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Abstract

Hapl was originally identified as a neuronal protein that interacts with huntingtin, the
Huntington’s disease (HD) protein. Later studies revealed that Hap1l participates in intracellular
trafficking in neuronal cells and that this trafficking function can be adversely affected by mutant
huntingtin. Hap1 is also present in pancreatic s-cells and other endocrine cells; however, the role
of Hap1 in these endocrine cells remains unknown. Using the Cre-loxP system, we generated
conditional Hapl knockout mice to selectively deplete the expression of Hapl in mouse pancreatic
p-cells. Mutant mice with Hapl deficiency in pancreatic S-cells had impaired glucose tolerance
and decreased insulin release in response to intraperitoneally injected glucose. Using cultured
pancreatic S-cell lines and isolated mouse pancreatic islets, we confirmed that decreasing Hapl
could reduce glucose-mediated insulin release. Electron microscopy suggested that there was a
reduced number of insulin-containing vesicles docked at the plasma membrane of pancreatic islets
in Hap1 mutant mice following intraperitoneal glucose injection. Glucose treatment decreased the
phosphorylation of Hap1A in cultured S-cells and in mouse pancreatic tissues. Moreover, this
glucose treatment increased Hapl’s association with kinesin light chain and dynactin p150, both
of which are involved in microtubule-dependent trafficking. These studies suggest that Hap1 is
important for insulin release from f-cells via dephosphorylation that can regulate its intracellular
trafficking function.
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Introduction

Huntingtin-associated protein 1 (Hapl) was first identified as a neuronal protein that
interacts with huntingtin (htt), the Huntington’s disease protein [1]. HAP1 consists of two
isoforms, HaplA and Hap1B, which differ at their C-terminal sequences [1]. Unlike htt,
which is expressed ubiquitously throughout the brain and body, Hap1 is enriched in the
brain, with abundant expression in the hypothalamus, amygdala, and brain stem [2-4]. The
critical role of Hapl in neuronal function is clear from the fact that loss of Hap1 leads to
neurodegeneration [5-7], as well as a feeding defect, retarded growth, and early postnatal
death in mice [6, 8]. Growing evidence indicates that Hap1l is involved in microtubule-
dependent trafficking in neurons [9-11].

Microtubule-based molecular trafficking is essential for neuronal survival and function.
Proper distribution of cargos depends on the ATP-dependent molecular motor complexes
kinesin and dynein, which drive anterograde and retrograde movement, respectively [12,
13]. These motor systems transport a plethora of membrane-bound cargos from the cell body
to the nerve terminals. Hapl is known to bind the microtubule motor-associated proteins
dynactin p150Glued (p150) and kinesin light chain (KLC) [14-16]. When Hapl protein
expression is reduced, microtubule-dependent transport of amyloid protein-containing
vesicles is inhibited [16]. Consistently, Hap1l is involved in the intracellular transport of
several membrane receptors [17-19], and importantly, mutant htt can affect Hap1l-mediated
BDNF trafficking [20, 21] and the transport of GABAA receptors to synapses [22].

Endocytosis and exocytosis, which require numerous trafficking proteins, function in many
common ways in a variety of cell types, including neurons and endocrine cells. In addition
to the brain, Hapl is also expressed in the peripheral nervous system and in the endocrine
cells of the pituitary, thyroid, adrenal glands, and pancreas [3, 23, 24]. In particular, the
expression of Hapl in the pancreas is restricted to insulin secreting s-cells [23, 24].
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Interestingly, impaired glucose tolerance and decreased insulin secretion from f-cells are
features of the R6/2 HD mouse model [25-27], and patients with HD have a higher
prevalence of diabetes and impaired glucose tolerance [28-32]. However, whether and how
Hap1 functions in endocrine cells remain unclear.

Here, we report that Hap1l is functionally required for insulin secretion from pancreatic -
cells. Both in vitro and in vivo data confirm that loss of Hap1 impairs glucose tolerance and
reduces glucose-stimulated insulin release. In addition, our data suggest a trafficking defect
in insulin-containing vesicles without morphologic abnormalities in Hapl-deficient g-cells.
Mechanistic data demonstrate that glucose-mediated dephosphorylation of Hap1A functions
as a molecular switch allowing more Hap1A to associate with microtubule transport
proteins. Our findings offer a novel research and therapeutic target for ameliorating
metabolic disorders due to defective insulin release from pancreatic S-cells.

