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NF-κB is a family of heterodimers and homodimers which are generated from subunits encoded by five genes. The predominant classical dimer RelA:p50 is presumed to operate as “NF-κB” in many contexts. However, there are several other dimer species which exist and may even be more functionally relevant in specific cell types. Accurate characterization of stimulus-specific and tissue-specific dimer repertoires is fundamentally important for understanding the downstream gene regulation by NF-κB proteins. In vitro assays such as immunoprecipitation have been widely used to analyze subunit composition, but these methods do not provide information about dimerization status within the natural intracellular environment of intact live cells. Here we apply a live single cell microscopy technique termed Number and Brightness to examine dimers translocating to the nucleus in fibroblasts after pro-inflammatory stimulation. This quantitative assay suggests that RelA:RelA homodimers are more prevalent than might be expected. We also found that the relative proportion of RelA:RelA homodimers can be perturbed by small molecule inhibitors known to disrupt the NF-κB pathway. Our findings show that Number and Brightness is a useful method for investigating NF-κB dimer species in live cells. This approach may help identify the relevant targets in pathophysiological contexts where the dimer specificity of NF-κB intervention is desired.
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INTRODUCTION

Nuclear Factor-kappaB (NF-κB) is arguably the most important signaling pathway involved in immune responses (1). The specificity of NF-κB action as a transcription factor (TF) is partly mediated by the particular dimers that translocate into the nucleus in response to extracellular stimuli or stress (Figure 1A). In the nucleus, NF-κB homo- and hetero-dimers (Figure 1B) reversibly interact with specific DNA sequence motifs to activate the transcription of hundreds of target genes (2, 3). Depending on which of the 5 different NF-κB TF proteins comprise the dimers that translocate to the nucleus (4), different gene expression profiles can be induced (5, 6). Yet, because the NF-κB TF family is comprised of up to 15 different dimer species (1) (Figure 1B), developing a thorough understanding of how individual NF-κB dimers regulate transcription has proved to be an exceedingly difficult task.


[image: Figure 1]
FIGURE 1. N&B approach to discern dimerization status of RelA. (A) There are five homologous proteins of the NF-κB TF family. All contain a Rel homology domain (RHD) that promotes dimerization with other RHD-containing proteins as well as DNA binding. RelA, RelB, and c-Rel each also contain a transcription-activation domain (TAD) that enables them to activate transcription. Cleavage of p105 and p100 produces p50 and p52, respectively. Additional domains include: LZ, leucine zipper; GRR, glycine-rich region; ANK, ankyrin-repeat domain; DD, death domain. (B) 15 potential NF-κB dimers exist based on RHD interactions. (C) The N&B assay measures the oligomer state of a protein by determining its molecular brightness (ε) within a region of interest (ROI) in a cell. A fluorescent protein's molecular brightness is determined by calculating the fluctuations (variance) in mean fluorescence intensity (<I>) that are caused by the movement of protein oligomers (monomers, dimers, trimers, k-mers) within every pixel (confocal volume) of the ROI over time (confocal imaging acquisition). The ratio of the variance to the mean fluorescence intensity of the pixels is equal to the protein's brightness (ε) + 1. Because immobile proteins do not produce such movement-based fluctuations, their molecular brightness is equal to 0. (D) For quantifying a protein's brightness within an ROI, in our case the nucleus, the brightness values of each pixel comprising the ROI are extracted from a stack of N&B images (see Methods). The brightness values are then fitted to a Gaussian distribution to determine the protein's overall brightness within the ROI.


Molecular biology approaches such as immunoprecipitation, immunoblotting, and EMSAs are not particularly well-suited for investigating more than a few dimer species simultaneously. Importantly, they cannot be used to analyze dimers in live intact single cells and do not distinguish between different oligomer species. Advances in imaging technologies have revolutionized biological research by superseding many of the constraints inherent to classical molecular biology techniques. In addition to enabling the visualization of molecular biological processes in real-time, microscopy techniques enable high throughput time-course measurements from the same individual cell in a relatively direct and non-invasive manner. Despite the importance of NF-κB, to our knowledge only a few imaging studies have investigated the dimerization status of this TF in living cells, using fluorescence cross-correlation spectroscopy (FCCS) or Förster-resonance energy transfer (FRET) (7–9).

The Number and Brightness (N&B) assay is a live-cell imaging technique that measures the aggregation or oligomerization state of proteins of interest in a specific area of a cell, such as the nucleus (10). Its use has revealed insights into the oligomerization status of crucial TFs, including the hormone receptor transcription factors: glucocorticoid receptor (GR) (11–13), androgen receptor (AR) (12), and progesterone receptor (PR) (12); as well as CCAAT/enhancer-binding protein alpha (C/EBPα) (12). It has also been used to quantify the aggregation of DNA (14), Huntingtin (15), and amyloid peptides (16), as well as other proteins (17–26). Besides a brief inclusion in a report (13), the N&B assay has not been used to study NF-κB TF dimers.

We conducted a series of experiments to explore the technological feasibility of using the N&B assay to measure the homodimer status of the NF-κB TF RelA in single living cells. We discovered that the N&B assay detects the presence of a mixed RelA dimer status in the nuclei of stimulated immortalized and primary fibroblasts, with RelA homodimers seemingly comprising a substantial proportion of the overall RelA dimer species. Moreover, we obtained evidence suggesting that the N&B assay can be used to quantify pharmacological perturbations of NF-κB dimers.



