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Abstract

The transmembrane receptor, Notch1 plays an important role during the differentiation of CD4 T 

cells into T helper (Th) subsets in the presence of appropriate cytokines, including differentiation 

into Th1 cells. MicroRNAs have also been shown to be important regulators of immune responses, 

including negatively regulating cytokine production by Th1 cells. The miR-29 family of 

microRNAs can act to inhibit tbx21 and ifng transcription, two important pro-inflammatory genes 

that are abundantly expressed in Th1 cells. Here we show that Notch1 may prime CD4 T cells to 

be responsive to Th1-polarizing cues through its early repressive effects on the miR-29 family of 

microRNAs. Using a combination of cell lines and primary cells, we demonstrate that Notch1 can 

repress miR-29a, miR-29b, and miR-29c transcription through a mechanism that is independent of 

NF-κB. We further show that this repression is mediated by canonical Notch signaling and 
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requires active Mastermind like (MAML) 1, but this process is superseded by positive regulation 

of miR-29 in response to IFNγ at later stages of CD4 T cell activation and differentiation. 

Collectively, our data suggest an additional mechanism by which Notch1 signaling may fine-tune 

Th1 cell differentiation.
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1. Introduction

Naïve CD4 T cells are activated in response to encountering antigens. Upon activation, these 

cells will proliferate and differentiate into T helper (Th) cells, facilitated by the cytokines 

present at the time of stimulation. Based on the expression of unique transcription factors 

and characteristic cytokines, Th cells can be broadly categorized into defined subsets, with 

Th1, Th2, and Th17 being the three most-studied to date1. For Th1 cells, the transcription 

factor, T-bet, which is encoded by the gene, tbx21, is a critical regulator of cell fate, and its 

expression ultimately leads to production of interferon gamma (IFNγ), a signature Th1 pro-

inflammatory cytokine2,3. T-bet is a direct transcriptional target of the transmembrane 

receptor, Notch1, and is controlled by non-canonical Notch1 signaling during Th1 

differentiation4,5.

The Notch family of transmembrane receptors, can be activated by its ligands, Delta-like-

(DLL)-1,3,4 and Jagged (Jag)-1,26. Notch signaling plays an important role in cell fate 

determination. There are four Notch receptors (1-4) expressed in mammalian cells; however, 

only the expression of Notch1-3 has thus far been described in T cells. Following interaction 

with cognate ligands, Notch receptors undergo a series of proteolytic cleavage events. The 

final, S3 cleavage is mediated by a multi-protein γ-secretase complex, and generates the 

transcriptionally active, intracellular domain (NICD)7. NICD can translocate to the nucleus 

to interact with its DNA-binding partner, CBF1-Suppressor of Hairless-Lag1 (CSL)8. NICD 

binding to CSL results in further recruitment of transcriptional co-activators such as 

mastermind like-1 (MAML-1) and p3009,10. CSL-dependent Notch signaling is referred to 
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as canonical Notch signaling. There are also reports indicating NICD can interact with 

proteins other than CSL, both in the nucleus and cytosol, to signal through non-canonical 

mechanisms11,12.

Studies have identified a crucial role for Notch signaling in Th cell differentiation, both 

through canonical and non-canonical signaling12-15. One of the first studies implicating 

Notch in Th1 differentiation, demonstrated that blocking the actions of γ-secretase, 

prevented Notch cleavage and attenuated the expression of T-bet and IFNγ in developing 

Th1 cells4. Expression of Th cell master transcription factors and proinflammatory cytokines 

must be tightly regulated. In the case of Th1 cells, dysregulated IFNγ expression can lead to 

chronic autoimmune disorders through its actions on other immune cells, resulting in a 

hyper-immune response16.

There are various cell-intrinsic mechanisms that have evolved to fine-tune cytokine 

expression, including those mediated by the actions of microRNAs (miRs). MiRs are short, 

single stranded non-coding RNAs that act as post-transcriptional inhibitors of gene 

expression. They silence their target mRNAs through complementary base pairing and by 

forming an RNA- induced silencing complex (RISC). Based on their complementarity, the 

target mRNA is either degraded or its translation into protein is greatly reduced. The miR-29 

family of miRNAs consist of miR-29a, -b and -c, and directly targets the mRNA of Th1 

signature molecules, tbx21 and ifng17-19. Interestingly, in response to IFNγ, miR-29 

expression increases, thereby forming a negative feedback loop19. Furthermore, NF-κB, a 

non-canonical binding partner of Notch, can inhibit the expression of miR-2918,20,21, 

indicating miR-29 expression can be regulated through multiple mechanisms.