Materials and methods

Animals

Antibodies

Germline Hapl knockout mice were generated in our early study [6]. Generation of
conditional Hap1 knockout mice, in which exonl of the mouse Hapl gene is flanked by two
loxP sites to allow the Cre-mediated deletion of exonl, was described in our recent study
[7]. p-cell conditional Hapl1 knockout mice were generated by crossing INS2-Cre transgenic
mice [B6.Cg-Tg(Ins2-cre)25Mgn/J; The Jackson Laboratory] with Hap1flox/flox mice Al
mice were generated on a C57BL/6 J background. The resulting heterozygous mice were
used to generate homozygous conditional knockout mice (Ins2-Cre*/Hap1!0xP/1oxp referred
to as Ins2-Hap1 ") or heterozygous mice (Ins2-Cre*/Hap1*/1%P, referred to as Ins2-
Hap1*/~). Genotyping of these mice was performed with genomic DNA extracted from the
tails via PCR to amplify the mouse Hapl DNA fragment (from 4,929 to 5,003 nt) using the
forward (5'-TTT TTC TGG GGA GCA TAC GTC-3') and reverse (5'-ATC CGT TAT CCC
AGG GTC TGA-3') primers. Primers (forward 5-GCG GTC TGG CAG TAA AAA CTA
TC-3'and reverse 5'-TGT TTC ACT ATC CAG GTT ACG G-3') that amplify Cre
recombinase were also used to determine the presence of Cre.

Expression analysis of Hap1 and behavioral tests of heterozygous Ins2-Hap1*/~ and wild-
type mice revealed no differences between these two groups. Because homozygous (Ins2-
Hap1~/7) and heterozygous (Ins2-Hap1*/~) mice share the same mixed genetic background,
mice of these two genotypes were used mainly to reveal differences related to Hapl
deficiency in g-cells. Mice were housed in a dark [12 h dark (1900-0700 hours)] and light
[12 h light (0700-1900 hours)] cycle, temperature (22°C)-controlled chamber. Animals were
fed ad libitum (Lab Diet 5001) and maintained in the animal facility at Emory University in
accordance with institutional animal care and use guidelines.

Guinea pig antibody (EM78) to Hap1l, rabbit antibody to kinesin light chain 2 (EM41A), and
rabbit antibody to pHap1A (EM41a) have been described previously [16, 19]. Rabbit serum
antibody to phogrin was a gift from Dr. John Hutton, Barbara Davis Center for Childhood
Diabetes, University of Colorado Health Sciences Center. Other antibodies used were rat
anti-insulin (R&D systems), mouse dynactin p150Glued (BD Biosciences), mouse anti-
gamma tubulin (Sigma), anti-pAKT (Ser473), and anti-pERK (Cell Signaling Technology).
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Glucose tolerance test

After an overnight fast, mice were given an i.p. injection of glucose at 2.0 g/kg body weight.
Blood glucose levels were measured with a Lifescan SureStep glucose monitor. Each time
point reading was performed twice for each mouse.

Insulin tolerance test

After an overnight fast, 3-month-old mice were injected intraperitoneally (i.p.) with 1.0 unit/
kg body weight human insulin (Sigma 12767). Blood plasma glucose levels were measured
at various time points from tail blood samples analyzed by a Lifescan SureStep glucose
monitor. Each time point reading was performed twice for each mouse.

Cell culture and Hap1l shRNA treatment

Adenoviral Hapl shRNA was generated in our previous studies [36]. Min6 and NIT-1 cells
were grown in standard media (DMEM, Sigma D5671) with 15% FCS (Invitrogen
10437-028), 71 uM 2-mercaptoethanol (Sigma M7522), 2 mM glutamine (Sigma G6392),
2.8 mM glucose, and 100 U/ml penicillin/100 pg/ml streptomycin (Invitrogen 15070-063) in
12-well plates to 60% confluency. Min6 cells were treated with adenoviral Hapl shRNA or
scramble shRNA for 12 h in standard culture media. NIT-1 cells were transfected for 12 h
with the pGenesil-1 vector that can independently express GFP and Hapl shRNA or
scrambled shRNA.

Insulin secretion

Insulin secretion was measured using an ELISA Kit (Crystal Chemicon). For in vivo
measurements, mice were fasted overnight and then i.p. injected with 2.0 g/kg glucose.
Plasma insulin levels were measured using tail blood collected at different times. For
measuring insulin release from Min6 cells, Min6 cells were plated in 12-well plates and
maintained in DMEM (Sigma D5671) with 15% FCS (Invitrogen), 71 uM 2-
mercaptoethanol (Sigma M7522), 2 mM glutamine (Sigma G6392), 100 U/ml penicillin/100
ug/ml streptomycin (Sigma P0781). Cells were kept in a 37°C tissue culture incubator with
5% CO> and plated in 12-well plates for 48 h. Culture media was removed and replaced with
low glucose (2.8 mM) Krebs buffer for 1 h. Cells were then treated with Krebs buffer (118
mM NacCl, 4.7 mM KCI, 1.2 mM KH,POy, 1.2 mM MgSQy, 4.2 mM NaHCOg3, 2 mM
CaCly, 200 mM sulphinpyrazone and 10 mM Hepes, pH 7.4) containing 20 mM glucose for
stimulation. For measuring insulin release from NIT-1 cells, the medium in 24-well plates
was collected for measuring released insulin and the cell lysates for measuring the total
content of insulin using radioimmunoassay (RIA) with the DFM 96-type multi-tube
radioimmunoassay Counter. Each group contained 10-20 samples.

