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Abstract

Bovine mammary epithelial cells (MAC-Ts) are a common cell line for the study of mammary 

epithelial inflammation; these cells are used to mechanistically elucidate molecular underpinnings 

that contribute to bovine mastitis. Bovine mastitis is the most prevalent form of disease in dairy 

cattle that culminates in annual losses of 2 billion dollars for the U.S. dairy industry. Thus, there is 

an urgent need for improved therapeutic strategies. Histone deacetylase (HDAC) inhibitors are 

efficacious in rodent models of inflammation, yet their role in bovine mammary cells remain 

unclear. HDACs have traditionally been studied in the regulation of nucleosomal DNA, in which 

deacetylation of histones impacts chromatin accessibility and gene expression. Using MAC-T cells 

stimulated with tumor necrosis factor α (TNFα) as a model for mammary cell inflammation, we 

report that inhibition of HDACs 1 and 2 (HDAC1/2) attenuated TNFα-mediated inflammatory 

gene expression. Of note, we report that HDAC1/2-mediated inflammatory gene expression was 

partly regulated by c-Jun N terminal kinase (JNK) and extracellular signal-regulated kinase (ERK) 

phosphorylation. Here, we report that HDAC1/2 inhibition attenuated JNK and ERK activation 

and thus inflammatory gene expression. These data suggest that HDACs 1 and 2 regulate 

inflammatory gene expression via canonical (i.e. gene expression) and non-canonical (e.g. 

signaling-dependent) mechanisms. While further studies using primary cell lines and animal 
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models are needed, our combined data suggest that HDAC1/2-specific inhibitors may prove 

efficacious for the treatment of bovine mastitis.
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Introduction

Mastitis, inflammation of the mammary gland and udder tissue, is the most prevalent form 

of disease in dairy cattle that contributes to significant monetary loss for the U.S. dairy 

industry with annual estimates of 2 billion dollars (Akers and Nickerson, 2011; Erskine et 

al., 2003; Hogeveen et al., 2011). Mastitis is an inflammatory reaction characterized by 

tissue damage to the milk-producing cells in the udder; this is typically initiated by bacterial 

infection, the most common pathogen in mastitis is Escherichia coli (E. coli). Bovine 

mammary epithelial cells are milk producing cells that represent the first line of defense 

against infection (Rinaldi et al., 2010; Strandberg et al., 2005). Following infection, 

fibroblasts within the mammary stroma secrete tumor necrosis factor α (TNFα), which 

stimulates mammary epithelial cells to release chemoattractant proteins that recruit 

neutrophils and macrophages to the alveoli to amplify inflammation (Chen et al., 2016; 

Rinaldi et al., 2010; Zhao and Lacasse, 2008).

Inflammatory effects of TNFα within mammary epithelial cells are mediated through 

mitogen-activated protein kinase (MAPK) signaling pathways that involve c-Jun N-terminal 

kinase (JNK), extracellular signal-regulated kinase (ERK) and p38 (Suman et al., 2016). 

Phosphorylation of all three of these MAPKs has been shown to stimulate release of 

chemoattractant proteins that trigger migration of immune cells from the blood to the 

mammary gland (Suman et al., 2016; Zhao and Lacasse, 2008). Collectively, immune cell 

migration and epithelial cell inflammation contribute to tissue damage during mastitis.

Small molecule inhibitors of histone deacetylases (HDACs) have been shown efficacious in 

various inflammatory models including pulmonary hypertension and rheumatoid arthritis 

(Angiolilli et al., 2016; Cavasin et al., 2012; Stenmark et al., 2012; Zhao et al., 2012). 

Recent reports demonstrate that HDAC inhibitors attenuate signaling of the MAP kinase, 

ERK (Ferguson et al., 2013; Williams et al., 2014). HDACs catalyze the removal of acetyl 

groups from lysine residues of proteins, but have traditionally been studied as regulators of 

nucleosomal DNA. HDACs are grouped into four classes: class I HDACs (1, 2, 3 & 8), class 

II HDACs (4, 5, 6, 7, 9 & 10), class III HDACs (Sirt1–7) and the lone class IV HDAC, 

HDAC11 (Bradner et al., 2010; Gregoretti et al., 2004). Class I, II and IV HDACs require 

zinc for catalytic activity, while class III HDACs are nicotinamide adenine dinucleotide 

(NAD +)-dependent. Inhibition of zinc-dependent HDACs blocks inflammation (Das Gupta 

et al., 2016); yet the role for specific HDAC isoforms in the control of MAPK 

phosphorylation and bovine mammary epithelial cell inflammation have yet to be elucidated.
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Based on previous reports, we postulated that small molecule HDAC inhibitors would inhibit 

bovine mammary epithelial cell MAPK signaling. Furthermore, we hypothesized that 

attenuation of MAP kinases partly contribute to anti-inflammatory actions attributed to 

HDAC inhibitors. To test these postulates, we relied on the commonly used MAC-T cell line 

(Huynh et al., 1991); this is an immortalized bovine mammary epithelial cell line that 

affords the opportunity to elucidate molecular mechanisms underpinning the inflammatory 

response. In this report, MAC-T cells were stimulated with TNFα as a model of bovine 

mammary inflammation. Using MAC-T cells, we showed that HDACs 1 and 2 regulate ERK 

and JNK phosphorylation in response to TNFα signaling. Moreover, we demonstrated that 

inhibition of MAPK signaling partially explained the anti-inflammatory actions attributed to 

HDAC inhibitors. Lastly, we showed that treatment with class I-selective or HDAC1/2-

selective HDAC inhibitors normalized inflammatory gene profiles in MAC-T cells in 

response to TNFα. While further studies using class I- and HDAC1/2-selective inhibitors in 

primary bovine mammary epithelial cells and animal models of mammary inflammation are 

needed, these data suggest efficacy for HDAC inhibitors as additional therapeutics for 

bovine mastitis.