METHODS


Materials

The mEGFP-N1 (54767) plasmid from Michael Davidson, and the RelA cFlag pcDNA3 (20012) (27) from Stephen Smale, were purchased from Addgene. The pSF-EF1α-Ub-Neo vector (OG606) was purchased from Oxford Genetics. The mEGFP-mutGR (monomeric glucocorticoid receptor (GR) mutant; monomer control) (GFP-GRN525), mEGFP-GR (wild-type GR), mEGFP-AR (androgen receptor), and mEGFP-PR (progesterone receptor) plasmids, as well as the dihydrotestosterone (DHT) and progesterone (PR), were previously described (12) and kindly provided by the Hager lab (NIH, Bethesda, MD). Additional reagents included lipopolysaccharide (LPS) (Enzo Life Sciences; ALX-581-008); TNFα (R&D; 410-MT-010); dexamethasone (Dex) (Sigma; D4902); withaferin A (WFA) (681535; EMD Millipore); and trichostatin A (TSA) (Sigma; T8552). Primary antibodies included polyclonal rabbit anti-RelA (Santa Cruz; SC-372), monoclonal rabbit anti-p50 (Santa Cruz; sc-114) (which also detects p105), polyclonal rabbit anti-RhoGDI (Sigma; R3025), and monoclonal rabbit anti-GAPDH (Cell Signaling Technology; 14C10). Secondary antibody consisted of polyclonal anti-rabbit IgG (Jackson Immunoresearch; 211-035-109).



Cloning

To generate the mEGFP-RelA plasmid encoding an N-terminal fusion protein, cDNA was amplified by PCR using Phusion polymerase mix (New England BioLabs (NEB); M0532S) and the indicated primers (Table S1). Constructs were digested with restriction enzymes from NEB (EcoR1-HF, R3101S; EcoRV-HF, R3195S; BsrGI-HF, R3575S) and ligated into the pSF-EF1α-Ub-Neo vector using Promega LigaFast Rapid DNA Ligation kit (Fisher Scientific; PR-M8221). The resulting plasmid was used to transform DH5α competent cells (ThermoFisher; 18265017). Plasmid derived and expanded from a single antibiotic resistant clone was purified using an EndoFree Plasmid Maxi kit (Qiagen; 12362). Plasmid construction was verified by DNA sequencing.



Cell Culture and Transfections

NIH3T3 cells (CRL-1658) were purchased from ATCC. Cells were cultured and maintained in a 37°C humidified environment of 5% CO2/95% air in growth media composed of phenol-red-free Dulbecco's Modified Eagle's Medium (DMEM) (Gibco; 21063-029) supplemented with 10% fetal bovine serum (FBS) (Gemini Bioproducts; 100-500) and 100 units/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine (1% p/s/g) (Gibco; 15140-122). Passaging of cells was performed using brief exposure to 0.25% trypsin-EDTA (Gibco; 25200-056). Cells in DMEM containing only 10% FBS (lacking p/s/g) were transiently- or stably-transfected with the respective expression vectors using Fugene HD (Promega; E2311) according to the manufacturer's protocol. Pools of cells with stable-integration of EF1α-promoter driven mEGFP-RelA were obtained via selection in G418 sulfate solution (500 μg/mL) (Mirus; MIR5920). Expression and function of the fluorescent fusion proteins was tested through a combination of immunoblotting and confocal microscopy (Figure S1). Primary mouse adult fibroblasts (MAFs) for the N&B assay were obtained from ear pinna minced and digested in 200 μg/mL Liberase TM (Sigma; 5401119001) in a 37°C water bath for 1 h. Digested pinna were then diluted 5-fold in growth media and centrifuged at 1,000 rpm for 5 min. Liberase-containing media was aspirated, and cells were resuspended in growth media and cultured for ~1 week. Upon reaching greater than ~50%, but less than ~90% confluence, primary fibroblasts were passaged using 0.25% trypsin-EDTA using routine cell culture procedures. Primary cells were passaged no more than twice before being used in the study.



Immunoblotting Lysates of Stably-Transfected Cells

Cells were lysed in ice-cold RIPA cell lysis buffer (Millipore; 20-188) containing Complete Ultra Mini protease inhibitors (Roche; 05892970001). Lysates were vortexed, centrifuged at 13,000 rpm for 15 min, and homogenized using insulin syringes. Concentrations of proteins were estimated using Protein Assay Dye Reagent Concentrate (Biorad; 5000006). Samples containing equal amounts of protein were heated at 95°C for 5 min in LDS sample buffer (ThermoFisher; NP0007) containing 10% 2-Mercaptoethanol (Gibco; 31350-010) and separated by SDS-polyacrylamide gel electrophoresis (PAGE) using 4–12% NuPage Bis-Tris pre-cast gels (ThermoFisher; NP0322BOX) and MOPS buffer (ThermoFisher; NP0001). Proteins were transferred using transfer buffer (ThermoFisher; NP00061) and 0.45 μm PVDF membranes (Millipore; IPVH00010). Membranes were blocked for 30 min in 5% (w/v) non-fat milk and then sequentially incubated with primary and HRP-conjugated secondary antibodies. HRP activity was detected using SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher; 34580).



Microscopy for Generation of Stably-Transfected Cells

All imaging was performed using a Zeiss LSM880 AxioObserver confocal microscope with an associated environmental chamber for live-cell imaging. During imaging all cells were maintained in a 37°C humidified environment of 5% CO2/95% air. Cells were seeded at medium confluence on 35 mm glass-bottomed dishes (MatTek; P35G-1.5-20-C) and cultured overnight before imaging in phenol-red-free growth media. Images were acquired using a 488 nm laser and a 40X/1.4 NA Plan-Apochromat oil-immersion objective with a fully open pinhole (600 μm).



