
PKC signaling contributes to chromatin decondensation and 
is required for competence to respond to IL-2 during T cell 
activation

Jennifer R. Funsten,

Keny O. Murillo Brizuela,

Hayley E. Swatzel,

Audrey S. Ward,

Tia A. Scott,

Sarah M. Eikenbusch,

Molly C. Shields,

Jenna L. Meredith,

Taylor Y. Mitchell,

Megan L. Hanna,

Kellie N. Bingham,

Jason S. Rawlings

Department of Biology, Furman University, Greenville SC 29613, USA

Abstract

The clonal proliferation of antigen-specific T cells during an immune response critically depends 

on the differential response to growth factors, such as IL-2. While activated T cells proliferate 

robustly in response to IL-2 stimulation, naïve (quiescent) T cells are able to ignore the potent 

effects of growth factors because they possess chromatin that is tightly condensed such that 

transcription factors, such as STAT5, cannot access DNA. Activation via the T cell receptor 
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(TCR) induces a rapid decondensation of chromatin, permitting STAT5-DNA engagement and 

ultimately promoting proliferation of only antigen-specific T cells. Previous work demonstrated 

that the mobilization of intracellular calcium following TCR stimulation is a key event in 

the decondensation of chromatin. Here we examine PKC-dependent signaling mechanisms 

to determine their role in activation-induced chromatin decondensation and the subsequent 

acquisition of competence to respond to IL-2 stimulation. We found that a calcium-dependent 

PKC contributes to activation-induced chromatin decondensation and that the p38 MAPK and 

NFκB pathways downstream of PKC each contribute to regulating the proper decondensation 

of chromatin. Importantly, we found that p44/42 MAPK activity is required for peripheral T 

cells to gain competence to properly respond to IL-2 stimulation. Our findings shed light on the 

mechanisms that control the clonal proliferation of antigen-specific peripheral T cells during an 

immune response.

Summary Sentence

A calcium-dependent PKC induces chromatin decondensation via multiple mechanisms and 

through p44/42 MAPK makes T cells competent to respond to IL-2.

Keywords

chromatin; p44/42 MAPK; Cis; NFκB; p38 MAPK; STAT5

1. INTRODUCTION

Naïve T cells are a class of small, long-lived, metabolically inert, quiescent cells that 

circulate in the periphery. During an immune response, a T cell becomes activated when a 

cognate antigen is presented via MHC to the T cell receptor (TCR). T cell activation results 

in the rapid increase in metabolic rate, the hallmark ‘blasting’ of the cytosol, the acquisition 

of effector functions, and the ability to proliferate in response to growth factors, such as 

interleukin-2 (IL-2). It is imperative that only antigen-specific T cells proliferate during 

an immune response, requiring the existence of a mechanism that prevents the aberrant 

proliferation of naïve T cells that have not encountered their cognate antigen.

The signaling pathways that regulate T cell activation have been well studied. Antigen 

presentation to the TCR leads to the Phospholipase C (PLCγ1)-dependent hydrolysis of 

membrane-bound phosphatidyl 4,5-bisphosphate (PIP2) into inositol triphosphate (IP3) and 

diacyglycerol (DAG). IP3 is released from the membrane and can bind to the IP3R on 

the endoplasmic reticulum, releasing calcium from stores. Once these stores are depleted, 

extracellular calcium enters the cell via store-operated calcium entry (SOCE), resulting in 

a rapid rise in intracellular calcium [1, 2]. Calcium is a second messenger that can initiate 

a number of biological processes [3]. In T cells, this rise in calcium leads to the Calmodulin/

Calcineurin-dependent dephosphorylation of cytosolic NFAT (Nuclear Factor of Activated T 

cells), permitting the translocation of NFAT proteins to the nucleus where they can regulate 

expression of genes required for T cell activation, differentiation, and proliferation [4].
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Concurrent to calcium signaling, DAG activates Protein Kinase C (PKC), which is also 

critical for T cell activation. There are multiple isoforms of PKC, each classified by virtue 

of how they are activated: conventional PKCs (α, β1, β2, γ) require both DAG and calcium 

for their activation, novel PKCs (δ, ε, θ, μ, η) require only DAG, and activation of atypical 

PKCs (ζ, ι/λ) is independent of DAG or calcium [5]. Of these, only three PKC isoforms (α, 

θ, η) have been shown to positively regulate T cell activation or proliferation [6]. Analysis 

of PKC-α deficient mice revealed that although PKC-α is not required for T cell activation 

or the production of IL-2, it is required for T cell proliferation [6, 7]. Studies utilizing 

PKC-θ deficient mice suggest that it is required for IL-2 production and peripheral T cell 

proliferation [8]. More recently, it has been shown that PKC-η is required for homeostatic 

proliferation of peripheral T cells [9]. Of these isoforms, both PKC-θ and PKC-η have 

been shown to be recruited to the immunological synapse, albeit with different localization 

patterns, during antigen-specific T cell activation [6, 10]. Interestingly, peripheral T cells 

from PKC-θ and - PKC-η deficient mice have a defect in calcium flux, suggesting a 

mechanism of crosstalk between the calcium and PKC signaling pathways during T cell 

activation [8, 9].