For measuring insulin release from pancreatic islets isolated from mice, isolation of intact
islets and assay of static insulin release were performed according to the previously
established protocol [33-35]. Briefly, pancreatic tissues were digested in collagenase A
(Sigma) for 20 min at 37°C. Islets were purified using Ficoll gradient centrifugation and
then hand-picked under microscope. Islets were cultured for 1 h RPMI 1640 (Cellgro) media
containing 2.8 mM glucose, 10% FBS, 100 1U/mI pen/strep in 5% CO, at 37°C. For insulin
release assay, 20 hand-picked islets were placed in 500 uL. KRBH with either 2.8 mM or 20
mM glucose and incubated at 5% CO, at 37°C for 60 min. After centrifugation, culture
media was collected for measuring secreted insulin by ELISA assay (Crystal Chem).
Cellular insulin was extracted using acid—ethanol technique (Alonso-Magdalena) and also
measured by ELISA. Protein concentration of collected islets was determined using BCA
protein assay (Bio-Rad).
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Coimmunoprecipitation

Mice were injected i.p. with glucose at 2.0 g/kg body weight and sacrificed by cervical
dislocation. Pancreas tissue was quickly removed and stored in lysis buffer on ice, followed
immediately by hand homogenization, sonication, and centrifugation, all done on ice or at
4°C. Lysates (500 pg) were precleared with Protein-A-conjugated Sepharose beads at 4°C
for 1 h. Samples were incubated with 10 ul of anti-Hap1A antibody at 4°C overnight and
then precipitated with protein-A beads. The beads were washed two times with lysis buffer
and eluted by boiling in loading buffer. The eluted protein samples were subjected to
western blotting with various antibodies.

Immunofluorescent labeling

Mice were sacrificed by cervical dislocation, and the pancreas was removed. Pancreatic
tissues were submerged in Bouin’s fixative (30 ml saturated picric acid, 10 ml
formaldehyde, 2 ml glacial acetic acid) overnight. Tissue was washed in water until the
yellow color faded and then placed in neutral buffered formalin for storage until processed
by the WCI Pathology Core Lab at Emory University. The paraffin embedded slides were
dewaxed in xylene (two times, 5 min/each time), hydrolyzed with EtOH (100% for 3 min
twice, 95% for 1 min, and 80% for 1 min), and rinsed with distilled water. Antigens were
unmasked in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for 3
min in microwave at low heat. Slides were washed three times with PBS and blocked in 2%
normal goat serum, 0.5% Triton X-100, 1% BSA in PBS for 30 min. Slides were then
incubated with primary antibodies to insulin or/and Hapl (EM 78), overnight at 4°C.
Alexa-488 conjugated goat anti-guinea pig or rhodamine red-X conjugated donkey anti-rat
secondary antibodies were used. Fluorescent micrographs were taken with a Zeiss
microscope (Axiovert 200 M) and a digital camera (Hamamatsu ORCA-100). Images were
processed with Openlab software (Improvision, Inc).

Electron microscopy

Mice were intracardially perfused with 4% paraformaldehdye and 0.1% glutaraldehyde,
pancreas tissue was removed from animal and further dissected into 1- to 1.5-mm-thick
pieces. Tissues were continuously fixed in 4% paraformaldehdye and 0.2% glutaraldehyde
overnight at 4°C. After washing with 0.1 M phosphate buffered (pH 7.2) twice, the tissue
blocks were dehydrated in ethanol series to 100%, and then infiltrated overnight with 50%
L.R. White resin (Electron Microscopy Sciences, Hatfield, PA, USA) in 100% ethanol
followed by pure L.R. White resin overnight. Embedding of the tissue blocks was carried
out by placing tissue pieces in capped gelatin capsule and letting resin polymerizing in a
50°C oven for 24 h. Ultra-thin sections were cut at 70—-80 nm and placed on Formvar-coated
nickel grids for immunogold labeling.

