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Abstract

The JmjC protein Mina is an important immune response regulator. Classical forward genetics 

first discovered its immune role in 2009 in connection with the development of T helper 2 (Th2) 

cells. This prompted investigation into Mina’s role in the two best-studied contexts where Th2 

responses are essential: atopic asthma and helminth expulsion. In work focused on a mouse model 

of atopic asthma, Mina deficiency was found to ameliorate airway hyper-resistance and pulmonary 

inflammation. And, in a case-control study genetic variation at the human MINA locus was found 

to be associated with the development of childhood atopic asthma. Although the underlying 

cellular and molecular mechanism of Mina’s involvement in pulmonary inflammation remains 

unknown, our recent work on parasitic helminth expulsion suggests the possibility that, rather than 

T cells, epithelial cells responding to TGFβ may play the dominant role. Here we review the 

growing body of literature on the emerging Mina pathway in T cells and epithelial cells and 

attempt to set these into a broader context.

Introduction

Mina’s encoding gene was mapped to a locus regulating Th2-bias [1–3], a genetic trait 

defined as the propensity of naïve T helper cells to develop in vitro under neutral conditions 

into Th2 effector cells [2,4]. Th2 cells play a critical role in host protection from 

multicellular parasites such as intestinal helminths and when disregulated contribute to 

atopic diseases such as asthma [5,6]. The Th2-bias trait is known to vary across different 

inbred mouse strains [1,4] and correlates inversely with the relative abundance of 

intracellular Mina protein [3]. Consistent with its genetic association with Th2 bias, Mina 

was shown to act as a dose-dependent transcriptional corepressor of the gene encoding 

interleukin-4 (IL4) [3], a key regulator of Th2 development [2,4,7,8]. Despite this evidence 

linking Mina to Th2 biology, we showed recently that CD4 T cells from Mina KO mice, 

predicted to exhibit a hyper-Th2 phenotype, developed normally into Th2 cells [9]. One 

possible explanation for this apparent inconsistency may be functional redundancy with 

NO66, Mina’s close structural and evolutionary paralog which is also expressed in CD4 T 
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cells and may share substrates with Mina [10]. Notwithstanding Mina’s dispensability for 

Th2 cell development, recent work reveals an unexpected and critical TGFβ-regulated, 

epithelial cell role of Mina in modulating gut and lung Th2 responses. Here we review the 

most recent developments connecting the Mina pathway to Th2 responses in parasitic worm 

expulsion and the development of atopic pulmonary inflammation, highlighting the need to 

relate Mina’s biochemical functions to its various physiological roles.

Mina structure and enzymatic activity

Mina and NO66 belong to the phylogenetically conserved JmjC domain-containing protein 

family. Many of its constituent members function as epigenetic transcriptional regulators by 

virtue of histone demethylase activity contained in their JmjC domains [11]. Mina and 

NO66 are widely expressed, relatively small proteins (53 and 66 Kd, respectively) 

exhibiting strong nuceolar and weaker nucleoplasmic and cytoplasmic localization [12,13]. 

Both possess only a single recognizable structural motif corresponding to the hallmark JmjC 

domain. Sequence analysis of their JmjC domains reveals the presence of amino acid 

residues compatible with enzymatic activity at critical cofactor binding sites for Fe(II) and 

2-oxoglutarate, including histidine at position 179 and lysine at position 194 [3,11]. 

Consistent with this finding, both Mina and NO66 have been reported to exhibit histone 

demethylase activity [14–16]. siRNA knockdown of Mina in bronchial epithelial cells 

resulted in enhanced H3K9me3 and a marginal decrease in H3K9me2 as determined by 

immunofluorescence staining [15]. While in transfected cell lines deletion of the JmjC 

domain and catalytically inactivating point mutations (H179Y and K194A) in the JmjC 

domain abrogated Mina’s demethylase activity [15]. This evidence notwithstanding, an 

indirect as opposed to a direct demethylation role for Mina cannot be ruled out.

Indeed, the direct histone demethylation role of Mina and NO66 is controversial [17,18]. A 

recent structural analysis of JmjC domain-containing proteins identified a novel protein fold 

that subdivides family members into histone demethylases and histidine hydroxylases [17]. 

Based on this analysis Mina and NO66 fall into the latter, non-demethylase class. Further, a 

recent proteomic study found the 60S ribosomal subunit proteins L27a (Rpl27a) and L8 

(Rpl8) to undergo hydroxylation, respectively, by Mina on His39 and by NO66 on His216 

[18]. Gene knockdown experiments confirmed the requirement for Mina and NO66, 

respectively, in Rpl27a and Rpl8 hydroxylation, while co-immunoprecipitation experiments 

confirmed the direct specificity of Mina and NO66 for their respective ribosomal substrates. 