Activation of PKC via TCR signaling ultimately leads to the activation and nuclear 

localization of critical transcription factors needed for T cell activation [11]. Along with 

DAG binding to RasGRP, PKC can activate Ras, which has been shown to activate multiple 

kinase cascades leading to the activation of the p44/42 (Erk1/2) and p38 Mitogen Activated 

Protein Kinases (MAPK). Ultimately, these signaling cascades lead to the production of 

AP-1 as well as the nuclear localization of NFκB. Along with NFAT, these transcription 

factors are required for proper T cell activation and importantly, they can regulate the 

production of IL-2 [11].

While TCR signaling is critical for inducing the activation of peripheral T cells, proliferation 

is controlled by IL-2, which signals via the JAK (Janus Kinase)/STAT (Signal Transducer 

and Activator of Transcription) cascade to drive clonal proliferation of activated T cells 

[12]. Briefly, IL-2 binds to the IL-2 receptor (IL-2R), bringing receptor-associated JAKs 

into proximity, resulting in their transphosphorylation. Phosphorylated JAKs can, in turn, 

phosphorylate STATs that are recruited to docking sites on the IL-2R. Activated STATs can 

dimerize, and in this form can translocate to the nucleus where they can drive expression of 

genes required for cell cycle progression [13, 14]. While the mammalian genome encodes 

a family of 7 STAT proteins, the two highly conserved members STAT5a and STAT5b 

(hereafter referred to as STAT5) have been shown to be indispensable for T cell proliferation 

[14].

In order for the clonotypic expansion of only activated T cells to occur, a mechanism must 

be in place to prevent naïve T cells from proliferating in response to the IL-2 produced 

by activated T cells as a consequence of TCR signaling. Remarkably, while naïve T cells 

possess all of the needed machinery to transduce the IL-2 signal, none of the known 

STAT5 target genes are expressed when naïve T cells are stimulated with IL-2 [13, 15]. 

This is achieved because naïve T cells possess a highly condensed chromatin that prevents 

dimerized, nuclear STAT5 from binding to the promoters of target genes. Upon TCR 
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stimulation, chromatin decondenses, permitting STAT5-DNA engagement, resulting in the 

clonal proliferation of only activated cells in response to subsequent IL-2 stimulation [15].

Previously, we demonstrated that both calcium and DAG signaling can induce the 

decondensation of chromatin [16]. Given that calcium is known to regulate the activity 

of conventional PKC isoforms, including PKC-α which is required for proper T cell 

activation, we became interested in investigating the roles of PKC signaling in regulating 

chromatin decondensation and the concomitant acquisition of competence to respond to 

IL-2. Here, we provide data that suggests that PKC signaling is required for T cells to 

gain competence to properly respond to IL-2 stimulation. Furthermore, we present evidence 

that suggests that a calcium-dependent isoform of PKC contributes to activation-induced 

chromatin decondensation. Finally, we interrogated the p38 MAPK, p44/42 MAPK, and 

NFκB pathways downstream of PKC and determined their contribution to regulating the 

decondensation of chromatin. Lastly, we show that p44/42 MAPK is required for T cells to 

gain competence to properly respond to IL-2 stimulation.

2. METHODS

2.1 Ethics Statement

This study was carried out in strict accordance with the recommendations in the Guide 

for the Care and Use of Laboratory Animals of the National Institutes of Health. The 

animal protocol was approved by the Furman University Institutional Animal Care and Use 

Committee (Permit number: A3242–01).

2.2 T cell isolation

Splenocytes were processed as single cell suspensions from 6–8 week old C57BL/6 mice 

(Jackson Laboratories, Bar Harbor, ME, USA). For flow cytometry experiments, red blood 

cells were removed by ACK lysis (150 mM NH4Cl, 1 mM KHCO3, 0.1 mM EDTA, pH 

7.2). In gene expression and Western blot experiments, purified naïve (CD25-) T cells were 

obtained by magnetic sorting via negative depletion using the Mouse Pan T cell isolation 

kit II (Miltenyi Biotec, Bergisch Gladbach, Germany) supplemented with biotinylated CD25 

antibodies (BD Biosciences, Franklin Lakes, NJ, USA). T cell purity was verified by flow 

cytometry and always exceeded 95% on the live cell gate.