For immunogold labeling, ultrathin sections on nickel grids were treated with 1% hydrogen
peroxide for 5 min and washed three times with double distilled water. Sections were
blocked for 30 min in phosphate buffered saline (PBS) containing 5% normal goat serum,
5% BSA, and 0.1% gelatin. After blocking, sections were incubated at 4°C overnight with
mouse anti-insulin (Fitzgerald Industries, Concord, MA, USA) primary antibody (diluted
1:100) in PBS containing 0.1% acetylated BSA (Aurion, The Netherlands). Sections were
subsequently washed three times with 1 x PBS and incubated with 10-nm gold particles
conjugated goat anti-mouse secondary antibody (Aurion) at 1:20 dilution in the same
solution for 2 h at room temperature. After washing off excess antibody, sections were fixed
with 2.5% glutaraldehyde in 0.1 M PB, and then counter-stained with 4% aqueous uranyl
acetate and 2% lead citrate. Insulin immunogold labeled sections were examined using a
Hitachi H-7500 transmission electron microscope (Hitachi, Pleasanton, CA, USA) equipped
with a Gatan BioScan CCD camera.
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Images were analyzed using Image J software (NIH). The distance (<0.2 um) of granule
center to plasma membrane has been used to reflect morphologically docked granules [37].
The number of these insulin granules per um distance along capillary membrane periphery
was counted. Three £ cell images each for control and KO were used, and ten different
distances along capillary membranes were compared and averaged to display results as
vesicles per um distance.

Western immunoblots

Min6 cells or dissected mouse pancreas was homogenized in NP40 buffer (50 mM Tris pH
7.4. 50 mM NacCl, 0.1% Triton X-100, 1% NP40, and protease inhibitor cocktail Pierce
78430 and 1 mM PMSF, Sigma P-7626). For phosphorylation studies, phosphatase
inhibitors (2 mM sodium orthovanadate, Sigma S-6508; 50 mM sodium fluoride, Sigma
S-7920) were also added. Samples were sonicated for 10 s, centrifuged at 16,0009 at 4°C for
20 min. Equal amounts of protein were loaded on Invitrogen Tris—Glycine (4-12%) gels for
SDS-PAGE. Proteins transferred to nitrocellulose were blocked in 5% non-fat dry milk
(Nestle) in PBS for 30 min then incubated in primary antibodies in 3% BSA/PBS overnight
at 4°C. Following incubation, blots were washed and secondary HRP-conjugated antibodies
(Jackson Immuno-Resaerch) were added in 5% milk for 1 h. Blots were visualized using
SuperSignal ECL (Pierce).

Statistical analysis

Results

All the values are presented as mean + SE and analyzed by Student’s t test. Differences were
considered statistically significant with a p value <0.05.

Conditional knockout of Hap1l in B-cells in mouse pancreas

To investigate the role of Hapl in endocrine cells, we selectively deleted exonl of the Hapl
gene in mouse pancreatic S-cells by crossing floxed Hapl mice (C57BL/6/SV129) carrying
homozygous loxP-flanked Hapl exonl (Hap1F1oX/Flox) to Ins2-Cre C57BL/6 mice (Fig. 1a),
which express Cre in pancreatic S-cells under the control of the rat insulin Il promoter [38].
Heterozygous mice carrying the Loxp-Hap1 and Cre transgenes were mated to obtain
homozygous floxed Hapl mice that also carry the Cre transgene (Fig. 1b). Because deletion
of the Hap1l gene selectively occurs in a few S-cells in the pancreas, we analyzed the
expression of Hapl via immunohistochemistry. Our early studies have demonstrated that
Hapl is only present in A cells, but not in o and ¢ cells [24]. We did not find any significant
difference in Hapl expression in S-cells between wild-type and heterozygous floxed Hapl
(Ins2-Hap1*/~) mice that also express Cre (Fig. 1c). However, immunohistochemistry
staining of Hap1 signal in g-cells of homozygous floxed mice with Cre (Ins2-Hapl~/~ or
KO) is markedly reduced when compared with S-cells of the heterozygous Ins2-Hap1*/~
mice (Fig. 1c) and the hypothalamus of Ins2-Hap1~/~ mice (Fig. 1d). Since heterozygous
Ins2-Hap1*/~ mice also carry the Cre transgene, a genetic background similar to
homozygous Ins2-Hap1 ™~ mice, we used Ins2-Hap1*/~ (referred to as control) mice as a
control for comparison with Ins2-Hap1~/~ (referred to as KO) mice to define the specific
effects caused by Hapl deficiency in g-cells.

Since g-cells in the pancreas are important for the body’s metabolism, we wondered whether
selective elimination of Hapl in g-cells would cause any alteration of body weight. We
monitored the body weight of Ins2-Hap1~/~ (KO) mice along with control (Ins2-Hap1*/")
mice and found that male control mice gained more weight than KO male mice (Fig. 2a).
There was no significant difference in body weight between female KO mice and female
control mice. We did not see any significant difference in body weight and food intake
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between female KO and control mice after fasting for 16 h. However, a slight decrease in
body weight was also seen in male KO mice compared with control mice, regardless of prior
fasting or post-fasting conditions (Fig. 2b). There was also a slight reduction, though not
statistically significant, in food intake and water consumption in male KO mice compared
with control mice (Fig. 2c). Although the mechanism for the sex-dependent difference in
body weight, which also occurs in mice null for other genes [39], remains to be investigated,
depletion of Hapl in g-cells in the pancreas seems to have more impact on the body weight
of male mice.