Materials and Methods

Cells and Cell Culture

MAC-T cells were kindly provided by Dr. Laura Hernandez (University of Wisconsin-

Madison). MAC-T cells were used for all experiments (<12 passages). MAC-T cells were 

grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Caisson Labs), containing 10 % 

fetal bovine serum (FBS; Atlanta Biologicals), 10 μg/mL insulin (Sigma-Aldrich), 100 

IU/mL penicillin, and 100 μg/mL streptomycin (Caisson Labs) at 37 °C in 5% CO2. MAC-T 

cells were cultured under basal conditions. At 80% confluence, MAC-T cells were pre-

treated for 24 hours with HDAC inhibitors as indicated, trichostatin A (TSA; Sigma #T8552; 

200 nM), MGCD0103 (MGCD; Selleckchem #S1122; 1 μM), Apicidin (Api; Enzo Life 

Sciences #BML-GR340; 1 μM), Romidepsin (HDAC1/2i; Selleckchem #S3020; 1 μM), 

RGFP966 (HDAC3i; Selleckchem #S7229; 1 μM), RG2833 (HDAC1/3i; Selleckchem 

#S7292; 1 μM), Diphenylacetohydroxamic acid (DPAH; Sigma #D6071; 10 μM), Tubastatin 

A (TubA; Selleckchem #S8049; 1 μM) prior to stimulation with tumor necrosis factor α 
(TNFα; Invitrogen #PMC3014; 300 pM). At 60% confluence, MAC-T cells were transiently 

transfected with Dicer-substrate siRNAs (DsiRNAs) for HDAC1#1 (IDT; rArGrU rGrArU 

rGrArC rUrArC rArUrU rArArA rUrUrC rUrUA C and rGrUrA rArGrA rArUrU rUrArA 

rUrGrU rArGrU rCrArU rCrArC rUrGrU), HDAC1#2 (IDT; rArUrG rArCrU rArCrA 

rUrUrA rArArU rUrCrU rUrArC rGrCT C and rGrArG rCrGrU rArArG rArArU rUrUrA 

rArUrG rUrArG rUrCrA rUrCrA) HDAC2 #1 (IDT; rArArU rUrUrG rArCrA rGrUrU 

rArArA rGrGrU rCrArU rGrCT A and rUrArG rCrArU rGrArC rCrUrU rUrArA rCrUrG 

rUrCrA rArArU rUrGrA), HDAC2 #2 (IDT; rGrArA rUrUrU rCrUrA rUrUrC rGrArG 

rCrArU rCrArG rArCA A and rUrUrG rUrCrU rGrArU rGrCrU rCrGrA rArUrA rGrArA 

rArUrU rCrUrC) or non-targeting scrambled Universal Negative DsiRNA control (siControl; 

IDT; 51–01–19–09) for 48 hrs, prior to stimulation with 300 pM TNFα. Gene knockdown 

was performed individually and in combination. IDT = Integrated DNA Technologies
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HDAC Activity Assays

HDAC activity assays were performed as previously described (Lemon et al., 2011). MAC-T 

cells were lysed in PBS (pH 7.4) containing 0.5% Triton X-100, 300 mM NaCl and 

protease/phosphatase inhibitor cocktail (Thermo Fisher). Cell lysate was clarified by 

centrifugation prior to determination of protein concentration via BCA Protein Assay Kit 

(Pierce). Protein lysate (15 μg protein/well) was diluted into PBS buffer (100 μL/well) in a 

96-well plate. Vehicle (DMSO) or HDAC inhibitors, TSA, Apicidin and MGCD0103 was 

added to cell lysate and incubated at 37 °C for 2 hrs. Class-specific HDAC substrates were 

then added (5 μL of 1 mM stock solution), and plates returned to the 37 °C incubator for 2 

hrs. Developer/stop solution was added (50 μL per well of PBS with 1.5% Triton X-100, 3 

μM TSA, and 0.75 mg/mL trypsin) and plates incubated at 37 °C for 20 min. Subsequent to 

deacetylation, trypsin was used to release AMC, resulting in increased fluorescence. AMC 

fluorescence was measured via BioTek Synergy2 plate reader, with excitation and emission 

filters of 360 nm and 460 nm, respectively.