We previously showed Notch1 signaling contributes to Th1 differentiation, including 

regulation of T-bet and IFNγ production, as well as to the induction of NF-κB in activated T 

cells4,22. Here, we investigated whether Notch1 may also prime T cells for Th1 

differentiation by affecting the expression of miR-29, and whether this proceeds through an 

NF-κB-dependent mechanism. In this study, we demonstrate that Notch1 can directly inhibit 

the expression of miR- 29 in Th1 cells, during the early stages of Th1 differentiation. 

Furthermore, we show that Notch1 represses miR-29 through an NF-κB-independent, CSL 

(CBF1-Suppressor of Hairless- Lag1)-mediated canonical signaling pathway. However, we 

also found that the early repressive effects of Notch1 on miR-29 are masked by IFNγ–

induced expression of miR-29, during late stages of Th1 differentiation. Thus, we suggest a 

mechanism by which Notch1 and IFNγ may act in opposition to maintain a balance of 

miR-29 expression and fine-tune Th1 cell fate.

2. Materials & Methods

2.1. Mice

C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and were 

bred, housed, and utilized in accordance with guidelines set forth by the Institutional Animal 

Care and Use Committee of the University of Massachusetts Amherst. Mice aged 8-12 

weeks were used.
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2.2. Plasmids and Cell lines

The pGL3-miR-29b1a promoter vectors were a kind gift from J. Mott20. The N1ICD 

parental pcDNA3 expression plasmids were a kind gift from A. Capobianco23 and 

subsequently cloned into pEGFP vector as described22. MAML-1 and DNMAML-1 vectors 

were provided in collaboration with L. Miele and generated as described24. Generation of 

DO11.10 T cell hybridoma cell lines with empty vector or N1ICD were described 

previously22.

2.3. T cell isolation, activation, and in vitro polarization

CD4 T cells were isolated from bulk splenocytes by magnetic bead separation using anti-

CD4 magnetics particles (BD Biosciences, San Jose, CA) according to the manufacturer’s 

instruction. Cells were activated in vitro by plating 1 × 106 cells/ml/well of a 12-well plate 

pre-coated with anti-CD3ε and anti-CD28 (Biolegend, San Diego, CA) and crosslinked with 

anti-hamster IgG (Sigma-Aldrich Corp., St. Louis, MO). Cells were cultured in a 1:1 

mixture of RPMI 1640:DMEM supplemented with 10% fetal bovine serum, L-Glutamine, 

Sodium Pyruvate, Penicillin/Streptomycin and β-mercaptoethanol. The following conditions 

were used for polarization. Th1: 10μg/ml of anti-IL-4 and 1ng/ml of recombinant mouse 

IL-12. Th2: 10μg/ml anti-IFNγ and 1ng/ml of recombinant mouse IL-4. For inhibitor assays, 

the CD4 T cells were pretreated with 25uM of GSI PF-03084014 (Medchem Express, 

Monmouth Junction, NJ) for 30 minutes. For NF-κB inhibition studies, the DO11.10 T cell 

hybridoma cell line was treated with 5μM of Bay11-7085 (Sigma-Aldrich Corp., St. Louis 

County, MO).

2.4. Protein detection by FACS analysis and immunoblotting

Activated CD4 T cells were harvested at indicated time points and restimulated with plate-

bound anti-CD3ε for 5 hours with Golgi Stop (BD Biosciences). Intracellular staining was 

performed to detect Notch1, T-bet, and IFNγ using the FoxP3 staining buffer set, following 

the manufacturer’s instructions (eBioscience, Santa Clara, CA). Data were acquired on an 

LSR Fortessa (BD Biosciences) and analyzed using FlowJo Software (FlowJo LLC, 

Ashland, OR). For immunoblotting, cells were lysed in RIPA buffer (150mM NaCl, 1% 

IGEPAL-CA630, 0.1% SDS, 0.5% Sodium deoxycholate, 50mM Tris pH 8.0) with protease 

and phosphatase inhibitors (Bimake, Houston, TX). Lysates were resolved using SDS-PAGE 

and proteins were transferred to nitrocellulose membrane (GE Amersham, Pittsburgh, PA). 

Cleaved, intracellular domain of Notch1 was visualized with anti-cleaved Notch1 antibody 

(Val1744) (D3B8, Cell Signaling Technology, Danvers, MA) and anti-rabbit secondary 

antibody conjugated with horse radish peroxidase (GE Amersham)

2.5. Quantitative Real Time PCR

Stimulated CD4 T cell were harvested at indicated time points and total RNA was extracted 

using Quick-RNA Mini Prep kit (Zymo Research, Irvine, CA) following the manufacturer’s 

instruction. Total RNA was reverse-transcribed with oligo-dT or stem loop primers using 

MuLV Reverse Transcriptase. Stem loop primers for miRNA quantification were designed 

as described. Quantitative Real Time PCR was performed using 2x SYBR Green master mix 

(Bimake, Inc., Houston, TX). Transcripts were quantified using the 2−ΔΔCT method.
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2.6. Luciferase Assay

NIH3T3 cells were co-transfected with pGL3-29b1a, N1ICD, MAML-1 or DNMAML-1 

and control vectors using Xtremegene transfection reagent (Sigma-Aldrich Corp.). 