Reduced glucose tolerance and insulin secretion in Ins2-Hap1~/~ mice

Since p-cells in the pancreas secrete insulin to regulate blood glucose levels, we performed
glucose tolerance experiments on Ins2-Hap1~~ mice and their controls. Following
intraperitoneal (i.p.) injection of glucose at 2.0 g/kg body weight, there was a marked
increase of plasma glucose at 15-30 min, which then declined within 120 min. Ins2-
Hap1~/~ mice showed a significantly higher level of plasma glucose compared with wild-
type (WT) or control (Ins2-Hap1*/~) mice (Fig. 3a), suggesting a defect in insulin release.
To verify that this defective glucose tolerance is not due to impairment of insulin receptor
function in peripheral tissues, we injected insulin (1.0 unit/kg body weight) intraperitoneally
into Ins2-Hap1~~ mice and their controls. There was no significant difference in plasma
glucose levels between Ins2-Hap1~/~ and control mice after insulin injection (Fig. 3b),
indicating insulin signaling is unaffected in KO mice. To examine the levels of insulin
secreted from g-cells, we then measured plasma insulin levels following intraperitoneal
injection of glucose at 2.0 g/kg body weight. We observed a significant decrease of plasma
insulin levels in Ins2-Hap1~~ mice compared with control mice (Fig. 3c). These findings
suggest that loss of Hapl in s-cells can affect the release of insulin into blood in response to
elevated blood glucose.

To provide additional evidence for the idea that Hapl is important for insulin release from g-
cells, we investigated the effect of Hapl deficiency on cultured g-cell lines, as these cultured
cells have been widely used to investigate the mechanisms underlying insulin release. We
cultured Min6 cells to measure insulin released in the medium via an ELISA assay. Min6
cells are derived from mouse S-cells and are capable of releasing insulin in a physiologically
similar manner to mouse glucose stimulation [40]. Min6 cells were infected with adenoviral
Hapl shRNA [36] to reduce the level of Hapl (Fig. 4a). Glucose triggers insulin release
from Min6 cells by regulating gene transcription and protein function such as
phosphorylation [41]. We measured insulin release at 10 min after 20 mM glucose
stimulation to better define if the loss of Hap1 can directly affect insulin release. We found
that Hapl shRNA-treated cells showed smaller amounts of insulin released into the medium
as compared with that in scramble shRNA-treated cells (Fig. 4b, c). We also tested the
insulin release from NT-1 cells, another insulin secretion cell line. When Hapl expression is
inhibited via ShRNA (Fig. 4d), the total cellular contents of insulin were not significantly
different between control and Hapl shRNA-treated cells (Fig. 4e). However, we also
observed a decrease in insulin release from Hapl shRNA-treated cells into the medium at 10
and 90 min following glucose stimulation (Fig. 4f).

It would be more important to examine the direct effect of loss of Hapl on insulin release
from pancreatic tissues. Thus, we examined pancreatic islets isolated from Hapl KO and
control mice to measure static insulin release using the established assays [33—-35]. Insulin
secretion from the KO islets was decreased as compared with that from the control islets
(Fig. 5a). Comparing the released insulin relative to the total insulin contents or the basal
level of insulin can reduce variations in the total number of S-cells examined in each sample.
This comparison also revealed a significant reduction of insulin release from the KO islets
(Fig. 5b, c). Because inhibiting Hap1 via sShRNA did not significantly change the content of
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insulin in cultured NT-1 cells (Fig. 4e), it is likely that lack of Hap1 does not affect the
synthesis of insulin but can reduce its release from f-cells. Electron microscopic
examination did not reveal any significant difference in the morphology and density of
insulin-containing granules between the KO and control mouse pancreatic islets (Fig. 5d, e).
Taken together, these findings indicate that Hap1 deficiency negatively affects insulin
release from f-cells.

Density of docked insulin granules are decreased in Hapl-deficient B-cells

Insulin secretion involves the trafficking of insulin-containing vesicles and their docking to
the plasma membrane of s-cells. We performed electron microscopic examination of the
pancreas of Ins2-Hap1~/~ and control mice after they had been stimulated by i.p. glucose
injection. We observed a decreased number of vesicles lining the plasma membrane of
mutant S-cells compared with controls (Fig. 6a). Vesicles in Hapl mutant g-cells were
largely scattered in the region proximate to the plasma membrane, with a few docked
vesicles at the plasma membrane (Fig. 6b). In contrast, more vesicles were docked or fused
to the plasma membrane in control S-cells. Granules with the distance (<0.2 um) of their
center to plasma membrane are defined as morphologically docked granules in g-cells [37].
To quantitatively analyze these docked vesicles, we used imaging software ImageJ (NIH) to
count the relative numbers of these vesicles at the capillary plasma membrane per um. This
quantification suggested that there was a decrease in the number of docked vesicles in Hapl
mutant S-cells (3.4 £ 0.08, n = 10, p <0.05) versus control cells (4.64 £ 0.16; Fig. 6¢).
Because this decrease is not substantial and because lack of Hapl has no effect on the
morphology of insulin-containing granules, loss of Hapl is likely to functionally affect in
the release of insulin.