Immunoblotting

Cells were treated as indicated and cell lysate collected in lysis buffer (PBS, 300 mM NaCl, 

0.5% Triton-X, pH 7.4) containing protease and phosphatase inhibitors (HALT™, Thermo 

Scientific). Cells were sonicated prior to clarification by centrifugation (at 16,000 × g for 5 

min). Protein concentration was measured via BCA Assay Kit (Pierce) and proteins resolved 

by SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose 

membranes (BioRad) and probed with antibodies against phospho-JNK (Cell Signaling 

Technology; 4668), phospho-p38 (Cell Signaling Technology; 4511), phospho-ERK (Cell 

Signaling Technology; 4370), total JNK (Santa Cruz Biotechnology; sc-571), total p38 

(Santa Cruz Biotechnology; sc-7149), total ERK (Santa Cruz Biotechnology; sc-1647) 

HDAC1 (Cells Signaling Techology; 5356), or HDAC2 (Cell Signaling Technology; 5113). 

Horseradish Peroxidase (HRP)-conjugated secondary antibodies (Southern Biotech) were 

used at a concentration of 1:2000. SuperSignal West Pico chemiluminescence system 

(Thermo Scientific) and a ChemiDoc XRS+ imager (BioRad) were used to detect protein.

Real time quantitative PCR

To assess pro-inflammatory gene expression, a panel of 83 genes was analyzed using a 

quantitative polymerase chain reaction (qPCR) array (Qiagen; PABT-011ZA). MAC-T cells 

were pretreated with Vehicle, MGCD, or SP600125 (JNKi) prior to stimulation with TNFα 
(300 pM) or Vehicle (distilled H2O). Following TNFα (1h post) treatment, total RNA was 

harvested using TRI Reagent (Life Technologies). RNA samples were diluted to 100 ng/μL 

(500 ng) and then converted to cDNA using the RT2 First Strand cDNA Synthesis Kit 

(Qiagen; 330401). SABioscence RT2 Profiler Cow Inflammatory Cytokines & Receptors 

PCR Array (Qiagen; PABT-011ZA) was used to complete the PCR array analysis. PCR 

array data was verified with quantitative PCR (qPCR); biological triplicates were used for 

each treatment.

For qPCR, 500 ng of RNA was converted to cDNA via the Verso cDNA Synthesis Kit 

(Thermo Scientific; AB-1453) and qPCR performed using Apex qPCR GREEN Master mix 

(Genesee Scientific; 42–120) on a BioRad CF96X qPCR instrument (BioRad). PCR primers 
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for chemokine (C-C motif) ligand 26 (CCL26) (Fwd: gtt cct gac aag aca gag gaa t) and (Rev: 

ccg aga tcg aca ctc aag ata ag), colony stimulating factor 2 (CSF2) (Fwd: ct acc cac aaa gag 

cca aa) and (Rev: tca aca tgg ccc tga aca a), tumor necrosis factor α (TNFα) (Fwd: gcc aac 

tcc ctc tgt tta tgt) and (Rev: gac acc ttg acc tcc tga ata a), lymphotoxin beta (LTB) (Fwd: cga 

gag ggt gta cgt caa tat c) and (Rev: cat cag gca gta gct gtt ctt a), and 18S ribosomal RNA 

(Fwd: gcc gct aga ggt gaa att ctt a) and (Rev: ctt tcg ctc tgg tcc gtc tt) were designed using 

Integrated DNA Technologies (IDT) Primer Quest Tool.

Statistical analyses

Statistical analysis was completed by ANOVA followed by Tukey’s post-hoc analysis unless 

otherwise noted using GraphPad Prism software. Statistical significance (defined as p<0.05) 

is reported as applicable.

Results

TNFα-induced phosphorylation of JNK and p38 in MAC-T cells.

Dose-response curves and time course experiments were initially designed to elucidate 

TNFα-mediated induction of JNK and p38 signaling (i.e. phosphorylation) in MAC-T cells. 

Phosphorylation of JNK and p38 was assessed via immunoblotting with phospho-specific 

antibodies that recognize JNK and p38 when bisphosphorylated on the constitutive 

threonine-X-tyrosine (T-X-Y) motif that is known to be essential and sufficient for catalytic 

activity (Pearson et al., 2001). At 80% confluence, MAC-T cells were stimulated with 

increasing concentrations of TNFα for 15 minutes prior to immunoblot analysis for 

phosphorylated and total JNK and p38. Immunoblot analysis demonstrated dose-dependent 

increases in JNK and p38 phosphorylation, with 300 pM TNFα identified for further 

analysis (Fig.1A). Time course experiments were next designed to elucidate peak 

phosphorylation of JNK and p38 in response to 300 pM TNFα. JNK and p38 

phosphorylation was robust and transient with peak activation observed at 15 minutes post-

TNFα stimulation (Fig.1B). Based on these data, MAC-T cells were lysed 15 minutes post-

TNFα (300 pM) stimulation for studies outlined below unless otherwise noted.

Class I HDAC inhibitors attenuate TNFα-mediated JNK and ERK phosphorylation in MAC-T 
cells.

