (Fig. 4B and C). Hiplr~'~ MEFs also did not have
altered growth in limiting serum (0.1%) at either low or high
initial plating densities (Fig. 4D and E). This suggests that
whereas the overexpression of HIP family members can pro-
mote higher growth rates, the absence of expression of one
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FIG. 4. Growth analysis of HipIr~/~ MEFs. (A) Southern blot of MEF lines established from the F, generation hybridized with the 3" HIP1r
probe (top panel). The same MEF lines were analyzed by Western blot with the anti-HIP1r antibody UM359 (bottom panel). Note the
intermediate expression levels of HIP1r in the heterozygous cell lines. (B) Growth analysis of MEFs in 10% serum by MTT assay. Cells were plated
at 2 X 10® per well in quadruplicate and analyzed for 11 days. (C) Growth analysis after plating 2 X 10* cells per well in 10% serum. (D to E)
Growth analysis of MEFs in 0.1% serum. Cells were plated at 2 X 10° (D) or 2 X 10* (E) cells per well.

family member, HIP1r, does not affect normal cellular prolif-
eration.

Steady-state levels of endocytic proteins in HIP1r-deficient
cells. To begin to test whether HipIr~'~ mice had defects in
receptor-mediated endocytosis, we first looked at EGFR levels
in the skin. We focused on this tissue since it contains high
levels of HIP1r (Fig. 1), and EGFR proteins and EGF-medi-
ated signaling pathways are important for normal skin proper-
ties (25) . Since we have observed previously that overexpres-
sion of HIP1r stabilizes the EGFR (10), EGFR levels in the
absence of HIP1r might be predicted to be diminished com-
pared to wild-type skin. We have not yet seen, by Western blot
analysis, a difference in the steady-state levels of EGFR in the
epidermis (Fig. SA) or isolated keratinocytes (Fig. 5B) be-
tween Hiplr*'* and HipIr™'~ mice and HipIr~'~ mice.

To further test whether cells from HipIr~'~ mice exhibited
defects in endocytosis, expression of various endocytic proteins
were measured in Hiplr '~ embryo livers and MEFs derived

from Hiplr~'~ mice. We found that levels of adaptin vy (a
subunit of AP-1) and adaptin « (a subunit of AP-2) from
HipIr~'~ cells were similar to the expression found in wild-type
cells (Fig. 5C). Although clathrin levels were quite variable
among the tested samples, there was no consistent change in
the level of clathrin expression in the absence of HIP1r expres-
sion (Fig. 5C). We also observed that levels of HIP1 were not
altered in cells that lack HIP1r expression (Fig. 5C).

Growth factor receptor stability. Since HIP1r did not affect
steady-state levels of EGFR or levels of endocytic proteins, we
tested whether absence of HIP1r alters the growth factor re-
ceptor half-life after ligand stimulation in the immortalized
MEFs. We have previously shown that growth factor receptor
levels and their half-life after ligand simulation is prolonged in
cells with overexpression of HIP1 or HIP1r (10, 20). First, we
analyzed the EGFR levels in HipIr—'~ MEFs after starvation
and stimulation with EGF. Briefly, cells were starved for 18 h
in serum-free media, treated with cycloheximide for 30 min
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FIG. 5. Growth factor receptor levels and endocytosis in HipIr~'~ cells. (A) EGFR levels in the epidermis of HipIr~'~ mice. A total of 100 w
g of protein was separated by SDS-PAGE, and EGFR levels were detected by using anti-EGFR sheep polyclonal antibody. (B) Keratinocytes were
isolated from newborn HipIr homozygous or heterozygous mutant mice and lysed 2 days after plating, and 50 w g of protein was separated by
SDS-PAGE. EGFR levels were detected with anti-EGFR sheep polyclonal antibody. (C) Expression of endocytic proteins in livers from Hiplr—'~
embryos (isolated when MEF lines were created) and Hiplr~/~ MEFs. A total of 50 p g of protein was run on 8% gels and then blotted for the
clathrin heavy chain, the -y subunit of AP-1, the a subunit of AP-2, HIP1, and HIP1r. (D) EGFR half-life in HipIr~'~ MEFs after starvation and
stimulation with 100 ng of EGF/ml. Lysates were separated by SDS-PAGE, transferred to nitrocellulose, and blotted with anti-EGFR sheep
polyclonal antibody. (E) PDGF B R levels in Hiplr~/~ MEFs after starvation and stimulation with 50 ng of PDGF B /ml. PDGF B R was detected
with an anti-PDGF 8 R polyclonal antibody. Actin levels were used as a loading control.