Glucose stimulation reduces phosphorylation of Hap1A and increases its association with
trafficking proteins in B-cells

Hap1 consists of two isoforms, Hap1A and Hap1B, which are alternatively spliced forms
with different C-terminal sequences, both of which can form heterodimers [42]. Our early
studies identified a unique phosphorylation site (T598) at the C-terminal region of Hap1A,
which can be phosphorylated by PKA, and phosphorylation of this site can regulate the
association of Hap1A with trafficking proteins [19]. We thus examined the phosphorylation
of Hap1A in Min6 cells that had been stimulated with 20 mM of glucose. We saw a marked
decrease of phosphorylated Hap1A at 5-10 min after glucose stimulation, despite the
expected increase of phosphorylation in positive controls (Erk and Akt) (Fig. 7a). This rapid
decrease in Hap1A phosphorylation is consistent with the initial increase of insulin release,
which peaks near 5 min post glucose stimulation [43]. To explore whether this change also
occurs in vivo, we treated wild-type mice with i.p. injections of glucose and then isolated
their pancreatic tissues for analysis. Western blotting also demonstrated a decrease in
Hap1A phosphorylation in pancreatic tissues at 5-10 min following glucose challenge (Fig.
7b). Immunocytochemical staining verified decreased labeling of phosphorylated HaplA
(pHap1A) in insulin-containing g-cells after glucose stimulation (Fig. 7c).

Since soluble Hapl binds KLC and dynactin p150 in the cytoplasm, investigation of their
diffuse co-localization may not be able to reveal changes of their association after glucose
stimulation. Thus, we performed immunoprecipitation, which can better detect the
interactions of soluble proteins. Hapl was immunoprecipitated to assess its association with
KLC and dynactin p150 in the pancreas of mice. There was increased precipitation of KLC
and dynactin p150 with Hap1A at 5 and 10 min after i.p. injection of glucose as compared to
tubulin (Fig. 7d). Phogrin, an insulin granule membrane protein [44], was not significantly
increased in the precipitates after glucose stimulation, suggesting that glucose only enhances
the association of the Hapl with microtubule-dependent transporters. Quantitative analysis
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of the ratios of precipitated proteins to the input also showed that more KLC and dynactin
p150 were associated with Hap1A in pancreatic tissues after glucose stimulation than that
without glucose treatment (Fig. 7e). Taken together, these findings suggest that glucose
stimulation can alter the phosphorylation of Hap1A and increase its association with
trafficking proteins, which may contribute to the release insulin from g-cells.

Discussion

Although Hapl is enriched in the brain, it is also present in endocrine cells [3, 23, 24], the in
vivo role of Hapl in endocrine cells remains unknown. By selectively eliminating Hapl
expression in S-cells in the mouse pancreas, we have provided evidence that Hapl
deficiency in S-cells can impair insulin release and glucose tolerance. We have further
demonstrated that glucose stimulation alters Hap1A’s phosphorylation and increases its
association with microtubule-dependent trafficking proteins. These findings not only support
the role of Hap1l in intracellular trafficking, but also reveal its critical function for vesicular
release of hormones from endocrine cells. Given the vital roles hormones play in a variety of
the body’s functions, our findings have implications for the pathogenesis of metabolic
conditions that result from impaired vesicular trafficking or exocytosis in endocrine cells,
offering new therapeutic targets for the treatment of such conditions.

The process of insulin release from j-cells shares many common characteristics with
synaptic vesicle docking, fusion, and release of neurotransmitters in neurons [43, 45, 46].
For example, insulin release involves the packaging of insulin in small secretory vesicles,
the trafficking of these vesicles to the plasma membrane, the exocytotic fusion of the
vesicles with the plasma membrane, and eventually the secretion of insulin. These vesicles
are known to be transported on microtubules to the proximity of the release site just below
the plasma membrane [45, 46]; however, how microtubule-dependent transport is involved
in vesicle movement, docking, and fusion in neuronal and endocrine cells remains unclear.