Small molecule HDAC inhibitors have recently been shown to regulate phosphorylation 

cascades including that of the MAPK, ERK (Barter et al., 2010; Ferguson et al., 2013; 

Williams et al., 2014). Thus, we postulated that inhibition of HDACs would block 

phosphorylation of the stress-activated protein kinases, JNK and p38. JNK and p38 

phosphorylation increased in MAC-T cells stimulated for 15 min with 300 pM TNFα; 

phosphorylation of JNK not p38 was attenuated with broad spectrum HDAC inhibition via 

200 nM trichostatin A (TSA) (Fig.2A). In addition, TSA attenuated ERK phosphorylation in 

MAC-T cells (Fig.2A), consistent with previous studies (Ferguson et al., 2013). TSA acts as 

a ‘pan’ HDAC inhibitor to target class I and II HDACs. As such, we treated MAC-T cells 

with class-selective HDAC inhibitors; MGCD0103 (MGCD; class I HDACi), 

Diphenylacetohydroxamic acid (DPAH; class IIa HDACi) and Tubastatin A (TubA; class IIb 

HDACi) for 24 hours prior to TNFα (300 pM) stimulation for 15 min. JNK, ERK and p38 
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phosphorylation increased with TNFα stimulation. JNK and ERK phosphorylation, but not 

p38 phosphorylation, was completely blocked with the class I-selective HDAC inhibitor, 

MGCD (Fig.2B). As pharmacological inhibitors can have off target effects, we next 

examined JNK and ERK phosphorylation in MAC-T cells treated with two independent 

class I-selective HDAC inhibitors, MGCD and Apicidin (Api; class I HDACi). Treatment 

with MGCD or Apicidin completely blocked TNFα-stimulated JNK and ERK 

phosphorylation (Fig.2C). No inhibition of p38 phosphorylation was observed (Fig.2C). In 

addition, there were no changes in total JNK or ERK protein expression, suggesting that 

class I HDACs regulate either the phosphorylation or dephosphorylation of these two MAP 

kinases. Quantitation for these experiments was performed, as each experiment was 

performed a minimum of three times (Supplemental Fig.1). Quantitative results for JNK can 

be observed with the graphs on the left and results for ERK observed with graphs on the 

right (Supplemental Fig.1). Moreover, figure letters A-C for Supplemental Figure 1 

correspond to Figure 2A-C.

To demonstrate class selectivity for Apicidin and MGCD, substrate-specific HDAC assays 

were performed to examine class I, IIa and IIb HDAC activity. MAC-T protein lysate was 

incubated with TSA (pan-HDACi), MGCD, or Apicidin for 2 hrs prior to the addition of 

class-specific HDAC substrates. This assay has been outlined in detail (Heltweg et al., 2004; 

Lemon et al., 2011). HDAC activity demonstrated that MGCD and Apicidin only target class 

I HDACs for inhibition, while TSA was capable of inhibiting class I and IIb HDAC 

substrates in MAC-T cells (Fig.2D). It should be noted that no visible signs of cell death or 

stress were observed in MAC-T cell culture. Moreover the doses used for HDAC inhibition 

in our studies are typical for cell culture experiments, with no signs of toxicity reported in 

those studies not using cancer cell lines (Angiolilli et al., 2016; Antos et al., 2003; 

McKinsey, 2012; Schmitz and de la Vega, 2015; Wagner et al., 2013; Williams et al., 2014).

HDACs 1 and 2 are essential for JNK and ERK phosphorylation in TNFα-stimulated MAC-T 
cells.

Data above demonstrated that class I HDACs regulate TNFα-mediated JNK and ERK 

signaling in MAC-T cells, yet the HDAC isoform(s) responsible remain unknown. To 

address this question, MAC-T cells were pretreated for 24 hrs with the class I HDACi 

Apicidin or isoform-selective HDAC inhibitors Romidepsin (Rom; HDAC1/2i), RGFP966 

(RGFP; HDAC3i) or Rom and RGFP in combination prior to TNFα stimulation at 300 pM 

for 15 min. It should be noted that MGCD0103 does not target HDAC8 for inhibition 

(Fournel et al., 2008), as such inhibitors for HDAC8 were not used in these studies. TNFα-

mediated phosphorylation of JNK and ERK was attenuated by the class I HDAC inhibitor 

(Api) and HDAC1/2 inhibitor (Rom) but not the HDAC3 inhibitor (RGFP) (Fig.3A). Again, 

p38 phosphorylation remained unchanged and no inhibition was observed for total MAPK 

protein expression. Additional pharmacological tools were used to distinguish HDAC1- or 

HDAC2-specific actions on JNK signaling. For these studies, MAC-T cells were pretreated 

for 24 hrs with Romidepsin (Rom; HDAC1/2i), RG2833 (RG; HDAC1/3i), or RGFP966 

(RGFP; HDAC3i) prior to TNFα stimulation. Again, inhibition of HDACs 1 and 2 (Rom) 

attenuated TNFα-induced JNK phosphorylation to basal (i.e. unstimulated) levels (Fig.3B). 

However, inhibition of HDACs 1 and 3 (RG) or HDAC3 alone was not sufficient to attenuate 
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JNK signaling in response to TNFα (Fig.3B), suggesting that HDAC2 or HDAC1 and 2 in 

combination are needed for JNK phosphorylation.