Additional hydroxylation substrates for Mina and NO66 may remain to be discovered.

The requirement for 2-oxoglutarate and Fe(II) as cofactors in Mina’s enzymatic activity 

raises the possibility of functional linkages with metabolism and hypoxia. Thus, it is 

tempting to speculate that Mina activity may be modulated by oxygen and/or nutrient 

restriction as may occur at sites of infection, within tumors and in naturally anaerobic 

compartments such as the lumen and mucosa of the gastrointestinal tract as compared to the 

lung.

Pillai et al. Page 2

Curr Opin Immunol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Mina as a transcriptional regulatory protein

Targeted Mina ablation leads to dramatic changes in specific mRNA expression levels 

(Meenu Pillai, submitted). This raises the central question whether Mina’s role in gene 

regulation is direct or indirect. If indeed Mina possess histone demethylation activity, a 

direct gene regulatory role is easy to envision, with Mina being recruited to specific genes 

by locus-specific transcription factors [3]. However, if Mina functions exclusively as a 

ribosomal protein hydroxylase, it is difficult to imagine how regulatory effects on specific 

mRNA levels could be directly mediated.

One possibility is that combinatorial ribosomal protein hydroxylation may contribute to the 

elaboration of a repertoire of functionally distinct ribosomes [19,20]. Distinct ribosomal 

hydroxylation patterns may then impose specificity for select groups of mRNAs. One 

problem with this idea is that in a variety of cell lines and primary tissues the majority 

(>90%) of Rpl27a occurred in its His39 hydroxylated form, potentially precluding this 

molecular tag from contributing to ribosomal heterogeneity [18]. However, it is possible that 

a small fraction of Rpl27a escapes Mina-dependent hydroxylation and contributes to 

ribosomal heterogeneity. Nevertheless, the model is still challenged to explain how 

ribosomal hydroxylation could directly affect the level of specific mRNAs (as distinct from 

specific proteins). Scenarios involving mRNA sequestration by ribosomes could be invoked. 

However, a simpler possibility is that Mina modulates specific mRNA levels by 

hydroxylating or demethylating a distinct class of direct transcriptional regulatory substrates, 

including nucleosomal histones. Comparative proteomic and transcriptomic analysis of 

Mina in WT and KO cells may help distinguish these possibilities. Notwithstanding these 

exciting advances, how Mina’s currently known biochemical activities and direct substrates 

relate (if at all) to its physiological roles remains an urgent question in the field.

Mina promotes atopic pulmonary inflammation

Despite the conflicting link with Th2 development, Mina has been found to impact the two 

best studied disease states where Th2 responses are known to be important: atopic asthma 

and parasitic helminth infection. Atopic asthma is a major global health problem with ~300 

million people currently affected, an estimated national prevalence as high as 18% (11% in 

the USA) and annual global mortality at ~250,000 [21]. The development of airway hyper-

reactivity and fibrosis characteristic of human atopic asthma is driven by pulmonary 

inflammation in response to aeroallergens. The Th2 cytokines IL13, IL4 and IL5 have been 

shown to play critical roles in this process, driving the recruitment of CD4 T cells, 

eosinophils, macrophages and dendritic cells to peribronchial and alveolar regions of the 

lung.

The first evidence of a role for Mina in pulmonary inflammatory disease came from a 

genetic case-control study focused on a population of Han Chinese children. It found that the 

T allele of MINA rs4857304 (in intron 2) is associated with a significant increase in the risk 

of developing atopic asthma and that the TT genotype is significantly associated with 

elevated serum IgE and IL4 [22]. Modeled in mice, human-like disease can be triggered via 

repeated intranasal administration with aeroallergens such as those present in extracts of 
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house dust mites (HDM) or cockroaches [23]. A recent report examining the pulmonary 

response of C57BL/6 background mice challenged intranasaly with HDM extract found that 

Mina ablation significantly ameliorated airway hyper-responsiveness, pulmonary 

inflammation and IL4 and IL5 levels in bronchoalveolar lavage fluid [24]. Taken together, 

these results indicate that Mina acts in a pathway that promotes the development of 

pulmonary inflammation. What remains to be elucidated however, is the underlying cellular 

and biochemical mechanism of Mina’s involvement.