Hap1 is found to associate with synaptic vesicles in neuronal cells [2, 5]; by demonstrating
that Hapl participates in the process of vesicular insulin release in g-cells, our studies
suggest that Hap1 also plays a critical role in exocytosis in endocrine cells. Given that
glucose-stimulated insulin release can reduce the phosphorylation of Hap1A and increase
the association of Hap1 with kinesin light chain and dynactin p150, which link microtubule
motor proteins to various types of cargos, Hapl is likely to regulate insulin release via its
trafficking function. Although how the phosphorylation of Hap1A is regulated remains to be
investigated, it has been well documented that glucose stimulation can trigger multiple
second messenger signaling pathways that can alter protein phosphorylation [47]. For
example, glucose also triggers Akt activation, which could also alter Hap1 phosphorylation.
There are several possibilities for the regulatory role of Hap1 in insulin release from fg-cells.
First, intracellular cargo transport requires microtubule-based motors, kinesin and
cytoplasmic dynein, and the actin-based myosin motors. These molecular motors exchange
cargo while traveling between filamentous tracks and deliver it to its destination [12, 13].
Kinesin and cytoplasmic dynein have been found to be involved in vesicle trafficking in 5-
cells [48, 49]. Hap1 may function as an adaptor involved in targeting cargos to different
motor proteins or transporters during the trafficking of these cargos. Second, Hap1 interacts
with type 1 inositol (1, 4, 5)-triphosphate receptor (InsP3R1) IP3 receptors to regulate
intracellular calcium release in neuron [17]. As intracellular calcium release triggers insulin
secretion from g-cells, it remains to be investigated whether loss of Hap1 can affect
intracellular calcium release to impair insulin secretion from g-cells. Third, Hapl is involved
in intracellular trafficking and recycling of membrane receptors [18, 22]. In g-cells,
membrane receptor recycling could regulate membrane potential and calcium influx to
influence insulin release. Thus, it would also be important to investigate whether loss of
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Hap1 affects membrane calcium channel activity and calcium influx. Our findings suggest
that Hap1A phosphorylation could be a new target for the future therapeutic regulation of
insulin release.

The essential element in the progression and development of impaired glucose tolerance in
type 2 diabetes is abnormal insulin secretion from dysfunctional s-cells [50]. It would be
interesting to investigate whether Hapl dysfunction is involved in type 2 diabetes, or
conversely, whether the addition of Hapl could ameliorate insulin-secretion defects. Our
studies also raise the possibility that Hap1 dysfunction could be involved in the abnormal
metabolism seen in Huntington’s disease (HD), as abnormal glucose tolerance and insulin
release are found in both HD mouse models and patients [25—-32]. In addition, there is
impaired secretion of various hormones in HD patients [51-53]. Given that mutant htt can
affect Hapl-mediated transport of BDNF [20] and membrane receptors [19, 22], it would be
interesting to investigate whether mutant htt affects hormone release via its abnormal
interaction with Hap1. Generation of conditional Hap1 knockout mice would allow for
further investigation into the roles Hapl plays in different types of endocrine cells.
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Fig. 1.

Generation of conditional Hapl knockout mice that deplete Hapl in pancreatic S-cells. a
Exonl of the mouse Hapl gene was flanked by loxP sites in the targeted allele. Mice
carrying this targeted gene were mated with transgenic mice that express Cre in pancreatic
p-cells driven by the mouse preproinsulin 2 (Ins2) promoter, resulting in offspring mice that
have exonl of the Hapl gene deleted. b PCR genotyping of crossed mice showing the
presence of the Cre and loxP alleles in two homozygous loxp/loxp/Cre and two
heterozygous (+/loxp/Cre) mice, but not in wild-type (+/+) mice. For simplicity,
homozygous loxp/loxp/Cre mice are referred to as Ins2-Hap1l—/— or KO, and heterozygous
(+/loxp/Cre) as Ins2-Hapl1+ or control. ¢ Double immunofluorescence staining of insulin
(green) and Hap1l (red) showing Hapl depletion in insulin-positive g-cells in KO mice. d
Immunofluroescent Hapl staining of the hypothalamic tissues of Ins2-Hapl—/—and WT
mice at the age of 2 months. The hypothalamus of Hap1 germline knockout pup (Hap1 null)
at postnatal day 1 served as a control to show the specific labeling of Hapl by the anti-Hapl
antibody. Scale bars 10 um
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Body weight of conditional mutant mice with Hapl deficiency in s-cells. a Body weight in
Hapl KO (Ins2-Hapl—/—) mice compared with the littermate control (Ins2-Hap1+) mice
under normal feeding condition (n = 10/each group). b Body weight of male KO and control
mice after fasting for 16 h. n = 10/each group. ¢ Water intake and food intake of male
control and KO mice (n = 6/each group). Mice at the age of 3-12 months were examined
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Fig. 3.

