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Huntingtin-associated protein 1 (Hap1) was initially identified as a brain-enriched
protein that binds to the Huntington’s disease protein, huntingtin. Unlike huntingtin
that is ubiquitously expressed in the brain, Hap1 is enriched in the brain with the
highest expression level in the hypothalamus. The selective enrichment of Hap1 in the
hypothalamus suggests that Hap1 may play a specific role in hypothalamic function that
can regulate metabolism and stress response. Here we report that Hap1 is colocalized
and interacts with the glucocorticoid receptor (GR) in mouse hypothalamic neurons.
Genetic depletion of Hap1 reduced the expression level of GR in the hypothalamus.
Dexamethasone, a GR agonist, treatment or fasting of mice induced stress, resulting in
increased expression of Hap1 in the hypothalamus. However, when Hap1 was absent,
these treatments promoted GR reduction in the hypothalamus. In cultured cells, loss of
Hap1 shortened the half-life of GR. These findings suggest that Hap1 stabilizes GR in the
cytoplasm and that Hap1 dysfunction or deficiency may alter animal’s stress response.
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INTRODUCTION

Huntingtin-associated protein 1 (Hap1) was first identified as an interacting partner of huntingtin
(Htt), the protein product of the Huntington’s disease (HD) gene (Li et al., 1995). Both Htt and
Hap1 are found to be involved in intracellular trafficking, and abnormal interaction of mutant
Htt with Hap1 affects the intracellular transport of various important molecules (Gauthier et al.,
2004; Twelvetrees et al., 2010; Keryer et al., 2011; Roux et al., 2012; Mackenzie et al., 2014;
Wong and Holzbaur, 2014). Unlike Htt that is ubiquitously expressed in the body and brain,
Hap1 is enriched in neuronal cells (N2a), suggesting that Hap1 dysfunction may contribute
to the selective neuropathology in HD. However, the expression level of Hap1 in the adult
mouse brain varies in different regions with the highest level in the hypothalamus and low level
in the striatum, thalamus, cerebral neocortex, and cerebellum (Li et al., 1996; Page et al., 1998;
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FIGURE 1 | Interaction of Huntingtin-associated protein 1 (Hap1) with glucocorticoid receptor (GR). Double-immunofluorescent labeling of GR and Hap1 in the
mouse paraventricular nucleus (PVN). (A) The sagittal section of a mouse in DAPI staining and red box indicating PVN in hypothalamus. (B,C) The high-power
images from the red box, GR-immunoreactive cells (B), and HAP1-immunoreactive cells (C). (D) Merged image of (B,C). Scale bar: 50 µm. (E) An enlarged image of
the white square region of (D) showing clear double immunofluorescence for GR (green) and HAP1 (red). Scale bar: 20 µm. (F) Immunoprecipitation of endogenous
GR from the hypothalamic tissues of WT mice showing the coprecipitation of GR and Hap1.

Loss of Hap1 Reduces GR in the
Hypothalamus of Postnatal Mice
Given that Hap1 interacts with GR, we wanted to examine
whether loss of Hap1 can affect the level of GR because
Hap1 has been found to regulate the stability of intracellular

receptors (Kittler et al., 2004; Twelvetrees et al., 2010; Yang et al.,
2011; Xiang et al., 2014). Our previous studies have generated
Hap1-null mice that are unable to survive after postnatal day 3
(P3; Li et al., 2003). Thus, we used hypothalamic tissues from
Hap1-null mouse pups and wild-type littermates at P1 to perform
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FIGURE 2 | The expression level of GR in hypothalamus was reduced in Hap1 KO mice. (A) Representative fluorescence images of GR (green), Hap1 (red), and
merged fluorescence with nuclear (blue) labeling in PVN of wild-type or Hap1-null mouse at P1. Scale bar: 50 µm. (B) Western blotting result showing that the GR
protein level of hypothalamic tissues decreased in the knockout (KO) mice at P1 as compared to wild-type mouse. Vinculin served as an internal control. (C) The
ratios of GR to vinculin on the Western blots were obtained from three independent experiments. Mean ± SEM; **P < 0.01; one-way ANOVA with Tukey
post hoc test.

immunofluorescence and Western blotting analysis. We found
that lack of Hap1 reduced the GR level in the Hap1-KO
hypothalamus (Figures 2A–C).