2.3 T cell activation assays

In all experiments, cells were seeded at 2×106 cells/mL and cultured in T cell media 

consisting of RPMI 1640 supplemented with 10% FBS, 10mM Hepes (pH 7.0), 2mM L-

glutamine, 1mM sodium pyruvate, 1x nonessential amino acids, penicillin, streptomycin (all 

from ThermoFisher, Waltham, MA, USA), and 50μM β-mercaptoethanol (Sigma-Aldrich, 

St. Louis, MO, USA). For flow cytometry, 2×106 splenocytes were used per sample. For 

all other assays 10×106 sorted T cells were used. Cells were stimulated with either 1ug/mL 

anti-CD3 antibodies (BD Biosciences), 10μg/mL PMA, 1μM thapsigargin (ThermoFisher), 

or 250ng/mL Ionomycin (Sigma) for the times indicated. In some experiments, cells 

were pretreated for 30 minutes with the following inhibitors: 10nM Staurosporine, 1μM 

CID2858522, 100nM 6-Amino-4-(4-phenoxyphenylethylamino)quinazoline (QNZ) (all from 
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MilliporeSigma, Burlington, MA, USA), 10μM AEB071, 5μM SB203580, 0.5μM BIRB796 

(all from Selleckchem, Houston, TX, USA), 10μM U0126 (Cell Signaling Technology, 

Danvers, MA, USA), 10μM BAPTA-AM (ThermoFisher), or DMSO (vehicle) and then 

activated with either 1ug/mL anti-CD3 antibodies or 10μg/mL PMA for the times indicated. 

For qRT-PCR experiments, following activation, samples were split in half, with one half 

(5×106 cells) receiving 1000 U/mL recombinant human IL-2 and the other half receiving no 

further treatment.

2.4 Gene expression analysis by qRT-CPR

Cells were homogenized with Qiashredder (Qiagen, Hilden, Germany) and RNA was 

isolated using the RNeasy Plus Mini kit (Qiagen) using the manufacturer’s protocol. 

Quantitative RT-PCR was done with 25ng of RNA from each sample in triplicate 

using the TaqMan RNA-to-CT 1 Step Kit (ThermoFisher) on an Eppendorf Realplex 

following the manufacturer’s protocol. Probes used (all from ThermoFisher) were: Cis 
(Mm00599683_m1) and CD3ε (Mm00515488_m1). Each assay included a standard curve 

generated from a five-fold serial dilution (ranging from 250ng to 0.4ng) of total RNA from 

activated T cells.

Flow Cytometry—Flow cytometry was used to assess chromatin condensation by 

measuring histone accessibility using our previously published protocol [17]. This assay 

takes advantage of the fact that fluorescently labelled histone H3 antibodies cannot 

efficiently access their epitopes in naïve T cells, but upon activation are able to readily 

bind to their targets [15]. This difference in antibody-epitope binding (and therefore 

chromatin condensation) can be measured via the mean fluorescence intensity of the H3 

stain and reflects the relative degree of chromatin condensation. Briefly, 2×106 splenocytes 

were loaded into the wells of a 96 well plate and washed with PBS. Dead cells were 

stained using the LIVE/DEAD Fixable Red Dead Cell Stain Kit (ThermoFisher) using 

the manufacturer’s protocol. Cells were pelleted and then resuspended in Fc Block (BD 

Biosciences) and surface stained with anti-CD4 and anti-CD8a (ThermoFisher) antibodies. 

Cells were washed twice in PBS and fixed in 4% paraformaldehyde for 5 minutes at 

room temperature. Following two washes in PBS, cells were permeabilized and blocked 

in PBS containing 2% Fetal Bovine Serum (PBS+2% FBS), 0.02% Triton X-100, and 

0.2 μl/ml normal rabbit serum (Sigma) for 45 min at room temperature. Cells were 

incubated with H3K4me1 antibodies (Abcam, Cambridge, UK) conjugated with PE using 

the R-Phycoerythrin Conjugation Kit (Abcam) following the manufacturer’s protocol. Cells 

were washed with PBS+2% FBS and data were acquired on a FACScan flow cytometer 

(BD Biosciences). Data were analyzed using FlowJo software (FlowJo, Ashland, OR, USA) 

using the gating strategy shown in Supplementary Figure S1. The PE-labelled Histone 

H3K4me1 antibody was titered each time it was conjugated and validated for use across a 

broad dynamic range (Supplementary Figure S2).