To determine which HDAC isoform, HDAC1 or 2, regulates MAPK phosphorylation, we 

next used dicer-substrate small interfering RNA (siRNA) to genetically knockdown HDAC1 

or 2 individually. MAC-T cells were transiently transfected with siRNA for two independent 

regions of the HDAC1 gene (siH1#1 or siH1#2), HDAC2 gene (siH2#1 or siH2#2) or non-

targeting control (siCon) for 48 hrs prior to stimulation with TNFα. Small interfering RNAs 

for HDAC1, targeted HDAC1 but not HDAC2 for knockdown (Fig.3C). Likewise, siRNAs 

targeted against HDAC2, attenuated HDAC2 protein expression but not HDAC1 (Fig.3C). 

Surprisingly, loss of HDAC2 did not attenuate JNK phosphorylation as postulated (Fig.3C), 

suggesting both HDACs 1 and 2 are necessary for JNK signaling. However, loss of HDAC2 

did inhibit ERK phosphorylation (Fig.3C); these data were quantified (Supplemental Fig.

2A).

Given that individual knockdown of HDAC1 or HDAC2 did not inhibit JNK 

phosphorylation, we next used siRNA targeted against HDACs 1 and 2 in combination. 

Combination knockdown with two different siRNAs directed against HDACs 1 and 2 

(siH1/2#1 or siH1/2#2) was sufficient to inhibit HDAC1 and 2 protein expression (Fig.3D). 

Moreover, loss of HDACs 1 and 2 in combination attenuated JNK and ERK phosphorylation 

(Fig.3D); these data were quantified (Supplemental Fig.2B). Based on quantitative analysis, 

knockdown of HDAC2 or combination knockdown of HDACs1 and 2 attenuated ERK 

phosphorylation to the same extent (~50%), suggesting that HDAC2 is the main regulator of 

ERK signaling while HDACs1 and 2 are both required for JNK phosphorylation.

Class I HDACs regulate inflammatory gene expression in MAC-T cells.

Small molecule inhibitors of HDACs have previously been shown to block inflammation 

(Das Gupta et al., 2016). We postulated that class I selective HDAC inhibitors would block 

TNFα-induced inflammatory gene expression. To test this postulate, MAC-T cells were 

pretreated with MGCD for 24 hrs prior to TNFα stimulation (300 pM). RNA was harvested 

1hr post-TNFα stimulation and PCR arrays used to assess bovine inflammatory gene 

expression. PCR array analysis demonstrated that inhibition of class I HDACs normalized 

TNFα-mediated changes in inflammatory gene expression in MAC-T cells (Fig.4A); these 

data are visualized via heatmap (Fig.4A). Quantitative PCR (qPCR) further demonstrated 

that inhibition of class I HDACs significantly attenuated TNFα-induced expression of c-c 

motif chemokine ligand 26 (CCL26), tumor necrosis factor α (TNFα), granulocyte-

macrophage colony-stimulating factor 2 (CSF2) and lymphotoxin beta (LTB) (Fig.4B). 

While these data demonstrated that class I-selective HDAC inhibitors block TNFα-induced 

inflammatory gene expression, it remains unclear what role HDACs 1 and 2 play in the 

regulation of these genes. Therefore, MAC-T cells were pretreated with Apicidin (Api) or 

Romidepsin (Rom; HDAC1/2 inhibitor) prior to stimulation with TNFα. Similar to the class 

I selective HDAC inhibitor MGCD, the class I-selective HDAC inhibitor Apicidin 

significantly inhibited TNFα-induced expression of CCL26, TNFα, CSF2 and LTB (Fig.

4C). Of note, the HDAC1/2 selective inhibitor Rom only attenuated expression of TNFα, 
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CSF2 and LTB but not CCL26 (Fig.4C). These data would suggest that HDAC3 regulates 

CCL26 gene expression.

MAPK-mediated regulation of inflammatory gene expression in MAC-T cells in response to 
TNFα.

Data above demonstrated that HDACs 1 and 2 regulate TNFα-induced MAPK signaling and 

inflammatory gene expression. Thus, we postulated that HDACs regulate inflammatory gene 

expression in part via changes in ERK and JNK phosphorylation. To test this postulate, 

MAC-T cells were pretreated with inhibitors of MEK (U0126), the upstream kinase to ERK, 

or JNK (SP600125) prior to stimulation with TNFα. Western blot analysis of ERK 

phosphorylation demonstrated that U0126 inhibited TNFα-induced ERK signaling (Fig.5A). 

In addition, treatment with SP600125 attenuated JNK signaling in MAC-T cells stimulated 

with TNFα (Fig.5C). While SP600125 is an inhibitor JNK, others have shown similar 

results regarding JNK phosphorylation. However, we also observed that treatment with 

SP600125 attenuated phosphorylation of c-Jun, a transcription factor downstream of JNK 

(Fig.5C). In keeping with our postulate, inhibition of ERK and JNK significantly reduced 

expression of CSF2 and LTB gene expression (Fig.5B&D). However, treatment with the 

ERK inhibitor and not the JNK inhibitor blocked TNFα expression, demonstrating 

selectivity towards ERK (Fig.5B&D).