to inhibit protein synthesis, and stimulated with 100 ng of
EGF/ml for 0, 1, or 2 h. Western blot analysis of EGFR levels
in three independent Hiplr '~ MEF lines after EGF stimula-
tion showed that the EGFR half-life and steady-state levels
were similar to wild-type MEFs (Fig. 5D). The half-life of the
EGFR was approximately 1 h for both wild-type and HipIr—/~
MEF lines. Although we have found that overexpression of
HIP1 or HIP1r prolongs the half-life of ligand-stimulated
EGFR (10), these data suggest that HIP1r expression is not
necessary for ligand-stimulated EGFR degradation.

Like EGFR levels after ligand stimulation, we previously
observed that levels of the PDGF B R are stabilized after
stimulation with PDGF B in cells by overexpression of full-

length HIP1r or HIP1 (10). In addition, the levels of the PDGF
B R diminish more quickly after ligand stimulation when cells
are transfected with the HIP1 or HIP1r mutants lacking the
ANTH domain (10). Consequently, we tested the response of
the PDGF B R to ligand stimulation in the Hiplr~'~ MEF
lines. A result similar to the results for the EGFR was found
for the PDGF B R, where there was little difference in the
kinetics of PDGF B R degradation after ligand stimulation
(Fig. 5E). The PDGF B R half-life after stimulation was rough-
ly 1 h in both the wild-type and the homozygous Hiplr -null
MEFs. Here again, the absence of HIP1r does not appear to
affect the degradation of the PDGF B R after stimulation with
its ligand.
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Transferrin

FIG. 6. Endocytosis in HipIr~/~ MEFs. (A) Immunofluorescence of EGF internalization in HipIr*/* and Hiplr~'~ MEFs. Cells were starved
overnight, incubated with Alexa Fluor 488-EGF (green) at 4°C for 1 h, and then shifted to 37°C for 30 min. Nuclei were visualized by DAPI
staining. Two representative fields from wild-type MEFs (first and second rows) and homozygous HipIr -null MEFs (third and fourth rows) are
shown. (B) Immunofluorescence of transferrin internalization in HipIr*'" and HipIr~/~ MEFs. Cells were starved for 3 h, incubated with Texas
red-transferrin (red) at 4°C for 1 h, and then shifted to 37°C for 30 min. Two representative fields from Hiplr*/* MEFs (first and second rows)

and HipIr~'~ MEFs (third and fourth rows) are shown.

Endocytic uptake in Hiplr -deficient MEFs. Since HIP1
proteins interact with clathrin and affect the stability of growth
factor receptors when overexpressed, we tested whether loss of
HIP1r affected uptake of EGF or transferrin in the Hiplr '/~
MEEF lines. We utilized an immunofluorescence-based inter-
nalization assay wherein EGF coupled to the fluorophore
Alexa Fluor 488 is used to assay receptor-mediated endocyto-
sis. Briefly, cells were starved overnight before stimulation with
100 ng of Alexa Fluor 488-EGF/ml. Samples were incubated at
4°C for 1 h to allow binding to receptors, shifted to 37°C for 30
min to initiate internalization, and fixed for immunofluores-
cence analysis. Internalized EGF forms a punctate pattern of
vesicles when visualized by immunofluorescence (Fig. 6A, left
column). There was no change in the ability to internalize EGF
in the HipIr~’~ MEFs (Fig. 6A, third and fourth rows) com-
pared to wild-type MEFs (Fig. 6A, first and second rows) after
30 min. Three independent cell lines of each genotype were
tested, and representative figures are shown.