Luciferase assay was performed after 48 hours of transfection according to the 

manufacturer’s instruction. Firefly luciferase activity was measured using Luminometer 

20/20n (Turner Biosystems-Promega, Madison, WI) and was normalized to Renilla 

luciferase activity to control for variances in transfection efficiency.

2.7. Chromatin Immunoprecipitation

Cells were treated with 1% formaldehyde to crosslink proteins to DNA, and treated with 

125mM glycine to quench unreacted formaldehyde and lysed in SDS lysis buffer (1% SDS, 

10mM EDTA and 50mM Tris pH8.1). Cells were sonicated for 90 seconds (5s ON/15s OFF) 

to shear the DNA, using Sonicator – XL2020 (Misonix Inc., Farmingdale, NY). Sonicated 

lysates were diluted 10-fold with ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 

1.2mM EDTA, 16.7mM Tris pH 8.1, 167mM NaCl) and precleared with Protein A/G PLUS 

agarose beads (Santa Cruz Biotechnology, Dallas, TX). Lysates were immunoprecipitated 

with 4ug anti-CSL (Santa Cruz Biotechnology), 1:100 anti-Notch1 (Cell Signaling 

Technology) or normal rabbit IgG control (Santa Cruz Biotechnology). Protein-DNA 

complex were recovered by adding agarose beads and washed as follows; low-salt buffer 

(0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris pH8.1 and 150mM NaCl), high-salt 

buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris pH 8.1), LiCl wash buffer 

(0.25M LiCl, 1% IGEPAL-CA630, 1% Sodium deoxycholate, 1mM EDTA and 10mM Tris 

pH8.1) and TE Buffer (1mM EDTA and 10mM Tris, pH 8.1). After eluting the DNA-protein 

complex, cross-linking was reversed overnight at 65 C. Following Proteinase K digestion, 

DNA was extracted using DNA extraction kit (Bio Basic, Inc., Markham, Ontario, Canada). 

The CSL/Notch1 binding region within the miR-29 promoter was amplified using specific 

primers as described18.

2.8. Statistical analysis

Data are the mean ± SD; all experiments were repeated at least three times. Unpaired, two-

tailed Student’s t test and two-way ANOVA with Tukey’s multiple comparisons test were 

applied for statistical comparison using GraphPad Prism 5 software (GraphPad Software, 

Inc., San Diego, CA). P values of ≤ 0.05 were considered significant.

3. Results

3.1. γ-Secretase-inhibitor-mediated inhibition of T-bet is post-transcriptional at early 
timepoints

Signaling through the Notch1 intracellular domain (N1ICD) contributes to the differentiation 

of multiple T helper cell subsets13,25. We previously demonstrated a cell-intrinsic role for 

Notch1 in Th1 differentiation, and that both tbx21 and ifng are transcriptional targets of 

Notch14,22,26. We have also shown that T-bet expression in Th1 cells can occur in the 

absence of the canonical Notch1 binding partner, CSL27. In contrast, inhibitory signals 

mediated by the miR-29 family of microRNAs have been shown to negatively regulate tbx21 
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and ifng, both17. To further investigate the detailed mechanism behind Notch1 regulation of 

Th1 differentiation, we explored the possibility of cross-talk between the Notch1 and 

miR-29 signaling pathways.

We began by using a novel gamma secretase inhibitor (GSI), PF-03084014, currently in 

Phase 1 clinical trials to treat patients with T-cell acute lymphoblastic leukemia and T-cell 

lymphoblastic lymphoma28. This GSI prevents the intramembranous cleavage of Notch at 

the S3 site and the release of active NICD. We isolated CD4 T cells from bulk splenocytes, 

and cultured them under Th1 polarizing conditions for 4 days. We used an optimal 

concentration of GSI (25 μM) to inhibit the cleavage of Notch1, which is maximally 

expressed 48 hours after stimulation (Fig 1A). Inhibiting γ-secretase reduced expression of 

T-bet protein, as we have shown before4 (Fig 1B) but, surprisingly, we found the transcript 

levels of tbx21 were higher than vehicle-treated controls. Specifically, by 24 hours after 

activation, the GSI-treated samples showed an almost 2-fold increase in tbx21 transcripts 

compared to controls (Fig 1C) while protein expression remained lower than DMSO 

controls. These data suggested to us that Notch signaling may regulate T-bet within the first 

24 hours of T cell stimulation by post-transcriptional mechanisms, without regulating T-bet 

protein levels to the same extent.

3.2. γ-Secretase-inhibitor-mediated inhibition of Notch leads to increased expression of 
miR-29 at earlier, but not at later, time intervals in Th1 cells.

