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Abstract

Aquaporin-3 (AQP3), a water and glycerol channel, plays an important role in epidermal function, 

with studies demonstrating its involvement in keratinocyte proliferation, differentiation and 

migration and epidermal wound healing and barrier repair. Increasing speculation about the use of 

histone deacetylase (HDAC) inhibitors to treat skin diseases led us to investigate HDAC’s role in 

the regulation of AQP3. The broad-spectrum HDAC inhibitor, suberolyanilide hydroxamic acid 

(SAHA) induced AQP3 mRNA and protein expression in a dose- and time- dependent manner in 

normal keratinocytes. The SAHA-induced increase in AQP3 levels resulted in enhanced 

[3H]glycerol uptake in normal but not in AQP3 knockout keratinocytes, confirming that the 

expressed AQP3 was functional. Utilization of HDAC inhibitors with different specificities limited 

our exploration of the responsible HDAC member to HDAC1, HDAC2 or HDAC3. Cre-

recombinase-mediated knockdown and overexpression of HDAC3 suggested a role for HDAC3 in 

suppressing AQP3 expression basally. Further investigation implicated p53 as a transcription 

factor involved in regulating HDAC inhibitor-induced AQP3 expression. Thus, our study supports 

the regulation of AQP3 expression by HDAC3 and p53. Since SAHA is already approved to treat 

cutaneous T-cell lymphoma, it could potentially be used as a novel therapy for skin diseases like 

psoriasis, where AQP3 is abnormally expressed.
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INTRODUCTION

Aquaporin-3 (AQP3), a water and glycerol channel that also transports hydrogen peroxide 

(Hara- Chikuma et al., 2015, Verkman, 2008), is known to play a key role in many tissues 

and organs including the skin. In the dermis AQP3 is required for bleomycin-induced 

fibrosis (Luo et al., 2016), whereas in the epidermis it has been reported to contribute to 

keratinocyte proliferation and differentiation (Bollag et al., 2007, Choudhary et al., 2015, 

Dumas et al., 2002, Hara- Chikuma et al., 2009, Kim and Lee, 2010, Nakahigashi et al., 

2011, Serna et al., 2014, Zheng et al., 2003). Studies characterizing AQP3 knockout mice 

suggest that this aquaglyceroporin is also required for normal skin hydration, barrier 

recovery, wound healing and elasticity (Hara et al., 2002, Hara and Verkman, 2003, Ma et 

al., 2002). Further, these reports suggest that it is the glycerol rather than the water 

transported by AQP3 that is important for these functions (Hara et al., 2002, Hara and 

Verkman, 2003). AQP3 has also been linked to various human skin diseases, such as atopic 

dermatitis (Boury-Jamot et al., 2006, Olsson et al., 2006), vitiligo (Kim and Lee, 2010), 

cutaneous pruritus (Ikarashi et al., 2012), and psoriasis (Qin et al., 2011). Indeed, in psoriatic 

lesions, AQP3 immunoreactivity is decreased (Lee et al., 2012) and/or mislocalized (Voss et 

al., 2011), suggesting that dysregulation of AQP3 might be involved in the etiology of 

psoriasis. It is speculated that induction of AQP3 expression may be a potential mechanism 

for treating dry skin conditions (Draelos, 2012), with various agents shown to increase 

AQP3 expression (Aburada et al., 2011, Dumas et al., 2007, Pereda Mdel et al., 2010). Due 

to the importance of AQP3 in the epidermis, it is critical to understand the mechanisms 

regulating its expression in keratinocytes.

Histone deacetylases (HDACs) are a class of enzymes that remove acetyl groups from lysine 

residues on core histones as well as a number of non-histone proteins including transcription 

factors and co-regulators, thereby regulating their activities (Grunstein, 1997). HDAC 

inhibitors block the action of HDACs to result in hyperacetylation of histones and other 

proteins thereby modulating gene expression (Dokmanovic et al., 2007). For example, 

hypoacetylated (via HDAC enzymes) chromatin is transcriptionally silent while 

hyperacetylated chromatin (via the action of histone acetyl transferases, HATs) is 

transcriptionally active. Various HDAC inhibitors are either Food and Drug Administration 