Microscopy for the N & B Assay

All imaging was performed using the same hardware and cell culture conditions as described above, unless described otherwise. Before imaging, cells were treated with indicated concentrations of ligands, as described in the Results section and associated figure legends. Treatment was not required to induce nuclear localization of the monomeric control (mEGFP-mutGR) as it is constitutively nuclear. mEGFP-GR nuclear localization was induced by pre-incubating cells with Dex (100 nM) for at least 1 h prior to imaging. mEGFP-GR maintained nuclear localization throughout the course of the experiments which typically lasted no more than 1–2 h after beginning imaging (per 35 mm dish). When mEGFP-RelA-expressing cells were treated with TNFα (10 ng/mL) or LPS (100 ng/mL), subsequent nuclear translocation was evident within 15–45 min and persisted for no more than ~1 h during which time N&B imaging was performed. For each nucleus analyzed, N&B microscopy was performed as previously described with minor adjustments (12). Briefly, a time-lapse stack of 150 images (256 × 256 pixels) was acquired using a 63X/1.4 NA Plan-Apochromat oil-immersion objective; a pinhole corresponding to 1 Airy unit; and a zoom of 6.6. Dwell-time per pixel was 8.24 μs with a subsequent frame scan time of 1.27 s. Laser power (488 nm) was set at 3% to detect near endogenous levels of mEGFP-RelA (Figure S1). Fluorescence signal was detected using a gallium arsenide phosphide (GaAsP) detector set to photon-counting mode. Additional imaging parameters include performing the 16-bit acquisition using a digital gain of 0.2. Images were acquired using one direction scanning, rather than bidirectional, to ensure a fixed re-sampling time of the mobile fluorescent proteins. No averaging was performed for line acquisitions. Nuclei were excluded from imaging if: they were not the only nuclei within a cell; they were radically misshapen or not intact; or if they had an approximate average fluorescence intensity under 4 or >17 (well-below pixel saturation values). Moreover, if nuclei exhibited significant rotational movement, or horizontal or lateral movement of greater than ~1 μm, they were discarded from analysis. The first 10 frames of each image stack were discarded to remove the initial impact of photobleaching from measurements. Image stacks were analyzed using the N&B option of the “GLOBALS for Images” software developed by the Laboratory for Fluorescence Dynamics (University of California, Irvine, CA), with the divider set to 1.



Dimeric Population Estimation

Since N&B cannot separate mixtures of oligomeric states, the resulting brightness value represents a weighted-average combination of the species present in the illumination volume (10). In general, the dependence of the brightness value is given by a non-linear combination of the brightness and the occupation number of each species (28). Assuming RelA can only exist in monomeric or dimeric forms, then the expected brightness (εexp) obtained by the N&B assay is given by:
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Where εmon and εdim represent the brightness of the monomeric and dimeric species (i.e., values of 1 and 2, respectively); and Nmon and Ndim are the molar fraction of monomers and dimers, respectively.



Mice

The Nfκb1−/−Rel−/− mice (herein referred to as p50/c-Rel double-KO mice) were generated by intercrossing Nfκb1−/− mice (B6.Cg-Nfκb1tm1Bal/J; Jackson Laboratory) and Rel−/− mice (29). The mEGFP-RelA knock-in (KI) mice were generated by inserting the mEGFP coding sequence (without stop codon) after the start codon (ATG) of RelA at the endogenous locus using CRISPR/Cas9 editing technology. Briefly, specific sgRNAs targeting the proximity region of RelA start codon were designed using the online tool MIT CRISPR Design (crispr.mit.edu) and generated in vitro using MEGAshortscript T7 transcription kit (Thermo Fisher Scientific; AM1354). sgRNAs were purified using MEGAclear kit (Thermo Fisher Scientific; AM1908). A double strand (ds) DNA donor template (~7 kb) containing the mEGFP fusion sequence was obtained from Genewiz (genewiz.com). Cas9 mRNA (TriLink Biotechnologies; L-6125), sgRNAs and dsDNA donor template were microinjected into one-cell stage zygotes obtained from C57BL/6Ncr × B6D2F1/J mice to generate mEGFP-RelA KI animals (EM, FTA, LT, MHS, in preparation). Nfκb1−/−Rel−/− and mEGFP-RelA KI MAFs were obtained as described above. Wild-type equivalent Nfκb1+/+Rel+/+ MAFs were obtained from B6.129-Il12btm1Lky/J mice (Jackson Laboratory), as the p50/c-Rel double-KO mice were bred using mice homozygous for both alleles. All MAFs were obtained from female mice aged 7–14 weeks. All mice were maintained under specific pathogen-free conditions at the animal facility of National Institute on Aging, and animal care was conducted in accordance with the guidelines of NIH.



Co-immunoprecipitation of RelA Dimers

Whole-cell extracts from 10 × 106 cells per condition were prepared in 1 mL of cell lysis buffer containing 1% NP-40, 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and Complete Ultra Mini protease inhibitors (Roche; 05892970001). Lysates were centrifuged at 13,000 rpm for 10 min at 4°C. The cleared supernatants were collected and 50 μL of the supernatant was saved as the input sample. For immunoprecipitation, 1.5 μg of rabbit anti-RelA antibody (Santa Cruz; sc-372) was added to 80 μL of Dynabeads protein A (Invitrogen; 10001D) in 500 μL of phosphate-buffered saline (PBS) containing 0.1% Tween-20 (PBST) for 20 min at room temperature to form bead-antibody complexes. The remaining cell lysate supernatants (~950 μL) were added to the bead-antibody complexes and incubated with rotation overnight at 4°C. The beads were washed three times with PBST and then the immunoprecipitated complexes were eluted in 25 μL of a 1:1 dilution of elution buffer (Invitrogen; 10006D) and 2xSDS sample buffer (Novex; LC2676) by heating at 70°C for 10 min. 25 μL of eluted protein complexes were resolved with a 8–16% Tris-Glycine gel (Invitrogen; XP08160) and visualized by immunoblotting using indicated antibodies.



Statistical Analysis

Quantitative data are represented as median values with their respective quartiles unless stated otherwise. Significance (relative to controls) was tested using unpaired two-tailed Student's t test. p-values ≤ 0.05 were deemed statistically significant.