Next, constitutive endocytosis of transferrin was examined.
MEFs were starved for 3 h, incubated with 50 p g of Texas

red-conjugated transferrin/ml at 4°C for 1 h, and then shifted
to 37°C for 30 min to allow internalization. Immunofluores-
cence analysis of Hiplr*/™ MEFs showed a punctate pattern of
staining in the cytoplasm (Fig. 6B, first and second rows). As
in the case of EGF internalization, transferrin-stimulated
HipIr~'~ MEFs had a similar pattern and frequency of trans-
ferrin internalization compared to Hiplr™'" MEFs after 30
min (Fig. 6B, third and fourth rows).

Generation of HipIr/Hip1 double-knockout mice. One expla-
nation for the lack of an altered phenotype in HipIr~/~ mice is
that HIP1 is able to compensate for the lack of HIP1r function.
In order to test this hypothesis, HipIr~'~ mice were crossed
with previously generated Hipl™*" mice (19a) to produce
double heterozygous mice. We then attempted to generate
double-knockout mice by intercrossing the double heterozy-
gous mice, but did not observe any Hiplr~'~; Hip1™“""! mice
from a total of 196 offspring (Table 1). During this experiment,
it was reported that both mouse HipIr and mouse Hipl are
located on chromosome 5 (1), providing an explanation for
why HipIr and Hipl genes did not segregate independently.
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TABLE 1. Genotypes of 196 offspring from HipIr/Hipl Fortunately, due to the occurrence of single crossover events
double-heterozygous matings* between the Hiplr and Hipl genes on chromosome 5,
Genotype Observed Expected Hiplr*'~; HipI"™""" and Hiplr~'~; Hipl*""" mice were suc-
: R (T e :
HIPIr HIPI e Rate (%) " Rate (%) cessfully produced. The single Hiplr™'"; Hipl offspring

produced from the double heterozygous matings was the

Iﬁ jt 3; 123 gg ggg result of simultaneous crossover events occurring in the
/4 /- 10 51 245 125 germ cells of both parents (Table 1). Intercrossing Hiplr*/~;
+/— +/+ 13 6.6 245 125 Hip 1™ and Hiplr~'~; Hipl """ mice or Hiplr~'~; Hipl*’
/- +/- 72 36.7 49 25 matt and Hiplr~'~; Hipl ™™ mice, as expected, successfully
t;: ;;: g 4312 %jg }%g generated double-knockout offspring.
/= T/t 47 240 123 6.25 The Hipl knockout phenotype is accelerated in the absence
—/= —/= 0 0 12.3 6.25 of HIP1r expression. Deletion of Hipl results in a complex
“ As determined by chi-square goodness-of-fit analysis, x*> = 8.54 and P < phenotype whose mechanism is currently unclear. We and
0.001. others have observed the development of adult onset kypholor-
* n, number of offspring. dosis and reduced body mass with resulting abnormal gait in

HIP1-deficient mice (17, 19a). In addition, testicular degener-
ation, abnormalities in hematopoietic progenitor frequency,

B Hiplr*;Hipl*/mil

—a—others
.-+ DKO HipIr*;Hip i

(ol Hiplr-;Hipl™*

(ol Hiplr"-;Hipl*m!