(FDA)-approved (e.g., Zolinza, Istodax, Valproate) or are in clinical trials for treating 

various diseases, mainly cancer (https://clinicaltrials.gov). Considering the important action 

of these HDAC inhibitors to suppress inflammation and angiogenesis and induce 

differentiation or apoptosis of hyperproliferative cancer cells, experts have proposed that 

HDAC inhibitors be considered for treating skin cancers and psoriasis (Dinarello et al., 

2011, McLaughlin and La Thangue, 2004, Robertson et al., 2012, Shuttleworth et al., 2010).
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Considering the likely involvement of AQP3 in various skin diseases and the possible 

therapeutic use of HDAC inhibitors for hyperproliferative disorders, our objective was to 

investigate the effect of HDACs and HDAC inhibitors on AQP3 levels. Using various HDAC 

inhibitors and genetic manipulations, we show that AQP3 is inhibited basally by HDAC3 

and that p53 mediates, at least part, HDAC inhibition-induced increase in AQP3 levels.

RESULTS

HDAC inhibitors increase AQP3 expression

Primary cultures of keratinocytes from neonatal (1- to 3-day-old) mice were treated with 

various concentrations of the pan-HDAC inhibitor, suberoylanilide hydroxamic acid 

(SAHA) for 24h. AQP3 is visualized as two bands; by analogy with aquaporin-2 (AQP2) 

(Hendriks et al., 2004), the lower 28-kDa protein represents non-glycosylated AQP3, 

whereas the upper 37–40 kDa diffuse band is glycosylated. As shown in Figure 1a (left 

panel), both forms of AQP3 are increased with SAHA treatment. Quantitation of Western 

blots from multiple experiments indicated that SAHA increased AQP3 protein levels in a 

concentration-dependent manner (Figure 1a, right panel). We then examined the mRNA 

expression of AQP3 in SAHA-treated cells and observed a significant increase in AQP3 

mRNA expression with increasing concentrations of SAHA after 24h of treatment (Figure 

1b). The increase in AQP3 protein levels occurred also in a time-dependent manner (Figure 

1c). We further confirmed our results using immunocytochemistry showing increased 

staining of AQP3 in mouse keratinocytes treated for 24h with SAHA (5µM), which also 

induced actin cytoskeletal reorganization (Figure 1d), consistent with previous reports 

(Koppaka et al., 2015, Nikkhah et al., 2011). These results suggest that AQP3 expression is 

basally repressed by one or more HDACs in normal proliferating mouse keratinocytes such 

that treatment with the pan-HDAC inhibitor, SAHA, results in increased AQP3 mRNA and 

protein levels. Interestingly, SAHA was able to increase AQP3 levels in other epithelial cells 

as well, including MCF7 breast cancer cells, SW480 colon cancer cells and HeLa cervical 

cancer cells (Supplemental Figure 1). However, SAHA treatment did not increase AQP3 

levels in DU145 or LNCaP prostate cancer cell lines (data not shown), suggesting tissue 

specificity in AQP3 regulation by the pan-HDAC inhibitor.

SAHA increased AQP3 levels in mouse skin organ culture, in situ

To examine the ability of SAHA to affect AQP3 levels in a more physiologically relevant 

three- dimensional system, we harvested skin from neonatal (1- to 3-day-old) mice, split the 

skin in half lengthwise and incubated one half with medium containing DMSO (the vehicle 

control) and one half with medium containing 5 or 10µM SAHA for 24h. We then 

homogenized the skin and determined AQP3 protein expression by Western analysis. As 

shown in Figure 2a, left panel, AQP3 protein (both unglycosylated and glycosylated) was 

expressed in skin (Voss et al., 2011), and SAHA was able to increase AQP3 levels in this 

skin organ culture system in situ.

Quantitation of multiple experiments confirmed a significant SAHA-induced increase in 

AQP3 protein levels in skin in situ (Figure 2a, right panel).
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SAHA-induced AQP3 upregulation resulted in increased glycerol uptake in normal but not 
in AQP3 knockout keratinocytes

In order to determine if the AQP3 induced by SAHA is functional, we measured 

radiolabeled glycerol uptake by SAHA-exposed keratinocytes. SAHA treatment of normal 

keratinocytes resulted in a significant increase in [3H]glycerol uptake by the cells (Figure 

2b); however, SAHA treatment of AQP3 knockout keratinocytes did not increase 

radiolabeled glycerol uptake (Figure 2c), demonstrating the involvement of AQP3 in the 

measured [3H]glycerol uptake. These results indicate that the AQP3 induced by SAHA in 

wild-type keratinocytes is functional. As expected, AQP3 knockout cells also exhibited 

reduced glycerol uptake under basal conditions (Figure 2b and c).