The miR-29 family of miRNAs, miR-29a, -b and -c, can directly target the mRNA of Th1 

signature molecules, tbx21 and ifng17-19. Based on the disparate levels we observed between 

T-bet protein and mRNA transcripts of the T-bet-encoding gene, tbx21, following GSI 

treatment, we asked whether Notch signaling might be negatively regulating miR-29. To 

determine whether Notch might inhibit miR-29 expression in murine Th1 cells we incubated 

CD4 T cells with DMSO, as a vehicle control, or with GSI for 30 minutes, then further 

cultured the cells under Th1 polarizing condition for 4 days. We used real time PCR to 

measure the transcript levels of individual miR-29 family members 24 hours into the Th1 

differentiation process. We observed that, in cells treated with GSI, miR-29b expression was 

significantly higher than in cells treated with DMSO (Fig. 2A), while mature transcripts of 

miR-29a and miR-29c were less affected.

Interestingly, after a full 96 hours of polarization, DMSO-treated Th1 cells expressed high 

levels of miR-29a, -b, and -c, while at this same timepoint, GSI-treated cells showed much 

lower miR- 29 expression (Fig. 2B). Primary CD4 T cells cultured under Th2-polarizing 

conditions did not display similar miR29 expression kinetics in DMSO- or in GSI-treated 

cells (Fig. S1), suggesting that Notch regulation of miR29 is likely to be highly cell-context 

dependent. Altogether, these observations suggested to us that miR-29 levels may be 

regulated differently during early and later stages of Th1 differentiation, and that Notch 

signaling may be involved in its regulation.

3.3. Notch1 represses miR-29 expression

Our previous studies have indicated that Notch1 can regulate IFNγ expression directly, as 

well as indirectly by modulating the expression of T-bet. Building on our initial, unexpected 
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observations that after 24 hours of Th1 polarization, GSI treated cells showed low T-bet 

protein expression but high tbx21 transcripts (Fig. 1), coupled with the increased expression 

of miR-29b in GSI-treated cells at 24 hours (Fig. 2), we asked whether Notch1 could alter 

the expression of tbx21 by inhibiting miR-29 expression. The γ-secretase complex targets 

and cleaves numerous proteins, and it was not clear from our initial experiments whether 

Notch1, or another γ-secretase substrate, was responsible for the effects we observed. 

Therefore, to further refine our experimental question, we used the DO11.10 hybridoma T 

cell line, and retrovirally transduced it either with an empty vector or with a construct 

encoding the Notch1 intracellular domain (N1ICD; 1759-2555) to test our hypothesis that it 

is Notch1, and not another substrate of γ- secretase, that is repressing miR-29. As shown in 

Figure 3A, expressing N1ICD significantly reduced the mature transcripts of all miR-29 

family members. Since we had observed miR-29b repression both in primary Th1 cells and 

in DO.11.10 cells expressing N1ICD, we sought to further confirm the repressive effects of 

N1ICD on miR-29b expression. We utilized a Firefly luciferase construct with a validated 

miR-29ab1 promoter sequence20 to address whether Notch1 may be regulating miR-29b 

expression by reducing its promoter activity. We co-transfected a Renilla luciferase construct 

to control for any differences in transfection efficiency between conditions. When we 

expressed the miR-29ab1 Firefly luciferase construct in 3T3 cells, together with N1ICD, we 

noted robustly decreased luciferase expression, suggesting that N1ICD can repress the 

promoter activity of miR-29 (Fig 3B, Fig. S2). Collectively, these data support the notion 

that Notch1 can also regulate tbx21, indirectly, by inhibiting miR-29 expression, especially 

within the first 24 hours of Th1 cell differentiation.

3.4. IFNγ masks the effects of Notch1 on miR-29

It has been reported that pro-inflammatory, IFNγ signaling can induce miR-29 expression 

forming a negative feedback loop that act to temper IFNγ expression. However, in certain 

autoimmune diseases, such as multiple sclerosis, Th cell activity is dysregulated. Circulating 

proinflammatory cytokines are often high, suggesting disruption in pathways that would 

otherwise negatively regulate their expression. In support of this, memory T cells isolated 

from multiple sclerosis patients display an active Th1 response, and a greater than two-fold 

increase in miR-29b, even in the presence of high IFNγ levels19. We previously showed that 

Notch1 induces ifng expression in Th1 cells, producing high IFNγ levels by 96 hours in 

culture. Furthermore, treating Th1 cells with GSI during the polarizing process limits IFNγ 
production4. Data from the present study showed elevated miR-29b levels in GSI-treated 