RESULTS


RelA Homodimers Comprise a Substantial Proportion of Nuclear NF-κB in Live 3T3 Fibroblasts

Briefly, the N&B assay measures the oligomer state of a protein (monomer, dimer, multimer) within a cell by determining its molecular brightness (ε) via confocal microscopy (10) (Figures 1C,D). To do so, the approach relies on fluorescently-tagged proteins and specialized image analysis software (see Methods). In a model system, the molecular brightness of fluorescently-tagged proteins that exist as monomers is set to one. The fluorescent proteins that form homodimers have molecular brightness value of two, while k-mer proteins have brightness of k (Figure 1C). In cells, proteins can also exhibit intermediate values of molecular brightness (e.g., ε = 1.5-fold the brightness of monomers), which can be indicative of mixed populations of oligomeric species.

To investigate the state of RelA-containing dimers using the N&B assay, we transiently-transfected NIH3T3 (3T3) fibroblasts with a plasmid encoding the fluorescent fusion protein mEGFP-RelA. We also generated 3T3 cells stably-expressing mEGFP-RelA (Figure S1). The cells were then treated with one of two stimuli [tumor necrosis factor-alpha (TNFα), which produces a quick but oscillatory response (30), or lipopolysaccharide (LPS), which produces a delayed response (31, 32)]. Relative to a mEGFP-tagged monomer control with a brightness of ~1, we observed a median brightness (ε) value of 1.52 for RelA in the nucleus of transiently-transfected cells treated with TNFα (Figures 2A–C). Because of the numerous possible RelA-containing dimers among which only mEGFP-RelA-tagged homodimers are presumed to produce brightness values of ε = 2, while the others are to give ε = 1 (Figure 2A), the observed brightness value suggests that RelA homodimers form a considerable portion (roughly 35%, see Methods for details) of all potential RelA dimer species in individual fibroblasts (Figure 2A). When 3T3 fibroblasts stably-expressing mEGFP-RelA were treated with TNFα, a similar nuclear brightness value of 1.61 (~43% dimers) was detected (Figures 2B,C). Furthermore, when treated with LPS, a nuclear RelA brightness value of 1.75 (~60% dimers) was obtained (Figures 2B,C). As a comparison control, we transiently-transfected 3T3 fibroblasts with cDNA encoding a different TF, mEGFP-tagged glucocorticoid receptor (mEGFP-GR), which is known to form homodimers in the nucleus (13). Upon treating mEGFP-GR-expressing cells with the GR-ligand dexamethasone (Dex), we observed a nuclear brightness value of ε = 1.52 (Figures 2B,C), suggesting that a substantial portion of nuclear GR (including dimers containing endogenous untagged GR) was present as homodimers of mEGFP-GR, as expected.
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FIGURE 2. RelA exhibits substantial homodimer levels in mouse fibroblasts. (A) Schematic of possible mEGFP-RelA (green ellipse) interactions with mEGFP-RelA or other non-mEGFP-tagged NF-κB proteins (white ellipse). (B) Representative confocal micrographs of nuclei in 3T3 fibroblasts transiently-expressing monomer control, transiently-expressing mEGFP-RelA, or stably-expressing mEGFP-RelA under different treatment conditions. Image intensity scale was adjusted for optimal viewing. Scale bar: 5 μm. (C) Quantification of nuclear mEGFP-RelA brightness (ε) values relative to the monomer control in transfected cells (B) treated with 10 ng/ml TNFα, 100 ng/ml LPS, or 100 nM Dex. Data was obtained from at least two independent experiments performed on different days. Whiskers are drawn down to the 10th percentile and up to the 90th percentile. Number of nuclei and median values of each sample are presented below each boxplot.


To confirm whether the N&B assay, in our hands, could quantify the presence of TF oligomers with brightness values greater than those of RelA or GR, we assayed TFs known to form higher-order oligomers in the nucleus. Fibroblasts were transiently-transfected with mEGFP-AR (androgen receptor) or mEGFP-PR (progesterone receptor) and treated with their ligands dihydrotestosterone or progesterone, respectively (Figure S2). Upon activation, we observed a nuclear brightness value of ε = 2.67 for AR and a brightness of ε = 2.07 for PR, indicating that AR and PR form higher-order oligomers in immortalized fibroblasts (Figure S2) as previously shown (12). Moreover, detection of brightness values ε > 2 verified a sufficiently wide N&B dynamic range for studying various oligomers using this assay. As we did not perform the experiments in RelA, GR, AR, or PR knockout cells, we could not quantify the impact of untagged endogenous RelA, GR, AR, and PR proteins on the observed brightness data.



Primary Fibroblasts Maintain RelA Homodimers Independently of c-Rel and p50

Having observed RelA homodimers representing a substantial proportion of RelA-containing dimers in immortalized fibroblasts, we next sought to extend our analysis to primary cells. Therefore, we transiently-transfected wild-type (WT) mouse adult fibroblasts (MAFs) with plasmids encoding the monomer control or mEGFP-RelA, and treated the RelA-transfected cells with LPS. The N&B assay resulted in a relative RelA nuclear brightness value of ε = 1.29 in the primary fibroblasts (Figures 3A,B). While this value indicates a relatively lower proportion of RelA homodimers in comparison to immortalized 3T3 fibroblasts, it confirms that a substantial portion (roughly 20%) of RelA-containing dimers in the nucleus exist as homodimers in stimulated primary fibroblasts.
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FIGURE 3. RelA homodimers in primary fibroblasts. (A) Representative confocal micrographs of nuclei in wild-type (WT) and p50/c-Rel double-KO primary MAFs transiently-expressing monomer control or mEGFP-RelA. The latter were treated with LPS (100 ng/mL). Image intensity scale was adjusted for optimal viewing. Scale bar: 5 μm. (B) Nuclear RelA brightness (ε) values relative to the monomer control in transfected primary fibroblasts (A) treated with 100 ng/ml LPS. Data was obtained from at least two independent experiments performed on different days. Whiskers are drawn down to the 10th percentile and up to the 90th. Number of nuclei and median values of each sample are presented below each boxplot.