We have previously proposed a role for AQP3 in promoting keratinocyte differentiation, 

such that re-expression of AQP3 in AQP3 knockout keratinocytes enhanced mRNA and 

protein expression of both early and late differentiation markers, either alone or in 

conjunction with a differentiating agent (Choudhary et al., 2015). Indeed, the HDAC 

inhibitor trichostatin A has previously been shown to induce a marker of intermediate 

differentiation (involucrin) without affecting the expression of the late marker loricrin and 

even suppressing another late marker (profilaggrin) (Markova et al., 2007). To examine the 

potential role of AQP3 in SAHA’s effects, we examined the effect of the HDAC inhibitor on 

proliferation and differentiation in wild-type and AQP3 knockout keratinocytes. As shown in 

Supplemental Figure 2, we found that SAHA decreased expression of proliferation markers 

and increased the expression of differentiation markers. In each case SAHA was less potent 

in its action on some markers in AQP3 knockout keratinocytes. This result suggests that 

HDAC inhibition can promote keratinocyte differentiation with its potency on some aspects 

of differentiation determined, at least in part, by its ability to promote AQP3 expression.

The HDAC3-selective inhibitor, RGFP966, induced AQP3 expression

SAHA is a pan-HDAC inhibitor; therefore, it is not clear which HDAC represses basal 

AQP3 expression and is inhibited by SAHA to upregulate AQP3. To delineate the potentially 

relevant HDAC(s), we treated keratinocytes with additional inhibitors that selectively target 

different HDACs. Initially, we performed dose response experiments to determine the 

appropriate concentrations (Supplemental Figure 3). With these doses, and as shown in 

Figure 3a, we found that, like SAHA, trichostatin A (TSA), TC-H106, SBHA and CI994, 

which are reported to inhibit HDAC1 and HDAC3, also increased AQP3 protein expression, 

whereas PCI 34051, which does not inhibit either HDAC1 or HDAC3, and droxinostat, 

which is not thought to inhibit HDAC1 and only weakly inhibits HDAC3, did not. Together 

these results suggest that HDAC1, HDAC2 and/or HDAC3 is/are likely to be the HDAC(s) 

that normally repress(es) AQP3 expression in proliferating keratinocytes. Similar results 

were obtained in normal human epidermal keratinocytes (Figure 3b).

To determine if inhibition of HDAC3 increased AQP3 levels, keratinocytes were treated with 

various concentrations of the HDAC3-selective inhibitor, RGFP966 (Leus et al., 2016), for 

24h and AQP3 levels were determined by Western analysis and immunostaining. As shown 

in Figure 3c, RGFP966 treatment dose-dependently increased AQP3 levels. AQP3 
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immunostaining also intensified with RGFP966 treatment, further suggesting the 

involvement of HDAC3 in inhibition of AQP3 expression basally (Figure 3d).

Genetic manipulation of HDAC3 levels altered SAHA-induced AQP3 expression

As inhibitors often have the disadvantage of a lack of specificity/selectivity, another 

approach to decrease HDAC3 activity in keratinocytes was used. Keratinocytes were 

prepared from transgenic neonatal mice in which the HDAC3 gene is flanked by loxP sites 

(McGee-Lawrence et al., 2015). These cells were then infected with GFP-expressing 

(control) adenovirus and adenovirus expressing Cre-recombinase (to delete the HDAC3 

gene), as in (Choudhary et al., 2014). Infection with Cre-expressing adenovirus significantly 

decreased HDAC3 protein expression in the floxed keratinocytes, reducing protein levels to 

about 25–30% of the GFP- expressing control cells (Figure 4a, upper and lower panels). 

However, approximately a third of the protein remained (and there may have been even more 

activity persisting depending on whether or not cells attempted to compensate for the protein 

loss). Indeed, inhibition of the remaining HDAC3 activity with SAHA resulted in an 

enhancement of AQP3 levels (upper and middle panels). q-RT-PCR results also confirmed 

the increase in AQP3 mRNA expression induced by SAHA treatment in keratinocytes in 

which HDAC3 mRNA levels were decreased (Supplemental Figure 4).