Discussion

We present new findings that HDAC2 regulated ERK phosphorylation while HDACs 1 and 2 

regulated JNK signaling in MAC-T bovine mammary epithelial cells. Based on our findings, 

we propose a model in which inhibition of HDACs 1 and 2 attenuate JNK and ERK 

phosphorylation in response to TNFα (Fig.6A). In addition, HDAC inhibitors normalized 

inflammatory gene expression in MAC-Ts in response to TNFα; this was likely mediated 

via MAPK-dependent (Fig.6A) regulation, e.g. MAPK-targeted phosphorylation of a 

transcription factor (e.g. c-Jun), as well as direct regulation of chromatin remodeling and 

gene expression (Fig.6B). These findings represent the first demonstration in bovine 

mammary epithelial cells for the protective actions of zinc-dependent HDAC inhibitors and 

suggest efficacy for class I- or HDAC1/2-selective HDAC inhibitors as therapeutics for 

mastitis.

Bovine mastitis is often caused by bacterial infection or trauma that results in immune 

activation, in which mammary epithelial cells secrete pro-inflammatory chemokines to 

recruit immune cells such as neutrophils and macrophages to the mammary tissue (Akers 

and Nickerson, 2011; Chen et al., 2016; Erskine et al., 2003; Hoeben et al., 2000). Immune 

cells respond by secreting pro-inflammatory molecules like TNFα (Hueber et al., 2000). 

Circulating TNFα functions in macrophages to enhance microbicidal capacity or its killing 

activity for microorganisms such as bacteria (Hueber et al., 2000). However, TNFα also 

functions to activate inflammatory expression within the mammary epithelium (Hoeben et 

al., 2000; Hueber et al., 2000). As TNFα plays a key role in mammary epithelial cell 

inflammation after initial bacterial infection, we relied on TNFα as our inflammatory 

agonists in an immortalized bovine mammary epithelial cell line. As expected, TNFα 
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significantly increased inflammatory gene expression in MAC-T cells. Of note, we report 

that TNFα stimulation significantly increased expression of the TNFα gene within 

mammary epithelial cells, suggesting a feedforward mechanism that perpetuates the 

inflammatory environment. However, protein expression of TNFα was not examined. While 

combined the immune/inflammatory response is designed to rid the host of infection or 

remediate and repair trauma to the mammary tissue, chronic inflammation contributes to 

mammary tissue damage.

Due to the prevalence and costs associate with bovine mastitis, the dairy industry is 

interested in therapeutics that can prevent or reduce mammary inflammation. HDAC 

inhibitors possess anti-inflammatory actions (Angiolilli et al., 2016; Bradner et al., 2010; 

Zwergel et al., 2015). HDAC inhibitors have traditionally been studied in the context of 

nucleosomal histones, in which changes in histone acetylation impact chromatin 

accessibility and thus alter gene expression (Bradner et al., 2010; Gregoretti et al., 2004). 

This epigenetic modulation would be expected to contribute to genome wide changes in 

gene expression, and thus could be postulated to have deleterious consequences for cell 

function. However, many reports have shown efficacy in vitro and in vivo for the use of 

small molecule HDAC inhibitors for the treatment of cardiovascular disease (Ferguson and 

McKinsey, 2015; Jeong et al., 2018), rheumatoid arthritis (Angiolilli et al., 2016), 

pulmonary hypertension (Cavasin et al., 2012; Stenmark et al., 2012) as well as diabetes and 

metabolic disease (Christensen et al., 2011; Dali-Youcef et al., 2007). Further, four HDAC 

inhibitors have been approved by the FDA for the treatment of cancer (Yoon and Eom, 

2016). Combined, these reports would suggest potential efficacy for HDAC inhibitors as a 

therapeutic for bovine mastitis. Consistent with this, we demonstrate that treatment with 

HDAC inhibitors blocked pro-inflammatory gene expression in bovine mammary epithelial 

cells. While further studies using primary bovine mammary cell lines in addition to in vivo 
testing are needed, these data provide the first step towards acknowledging HDAC inhibitors 

as anti-inflammatory therapeutics for bovine mammary epithelial cell inflammation.

In addition, this report highlights class I- and HDAC1/2-selective inhibitors as efficacious 

anti-inflammatory therapeutics in the MAC-T cell line. Treatment with class- or isoform-

selective HDAC inhibitors would be expected to limit widespread epigenetic changes in 

gene expression and thus limit off-target actions associated with more traditional pan-HDAC 

inhibitors, such as the FDA-approved HDAC inhibitor, SAHA (vorinostat). Future research 

examining HDAC1/2 inhibitors in vitro and in vivo for the treatment of bovine mastitis will 

add significantly to the field.