Hip 11 ; Hip [t Hip1r=;Hip 1"

FIG. 7. Dwarfism and kypholordosis in HipIr~/~; HipI™""! mice. (A) Growth curve of female HipIr/Hipl mutant mice. HipIr~'~; Hipl™"!
mice are shown (n = 4) in comparison to all other female littermates that had at least one normal HipIr or Hipl allele (HipIr*'~; Hipl™/"™,
Hiplr™'=; Hipl"™"™! Hiplr~'~; Hipl™"™" and Hiplr~'~; HipI*'*) as indicated (n = 11). The male double-mutant mice (n = 3) were also
obviously dwarfed compared to their littermate controls (n = 8) (data not shown). SB) Representative photograph of two 13-week-old female
littermates. Note the reduced body mass and kypholordosis of the HipIr~'~; HipI™“""" mouse (bottom) compared to its HipIr~/'~; Hipl /™
littermate (top). (C) Radiograph of 14-week-old female littermates. The Hiplr~'~; HipI™""" mouse (lower panel) show the severe spinal
deformity compared to its Hiplr—'~; Hipl */* littermate. (D) Radiographs of 6-week-old male littermates. The Hiplr—'~; HipI™""" mouse (lower
panel) show the severe spinal deformity compared to its Hiplr~'~; Hipl™""" littermate.
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Hi i[)] rv/-; Hipl +/null

H, ipl r—/—; Hiplnull/null

FIG. 8. Histology of spinal deformity in HipIr~'~; HipI™"" mice. (A to C) Hematoxylin and eosin staining of HipIr~/~; Hipl */"" decalcified
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A A

spinal cross-sections at 13 weeks of age. (D to F) Hematoxylin and eosin staining of HipIr~/~; HipI™"" decalcified spinal cross-sections at 13
weeks of age showing skeletal disorganization (arrows). Thoracic (A and D) and lumbar (B, C, E, and F) sections are shown. Note the abnormal
asymmetric vertebral body with cartilage encroaching the bone marrow (arrows) and normal spinal cord (O).

microophthalmia, and cataracts have also been observed in
another more recently characterized HipI™" line (19a).In
the HIP1r-deficient background, we observed accelerated de-
velopment of the two abnormal adult onset traits associated
with Hipl mutations. Hiplr~'~; HipI™""! mice had reduced
body mass (Fig. 7A) and a hunched posture (Fig. 7B) resulting
from severe spinal deformities that could easily be observed on
X-ray images (Fig. 7C, 14-week-old female, and Fig. 7D,
6-week-old male) compared to their littermates. The dwarfism
was less apparent at weaning but was obvious in all of the
double-mutant mice that survived into early adulthood (Fig.
7A). Histologic analysis of brain, lungs, liver, intestine, pan-
creas, kidneys, and spleen displayed no morphological abnor-
malities despite spontaneous death of two of the generated
knockout mice at 3 months of age.

The development of kypholordosis in the absence of both
HIP1 and HIP1r was dramatically accelerated compared to the
4-month onset in HIP1-deficient mice; HipIr~'~; Hipl™""
mice exhibited noticeable spinal deformities as early as 2 weeks
of age, and all exhibited the deformity by weaning at 3 weeks
of age. Hematoxylin and eosin staining of decalcified paraffin-
embedded spine sections made from Hiplr~'~; Hipl™"" and
Hiplr~'~; Hipl™"" littermates at 13 weeks of age demon-
strated skeletal disorganization in the Hiplr~/~; Hipl™/!
mouse in both the thoracic (Fig. 8D) and lumbar (Fig. 8E and
F) regions. In contrast, the spine histology of the Hiplr~'~;
Hip1™/" Jittermate was normal (Fig. 8A to C). The vertebral
bodies of the Hiplr'~; Hipl™"“" mouse displayed asymme-
try with encroachment of cartilage into regions normally occu-

pied by bone marrow (Fig. 8D to F, arrows). Similar to the
HIP1-deficient mice, no apparent histological abnormalities in
the spinal cord were observed in the double-knockout spine
(Fig. 8) (17, 19a).

DISCUSSION

In the present study, we examined the consequences of
HipIr deletion in the mouse. Northern and Western blot anal-
ysis indicated that there was no expression of the HIP1r
mRNA or protein in Hiplr~/~ mice. By 1 year of age, mice
lacking HIP1r showed no gross abnormalities. Histological
analysis of multiple tissues, including the skin, which has high
HIP1r levels, did not show differences in the development or
organization of major organs. Furthermore, analysis of cells
derived from Hiplr~'~ mice showed normal responses in the
regulation of growth factor receptor levels upon ligand stimu-
lation and receptor-mediated endocytosis. Mice with deletion
of both HIP1 and HIP1r exhibited accelerated onset of spinal
abnormalities and dwarfism compared to HIP1-deficient mice.