We also examined the effect of adenovirus-mediated overexpression of HDAC3 (or HDAC1) 

on SAHA-stimulated AQP3 levels. As shown in Figure 4b, we verified the overexpression of 

the two HDACs. Basal AQP3 expression is low, making it difficult to observe further 

reductions with HDAC3 overexpression. However, overexpression of HDAC3, but not 

HDAC1, reduced the ability of SAHA to increase AQP3 levels in mouse keratinocytes, with 

a significant reduction in SAHA-induced AQP3 levels in HDAC3-overexpressing, but not 

HDAC1-overexpressing, keratinocytes (Figure 4b lower panel). This result suggests that 

HDAC3 is the HDAC that basally represses AQP3 levels in normal proliferating 

keratinocytes.

Increasing or decreasing p53 activity/levels increased or decreased, respectively, SAHA- 
induced AQP3 expression in keratinocytes

A previous report has demonstrated the presence of a p53 response element in the AQP3 

promoter such that members of the p53 family, including also p63 and p73, can induce 

AQP3 expression (Gu et al., 2008, Ratovitski, 2013, Zheng and Chen, 2001). In addition, 

p53 is known to be acetylated, with this post-translational modification enhancing its 

transcriptional activity (Li et al., 2002, Luo et al., 2004). Therefore, we hypothesized the 

potential involvement of p53 in the ability of HDAC inhibition to induce AQP3 expression. 

To examine this idea, mouse keratinocytes were treated with or without SAHA (2.5µM) in 

the presence or absence of an inhibitor of p53/p73 (Davidson et al., 2008), pifithrin, for 24h 

and harvested for Western analysis. As shown in Figure 5a, pifithrin (30µM) significantly 

inhibited SAHA-induced AQP3 protein expression, while exerting little or no effect on 

AQP3 levels alone, suggesting the possibility that HDACs regulate AQP3 levels through 

their ability to modulate the transcriptional activity of one or more p53 family members. A 

similar effect was observed with 10µM pifithrin (data not shown).
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Since pifithrin inhibits both p53 and p73, we used an overexpression approach to dissect the 

role of p53 versus p73, determining the effect of adenoviral infection with wild-type p53 on 

the induction of AQP3 by SAHA in keratinocytes. Cells were infected with empty virus or 

virus expressing wild-type p53 for 12h, and after treatment for 12h with or without SAHA, 

AQP3 levels were determined by Western analysis. As shown in Figure 5b and c, although 

wild-type p53 overexpression had no effect alone on AQP3 levels, p53 enhanced the ability 

of SAHA to increase AQP3 mRNA and protein levels. The ability of acetylation to increase 

p53’s transcriptional activity (Luo et al., 2004) may explain this result, with SAHA inducing 

overexpressed p53 activation by enhancing acetylation. These data suggest that acetylated 

p53, or a p53 family member, is a regulator of AQP3 levels.

DISCUSSION

AQP3 is a protein involved in the normal processes of keratinocyte proliferation and 

differentiation and is thus an important regulator of skin homeostasis, with gene deletion in 

transgenic mice resulting in, for example, delayed wound healing and barrier repair (Hara et 

al., 2002). Our recent study, in which AQP3 was re-expressed in AQP3 knockout 

keratinocytes to result in an increase in differentiation markers, suggests a pro-differentiation 

role for AQP3 in mouse keratinocytes (Choudhary et al., 2015). In addition, ours and others’ 

previous studies have suggested that AQP3 is reduced (Lee et al., 2012) and/or mislocalized 

(Voss et al., 2011) in psoriatic lesions, suggesting that a dysregulation of AQP3 might be 

involved in the etiology of psoriasis. Using various research techniques, we have determined 

that HDAC3 represses AQP3 expression basally such that treatment of keratinocytes with a 

pan-HDAC inhibitor like SAHA, or an HDAC3 inhibitor specifically, increased AQP3 

expression. Further, we identified p53 as an important mediator of this HDAC inhibitor-

induced AQP3 expression.

HDAC inhibitors represent a potential new class of therapeutic agents initially developed for 

the treatment of cancers, because they can inhibit cell proliferation and induce 

differentiation (Tang et al., 2013). In fact, Vorinostat (suberoylanilide hydroxamic acid or 

SAHA) is already approved by the FDA for the treatment of cutaneous T-cell lymphoma. 