As previous studies have indicated the presence of RelA:p50 and RelA:c-Rel heterodimers (33), we next tested whether eliminating RelA binding partners (p105/p50 and c-Rel) would result in an increased relative abundance of RelA homodimers. To that end, we obtained MAFs from p50 (Nfκb1)/c-Rel (Rel) double-knock-out (KO) mice and performed the N&B assay. Surprisingly, we obtained a nuclear RelA brightness value of ε = 1.31 in the double-KO cells (Figures 3A,B) relative to the monomer control, suggesting roughly equivalent levels of RelA homodimers in the WT and double-KO fibroblasts. The result was likely due to tagged RelA monomers readily forming dimers with untagged RelA monomers made available due to the lack of c-Rel and p50 protein (Figure 2A), as well as interactions with other untagged NF-κB TF monomers (Figure 2A), rather than substantially increasing levels of tagged RelA homodimers.



Dimerization of NF-κB Subunits Can Be Perturbed by Small Molecules

A recent study by Dikstein and colleagues reported that Withaferin A (WFA), a naturally occurring anti-inflammatory and anti-cancer phytochemical, disrupts RelA dimerization by interacting with a conserved hydrophobic core domain and dimerization scaffold within RelA and other NF-κB subunits (34). To investigate whether small molecules such as WFA can disrupt RelA-containing dimers in living cells, we performed the N&B assay on the 3T3 fibroblasts stably-expressing mEGFP-RelA, pretreated with either 0.5 or 1 μM WFA for 1 h and stimulated with LPS (Figure 4A). Due to the pleiotropic effects of WFA, including IKKβ hyperphosphorylation (35), WFA concentrations >1 μM completely inhibited nuclear translocation of mEGFP-RelA. Therefore, we used lower concentrations ( ≤ 1 μM) for our assay. RelA nuclear brightness values decreased from ε = 1.75 for LPS-only treated cells (Figure 4B) to ε = 1.57 or ε = 1.61 for cells exposed to either 0.5 μM or 1 μM WFA prior to LPS treatment, respectively (Figure 4B). Although modest, the WFA-induced decrease in the brightness of RelA suggests that WFA perturbs the abundance of RelA homodimers and that such changes are quantifiable using the N&B assay.


[image: Figure 4]
FIGURE 4. Perturbation of RelA homodimers by pharmacological agents. (A) Representative confocal micrographs of nuclei in transiently- and stably-transfected 3T3 fibroblasts pre-incubated with WFA or TSA before LPS treatment (100 ng/mL). Control and LPS images are the same as those in Figure 2B. Image intensity scale was adjusted for optimal viewing. Scale bar: 5 μm. (B) Brightness (ε) values of nuclear RelA in fibroblasts under different conditions. Control and LPS samples are the same as those in Figure 2C. Data was obtained from at least two independent experiments performed on different days. Whiskers are drawn down to the 10th percentile and up to the 90th. Number of nuclei and median values of each sample are presented below each boxplot. Unpaired two-tailed Student's t-test (**p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001) was performed for statistical comparisons.


We also examined the effects of another small molecule, trichostatin A (TSA), a class I and II histone deacetylase (HDAC) inhibitor which alters the global chromatin landscape by increasing the level of acetylated histones. To test whether RelA dimerization is affected by TSA, 3T3 fibroblasts stably-expressing mEGFP-RelA were pretreated with TSA for 2 h before LPS stimulation and N&B analysis (Figure 4). Interestingly, TSA-pretreatment significantly reduced brightness values of RelA. RelA brightness ε decreased from 1.75 in the nuclei of LPS-only treated cells (same control as for WFA) to 1.58 or 1.42 in the nuclei of TSA-pretreated cells, depending on the concentration of TSA (Figure 4B). Since the fraction of chromatin-bound TFs can range from 20% to 50% in live cells (36, 37), an intriguing possibility is that the global alteration in chromatin induced by TSA may influence the dimerization status of RelA. Such a reverse (gene to TF) action has been reported, where specific chromatin interfaces result in allosteric conformational changes of GR which impact gene-specific regulation (38). On the other hand, the HDAC inhibitor effect may be partly through non-histone targets, including acetylation of RelA (39–41) or RelA-regulating proteins (42, 43). The mechanisms of TSA action underlying the unexpected dimer perturbation are beyond the scope of this report and will require separation of effects on histones and non-histone targets.

Finally, we attempted to measure the perturbation of RelA-containing complexes (RelA:RelA, RelA:p50, and RelA:p105) by WFA and TSA using the conventional methods of immunoprecipitation and immunoblotting. While a trend toward a reduced abundance of RelA:p105 was observed for LPS-treated cells pre-incubated with WFA or TSA, the overall results were inconclusive (Figure S3). We suspect that the in vitro biochemical methods lack the sensitivity for detecting subtle changes in TF dimer composition that occur within intact live cells, highlighting the potential utility of the N&B assay.




DISCUSSION

The function of NF-κB TFs has been widely studied over the years in various cell-types and biological contexts. However, studies focusing on the dimerization states of NF-κB TFs have been relatively scarce due to the difficulties associated with obtaining and interpreting in vitro biochemical data. Nevertheless, using systems-based in silico modeling and experimental validations, a previous study indicated that RelA homodimers constitute ~25% of total RelA-containing dimers in mouse embryonic fibroblasts (44). The remainder of RelA dimers were determined to be comprised of other dimers, mostly RelA:p50 (44) (Figure 2A). Our N&B data from primary transfected MAFs suggest ~20% of RelA-containing dimers are RelA:RelA homodimers (Figures 3A,B), which is in accordance with the aforementioned study. However, whereas p105/p50 KO embryonic fibroblasts had increased abundance of endogenous RelA homodimers (to nearly 50% of the total RelA-dimer population) (44), our data suggest that ectopically expressed mEGFP-tagged RelA likely dimerizes with untagged RelA and other NF-κB subunits in the absence of p105/p50 and c-Rel in primary adult fibroblasts (Figures 3A,B).