The lack of an apparent phenotype in HipIr~'~ mice com-
pared to a complex phenotype in the Hipl knockout mice
highlights the idea that, although HIP1r and HIP1 share many
functional domains, they may have distinct cellular functions.
Mutation of HipI has shown a role for the HIP1 protein in the
normal development of spermatogenic progenitors (21), as
well as some primitive hematopoietic progenitors and possibly
the eye (19a). Furthermore, absence of HIP1 can result in a
spinal phenotype by 4 months of age associated with gait ataxia
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and tremor (17, 19a). An obvious interpretation of the differ-
ences seen between the Hip! and Hiplr knockout mice is that
HIP1 or other functionally related proteins are able to com-
pensate for the loss of HIP1r, resulting in normal development
and endocytic functions. In contrast, in the Hipl knockouts,
HIP1r and/or other proteins may not compensate for the loss
of HIP1 in all tissues that normally express HIP1, resulting in
the complex abnormalities observed in these knockout mice. In
support of this compensation hypothesis, deletion of both Hip1I
and HiplIr results in a more severe phenotype than HipI dele-
tion alone, with dwarfism and kypholordosis occurring very
early in adult development. This indicated that, although
HIP1r cannot fully compensate for absence of HIP1 as seen by
the complex phenotype of the Hipl '~ mouse, partial func-
tional compensation by HIP1r is indeed present.

We have found that overexpression of HIP1 or HIPIr in a
transient system results in a prolonged half-life of growth fac-
tor receptors such as the EGFR and PDGF B R after ligand
stimulation (10). Conversely, transfection of a dominant-inter-
fering mutant lacking the ANTH domain resulted in destabi-
lization of growth factor receptors. Using similar ligand stim-
ulation assays of MEFs and keratinocytes derived from
Hiplr~'~ mice, we found that absence of HIP1r does not sig-
nificantly affect the half-life of the EGFR or PDGF B R after
ligand stimulation. Since HIP1 and HIPIr are able to het-
erodimerize, it is possible that the dominant-interfering mu-
tants disrupt the functions of both HIP1 and HIP1r or other
proteins with which they associate. Other interpretations
would be that HIP1r, although participating in endocytic func-
tion, is not absolutely necessary for endocytosis or that com-
pensatory cellular pathways take over in the chronic HipIr
knockout milieu. Consistent with the lack of effect of HIP1r
deficiency on growth factor receptor half-life, we show here
that internalization of neither EGF nor transferrin was dis-
rupted in Hiplr~’~ MEFs. This indicates that HIP1r is not
required for the internalization phase of either regulated or
constitutive endocytosis as measured by EGF or transferrin
uptake, respectively. It has recently been shown that Sla2p is
required for the productive conversion of endocytic membrane
patches to invaginations and vesicles (12). Actin and endocytic
proteins are still able to associate in yeast with deletion of
Sla2p, suggesting that Sla2p may regulate, rather than enable,
these interactions (12). Whether HIP1 and/or HIP1r play sim-
ilar roles in mammalian cells remains to be determined. Con-
tinuing these studies utilizing Hiplr~'~; Hipl™"" MEFs,
keratinocytes, and tissues will help to elucidate the functional
importance of the HIP1 proteins in clathrin-mediated vesicle
trafficking. Further work analyzing the mechanism of pheno-
typic acceleration in the HipIr/Hipl double-knockout mice,
conditional knockout mice, and primary cell lines derived from
the various mutant murine derived tissues will help to establish
the physiologic role of the HIP1 family of proteins in endocytic
processes, as well as other functions of which we are currently
unaware.
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