For the last decade HDAC inhibitors have been proposed as potential therapeutic agents for 

treating psoriasis and other skin conditions due to their anti-proliferative and anti-

inflammatory activities (McLaughlin and La Thangue, 2004, Shuttleworth et al., 2010). 

Indeed, HDAC1 was found to be overexpressed in psoriatic lesions, suggesting the 

possibility of direct implementation of HDAC inhibitors in psoriasis treatment (Tovar-

Castillo et al., 2007). Recently, resveratrol, via inhibition of the class III HDAC, Sirt1, has 

been shown to have beneficial effects on the psoriasiform phenotype induced by imiquimod 

in a mouse model of psoriasis (Xie et al., 2015). However, few studies have investigated the 

utility of HDAC inhibitors in the treatment of psoriasis (Ekman and Enerback, 2016). Our 

data demonstrating that HDACs regulate the expression of AQP3, an important protein for 

normal skin function, suggest that further studies are warranted.

SAHA inhibits a large number of class I and class II HDACs. These individual HDACs have 

different functions in different tissues. It was therefore important to identify which HDAC is 

involved in regulating AQP3 levels. We utilized various HDAC inhibitors that have been 
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reported to inhibit one or more class I or II HDACs. These inhibitor studies narrowed our 

search to three HDACs, HDAC1, HDAC2 and/or HDAC3. Utilizing a gain-of-function 

approach we discovered that overexpression of HDAC3, but not HDAC1, inhibited the 

SAHA-induced increase in AQP3 levels. Surprisingly, CAY10398, an inhibitor that is 

reported to be selective for HDAC1 (https://www.caymanchem.com/Product.vm/catalog/

89740),) increased AQP3 levels, although overexpression of HDAC1 did not affect SAHA-

induced AQP3 expression. This result highlights one of the caveats of chemical inhibitors, 

that is, their lack of specificity/selectivity, and we postulate that this compound may also 

inhibit other HDACs (likely HDAC3) at concentrations of 1µM or above. Further, utilizing a 

more selective inhibitor for HDAC3, RGFP966, and a loss-of-function approach using Cre-

LoxP technology in floxed HDAC3 keratinocytes, we confirmed HDAC3 as the likely 

HDAC that regulates AQP3. Interestingly, knockdown of HDAC3 alone produced only a 

moderate increase in AQP3 expression, which did not reach statistical significance; however, 

combining SAHA treatment with reduced HDAC3 levels resulted in a significant 

enhancement of AQP3 mRNA and protein levels in keratinocytes. This result is consistent 

with the fact that infection with Cre-recombinase-expressing adenovirus did not completely 

ablate HDAC3, such that inhibition of the remaining HDAC3 with a lower 2.5µM 

concentration of SAHA was required for a maximal response. Studies on the role of HDAC3 

in skin are limited although one study identified HDAC3 as a target for the development of 

therapies for allergic skin inflammation disorders (Kim et al., 2012), suggesting the 

possibility of a beneficial role for AQP3 in this particular condition.

HDAC inhibitors act not only to deacetylate histone proteins to inhibit transcription of 

various genes but also affect the acetylation of several transcription factors. In fact, SAHA 

has been shown to promote the acetylation of various transcription factors, such as p21WAF1, 

p53 and TBP- 2, as well as other proteins like gelsolin, metallothionein 1L, and others 

(Glaser et al., 2003, Grunstein, 1997). Since previous reports indicated the presence of p53 

response elements in the AQP3 promoter (Zheng and Chen, 2001), we examined p53 as a 

possible transcription factor involved in AQP3 expression in keratinocytes. Our results using 

two different approaches supported the involvement of p53 in SAHA-increased AQP3 levels. 

The p53 inhibitor used in one approach, pifithrin, can also inhibit p73 at higher 

concentrations (Codelia et al., 2010, Davidson et al., 2008). However, using two doses of 

pifithrin, with the lower dose (10µM) expected to inhibit only p53 and not p73, we observed 

similar inhibition of SAHA-induced AQP3 protein expression. Thus, our study suggested 

p53, rather than p73, as the p53 family member regulating AQP3 expression. Interestingly, 

we observed no effect of p53 overexpression alone to induce AQP3 protein expression; this 

result is consistent with the idea that acetylation of p53 stabilizes and promotes the 

transcriptional activity of the protein (Brooks and Gu, 2011, Lavin and Gueven, 2006, Luo et 

al., 2004), such that overexpression of p53 alone was not sufficient for AQP3 induction but 

required inhibition of HDAC activity for manifestation. Alternatively, enhanced acetylation 

of other proteins, for example, histones or proteins of the transcriptional complex, may be 

needed for p53 to effectively promote AQP3 expression.