A significant caveat of our study and many live-cell imaging approaches is the use of ectopically expressed fluorescent fusion proteins as well as the presence of untagged endogenous proteins. We mitigated the complications associated with ectopic expression by avoiding cells showing excessively high mEGFP signal; all our N&B data were from individual cells expressing low levels of the transgene. To obtain more definitive information about the composition of NF-κB dimers in living cells, it is imperative to study their biophysics in primary cells where the endogenous locus encoding the relevant subunit is replaced by its fluorescent fusion construct. Such a fluorescent knock-in (KI) reporter would retain the natural regulatory environment and would not harbor any untagged proteins (45). N&B assay of such KI reporter systems would enable accurate quantification of relative compositions of different NF-κB homodimers and heterodimers in real-time in single living cells. Toward this end, we recently generated such a KI mouse strain. When the N&B assay was performed on TNFα or LPS-treated MAFs obtained from the mEGFP-RelA KI mouse (in which the entire population of RelA protein was tagged with mEGFP (Figure S4) (see Methods), the results suggested again that RelA homodimers constitute a significant portion of the overall RelA dimer species in primary fibroblasts (slightly <35%).

The potential utility of the N&B assay in finding drugs that target NF-κB dimerization is evidenced by our observation that pre-treatment with withaferin A (WFA) or trichostatin A (TSA) modestly but significantly reduces RelA homodimer levels upon activation by LPS. Based on the primary roles that RelA and other NF-κB TFs fulfill in various immunological and pathological contexts, drug-induced perturbation of NF-κB dimers may have potent and clinically desirable consequences. With improvements in automated microscopy, the N&B assay may be useful in a drug screening platform in future high-throughput studies of NF-κB dimerization status. We also expect that the N&B assay and other live-cell imaging approaches will continue to reveal valuable information about NF-κB and other TFs in their natural states, thereby shedding light on the functional role of their biophysical characteristics.



DATA AVAILABILITY STATEMENT

The materials and data that support the findings of this study are available upon reasonable request.



ETHICS STATEMENT

This study was carried out in accordance with the guidelines of the National Institute on Aging (NIA) and approved by the NIA Animal Care and Use Committee.



AUTHOR CONTRIBUTIONS

EM, SC, and M-HS designed the experiments and interpreted results. DP provided training, plasmids, and valuable assistance for the N&B assay. EM and SC performed the imaging experiments, data analysis, and drafted the manuscript. K-SO designed and performed the co-immunoprecipitation. MK crossbred the p105/p50 and c-Rel KO strains to produce the double KO strain. EM and FT generated the mEGFP-RelA knock-in mice. LT supervised the generation of the knock-in mice. M-HS revised the manuscript with input from all.



FUNDING

This study was funded entirely by the Intramural Research Program of the National Institutes of Health at NIA and NCI.



ACKNOWLEDGMENTS

Appreciation is extended to Dr. Gordon Hager for the kind gift of reagents.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2019.02609/full#supplementary-material



REFERENCES

 1. Hoffmann A, Natoli G, Ghosh G. Transcriptional regulation via the NF-kappaB signaling module. Oncogene. (2006) 25:6706–16. doi: 10.1038/sj.onc.1209933

 2. Oh KS, Patel H, Gottschalk RA, Lee WS, Baek S, Fraser IDC, et al. Anti-inflammatory chromatinscape suggests alternative mechanisms of glucocorticoid receptor action. Immunity. (2017) 47:298–309.e295. doi: 10.1016/j.immuni.2017.07.012

 3. Zhao M, Joy J, Zhou W, De S, Wood WH III, Becker KG, et al. Transcriptional outcomes and kinetic patterning of gene expression in response to NF-kappaB activation. PLoS Biol. (2018) 16:e2006347. doi: 10.1371/journal.pbio.2006347

 4. O'Dea E, Hoffmann A. The regulatory logic of the NF-kappaB signaling system. Cold Spring Harb Perspect Biol. (2010) 2:a000216. doi: 10.1101/cshperspect.a000216

 5. Siggers T, Chang AB, Teixeira A, Wong D, Williams KJ, Ahmed B, et al. Principles of dimer-specific gene regulation revealed by a comprehensive characterization of NF-kappaB family DNA binding. Nat Immunol. (2011) 13:95–102. doi: 10.1038/ni.2151

 6. Smale ST. Dimer-specific regulatory mechanisms within the NF-kappaB family of transcription factors. Immunol Rev. (2012) 246:193–204. doi: 10.1111/j.1600-065X.2011.01091.x

 7. Goedhart J, Vermeer JE, Adjobo-Hermans MJ, van Weeren L, Gadella TW Jr. Sensitive detection of p65 homodimers using red-shifted and fluorescent protein-based FRET couples. PLoS ONE. (2007) 2:e1011. doi: 10.1371/journal.pone.0001011

 8. Tiwari M, Mikuni S, Muto H, Kinjo M. Determination of dissociation constant of the NFkappaB p50/p65 heterodimer using fluorescence cross-correlation spectroscopy in the living cell. Biochem Biophys Res Commun. (2013) 436:430–5. doi: 10.1016/j.bbrc.2013.05.121

 9. Wolf A, Akrap N, Marg B, Galliardt H, Heiligentag M, Humpert F, et al. Elements of transcriptional machinery are compatible among plants and mammals. PLoS ONE. (2013) 8:e53737. doi: 10.1371/journal.pone.0053737

 10. Digman MA, Dalal R, Horwitz AF, Gratton E. Mapping the number of molecules and brightness in the laser scanning microscope. Biophys J. (2008) 94:2320–32. doi: 10.1529/biophysj.107.114645