Mina constrains parasitic worm expulsion

The other major physiological setting where Th2 responses are known to play a critical role 

is in the expulsion of parasitic worms. According to WHO estimates, helminth parasitization 

inflicts enhanced mortality and morbidity on over one billion people. Within this number, 

Trichuris trichiura, a soil-transmitted whipworm, causes gastrointestinal inflammatory 

disorders and nutritional deficits in over ~700 million people globally [25], constituting a 

huge socioeconomic burden in developing countries. Extensive studies of T. trichiura and its 

closely related and well studied mouse model T. muris have revealed that a Th2 response is 

required for rapid expulsion while a Th1 response promotes chronic infection [26]. The 

distinct cytokine milieus differentially regulate multiple worm expulsatory effector 

mechanisms to exert their disparate influence on disease course [27,28]. One such 

mechanism involves the secretion of Resistin-like beta (Relmβ) by intestinal epithelial cells 

in response to stimulation by the Th2 cytokines IL13 and IL4 [28]. Relmβ is an orphan 

cytokine with known pro-inflammatory roles in the gut and the lung [29,30] and is required 

to promote efficient T. muris expulsion, in part by direct interaction with and perturbation of 

T. muris sensory apparatus [31].

Our recent studies of worm expulsion have revealed that C57BL/6 background Mina KO 

mice clear T. muris faster than littermate controls (Meenu Pillai, submitted). Using bone 

marrow chimera and tissue-specific genetic ablation experiments with Mina KO and Villin-

Cre::Mina(flox) mice, we pinpointed intestinal epithelial cells rather than hematopoietic 

cells as the locus of Mina’s essential role in restraining helminth expulsion. In the absence 

of Mina, Th2 responses appeared unperturbed but Relmβ expression was nonetheless 

elevated in the intestinal mucosa of infected Mina KO mice, providing an explanation for 

their accelerated worm expulsion.

TGFβ switches Mina activity from an activator to a repressor

Perhaps most interestingly, Mina’s regulatory role toward Relmβ expression was plastic 

(Figure 1) (Meenu Pillai, submitted). Under the influence of TGFβ signaling, Mina toggled 

from acting as an enhancer to behaving like a repressor of Relmβ expression. Thus, Mina 

ablation in low TGFβ conditions (in uninfected mice or untreated epithelial cells in vitro) 

caused a decrease in Relmβ expression; by contrast, Mina ablation in the presence of TGFβ 

(in worm infected mice or TGFβ-treated epithelial cells in vitro) led to elevated Relmβ 

expression. The molecular mechanism underlying this switch-like behavior of TGFβ on 

Mina’s activity toward Relmβ is currently under investigation.
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Our work indicates that Mina restrains T. muris expulsion by acting in intestinal epithelial 

cells to repress Relmβ expression. Mina could accomplish this directly by, for example, 

recruitment to the Relmβ-encoding Retnlb promoter or indirectly by regulation of a Retnlb 

regulator, such as IL13 or miR375 [32]. Regardless of the precise mechanism, it is clear that 

TGFβ exerts a powerful influence on the nature of Mina activity such that at low level Mina 

acts as an enhancer while at high level Mina converts to a repressor. In the TGFβ rich 

mucosa of T. muris-infected mice, Mina may thus act as an important counterbalance to the 

induction of Relmβ by the Th2 cytokines IL4 and IL13. While in uninfected mice with low 

levels of intestinal TGFβ and in the absence of a Th2 response, Mina-dependent 

maintenance of a basal level of Relmβ may be important for normal gut homeostasis and 

commensal microbiota diversity.

Both the cellular locus of Mina’s pro-inflammatory activity in the lung and its biochemical 

mechanism there are unknown. One possibility is that Mina acts in T cells to promote a 

pulmonary Th2 response [24]. However, given the normal in vitro Th2 development 

exhibited by Mina KO T cells [9], it is worth considering another possibility that Mina may 

promote pulmonary inflammation by triggering Relmβ expression from pulmonary epithelial 

cells. Indeed, we have found that Relmβ expression is significantly lower in primary 3D air-

liquid interface lung epithelial cell cultures seeded from Mina KO as opposed to WT control 

mice (Meenu Pillai, unpublished data) [33,34]. If, as we hypothesize, Relmβ levels are found 

to be lower in the lungs of HDM-treated Mina KO as opposed to WT control mice, how 

could we reconcile the opposing effects of Mina ablation on Relmβ expression in T. muris 

infected intestinal epithelial cells (where it is elevated) versus in HDM-inflamed pulmonary 

epithelial cells (where it is depressed)? The answer may be found in differential TGFβ 

expression, such that in HDM-inflamed lungs (as opposed to T. muris-infected intestines) 

levels may be below the threshold required to switch Mina’s activity from an enhancer to a 

repressor of Relmβ.