Th1 cells at the 24 hours’ timepoint, but reduced miR-29b levels in GSI-treated Th1 cells at 

the 96 hours’ timepoint (Fig. 2). Viewing these data collectively, we hypothesized that IFNγ 
signaling might be “out-competing” any Notch1-mediated repressive effects, to upregulate 

miR-29 expression, especially at later timepoints when Notch1 levels begin to decrease. To 

address this potential for hierarchical regulation of miR-29 by IFNγ over Notch1, we asked 

what happens to miR-29 levels if we blocked the ability of IFNγ to act on the cells and, 

further, if we also inhibited Notch1 signaling in these cells. To do this, we cultured CD4 T 

cells in with DMSO or GSI for 4 days under neutral, non-polarizing conditions. We added 

an IFNγ-neutralizing antibody to some cells during the first 48 hours of culture. We 

observed that blocking IFNγ signaling reduced miR-29 expression (Fig 4A), as has been 

previously reported19, but GSI-treatment did not significantly alter miR-29 expression in 
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these -non-polarized cells. We next asked whether an IFNγ-Notch regulatory axis of miR-29 

might be at work in Th1 cells, in the form of hierarchical signaling between IFNγ and 

Notch1 during the later stages of Th1 differentiation, a time at which IFNγ levels are high 

and Notch1 levels wane. We predicted that, if this were the case, removing IFNγ during the 

later stages of Th1 cell differentiation would abrogate miR-29 expression in these, while 

inhibiting Notch1 activity in the absence of IFNγ signaling, would de-repress miR-29 levels. 

To test this hypothesis, we cultured CD4 T cells under Th1-polarizing conditions for 48 

hours. After this initial culture period, we lifted the cells, replated them in fresh media to 

remove any secreted IFNγ, and cultured them for an additional 48 hours in the presence of 

DMSO or GSI. Under these conditions, in which Th1 cells are rapidly deprived of 

exogenous IFNγ, we observed that there was little to no expression of miR-29 in our 

DMSO-treated samples (Fig 4B). In contrast, we noted consistently higher levels of miR-29 

in Th1 cells treated with GSI, lending further support to the notion that Notch signaling 

represses miR-29 expression in the absence of IFNγ. Collectively, these data provide 

evidence that miR-29 expression may be tightly regulated by Notch1-mediated repression 

and IFNγ-mediated induction, to fine-tune Th1 polarization, and that a hierarchical 

regulatory axis between Notch and IFNγ may exist.

3.5. Notch1-mediated inhibition of miR-29 is NF-κB-independent

To further elucidate the mechanism behind Notch1-mediated repression of miR-29, we 

focused on NF-κB, which is a non-canonical binding partner of Notch1 and is also known to 

suppress miR-29 expression18,20,21. The NF-κB family of transcriptional regulators are 

normally held in an inactive complex in the cytosol of resting T cells. Following stimulation, 

a series of signaling events that are initiated at the T cell receptor, culminate in the 

phosphorylation, and subsequent degradation, of NF-κB inhibitory proteins, including that 

of Inhibitor of NF-κB alpha (IκBa).

We utilized a pharmacological inhibitor of NF-κB, Bay11-7085, which acts to irreversibly 

prevent phosphorylation and degradation of IκBα, to determine whether Notch1 repression 

of miR-29 required active NF-κB signaling. We treated the DO11.10-EV and DO11.10-

N1ICD cell lines with Bay11-7085 (5μM) for 24 hours, harvested RNA, and determined the 

expression of miR-29. Consistent with previous reports suggesting NF-κB can suppress 

miR-29 levels, we observed increased miR-29a and miR-29b expression in DO11.10-EV 

cells, which do not express Notch1, when we inhibited NF-κB activity with Bay11 (Fig. 

5A). Surprisingly, in DO11.10 cells that constitutively express N1ICD, inhibiting NF-κB 

with Bay11 did not alter the expression of miR-29a or miR-29b expression (Fig. 5B). Thus, 

in the absence of Notch1, NF-κB repressed mirR-29 expression. However, these results also 

confirm that when N1ICD is expressed, it can act to repress miR-29 expression, and that this 

process does not require NF-κB activity.

3.6. Canonical Notch1 signaling represses miR-29 expression

Within the promoter of several Notch-regulated genes, CSL binding sites have been found to 

be “nested” within larger NF-κB response elements29. This finding may explain how, during 

non-canonical Notch signaling, CSL proteins may be “competed off’ of these “nested” sites, 

as NF-κB levels increase. In the report by Cao and colleagues, mutating one, but not the 
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other, of two NF-κB-containing binding sites within the miR-29ab1 promoter resulted in 

miR-29 de-repression18. A closer examination of these two NF-κB binding sites revealed 

that, only within the mutated site that resulted in de-repressed miR-29 levels, was there a 

nested CSL binding site. During canonical Notch signaling, CSL will bind first to a 

promoter region. It then recruits Notch and additional transcriptional activators, such as 

mastermind-like-1 (MAML1) and p300, to positively mediate transcription. To investigate 

the potential contribution of non-canonical regulation of miR-29, we over-expressed 