Western Blot—Western blot was used to assess chromatin condensation by measuring 

histone solubility. Previously, we demonstrated that histones from naïve T cells are relatively 

insoluble in whole-cell lysis buffers but become soluble as a function of activation [15]. 

This difference reflects chromatin condensation state and can be detected via Western blot. 
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Briefly, 10×106 sorted T cells were lysed in 100μL buffer (1% NP40, 50 mM Tris-HCl, 

100 mM NaCl, 50 mM NaF, 40 mM β-glycerophosphate, 1 mM sodium orthovanadate, 5 

mM EDTA, pH 7.5) supplemented with mini-Complete protease inhibitors and phosSTOP 

inhibitors (Roche, Basel, Switzerland) for 30 min at 4°C. Samples were centrifuged and 

lysates containing soluble proteins were removed and quantified using the BCA Protein 

Assay (ThermoFisher). Following quantification, an equal volume of Laemmli sample buffer 

(BioRad, Hercules, CA, USA) was added. To detect Histone H3, 40μg of protein was 

resolved on a SDS-PAGE and transferred to a nitrocellulose membrane (GE Healthcare Life 

Sciences, Chicago, IL, USA). Blots were then washed in TBST (10mM Tris pH 8.0, 150 

mM NaCl, 0.1% Tween 20) and blocked with TBST supplemented with 5% (w/v) non-fat 

dry milk. Blots were washed three times in TBST and incubated with primary antibodies 

diluted in TBST supplemented with 5% (w/v) non-fat dry milk overnight at 4 °C followed 

by 1 hour at room temperature. Blots were then washed 3 times in TBST and then incubated 

with anti-rabbit IgG HRP-linked antibody (Cell Signaling Technology) diluted 1:3000 in 

TBST supplemented with 5% (w/v) non-fat dry milk for 1 hour. Proteins were visualized 

via ECL detection using the SuperSignal West Pico PLUS kit (ThermoFisher) following 

the manufacturer’s protocol. Primary antibodies used were Histone H3 (1:5000, Abcam) 

and Pan-Actin (1:1000, Cell Signaling Technology). In some experiments, blot images were 

analyzed using ImageJ software to quantify the amount of Histone H3 present relative to the 

loading control (Actin).

Statistical analysis—Error bars indicate standard deviation. Statistical significance 

(p<0.05) in pairwise comparisons was determined using a Student’s t-test. All data are 

representative of at least three independent experiments.

3. RESULTS

3.1 DAG signaling is sufficient to make cells competent to properly respond to IL-2

Activation via the TCR results in PLCγ-dependent hydrolysis of PIP2 into IP3 and DAG, 

which can then activate multiple downstream pathways resulting in the decondensation of 

chromatin. The phorbol-ester PMA and the calcium ionophore ionomycin can activate the 

DAG and IP3 signaling pathways, respectively, permitting selective activation of either of 

these pathways without stimulating the TCR directly [18]. Previously, we showed that either 

PMA or ionomycin have the ability to induce the decondensation of chromatin in peripheral 

T cells [16]. Therefore, to determine if the decondensation induced by these signaling 

pathways is sufficient to make cells competent to respond to IL-2, we primed sorted naïve 

(CD25-) T cells with either PMA or ionomycin and then stimulated cells with IL-2 and 

determined IL-2 competence by measuring expression of the well-defined IL-2/STAT5 target 

gene, Cis (Figure 1). We found that PMA, but not ionomycin, makes peripheral T cells 

competent to properly respond to IL-2, suggesting that chromatin decondensation via DAG, 

but not IP3 signaling, is sufficient to impart this competence. We confirmed that calcium 

signaling alone is unable to confer competence by priming sorted naïve peripheral T cells 

with thapsigargin. Thapsigargin is a Ca2+-ATPase inhibitor that induces the mobilization of 

calcium from intracellular stores [19, 20]. Previously, we demonstrated that thapsigargin is 

able to induce the decondensation of chromatin in peripheral T cells [16]. Like ionomycin, 
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thapsigargin was unable to make cells competent to express the STAT5 target gene Cis 
(Figure 1). Although our previous work suggests that mobilization of intracellular calcium 

can decondense chromatin, the above data suggest that it is not able to make T cells 

competent to properly respond to IL-2 stimulation; rather DAG signaling is required for 

transcriptional competence.