Administration of the GR ligand, Dex, can induce metabolic
stress in newborn mice (Tuor et al., 1997; Gordon et al., 2001;
Baud et al., 2005; Heine and Rowitch, 2009). To investigate the
effect of Hap1 deficiency on GR under stressful condition in
early development, we used i.p. injection of Dex to simulate
GCs at P1 and P3 in WT and Hap1-KO mice. We found
that GR expression is decreased in the hypothalamus in both
WT and Hap1-KO mice 6 h after Dex injection as compared
with the saline injection control. However, in the Dex-treated
Hap1-KO mice, there was a more dramatic decrease of GR
levels compared with the age-matched WT mice, especially in
Hap1-KO mice at P1 (Figures 3A,B). Meanwhile, Hap1 level
in WT mice appeared to increase after Dex administration at
P3 (Figures 3A,C). The reduced GR level in the Hap1 KO

hypothalamus suggests that the deletion of Hap1 can affect
GR-mediated stress response in the hypothalamus at the early
development stage.

The Effect of Hap1 Deficiency on the
GR-Mediated Stress in Adult Mice
Next, we wanted to examine whether Hap1 deficiency also affects
GR in adult mouse hypothalamus. We generated conditional
Hap1-KO mice in which exon 1 of the Hap1 mouse gene
is flanked by two loxP sites that can be deleted by Cre
recombination. The floxed Hap1 mice were crossed to transgenic
mice that express Cre-ER ubiquitously. The crossed offspring
carrying the floxed Hap1 and Cre-ER were i.p. injected with TM,
which binds the cytoplasmic Cre-ER to translocate Cre to the
nucleus for removing the floxed exon 1 of the Hap1 gene, leading
to the disruption of the Hap1 gene at adult ages (Figure 4A). As a
result, injection of TM into the floxed Hap1/Cre-ER mice at 2 to
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FIGURE 3 | Depletion of Hap1 expression affects Dex-mediated GR expression in early development. (A) Western blot result showing that the GR protein level of
hypothalamic tissues decreased in the Hap1-null mice at P1 and P3 as compared to wild-type mouse. Note that the decrease was much more dramatic 6 h after i.p.
Dex administration. Vinculin served as an internal control. (B) The ratios of GR to vinculin were presented. (C) Relative levels of Hap1 (ratio to vinculin) on the Western
blots were obtained from three independent experiments. Mean ± SEM; *P < 0.05; **P < 0.01; one-way ANOVA with Tukey post hoc test.

3 months of age (adult KO) eliminated Hap1 in hypothalamus
(Figure 4B).

We then used two different methods to stress
HAP1 conditional KO mice. One was i.p. injection of Dex
(1 mg/kg), and the other was to fast mice for 24 h. These
treatments simulated different stress conditions in adult
Hap1-KO mice. The control was floxed Hap1 mice without
Cre that had also been injected with TM. Western blotting was
used to detect the effect of Hap1 deletion on GR expression
in the hypothalamic tissue. Injection of Dex appeared to cause
further reduction of GR (Figure 4B). Quantitative analysis of
the relative level of GR (ratio of GR to the loading control
vinculin) on Western blots verified a greater decrease of GR
in the hypothalamus of the Hap1 KO hypothalamus after
Dex treatment (Figure 4C). Fasting also caused a pronounced
reduction of GR in the hypothalamus when Hap1 was absent,
which is evident in Western blotting results (Figures 4D,E). We

noticed that Dex administration and fasting caused an increase
in Hap1 expression, which was not accompanied by increased
GR, in the hypothalamus of control mice (Figures 4B–E). It is
possible that the cytoplasmic GR, once bound to ligand under
stress, can dissociate from Hap1 and becomes less stable for
degradation. Taken together, loss of Hap1 can reduce GR level
under the normal physiological and stress conditions.

Loss of Hap1 Shortens the Half-Life of GR
in Cultured N2a Cells
The interaction of both Hap1 and GR and regulatory effect of
Hap1 on GR’s level raise a possibility that Hap1 stabilizes GR via
its interaction such that loss of Hap1 promotes its degradation
and reduces its level. To explore this possibility, we examined
the effect of Hap1 on the half-life of GR in cultured N2a. We
used CRISPR/Cas9 to target the Hap1 gene (Figure 5A) via
transfection of plasmids expressing Cas9 and Hap1 gRNA in
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