Intracellular signaling cascades link inflammatory external stimuli such as TNFα to internal 

actions such as pro-inflammatory gene expression. MAPKs and NF-κB represent two major 

signaling cascades that link inflammatory stimuli to nuclear induction of pro-inflammatory 

gene expression (Gil et al., 2007; Solinas and Becattini, 2017; Wajant et al., 2003). HDACs 

have recently been shown to regulate inflammatory signaling cascades such as the MAPKs 

as well as NF-κB (Barter et al., 2010; Chen et al., 2018; Ferguson et al., 2013). For instance, 

HDAC inhibitor treatment was reported to reduce neuro-inflammation via inhibited HDAC3 

activity that contributed to acetylation of the NF-κB subunit p62, which altered 

inflammatory gene expression in a spinal cord injury model (Chen et al., 2018). In addition, 

Romanick et al. Page 9

J Cell Physiol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



this group reported that HDAC inhibition led to increased STAT1 acetylation, suggesting 

that HDAC inhibitors can regulate activity of many intracellular signaling cascades. We 

report that HDAC1/2-selective inhibitors attenuated JNK and ERK phosphorylation in 

bovine mammary epithelial cells. While inhibition of JNK and ERK was sufficient to 

attenuate gene expression of select genes, our data do not infer that anti-inflammatory 

actions were solely the result of ERK and JNK signaling. Regarding the literature, in which 

HDACs have been shown to regulate NF-κB (Chen et al., 2018), JAK/STAT (Chen et al., 

2018; Yang and Seto, 2008), MAPKs (Blakeslee et al., 2017; Ferguson et al., 2013) and 

PI3K/AKT (Yang and Seto, 2008) among others, we would postulate that anti-inflammatory 

actions mediated by HDAC inhibitors are a result of MAPK inhibition in combination with 

changes in other signaling cascades. Assessment of these intracellular pathways in bovine 

mammary epithelial cells would be interesting to explore.

Future research into how HDACs 1 and 2 regulate JNK and ERK signaling is sure to yield 

interesting, mechanistic actions for these compounds. Current evidence demonstrate that 

HDACs work to regulate gene expression (Gregoretti et al., 2004; Yang and Seto, 2007), 

suggesting that HDAC inhibition potentially regulates ‘inducible’ phosphatases that act as 

feedback regulators for JNK and ERK dephosphorylation in bovine mammary epithelial 

cells. Indeed, we previously reported that HDAC3 regulated the phosphatase, dual-

specificity phosphatase 5 (DUSP5), as a feedback inhibitor for ERK dephosphorylation in 

cardiac muscle cells (Ferguson et al., 2013). However, it should be noted that others have 

reported that HDACs directly interact with and deacetylate phosphatases, such as dual-

specificity phosphatase 1 (DUSP1), in order regulate phosphatase activity or stability. For 

instance, HDACs 1, 2 and 3 were shown to deacetylate DUSP1, which led to inhibition of 

DUSP1 activity and increased p38 phosphorylation and subsequent inflammation in 

macrophages (Jeong et al., 2014). Lastly, direct HDAC-MAPK regulation has also been 

shown. In this report, treatment with HDAC inhibitors was shown to increase p38 

phosphorylation (Pillai et al., 2011), opposite our findings for ERK and JNK. Moreover, it 

was reported that treatment with HDAC inhibitors increased p38 acetylation and that 

acetylation of p38 on lysine 53 (K53) enhanced p38 activity and ATP binding affinity (Pillai 

et al., 2011). Combined, these data would suggest that HDAC inhibitors potentially regulate 

ERK and JNK signaling through canonical epigenetic actions via induction of phosphatase 

gene expression or non-canonical actions directed against changes in MAPK or phosphatase 

acetylation, which could change protein activity or stability.

In conclusion, we report that inhibition of HDACs 1 and 2 attenuate TNFα-activated JNK 

and ERK signaling; this partially contributes to inhibition of inflammatory gene expression. 

These data provide the first step towards examining class I- and HDAC1/2-selective HDAC 

inhibitors as potential anti-inflammatory therapeutics for bovine mastitis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased MAPK phosphorylation in MAC-T cells in response to TNFα.
MAC-T cells under basal (10% FBS, 10 mg/ml insulin) conditions were A) stimulated with 

increasing doses of TNFα and cell lysates harvested at 15 min post-TNFα stimulation. 

Phospho-JNK and phospho-p38 as well as total-JNK, and p38 were examined by 

immunoblotting. B) MAC-T cells were stimulated with TNFα (300 pM). Cell lysates were 

collected over time post-TNFα stimulation and immunoblotted for phospho-JNK, phospho-

p38 as well as total-JNK and p38.
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Figure 2. Class I HDACs regulate JNK and ERK phosphorylation in MAC-T cells in response to 
TNFα.
MAC-T cells under basal (10% FBS, 10 mg/ml insulin) conditions were A) treated with 

trichostatin A (TSA) for 24 hrs prior to TNFα stimulation (300pM). Cell lysates were 

harvested at 15 min post-TNFα stimulation and immunoblotted for phospho-JNK, phospho-

p38, phosphor-ERK, total-JNK, total-ERK and total-p38. B) MAC-T cells were treated with 

class selective HDAC inhibitors MGCD0103 (MGCD; class I), DPAH (Class IIa) and 

Tubastating A (TubA; class IIb) prior to TNFα (300 pM) stimulation. Cell lysates were 

collected 15 min post-TNFα stimulation and immunoblotted for phospho-JNK, phospho-

p38, phosphor-ERK as well as total-JNK, total-ERK and total-p38. C) MAC-T cells were 

treated with class I selective HDAC inhibitors MGCD and apicidin (Api) 24 hrs prior to 

TNFα (300 pM) stimulation. Cells lysates were harvested 15 min post-TNFα stimulation 

and immunoblotted as above. D) Protein was harvested from MAC-T cells treated with basal 