3.2 PKC signaling is necessary for proper activation-induced chromatin decondensation 
and the acquisition of competence to respond to IL-2

DAG is known to activate Protein Kinase C (PKC) and this event is required for T cell 

activation and proliferation. Previously, we demonstrated that DAG signaling is able to 

induce the decondensation of chromatin [16]. Since DAG-induced decondensation also led 

to the acquisition of competence to respond to IL-2, we wanted to confirm that DAG acts 

through PKC to mediate these processes. To address this, we used two well-defined PKC 

inhibitors, staurosporine and AEB071 (also known as sotrastaurin), both of which been 

shown to inhibit the isoforms of PKC required for T cell activation [21]. Splenocytes treated 

with these inhibitors were activated with anti-CD3 antibodies and chromatin condensation 

status was measured by assessing accessibility of histones via flow cytometry [17]. 

Consistent with our previously published report [16], activation of PKC via PMA treatment 

induced a significant decondensation of chromatin compared to naïve (0h) in both CD4+ 

and CD8+ T cells that can be observed at 1 hour (p<0.01, Student’s t-test) and at 3 hours 

(p<0.005, Student’s t-test) following PKC activation (Figure 2A). Upon TCR activation with 

anti-CD3 antibodies, inhibitor-treated cells failed to decondense chromatin to the extent of 

controls (Figure 2A, 1h and 3h time points). However, it should be noted that inhibition 

of PKC signaling did not completely prevent decondensation from occurring altogether 

(Figure 2B). To confirm these findings, we measured chromatin condensation by assessing 

the solubility of histones by Western blot. Consistent with the above, the inhibition of PKC 

signaling with either inhibitor prevented the full decondensation of chromatin relative to 

controls (Figure 2C and D). Since the above data suggest that PKC signaling is necessary 

for proper chromatin decondensation, we investigated the possibility that PKC might also 

be required to make T cells competent to respond to IL-2. To test this possibility, we 

treated sorted naïve T cells with the same PKC inhibitors, then primed the cells with PMA 

to activate PKC, and measured expression of the STAT5 target gene Cis in response to 

subsequent IL-2 stimulation. Consistent with the above findings, both staurosporine and 

AEB071 prevented T cells from expressing Cis to the same extent as controls (Figure 

2E). Taken together, these data suggest that PKC signaling is necessary for the proper 

decondensation of chromatin and acquisition of transcriptional competence during initial T 

cell activation.

3.3 A calcium-dependent PKC is necessary for DAG-mediated initiation of chromatin 
decondensation and competence to respond to IL-2

There are three PKC isoforms (PKC-α,-θ, and -η) known to positively regulate T cell 

activation or proliferation, one of which (PKC-α) requires calcium for its activation. 

Therefore, we wanted to determine if the PKC isoform responsible for initiating activation-

induced chromatin decondensation is calcium-dependent. To test this hypothesis, we used 

BAPTA-AM to chelate intracellular calcium. BAPTA-AM has been shown to prevent the 

Funsten et al. Page 7

Cell Immunol. Author manuscript; available in PMC 2023 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transient increase of [Ca2+]i caused by the release of calcium from intracellular stores and 

has also been shown to block activation-induced T cell proliferation [22–24]. Previously, we 

demonstrated that this reagent can block TCR-induced chromatin decondensation [16]. To 

test whether calcium is required for PKC-dependent initiation of chromatin decondensation, 

splenocytes were treated with BAPTA-AM and chromatin condensation was measured via 

flow cytometry in response to PKC activation via PMA. Remarkably, despite the activation 

of PKC signaling, the chelation of intracellular calcium caused chromatin to condense 

further at the 1 hour time point compared to controls (Figure 3A, 3B). However, by 3 hours, 

chromatin began decondensing but was still significantly less decondensed than controls 

(Figure 3A). To confirm these findings, we chelated intracellular calcium with BAPTA-AM 

in sorted naïve T cells and then activated PKC directly with PMA and assayed chromatin 

condensation via Western blot. Consistent with the above, chelation of intracellular calcium 

prevented the initial decondensation of chromatin (Figure 3C, 1h time point); however, by 3 

hours, chromatin decondensed (Figure 3C, 3h time point). To provide further confirmation 

that calcium is required for PKC-mediated initiation of chromatin decondensation, we 

assessed whether intracellular calcium is required for T cells to gain competence to properly 

respond to IL-2 stimulation. Chelation of intracellular calcium completely prevented Cis 
gene expression in response to IL-2 stimulation (Figure 3D). Taken together, all of the above 

data suggest that a calcium-dependent PKC is necessary for the proper decondensation of 

chromatin and subsequent competence to respond to IL-2.