 11. Presman DM, Alvarez LD, Levi V, Eduardo S, Digman MA, Marti MA, et al. Insights on glucocorticoid receptor activity modulation through the binding of rigid steroids. PLoS ONE. (2010) 5:e13279. doi: 10.1371/journal.pone.0013279

 12. Presman DM, Ganguly S, Schiltz RL, Johnson TA, Karpova TS, Hager GL. DNA binding triggers tetramerization of the glucocorticoid receptor in live cells. Proc Natl Acad Sci USA. (2016) 113:8236–41. doi: 10.1073/pnas.1606774113

 13. Presman DM, Ogara MF, Stortz M, Alvarez LD, Pooley JR, Schiltz RL, et al. Live cell imaging unveils multiple domain requirements for in vivo dimerization of the glucocorticoid receptor. PLoS Biol. (2014) 12:e1001813. doi: 10.1371/journal.pbio.1001813

 14. Mieruszynski S, Briggs C, Digman MA, Gratton E, Jones MR. Live cell characterization of DNA aggregation delivered through lipofection. Sci Rep. (2015) 5:10528. doi: 10.1038/srep10528

 15. Ossato G, Digman MA, Aiken C, Lukacsovich T, Marsh JL, Gratton E. A two-step path to inclusion formation of huntingtin peptides revealed by number and brightness analysis. Biophys J. (2010) 98:3078–85. doi: 10.1016/j.bpj.2010.02.058

 16. Mayer MC, Schauenburg L, Thompson-Steckel G, Dunsing V, Kaden D, Voigt P, et al. Amyloid precursor-like protein 1 (APLP1) exhibits stronger zinc-dependent neuronal adhesion than amyloid precursor protein and APLP2. J Neurochem. (2016) 137:266–76. doi: 10.1111/jnc.13540

 17. Adu-Gyamfi E, Digman MA, Gratton E, Stahelin RV. Investigation of Ebola VP40 assembly and oligomerization in live cells using number and brightness analysis. Biophys J. (2012) 102:2517–25. doi: 10.1016/j.bpj.2012.04.022

 18. Hellriegel C, Caiolfa VR, Corti V, Sidenius N, Zamai M. Number and brightness image analysis reveals ATF-induced dimerization kinetics of uPAR in the cell membrane. FASEB J. (2011) 25:2883–97. doi: 10.1096/fj.11-181537

 19. James NG, Digman MA, Gratton E, Barylko B, Ding X, Albanesi JP, et al. Number and brightness analysis of LRRK2 oligomerization in live cells. Biophys J. (2012) 102:L41–43. doi: 10.1016/j.bpj.2012.04.046

 20. Krishnan K, Holub O, Gratton E, Clayton AH, Cody S, Moens PD. Profilin interaction with phosphatidylinositol (4,5)-bisphosphate destabilizes the membrane of giant unilamellar vesicles. Biophys J. (2009) 96:5112–21. doi: 10.1016/j.bpj.2009.03.034

 21. Li J, Barylko B, Johnson J, Mueller JD, Albanesi JP, Chen Y. Molecular brightness analysis reveals phosphatidylinositol 4-Kinase IIbeta association with clathrin-coated vesicles in living cells. Biophys J. (2012) 103:1657–65. doi: 10.1016/j.bpj.2012.09.015

 22. Nagy P, Claus J, Jovin TM, Arndt-Jovin DJ. Distribution of resting and ligand-bound ErbB1 and ErbB2 receptor tyrosine kinases in living cells using number and brightness analysis. Proc Natl Acad Sci USA. (2010) 107:16524–9. doi: 10.1073/pnas.1002642107

 23. Perumal V, Krishnan K, Gratton E, Dharmarajan AM, Fox SA. Number and brightness analysis of sFRP4 domains in live cells demonstrates vesicle association signal of the NLD domain and dynamic intracellular responses to Wnt3a. Int J Biochem Cell Biol. (2015) 64:91–6. doi: 10.1016/j.biocel.2015.03.010

 24. Plotegher N, Gratton E, Bubacco L. Number and Brightness analysis of alpha-synuclein oligomerization and the associated mitochondrial morphology alterations in live cells. Biochim Biophys Acta. (2014) 1840:2014–24. doi: 10.1016/j.bbagen.2014.02.013

 25. Ross JA, Digman MA, Wang L, Gratton E, Albanesi JP, Jameson DM. Oligomerization state of dynamin 2 in cell membranes using TIRF and number and brightness analysis. Biophys J. (2011) 100:L15–7. doi: 10.1016/j.bpj.2010.12.3703

 26. Vetri V, Ossato G, Militello V, Digman MA, Leone M, Gratton E. Fluctuation methods to study protein aggregation in live cells: concanavalin A oligomers formation. Biophys J. (2011) 100:774–83. doi: 10.1016/j.bpj.2010.11.089

 27. Sanjabi S, Williams KJ, Saccani S, Zhou L, Hoffmann A, Ghosh G, et al. A c-Rel subdomain responsible for enhanced DNA-binding affinity and selective gene activation. Genes Dev. (2005) 19:2138–51. doi: 10.1101/gad.1329805

 28. Chen Y, Wei LN, Muller JD. Probing protein oligomerization in living cells with fluorescence fluctuation spectroscopy. Proc Natl Acad Sci USA. (2003) 100:15492–7. doi: 10.1073/pnas.2533045100

 29. Liou HC, Jin Z, Tumang J, Andjelic S, Smith KA, Liou ML. c-Rel is crucial for lymphocyte proliferation but dispensable for T cell effector function. Int Immunol. (1999) 11:361–71. doi: 10.1093/intimm/11.3.361

 30. Sung MH, Salvatore L, De Lorenzi R, Indrawan A, Pasparakis M, Hager GL, et al. Sustained oscillations of NF-kappaB produce distinct genome scanning and gene expression profiles. PLoS ONE. (2009) 4:e7163. doi: 10.1371/journal.pone.0007163