MAML1 or dominant-negative MAML1 (DN-MAML1), together with N1ICD and a 

luciferase construct driven by the miR-29ab1 promoter, in NIH3T3 cells. We observed that 

overexpressing N1ICD alone or with MAML1 decreased the promoter activity of 

miR-29ab1 (Fig. 6A, Fig. S3A). By contrast, over-expressing DN-MAML1 together with 

N1ICD, had the reverse effect, and abrogated Notch1-mediated repression of miR-29ab1 
(Fig 6B, Fig. S3B). To further confirm a possible role of canonical Notch signaling in 

regulating miR-29, we performed chromatin immunoprecipitation assays using antibodies 

specific for CSL or Notch1. This revealed that CSL and Notch1, both, occupy the can be 

found at this nested CSL binding site on the miR-29ab1 promoter (Fig 6B). Altogether, these 

data suggest that Notch1 may repress miR-29 by reducing its promoter activity through an 

active, CSL-dependent, canonical Notch signaling mechanism that requires MAML1.

4. Discussion

miRNAs have been identified as essential regulators of immune responses, including during 

T cell proliferation and differentiation. However, how these miRNAs, themselves, are 

regulated is not well-understood. In this report, we investigated a role for Notch1 signaling 

in regulating miR-29, a microRNA known to modulate the expression of two pro-

inflammatory transcripts, tbx21 and ifng17-19. We have previously demonstrated that Notch1 

influences T helper cell differentiation and regulates IFNγ and T-bet, the protein, product of 

tbx21, in Th1 cells4,26. This led us to further investigate whether Notch1 might also 

contribute to Th1 differentiation through its effects on miR-29 expression. Using both 

pharmacological and genetic approaches, we show that Notch1 can repress miR-29 in a 

CSL-dependent manner during the early stages of Th1 cell differentiation and, thus, prime 

CD4 T cells for Th1 differentiation.

We utilized the novel γ-secretase inhibitor PF-03084014, to inhibit Notch signaling during 

Th1 polarization, and found T-bet protein levels in GSI-treated Th1 cells were comparable to 

those of DMSO-treated cells 24 hours after polarization. However, transcripts of tbx21, were 

significantly higher in cells treated with GSI for 24 hours, than in DMSO-treated cells 

harvested at this same timepoint. This suggested to us that post-transcriptional regulation of 

tbx21 may be at work during the early stages of Th1 differentiation. In parallel, we also 

observed increased expression of miR-29b in GSI-treated cells, suggesting miR-29 may be 

involved in early regulation of tbx21. The 3’untranslated region (UTR) of labile transcripts, 

such as cytokines, contain binding sites for microRNAs, allowing their direct association and 

negative regulation of mRNAs, either by destabilizing mRNA or by preventing translation 

initiation. However, in proliferating cells these 3’UTRs are often edited to remove the 

microRNA binding sites, relieving micro-RNA-mediated inhibition and stabilizing 

transcripts30. In GSI-treated T cells, we noted high levels of tbx21 transcripts 24 hours after 
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stimulation, although protein levels remained similar to DMSO-treated cells. Thus, one 

benefit of Notch1 repression of miR-29 during early stages of Th1 cell differentiation, would 

be to rapidly prevent miR-29 binding and subsequent tbx21 and ifng inhibition, before 

3’UTR shortening occurs. However, additional studies would be necessary to test this model.

Since GSI treatment can also affect other cellular substrates of γ-secretase, including other 

Notch family members and Notch ligands, we expressed the Notch1 intracellular domain in 

different cell lines to conclusively show that Notch1 can repress miR-29. From our study, we 

conclude that miR-29 exerts its effects on tbx21 expression by inhibiting its translation, as 

has been shown for CDK231. In contrast, a previous study indicated miR-29 regulates the 

expression of tbx21 by destabilizing and degrading the transcript17. This may be a result of 

over-expression of miR-29 and may not reflect actual, physiological conditions. We did not 

observe significant differences in T-bet protein expression 24 hours after GSI-treatment, 

even though tbx21 expression was significantly higher in GSI-treated cells. Thus, another 

possible explanation for these contradictory data may be that miR-29 inhibits translation of 

tbx21 before inducing its degradation, as was observed for miR-430 targets identified by 

ribosome profiling during zebrafish development32.

During Th1 polarization assays we observed opposing effects at early and later stages of 

differentiation. Since IFNγ can induce the expression of miR-29 and initiate a negative 

feedback loop, it is possible that Notch-mediated effects are “eclipsed” by IFNγ signaling. 