3.4 p38 MAPK contributes to PKC-mediated decondensation of chromatin and the 
acquisition of competence to respond to IL-2

The activation of PKC leads to the subsequent activation of several signaling cascades 

required for T cell activation and proliferation, including p38 MAPK, NFκB and 

p44/42 MAPK [11]. Recently, it was shown that p38 MAPK contributed to chromatin 

decondensation in a mouse model of hyperglycemia [25]. Therefore, we wanted to 

determine if PKC-mediated chromatin decondensation was dependent on p38 MAPK. 

To address this question, we utilized SB203580 and BIRB796 to inhibit p38 MAPK in 

splenocytes and then assessed TCR-mediated chromatin decondensation. Both inhibitors 

have been shown to potently inhibit p38 MAPK in T cells [26–29]. We found that inhibition 

of p38 MAPK with BIRB796 modestly, but significantly, prevented proper chromatin 

decondensation, whereas SB203580 did not have much of an effect (Figure 4A and B). 

These results were confirmed by Western blot analysis (Figure 4C and D). Consistent with 

the above findings, inhibition of p38 MAPK with either inhibitor modestly, but significantly, 

diminished competence to respond to IL-2 (Figure 4E). Taken together, these data suggest 

that p38 MAPK signaling contributes to activation-induced chromatin decondensation.

3.5 NFκB contributes to PKC-mediated chromatin decondensation and the acquisition of 
competence to respond to IL-2

PKC activation initiates a signaling cascade that ultimately leads to the dissociation of 

NFκB from IκB, permitting its translocation from the cytosol to the nucleus where it 

can modulate expression of genes required for T cell activation and proliferation [11]. 

To determine if PKC acts through NFκB to decondense chromatin, we utilized two 

potent NFκB inhibitors, 6-Amino-4-(4-phenoxyphenylethylamino)quinazoline (QNZ, also 
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known as EVP4593) and CID2858522, both of which have been shown to inhibit NFκB 

activity in lymphocytes [30–33]. Inhibition of NFκB with either inhibitor significantly 

prevented the full decondensation of chromatin following TCR stimulation compared to 

controls as assessed by flow cytometry (Figure 5A, 3h time points). Furthermore, QNZ 

appeared to completely block PKC-induced decondensation in CD4+ T cells (Figure 5B). 

To confirm the above, we assessed chromatin decondensation by Western blot on sorted 

naïve (CD25-) T cells. Inhibition with CID2858522 did not appear to have much of an effect 

on chromatin decondensation, whereas inhibition with QNZ partially inhibited activation-

induced chromatin decondensation. Finally, we assessed the ability of the NFκB inhibitors 

to prevent the acquisition of competence to respond to IL-2. Consistent with the above data, 

inhibition with QNZ but not CID2858522, prevented the cells from gaining competence to 

respond to IL-2 (Figure 5E). The discordant results obtained with QNZ and CID2858522 

can be explained by the fact that it has been shown that QNZ can block Ca2+ flux [34]. 

As CID2858522 showed some effect on decondensation (Figure 5A), our data suggest that 

NFκB may contribute to activation-induced chromatin decondensation.

3.6 p44/42 MAPK does not play a role in chromatin decondensation but is required for 
competence to respond properly to IL-2 signaling

The p44/42 MAPK (ERK1/2) signaling cascade is activated downstream of PKC during 

T cell activation. Activation of this pathway ultimately assembles the AP-1 transcription 

factor which is required for T cell activation and proliferation [11]. Therefore, we sought 

to determine whether p44/42 MAPK signaling plays a role in chromatin decondensation 

and/or the acquisition of competence to respond to IL-2 signaling. To test this possibility, 

we used U0126, a well-defined inhibitor of p44/42 MAPK that has been shown to 

block T cell activation [35]. In sorted naïve T cells pretreated with U0126, chromatin 

decondensed similar to controls when activated with anti-CD3 antibodies, suggesting that 

MAPK signaling plays no role in activation-induced decondensation of chromatin (Figure 

6A). However, inhibition of MAPK signaling almost completely blocked the ability of these 

cells to respond to IL-2 stimulation (Figure 6B), suggesting that p44/42 MAPK signaling is 

essential for T cells to properly respond to IL-2 stimulation.

4. DISCUSSION

A proper immune response critically depends on the clonal proliferation of only those 

T cells that bear a TCR specific for antigen. Activation-induced exit from quiescence is 

achieved through the reconfiguration of chromatin as a consequence of TCR signaling. 