In addition to the p53 family of transcription factors, there are several other factors that have 

been implicated in AQP3 regulation, including PPARgamma (Jiang et al., 2011), TNFalpha 

(Horie et al., 2009), Notch1 (Guo et al., 2013), and CLOCK/BMAL1 (Takase et al., 2011), 
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among others. Micro-RNAs are also reported to regulate AQP3 expression in various tissues. 

In larynx-derived SCC-11 cells, phosphorylated-deltaNp63alpha was shown to upregulate 

miR- 185–5p and downregulate let7–5p, which subsequently modulated AQP3 through its 

3’- untranslated region (Ratovitski, 2013). In other studies, miR-874 decreased AQP3 

expression in Caco-2 and gastric cancer cells by targeting its 3’ untranslated region (Jiang et 

al., 2014, Zhi et al., 2014).

We and others have previously reported a pro-differentiative role for AQP3 in keratinocytes 

and skin (Bollag et al., 2007, Choudhary et al., 2015, Dumas et al., 2002, Kim and Lee, 

2010, Zheng and Bollag, 2003). Further, we suggested a signaling partner, phospholipase D2 

(PLD2), as an important mediator of AQP3’s pro-differentiative role (Choudhary et al., 

2015), with the association of AQP3 and PLD2 thought to be important for induction of 

keratinocyte differentiation. In addition, for another aquaporin, AQP2, glycosylation is 

required for its surface localization (Hendriks et al., 2004); by analogy with AQP2, 

glycosylated AQP3 likely represents mature, active AQP3 at the plasma membrane. Our 

immunocytochemistry experiments confirmed that SAHA can increase both membranous 

(presumably glycosylated) and cytoplasmic (thought to be non-glycosylated) AQP3, and 

treatment with SAHA resulted in increased glycerol uptake by keratinocytes from wild-type 

but not from AQP3 knockout mice. These results thus confirmed the functional transport 

activity of the SAHA-induced AQP3. It should be noted that glycosylated, but not non-

glycosylated, AQP3 levels were increased in droxinostat-treated human keratinocytes 

whereas droxinostat had no effect on AQP3 levels (non- glycosylated or glycosylated) in 

mouse keratinocytes. This result suggests that droxinostat promotes AQP3 glycosylation, 

presumably increasing plasma membrane-localized, mature AQP3, suggesting its possible 

utility for therapy of diseases in which AQP3 is mislocalized. Further, this result suggests 

that one or more histone acetyl transferases and/or HDACs may regulate AQP3 

glycosylation, with different HDAC profiles likely responsible for the (few) disparities 

observed between mouse and human keratinocytes. Although beyond the scope of this 

manuscript, further research is necessary to address this possible mechanism of post-

translational regulation of AQP3 activity.

Our present results provide evidence that HDAC3 represses AQP3 expression basally, 

suggesting the possibility that HDAC inhibition could be useful in treating various skin 

diseases in which AQP3 levels are decreased, such as psoriasis (Lee et al., 2012). The 

HDAC inhibitor SAHA has known anti-proliferative properties further supporting its use in 

psoriasis therapy. Indeed, we observed an ability of SAHA to inhibit the expression of some 

markers of keratinocyte proliferation and increase the expression of some differentiation-

associated genes, and this effect was partially determined by its ability to increase AQP3 

levels, since SAHA exhibited lower potency to modulate expression of some of these 

markers in AQP3 knockout cells. Nevertheless, lack of AQP3 did not completely prevent the 

SAHA-induced changes in expression in keratinocyte markers. This fact, in addition to the 

disparity between the differentiation induced by SAHA-mediated HDAC inhibition and that 

elicited by AQP3 overexpression (Choudhary et al., 2015), suggests additional effects of 

HDACs in regulating keratinocyte function. This result is not unexpected given the large 

number of protein substrates targeted by HDACs, including histones that control chromatin 

accessibility and gene transcription. Our results therefore suggest that SAHA, already in 
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clinical use to treat cutaneous T-cell lymphoma, might be quickly repurposed as a psoriasis 

therapy. Nevertheless, SAHA’s ability to influence AQP3 levels in other epithelial cells 

(Supplemental Figure 1), as well as data in the literature supporting a pro-proliferative role 

of this aquaglyceroporin in various epithelia (e.g., (Chen et al., 2014, Hou et al., 2016, 

Nakahigashi et al., 2011) suggest that caution should be exercised with SAHA’s application 

to the treatment of skin disorders.