Hap1 deficiency in g-cells leads to impaired glucose tolerance and insulin release. a A
glucose tolerance test was performed on overnight-fasted male mice (n = 10/each group) at
the age of 3 months. Hap1l KO mice displayed glucose clearing impairment measured by
blood glucose monitor following intraperitoneal injection (i.p.) of glucose (2 g/kg
bodyweight). *p <0.05, **p <0.01 compared with control. b An insulin tolerance test on 3-
to 4-month- old male mice fasted overnight. Blood glucose levels were measured after i.p.
injection of insulin (1 unit/kg body weight). n = 10/each group. ¢ ELISA results showing
that insulin secretion is reduced in Ins2-Hap1—/— (KO) mice. Blood plasma from male mice
fasted overnight was collected at various time points after i.p. injection of glucose (2 g/kg
body weight). n = 8 for each group, *p <0.05 compared to control
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Fig. 4.
Suppressing Hapl expression decreases insulin release in s-cell lines. a Western blotting of
Min6 cells showing that Hap1 protein level was reduced by adenoviral Hapl shRNA
treatment, but not by scrambled shRNA control (left panel). The ratio of Hap1 to tubulin is
also presented (right panel). b Min6 cells treated with Hapl shRNA displayed a significant
reduction in insulin (hg/mg protein) release after 20 mM glucose stimulation for 10 min. The
basal level of glucose is 2.8 mM. ¢ The percentage increase of insulin release relative to the
unstimulated in Min6 cells treated with scrambled or Hapl shRNA. (n =9, **p <0.01). d
Western blots of NIT-1 cells treated with Hap1 shRNA or scrambled shRNA. e, f Insulin
levels in lysates (total insulin) of NIT-1 cells (e) and medium (released insulin) (f) at 0, 10,
and 90 min after 20 mM glucose stimulation. (*p <0.05, **p <0.01 n = 10-20)
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Fig. 5.

Reduced insulin release from pancreatic islets isolated from Ins2-Hap1l—/— (KO) mice. a—c
Secreted insulin is presented as ng/mg protein in (a) the percentage of total insulin content
(b), and the increased percentage of the basal level in (c). Control mice (Ins2-Hapl +) mice
were used for comparison (n = 6, **p <0.01). d, e Immunogold electron microscopic
examination of the pancreatic islets from control and KO mice. The morphology (d) and the
density (e) of insulin-containing granules are not significantly different between control and
KO mice. Scale bars 1.0 um
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Fig. 6.

Reduced number of insulin-containing vesicles at the plasma membrane of pancreatic islets
in Ins2-Hap1—/— mice. Electron microscopic images of the pancreas of Ins2-Hapl—/—(KO)
and Ins2-Hap1 + (control) mice that had been i.p.-injected with glucose (2 g/kg body
weight) for 10 min. a Micrographs at x5,000 magnification showing fewer vesicles lining
the plasma membrane in KO g-cells than control cells. Scale bars 2.5 um. b High-
magnification (x15,000) micrographs showing the reduced number of insulin vesicles that
are docked on the plasma membrane in the KO pancreatic tissue. Arrows indicate docking
insulin vesicles. cp Capillary, RBC red blood cell. Scale bars 1.0 um. ¢ Quantification of the
number of insulin vesicles lining the plasma membrane per um capillary membrane distance
in g cells of control (Ins2-Hapl ) and KO (Ins2-Hap1—/—) mice. (n = 10, *p <0.05)
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Fig. 7.

Glucose stimulation of s-cells reduces Hap1A phosphorylation and increases its association
with trafficking proteins. a Western blots probed with antibodies to Hap1A and
phosphorylated Hap1A (pHaplA) showing reduction of pHaplA in Min6 cells after
treatment with 20 mM glucose for different times (min). The blots were also probed with
antibodies to phosphorylated ERK (pERK) and AKT (pAKT), which are positive controls
known to be upregulated after glucose stimulation. b Western blot of phosphorylated Hap1A
(pHap1A) levels in the pancreas from wild-type mice stimulated with i.p. injection of
glucose (2 g/kg) for 5 or 10 min. ¢ Double immunofluorescence of pancreatic tissues
showing that phosphorylated Hap1A (pHaplA, green) was reduced after glucose challenge
for 10 min in wild-type mice compared with those without glucose treatment. d
Immunoprecipitation of Hap1A from pancreatic tissues of wild type mice that had been i.p.
injected with glucose (2 g/kg body weight) for 5 or 10 min. The precipitates were probed
with antibodies to dynactin p150, kinesin light chain (KLC), Hap1A, tubulin, and phogrin,
which is an insulin granule protein. e Quantification of the relative precipitated proteins
(ratio of precipitated or bound to input, mean + SE, n = 3) showing a significant increase of
KLC and dynactin p150 associated with Hap1A in mouse pancreatic tissues after glucose
stimulation. *p <0.05 compared to the samples without glucose stimulation (0 min)
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