Specifically, naïve T cells possess a condensed chromatin that is generally inaccessible 

to transcription factors, such as STAT5. Upon activation, the chromatin decondenses, 

permitting STAT5 to bind to promoters of genes required for cell cycle progression. 

This mechanism provides a simple, yet efficient means to regulate proliferation during an 

immune response in such a way that only those cells that have been activated will proliferate 

when exposed to growth factors.

The mechanism by which TCR signaling induces the decondensation of chromatin is 

not clear. Previously, we demonstrated that mobilization of intracellular calcium is both 
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required and sufficient to induce the decondensation of chromatin in peripheral T cells 

[16]. In that report, we also noted that DAG signaling is also capable of inducing the 

decondensation of chromatin. Here, we show that DAG, but not calcium, is required to 

make T cells competent to properly respond to IL-2 stimulation (Figure 1), as assessed 

by examining expression of the well-defined STAT5 target gene Cis [13, 14, 36]. This 

finding suggests that both calcium and DAG signaling could have distinct roles in regulating 

chromatin decondensation. Alternatively, it is possible that once chromatin is decondensed 

via a calcium flux-dependent mechanism, additional mechanisms, dependent on the DAG 

pathway, may be required for subsequent competence to express STAT5 target genes. We 

confirmed the above by demonstrating that DAG induced decondensation is dependent on 

PKC (Figure 2A–D) and that PKC is required to make T cells competent to respond to IL-2 

(Figure 2E).

We then investigated the possibility that calcium and PKC signaling might work 

cooperatively to facilitate the decondensation of chromatin, as PKC-α is known to both 

positively regulate T cell activation and is dependent on calcium for its function [5]. Using 

the calcium chelator BAPTA-AM to sequester intracellular calcium, we demonstrated that 

calcium is required for the initial decondensation of chromatin induced by PKC (Figure 3A, 

B, C, 1 hour time points). Furthermore, we noted that the addition of BAPTA-AM caused 

chromatin to condense further than controls, consistent with our previous observation [16], 

suggesting that chromatin status is extremely sensitive to changes in intracellular calcium 

concentration. We also noted that by 3 hours, chromatin began decondensing. This result 

was expected as while it is known that BAPTA-AM can sequester calcium released from 

stores, the subsequent influx of extracellular calcium (via store-operated calcium entry, 

SOCE) overwhelms the buffering capacity of this reagent [22]. This result is also consistent 

with our previous study in which BAPTA-AM initially prevented chromatin decondensation 

in T cells that were activated with anti-CD3 antibodies [16]. Taken together, the above 

observations suggest that a calcium-dependent PKC (most likely PKC-α) is required for the 

proper initiation of chromatin decondensation following T cell activation. To confirm this 

finding we showed that intracellular calcium also is required to make cells competent to 

properly respond to IL-2 signaling (Figure 3D).

Given that PKC signaling is important for chromatin decondensation and subsequent 

competence to respond to IL-2 signaling, we investigated the downstream pathways to 

determine how PKC is able to regulate the initiation of the decondensation event. In this 

report, we analyzed p38 MAPK, NFκB, and p44/42 MAPK signaling pathways (Figures 4, 

5, 6) and found that inhibition of NFκB and p38 MAPK individually had a modest effect 

on TCR-induced chromatin decondensation. These findings are similar to our previous study 

where we examined the role of NFAT activation and found that it too had a modest effect on 

activation-induced chromatin decondensation [16]. Collectively, these findings could suggest 

that it is the combinatorial effect of all of these pathways that is required to properly induce 

the complete decondensation of chromatin observed during T cell activation. This model 

could predict that each pathway might decondense a distinct domain of chromatin, which 

we cannot discern using our assays because they are designed to measure global changes in 

chromatin status, not to observe decondensation at specific loci. Alternatively, PKC could 

decondense chromatin independently of the classical downstream signaling cascades, as 
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there is growing evidence implicating multiple PKC isoforms in the direct regulation of 

chromatin [5].

Throughout our studies we noted that T cell chromatin appears to be exquisitely sensitive 

to perturbations in signaling cascades. For example, the inhibition of PKC signaling (Figure 

2A) or the simple chelation of intracellular calcium (Figure 3A) caused chromatin to adopt 

an even more condensed state. This level of condensation is reminiscent of what is observed 

during thymocyte development, where chromatin is more condensed in single positive 

thymocytes than it is in mature peripheral T cells [15]. We hypothesize that this sensitivity 

reflects the ability of T cells to rapidly change their chromatin configuration in response to 

stimuli. In support of this hypothesis, decondensation of chromatin can be observed in as 

little as 15 minutes following TCR stimulation [15].