TGFβ also regulates Mina gene expression

In this context where Mina activity toward Relmβ expression is qualitatively modulated by 

TGFβ, it is interesting that Mina gene expression itself is also regulated by the TGFβ 

signaling pathway (Shangli Lian, submitted). Using DNAseI hypersensitivity mapping, 

expression reporter, EMSA and ChIP assays, we identified 4 enhancers spanning the ~20 kb 

Mina locus. Enhancer 2 (E2), the strongest of the four, functioned as a SMAD3-binding, 

TGFβ response element required for efficient Mina mRNA expression in differentiating 

Th17 cells. Interestingly, in developing Th17 cells the BALB/c (A) but not the C57BL/6 (G) 

allele of a naturally occurring SNP (rs4191790) located in the center of the E2 SMAD 

consensus sequence abolished SMAD3 binding, TGFβ responsiveness and Mina mRNA 

expression. The E2 SNP likely accounts for the strain dependent difference in Mina 

expression level [3] (Figure 1). It will be interesting to determine whether the elevation of 

this SNP to a detectable population frequency arose through a process of evolutionary 

positive selection. If so, this may be a useful system to study the nature of the potentially 

competing selective forces that drove to fixation a genetic variant functioning in multiple 

cell types, tissues and organ systems.
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Conclusion

This article has emphasized Mina’s new Th2-linked role in gut and lung epithelial cells, yet 

it is important not to lose sight of Mina’s role in T cells. Transcriptional profiling and 

perturbation analyses recently revealed Mina’s involvement in regulating T helper 17 (Th17) 

and induced T regulatory (iTreg) cell balance during in vitro Th17-differentiation in 

response to TGFβ and IL6 [9]. It is likely that in this Th17/iTreg balancing role Mina will 

have an important impact in autoimmune diseases such as multiple sclerosis, and rheumatoid 

arthritis as well as in bacterial and fungal diseases [35]. Finally, given Mina’s ubiquitous 

expression pattern, it is likely that additional new and unexpected roles will be discovered as 

research progresses into Mina’s physiological impact from more cell types.
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Highlights (for review)

• Mina is associated with the development of atopic asthma in humans and mice.

• Mina impairs helminth expulsion by modulating Relmβ expression in intestinal 

epithelial cells.

• TGFβ signaling converts Mina from an activator to a repressor of Retnlb, 

encoding Relmβ.

• TGFβ promotes Mina gene expression via an intronic enhancer element, E2.

• E2 contains a SNP whose BALB/c but not C57BL/6 allele abolishes SMAD3 

binding and enhancer activity.
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Figure 1. Shown is a model of TGFβ promoting Mina gene expression and switching Mina from 
acting as an enhancer to a repressor of Retnlb, encoding the pro-expulsatory cytokine Relmβ

SNP rs4857304 (red X, shown for visual clarity upstream of the TSS) in Mina enhancer 2 

renders the C57BL/6 but not the BALB/c allele of Mina sensitive to TGFβ/SMAD3-

dependent activation. Under basal conditions (top) the relatively low level of TGFβ present 

is insufficient to toggle Mina activity from an activator to a repressor of Retnlb transcription. 

Together, these conspire to elevate expression of both Mina and Retnlb in epithelial cells 

from C57BL/6 as compared to BALB/c. Following parasitic worm infection (bottom), two 

parameters change. The first change is an increase in TGFβ level. This switches Mina from 

an activator to a repressor of Retnlb. The second change is the initiation of a Th2 response 

whose constituent IL13 elevation independently promotes Retnlb transcription. This has the 

potential to establish a positive feedback loop as Relmβ promotes the Th2 response. The net 

result is that in C57BL/6 cells expressing a high level of — now repressive — Mina, Retnlb 

expression is greatly attenuated. By contrast, the low level of repressive Mina in BALB/c 

cells is insufficient to attenuate IL13-induced Retnlb expression. Thus, in worm infected 

animals Relmβ level is high in BALB/c and low in C57BL/6, likely contributing to the 

enhanced resistance to Trichuris muris of BALB/c relative to C57BL/6. Dashed lines 

represent mRNA transcripts. Solid and dotted lines represent, respectively, direct and 

indirect effects.
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