By blocking IFNγ signaling and removing IFNγ from the extracellular environment we 

showed that IFNγ indeed masks the repressive effects of Notch1 on miR-29. This suggests 

that Notch1 may inhibit the expression of miR-29 at the very early stages of polarization, 

when IFNγ levels are low, and acts to prime CD4 T cells to adopt a Th1 response. IFNγ in 

turn, increases the expression of miR-29 at later stages of differentiation and further 

modulates proinflammatory responses. Therefore, Notch1 and IFNγ may act as a “yin and 

yang” of miR-29 regulation to fine-tune Th1 responses. Furthermore, we did not observe a 

similar de-repression of miR-29 in GSI-treated Th2 cells, suggesting that Notch1 regulation 

of miR-29 is likely to be highly cell-context-dependent, as is the case with many 

documented Notch signaling effects.

In CD4 T cells, miR-29 expression has been shown to be inhibited by NFκB, a non-

canonical binding partner of Notch118. However, our study revealed that Notch1 represses 

miR-29 through an NF-κB-independent pathway. Notch1 lacks a DNA binding domain and 

requires a chromatin binding partner to regulate the transcription of its target genes. In 

addition to c-Myc, YY1, and hedgehog binding sites20,21, the miR-29 promoter also has a 

putative CSL binding site nested within the NF-κB binding sequence. We used a dominant-

negative mutant of the transcriptional co-activator, MAML1, to determine that Notch1 can 

repress miR-29 through the CSL-dependent, canonical Notch signaling pathway. 

Furthermore, results of the chromatin immunoprecipitation assays we performed provide 

additional evidence that CSL and Notch1, both, are associated with the miR-29b1a 

promoter. NF-κB, as well as Notch-CSL complexes, primarily act as transcriptional 

activators. However, previous studies have reported that NF-κB and Notch-CSL complexes, 

both, can act to repress transcription through their interactions with HDAC proteins and 
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YY1, respectively33,34. Additional studies are necessary to determine whether YY1 also 

associates with this high molecular weight Notch-CSL-MAML1 to repress miR-29.

In conclusion, here we have determined that Notch1 can represses miR-29 expression in 

CD4 T cells during the early stages of Th1 cell differentiation, and this proceeds through a 

CSL-dependent, canonical Notch signaling mechanism. However, further studies are needed 

to determine how the Notch-CSL-MAML1 complex may act on miR-29 in cases of 

dysregulated Th1 responses, such as those seen in autoimmune conditions. Aberrant Notch1 

expression has been linked to autoimmune responses35, as has down regulation of miR-2919. 

Gaining a greater understanding of how Notch1 may regulate miRNAs during Th cell 

differentiation may reveal novel therapeutic targets for immune regulation.
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Highlights

• Notch1 represses miR-29 expression, during early stages of T helper type 1 

cell differentiation

• Notch1-miR-29 repression is NF-κB-independent

• Canonical Notch signaling mediates early Notch1-miR-29 repression and 

requires MAML1

• IFNγ signaling upregulates miR-29 to override Notch1-miR-29 repression
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Figure 1. γ-Secretase-inhibitor-mediated inhibition of T-bet is post-transcriptional at early 
timepoints.
Splenic CD4 T cells isolated from C57BL/6 mice were pretreated with DMSO or GSI for 30 

minutes and stimulated with plate bound anti-CD3ε and anti-CD28 under Th1 polarizing 

conditions for (A) 48 hours or (B-C) for indicated time. (A) Expression of cleaved Notch1 

(Val1744) in DMSO- and GSI-treated samples were determined by immunoblotting.

Tubulin expression was used as a loading control. (B) T-bet protein, expressed at various 

time points after stimulation with anti-CD3ε and CD28 in DMSO- and GSI-treated CD4 T 

cells, was determined by using flow cytometry and quantifying Median Fluorescence 

Intensity (MFI). (C) Total RNA was extracted from CD4 T cells at the timepoints indicated, 

and relative expression of tbx21 level was determined in DMSO- and GSI-treated cells, and 

normalized to expression of β-actin. Fold change was determined relative to the 

unstimulated CD4 T cells. Results are representative of three independent experiments. 

Statistical analyses were performed using two-way ANOVA, with Tukey’s multiple 

comparisons test applied. *P<0.05; ****P<0.0001.
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Figure 2. γ-Secretase-inhibitor-mediated inhibition of Notch leads to increased expression of 
miR-29 at earlier, but not at later, time intervals in Th1 cells.
(A) Splenic CD4 T cells isolated from C57B/L6 mice were pretreated with DMSO or GSI 

for 30 minutes and stimulated with plate bound anti-CD3ε and anti-CD28 under Th1 

polarizing condition. Total RNA was extracted at 24 hours, and relative expression of 

miR-29a, miR-29b, and miR-29c were determined using stem loop primers and real-time 

quantitative PCR, normalized to sno202. Fold changes were determined relative to 

unstimulated CD4 T cells. Results are the mean of triplicate wells + S.D. and are 

representative of three independent of experiments. Statistical analyses were performed 

using an unpaired Student t test, with statistical significance set at P<0.05. (B) Total RNA 

was extracted at indicated time intervals and miR-29a, miR-29b, and miR-29c was amplified 

as in (A). The relative expression of miR-29a, miR-29b, and miR-29c was normalized to 

expression of sno202. Fold changes were determined relative to unstimulated CD4 T cells. 