MATERIALS AND METHODS

For detailed Materials and Methods, please see Supplemental Materials.

Cell culture and experimental design—All animal protocols were approved by the 

Augusta University or Charlie Norwood VA Medical Center Institutional Animal Care and 

Use Committees and were conducted according to NIH guidelines for the Care and Use of 

Laboratory Animals. Primary epidermal mouse keratinocytes were prepared from neonatal 

(1–3 day old) CD1, AQP3 knockout (Ma et al., 2002) and/or floxed HDAC3 mice (McGee-

Lawrence et al., 2015) and cultured in K-SFM containing 50µM CaCl2 as described 

previously (Choudhary et al., 2015). Adult normal human keratinocytes (NHEK #192627) 

were obtained from Lonza, Inc. and were sub-cultured in KBMGold as in (Helwa et al., 

2015). Experiments were performed on 70–80% confluent keratinocytes.

Adenoviral infection—The GFP-tagged adenovirus expressing Cre-recombinase was 

purchased from Vector Biolabs (Philadelphia, PA), the HDAC3-expressing adenovirus from 

SignaGen Laboratories (Gaithersburg, MD, USA) and the HA-tagged HDAC1 expressing 

adenovirus (Ad-hHDAC1- HA) from Applied Biological Materials (Canada). The wild-type 

p53-expressing adenovirus was kindly provided by Dr. Shuang Huang (Augusta University, 

Augusta, GA). Amplification and purification of viruses were performed as described earlier 

(Arun et al., 2011, Shapiro et al., 2010).

For adenoviral infection, keratinocytes from floxed HDAC3 neonatal mice were infected 

with adenoviruses expressing either Cre-recombinase or GFP as described earlier 

(Choudhary et al., 2015). Virus-containing media was removed 24h post-infection and 

replaced with fresh K-SFM. For overexpression studies, keratinocytes were infected with 

adenovirus expressing GFP, HDAC3, HA-tagged HDAC1 or wild-type p53 for 12h.

Western blot analysis—Western analysis was performed as described previously 

(Choudhary et al., 2015).

Immunocytochemistry—Immunocytochemistry was performed as described previously 

(Qin et al., 2010).

In-situ culture—Skin was harvested from newborn wild-type CD1 mice, treated as 

described in legends and processed for Western analysis.

Quantitative RT-PCR (qRT-PCR) analysis—qRT-PCR reaction was performed and 

analyzed by the delta-delta Ct method as previously described (Choudhary et al., 2015).
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[3H]Glycerol uptake assay—Radiolabeled glycerol uptake assays were performed as in 

(Choudhary et al., 2015).

Statistical Analysis—Data from at least three independent experiments are presented as 

means±SEM. Unpaired, two- tailed t-tests were used to analyze differences between two 

groups; for more than two groups, one-way analysis of variance with Newman-Keuls 

multiple comparison post-hoc tests was used (GraphPad Prism, La Jolla, CA).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The pan-HDAC inhibitor, SAHA, dose- and time-dependently increases AQP3 
expression in primary mouse epidermal keratinocytes.
Mouse keratinocytes were treated with vehicle (DMSO) or SAHA for 24h or as indicated. 

(a) Representative Western blot showing AQP3 and GAPDH levels. The right panel shows 

quantification and cumulative values (means±SEM; n=3). (b) Quantitative RT-PCR analysis 

for AQP3 from at least 3 independent experiments was performed using the ΔΔCt method 

with GAPDH as the endogenous control; results represent the means±SEM of groups 

presented relative to maximal response. (c) A representative (n=3) Western blot for AQP3 

levels in keratinocytes treated with SAHA for the indicated time points (d) Keratinocytes 

were treated with 5µM SAHA or DMSO for 24h. Cells were fixed and immunostained using 

antibodies recognizing AQP3 (red) and β-actin (green) with nuclei counterstained with 