(10% FBS, 10 mg/ml insulin) media. Protein lysate (30 μg) was subsequently incubated with 

vehicle (DMSO), TSA, MGCD, and apicidin for 2 hrs prior to addition of class-specific 

HDAC substrates. Developer solution was added for an additional 20 minutes and 

fluorescent activity measured via BioTek plate reader. One-way ANOVA with Dunnett’s 

post-hoc analysis was used to assess statistical significance when p<0.05.
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Figure 3. HDACs 1 and 2 regulate JNK and ERK phosphorylation in MAC-T cells in response to 
TNFα.
MAC-T cells under basal (10% FBS, 10 mg/ml insulin) conditions were A) treated with 

vehicle (DMSO), apicidin (Api), Romidepsin (Rom), RGFP966 (RGFP), or a combination 

of Rom + RGFP for 24 hrs prior to TNFα (300 pM) stimulation. Cell lysates were harvested 

at 15 min post-TNFα stimulation and immunoblotted for phospho-JNK, phospho-p38, 

phosphor-ERK, total-JNK, total-ERK and total-p38. B) MAC-T cells were treated with 

vehicle (DMSO), Romidepsin (Rom), RG2833 (RG) or RGFP966 (RGFP) for 24 hrs prior to 

TNFα (300 pM) stimulation. Cell lysates were collected 15 min post-TNFα stimulation and 

immunoblotted for phospho-JNK, phospho-p38 as well as total-JNK and p38. C) MAC-T 

cells were transiently transfected with dicer-substrate siRNA for two different regions of 

HDAC1 (siH1#1 or siH1#2), HDAC2 (siH2#1 or siH2#2), or siControl (siCon) using 

lipofectamine 3000 reagent for 48 hrs prior to TNFα stimulation (300 pM). Cell lysates 

were collected 15 min post-TNFα stimulation and immunoblotted for HDAC1, HDAC2, 
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phospho-JNK, phopho-ERK, total-JNK and total ERK. D) MAC-T cells were transiently 

transfected with independent siRNAs targeted to knockdown HDACs 1 and 2 in combination 

(siH1/2#1 or siH1/2#2) or siControl (siCon) using lipofectamine 3000 reagent for 48 hrs 

prior to TNFα stimulation (300 pM). Cell lysates were collected 15 min post-TNFα 
stimulation and immunoblotted for HDAC1, HDAC2, phospho-JNK, phopho-ERK, total-

JNK and total ERK.
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Figure 4. Class I HDACs regulate MAC-T inflammatory gene expression in response to TNFα.
MAC-T cells under basal (10% FBS, 10 mg/ml insulin) conditions were treated with the 

class I selective HDAC inhibitor MGCD for 24 hrs prior to TNFα stimulation (300 pM) and 

RNA isolated at 1hr post-TNFα stimulation. A) Heatmap generated from a quantitative 

polymerase chain reaction (qPCR) array was used to examine inflammatory gene 

expression. B) Real-time qPCR was used to validate CCL26, TNFα, CSF2 and LTB gene 

expression from mRNA identified in the array. C) In addition, MAC-T cells were pretreated 

with an independent class I selective HDAC inhibitor apicidin (Api; 1 μM) or an HDAC1/2-

specific inhibitor (Romidepsin, Rom 1 μM) for 24 hrs prior to TNFα stimulation (300 pM). 

RNA was isolated 1hr post-TNFα stimulation and qPCR used to examine CCL26, TNFα, 

CSF2 and LTB gene expression. One-way ANOVA with Tukey’s post-hoc analysis was used 

to assess statistical significance when p<0.05.
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Figure 5. ERK and JNK signaling partly regulate inflammatory gene expression in MAC-T cells 
in response to TNFα.
MAC-T cells under basal (10% FBS, 10 mg/ml insulin) conditions were treated with the 

MEK inhibitor (U0126; 10 μM) or JNK inhibitor (SP600125; 20 μM) for 30 min prior to 

TNFα stimulation (300 pM). Protein was isolated 15 minutes post-TNFα and 

immunoblotted for A) phosphor-ERK and total-ERK as well as B) phosphor-JNK, 

phosphor-c-Jun and total-JNK. RNA was isolated 1hr post-TNFα stimulation and qPCR 

used to assess inflammatory gene expression of TNFα, CSF2 and LTB in MAC-Ts treated 

with the C) MEK inhibitor or D) JNK inhibitor. One-way ANOVA with Tukey’s post-hoc 

analysis was used to assess statistical significance when p<0.05.
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Figure 6. Working model of HDAC inhibitor-mediated suppression of ERK and JNK 
phosphorylation and inflammatory gene expression.
A) HDAC 2 regulates TNFα-induced ERK signaling. HDACs 1 and 2 in combination 

regulate TNFα-induced JNK phosphorylation. Inhibition of ERK and JNK partly explain 

anti-inflammatory mechanisms linked to class I selective HDAC inhibitors in bovine 

mammary epithelial cells (MAC-Ts). B) In addition, inhibition of HDACs attenuates pro-

inflammatory gene expression through mechanisms associated with canonical regulation of 

gene expression, independent of MAPK signaling.
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