 31. Lee TK, Denny EM, Sanghvi JC, Gaston JE, Maynard ND, Hughey JJ, et al. A noisy paracrine signal determines the cellular NF-kappaB response to lipopolysaccharide. Sci Signal. (2009) 2:ra65. doi: 10.1126/scisignal.2000599

 32. Sung MH, Li N, Lao Q, Gottschalk RA, Hager GL, Fraser ID. Switching of the relative dominance between feedback mechanisms in lipopolysaccharide-induced NF-kappaB signaling. Sci Signal. (2014) 7:ra6. doi: 10.1126/scisignal.2004764

 33. Ghosh S, Hayden MS. Celebrating 25 years of NF-kappaB research. Immunol Rev. (2012) 246:5–13. doi: 10.1111/j.1600-065X.2012.01111.x

 34. Ashkenazi S, Plotnikov A, Bahat A, Ben-Zeev E, Warszawski S, Dikstein R. A novel allosteric mechanism of NF-kappaB dimerization and DNA binding targeted by an anti-inflammatory drug. Mol Cell Biol. (2016) 36:1237–47. doi: 10.1128/MCB.00895-15

 35. Kaileh M, Vanden Berghe W, Heyerick A, Horion J, Piette J, Libert C, et al. Withaferin a strongly elicits IkappaB kinase beta hyperphosphorylation concomitant with potent inhibition of its kinase activity. J Biol Chem. (2007) 282:4253–64. doi: 10.1074/jbc.M606728200

 36. Mazza D, Abernathy A, Golob N, Morisaki T, McNally JG. A benchmark for chromatin binding measurements in live cells. Nucleic Acids Res. (2012) 40:e119. doi: 10.1093/nar/gks701

 37. Mazza D, Mueller F, Stasevich TJ, McNally JG. Convergence of chromatin binding estimates in live cells. Nat Methods. (2013) 10:691–2. doi: 10.1038/nmeth.2573

 38. Meijsing SH, Pufall MA, So AY, Bates DL, Chen L, Yamamoto KR. DNA binding site sequence directs glucocorticoid receptor structure and activity. Science. (2009) 324:407–10. doi: 10.1126/science.1164265

 39. Ashburner BP, Westerheide SD, Baldwin AS Jr. The p65 (RelA) subunit of NF-kappaB interacts with the histone deacetylase (HDAC) corepressors HDAC1 and HDAC2 to negatively regulate gene expression. Mol Cell Biol. (2001) 21:7065–77. doi: 10.1128/MCB.21.20.7065-7077.2001

 40. Zhang Q, Yang F, Li X, Wang L, Chu X, Zhang H, et al. Trichostatin A inhibits inflammation in phorbol myristate acetateinduced macrophages by regulating the acetylation of histone and/or nonhistone proteins. Mol Med Rep. (2016) 13:845–52. doi: 10.3892/mmr.2015.4594

 41. Ziesche E, Kettner-Buhrow D, Weber A, Wittwer T, Jurida L, Soelch J, et al. The coactivator role of histone deacetylase 3 in IL-1-signaling involves deacetylation of p65 NF-kappaB. Nucleic Acids Res. (2013) 41:90–109. doi: 10.1093/nar/gks916

 42. Calao M, Burny A, Quivy V, Dekoninck A, Van Lint C. A pervasive role of histone acetyltransferases and deacetylases in an NF-kappaB-signaling code. Trends Biochem Sci. (2008) 33:339–49. doi: 10.1016/j.tibs.2008.04.015

 43. Chen L, Fischle W, Verdin E, Greene WC. Duration of nuclear NF-kappaB action regulated by reversible acetylation. Science. (2001) 293:1653–7. doi: 10.1126/science.1062374

 44. Tsui R, Kearns JD, Lynch C, Vu D, Ngo KA, Basak S, et al. IkappaBbeta enhances the generation of the low-affinity NFkappaB/RelA homodimer. Nat Commun. (2015) 6:7068. doi: 10.1038/ncomms8068

 45. De Lorenzi R, Gareus R, Fengler S, Pasparakis M. GFP-p65 knock-in mice as a tool to study NF-kappaB dynamics in vivo. Genesis. (2009) 47:323–9. doi: 10.1002/dvg.20468

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Martin, Chakraborty, Presman, Tomassoni Ardori, Oh, Kaileh, Tessarollo and Sung. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/math_1.gif
emon * Ninan + edin® * Ndim

Emon * Nion + edim * Ndim





OPS/images/fimmu-10-02609-g003.gif





OPS/images/fimmu-10-02609-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Assaying Homodimers of NF-κB in Live Single Cells



		Introduction



		Methods



		Materials



		Cloning



		Cell Culture and Transfections



		Immunoblotting Lysates of Stably-Transfected Cells



		Microscopy for Generation of Stably-Transfected Cells



		Microscopy for the N & B Assay



		Dimeric Population Estimation



		Mice



		Co-immunoprecipitation of RelA Dimers



		Statistical Analysis







		Results



		RelA Homodimers Comprise a Substantial Proportion of Nuclear NF-κB in Live 3T3 Fibroblasts



		Primary Fibroblasts Maintain RelA Homodimers Independently of c-Rel and p50



		Dimerization of NF-κB Subunits Can Be Perturbed by Small Molecules







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Immunology

Assaying Homodimers of NF-xB in
Live Single Cells





OPS/images/fimmu-10-02609-g001.gif
@
© @
Py
¢ . o ouns
. seblogoons
Gour, o omer T o
Gatt
o} [o] [a
-
T [
S——p——D i
(T £ H
P & " .
Censy Nudlear brightness

Wsecinr _ (Varce oflnsty soa)

weginess (0 " Voanimansty (@) )1






OPS/images/fimmu-10-02609-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Immunology