DAPI (blue). g= glycosylated; ng= non-glycosylated; **p<0.01, ***p<0.001 versus control.
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Figure 2. SAHA increases AQP3 levels in situ and AQP3 activity in vitro.
(a) Neonatal mouse skin incubated with medium containing DMSO or SAHA for 24h. A 

representative (n=3) Western blot for AQP3 levels is shown (left panel). In the right panel, 

AQP3 levels were normalized to β-actin and expressed as fold over the DMSO-treated 

group; cumulative results from at least 3 separate skins using DMSO or 5µM SAHA are 

presented as means±SEM; **p<0.01 versus the DMSO group. (b, c) Keratinocytes from 

wild-type (b) and AQP3 knockout (c) mice were treated with DMSO or 5µM SAHA for 24h. 

AQP3 functionality was assessed by [3H]glycerol uptake assay. Please note the change in x-

axis (panel b versus c). The data represent means±SEM from 3 independent experiments; 

***p<0.001 versus DMSO-treated keratinocytes. g= glycosylated; ng= non-glycosylated.

Choudhary et al. Page 15

J Invest Dermatol. Author manuscript; available in PMC 2019 September 09.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Figure 3. HDAC3 regulates AQP3 levels.
Mouse (a) or human (b) keratinocytes (KC) were treated for 24h with vehicle (DMSO) or 

HDAC inhibitors targeting different HDACs: 5µM SAHA, 300nM trichostatin A (TSA), 

50µM TC-H106, 50µM suberoyl bis-hydroxamic acid (SBHA), 50µM CI994, 50µM PCI 

34051, 50µM droxinostat, or 50µM CAY10398 as indicated. Glycosylated (g) and non-

glycosylated (ng) AQP3 protein levels were analyzed by Western blotting. Blots shown are 

representative of 3 separate experiments. (c) Primary mouse keratinocytes were treated for 

24h with the HDAC3 inhibitor RGFP966 or the control vehicle (DMSO) and analyzed by 

Western blotting for levels of AQP3 compared to the loading control, GAPDH. Results 

shown are representative of 3 separate experiments. (d) Primary mouse keratinocytes grown 

on cover slips were treated as above. At the end of 24h of treatment cells were fixed and 

immunostained using an antibody recognizing AQP3 (red) with nuclei counterstained with 

DAPI (blue).
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Figure 4. HDAC3 knockdown increases and HDAC3 overexpression decreases AQP3 expression.
Keratinocytes from neonatal floxed HDAC3 mice were infected with Cre- recombinase 

(CRE)- or control (GFP)-expressing adenovirus for 24h. 57h post-infection the cells were 

treated with DMSO or 1µM SAHA for 15h. (a) Representative Western blots (upper panel) 

and quantitation (lower panels), with cumulative values expressed relative to the maximum 

response as means±SEM from 3 separate experiments. (b) Keratinocytes (wild-type) were 

infected with adenovirus expressing GFP (control), HDAC3 or HA-tagged HDAC1 for 12h 

and treated with DMSO or 2.5µM SAHA for 10h. Representative Western blots (upper 

panel) and quantitation of AQP3 levels (lower panel; n=3) as in (a) is shown. ***p<0.001 

versus the control (GFP); fp<0.05, ##p<0.01, #p<0.05 versus the indicated groups. g= 

glycosylated; ng= non- glycosylated.
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Figure 5. p53 mediates SAHA-increased AQP3 levels in keratinocytes.
(a) Mouse keratinocytes were treated with DMSO or 5µM SAHA in the presence and 

absence of 30µM pifithrin (PFT) for 24h. Representative Western blot for AQP3 (left panel) 

and quantitation of 3 experiments (right panel) are shown. AQP3 levels normalized to 

GAPDH and expressed relative to the maximal response are presented as means±SEM; 

***p<0.001 versus DMSO and fffp<0.001 as indicated. (b,c) Mouse keratinocytes were 

infected with adenovirus expressing wild-type p53 or vector for 12h and treated with 5µM 

SAHA for 12h. AQP3 mRNA expression analyzed by qPCR (b) and protein levels by 

Western blots (c, upper panel) with quantitation of 3 experiments are shown (c, lower panel). 

Results presented as means±SEM are expressed relative to the maximal response. **p<0.01 

versus vector, ffp<0.01 as indicated.
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