Results are the mean of triplicate wells + S.D. and are representative of three independent of 

experiments. Statistical analyses were performed using Student’s t test. *P<0.05; **P<0.01, 

****P<0.0001.
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Figure 3. Notch1 represses miR-29 expression.
(A) DO11.10 hybridoma cells were stably transduced with empty vector (DO11.10-EV) or 

with Notch1-intracellular domain (DO11.10-N1-ICD). Total RNA was isolated and 

microRNAs were reverse transcribed using respective stem loop primers. The relative 

expression of miR-29 transcripts was normalized to expression of sno202. Fold changes in 

miR-29a, miR-29b and miR-29c are expressed relative to respective miR-29 levels in 

DO11.10-EV cells. (B) NIH3T3 cells were transfected with a construct containing the 

miR-29ab1 promoter, together with pRL-CMV, with or without N1-ICD. Relative firefly 

luciferase activity was measured (Firefly/Renilla) and normalized to the empty vector 

control. Results are the mean + S.D. of three independent experiments. Statistical analyses 

were performed using an unpaired Student’s t test. *P<0.05; **P<0.01.
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Figure 4. IFNγ masks the effects of Notch1 on miR-29
(A) Splenic CD4 T cells isolated from C57BL/6 mice were pretreated with DMSO or GSI 

for 30 minutes and stimulated with plate-bound anti-CD3ε and anti-CD28 for 72 hours 

under nonpolarizing conditions without or with IFNγ-neutralizing antibody. Total RNA was 

isolated and microRNAs were reverse transcribed using respective stem loop primers. The 

relative expression of miR-29 transcripts was normalized to expression of sno202. Fold 

changes are expressed relative to unstimulated CD4 T cells. Statistical analyses were 

performed using two-way ANOVA with Tukey’s multiple comparisons test applied. (B) 
Splenic CD4 T cells isolated from C57BL/6 mice were pretreated with DMSO or GSI for 30 

minutes and stimulated with plate-bound anti-CD3ε and anti-CD28 under Th1 polarizing 

conditions for 48 hours. Cells were harvested and cultured with fresh media, with rmIL-2 

added, in the presence of DMSO or GSI for an additional 48 hours. Total RNA was isolated 

and microRNAs were reverse transcribed using respective stem loop primers. The relative 

expression of miR-29 transcripts was normalized to expression of sno202. Fold changes are 

expressed relative to DMSO-treated CD4 T cells. Results are the mean of triplicate wells + 

S.D. and are representative of three independent of experiments. Statistical analyses were 

performed using an unpaired Student’s t test. **P<0.01; ****P<0.0001
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Figure 5. Notch1-mediated inhibition of miR-29 is NF-κB-independent
The DO11.10 T cell hybridoma cell line was stably transduced with empty vector 

(DO11.10-EV) or with Notch1-intracellular domain (DO11.10-N1-ICD). Transduced cells 

were treated with DMSO or the NF-κB inhibitor, Bay11-7085, for 24 hours. Total RNA was 

isolated and microRNAs were reverse transcribed using respective stem loop primers. The 

relative expression of miR-29 transcripts was normalized to expression of sno202. Fold-

change is expressed relative to DMSO treatment. Results are the mean of three independent 

experiments + S.D. Statistical analyses were performed using two-way ANOVA with 

Tukey’s multiple comparisons test applied. *P<0,05; **P<0.01.
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Figure 6: Notch inhibits miR-29 expression by canonical signaling
(A, B) NIH3T3 cells were transfected with a construct containing the miR-29ab1 promoter, 

together with pRL-CMV, with or without constructs expressing N1ICD, Mastermind like-1 

(MAML-1; A) or a dominant-negative MAML-1 (DNMAML-1; B). Relative firefly 

luciferase activity was measured (Firefly/Renilla) and normalized to the expression of 

29ab1. Results are the mean + S.D. of three independent experiments. (C) Splenic CD4 T 

cells isolated from C57BL/6 mice were stimulated with plate bound anti-CD3ε and anti-

CD28 for 72 hours under Th1 polarizing conditions. Anti-CSL or anti-Notch1 was used to 

precipitate the respective proteins bound to DNA. DNA in complex was amplified with 

primers specific for CSL binding region in miR-29 promoter. Densitometric values were 

normalized to the input control using ImageJ software. Statistical analyses were performed 

using an unpaired Student’s t test. *P<0.05; ***P< 0.001.
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