In our studies, we noted that while inhibition of PKC greatly diminished the ability of 

TCR signaling to decondense chromatin, some decondensation still occurred (Figure 2), 

suggesting that calcium may have additional PKC-independent means to regulate chromatin 

architecture. One way this could be accomplished is via the action of Cohesin, a SMC 

(Structural Maintenance of Chromosomes) protein complex that is a known regulator of 

chromatin condensation [37]. It has been shown that calcium can regulate the activity of 

the Cohesin complex by at least two distinct mechanisms [38–40]. Functional Cohesin 

can regulate chromatin architecture through its interactions with CTCF, which has been 

implicated as an insulator for “super-enhancers” [41–44]. Intriguingly, the Cis gene 

possesses a potent STAT5 super-enhancer [36]. As an alternative mechanism, calcium could 

regulate the activity of the SWI/SNF-like BAF (Brahma-related gene/Brahma associated 

factor) complex, as it has been shown that the addition of calcium is sufficient to induce 

the rapid association of this complex with chromatin in T cell nuclei [45]. It has since been 

shown that the BAF chromatin remodeling complex can regulate gene expression in T cells 

in a number of contexts, including during activation [46].

Here we demonstrate that DAG acts via a calcium-dependent PKC to make cells competent 

to properly respond to IL-2/STAT5 signaling as assessed by measuring Cis gene expression. 

Consistent with our findings, PKC signaling has been implicated in the regulation of other 

known STAT5 target genes, including Cyclin D2, Cyclin D3, Cdk6, and Bcl-XL [47–51]. 

More specifically, we demonstrate that p44/42 MAPK activity, presumably via AP-1, is 

required for Cis expression in response to IL-2 stimulation. A number of studies have 

implicated p44/42 MAPK activity in the regulation of other known STAT5 target genes, 

including Ifng, Socs-1, and Socs-3 [8, 52–54]. Interestingly, although several of these genes, 

along with Cis, contain a STAT5 super-enhancer [36], our data indicate that additional 

factors (e.g. AP-1) may be required for STAT5 target gene expression in T cells. Consistent 

with these observations, it has been shown that AP-1 can promote chromatin accessibility 

in multiple contexts [55, 56], by acting as a pioneer transcription factor that can recruit the 

BAF chromatin remodeling complex to displace nucleosomes at enhancers permitting their 

function [57].

Taken into context with published literature, our data suggest a model for regulation of 

IL-2/STAT5 target genes in peripheral T cells, whereby TCR signaling triggers multiple 
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pathways that can initiate chromatin decondensation (Figure 7). Our findings suggest that 

both calcium- and PKC-dependent changes to chromatin architecture may be necessary to 

permit subsequent STAT5-DNA engagement in response to IL-2 stimulation. This model 

is in line with a recent report that demonstrated that the combinatorial effect of calcium 

and TCR-dependent kinase signaling act cooperatively to induce chromatin remodeling 

at approximately 2100 distinct regions during T cell activation, whereas far fewer sites 

were remodeled when these signals were provided separately [58]. Understanding how the 

integration of multiple signaling cascades can regulate chromatin architecture to control 

gene expression is key to understanding how cells can differentially respond to stimuli, such 

as what occurs during the clonal proliferation of antigen-specific lymphocytes during an 

immune response.
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ABBREVIATIONS

Cis Cytokine Inducible SH2 containing protein

DAG Diacylglycerol

IL-2 Interleukin-2

IP3 Inositol Triphosphate

JAK Janus Kinase

MAPK Mitogen Acdtivated Protein Kinase

MHC Major Histocompatibility Complex

NFAT Nuclear Factor of Activated T cells

NFκB Nuclear Factor Kappa B

PKC Protein Kinase C

PLCγ Phospholipase C gamma

PMA Phorbol 12-myristate 13-acetate

QNZ 6-Amino-4-(4-phenoxyphenylethylamino)quinazoline

SOCE Store Operated Calcium Entry

STAT5 Signal Transducer and Activator of Transcription 5
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TCR T Cell Receptor
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HIGHLIGHTS

• Chromatin decondensation is required for IL-2 dependent T cell proliferation

• DAG but not IP3 signaling makes naïve T cells competent to respond to IL-2

• A calcium-dependent PKC is necessary for proper chromatin decondensation

• p38 MAPK and NFκB pathways contribute to chromatin decondensation

• p44/42 MAPK signaling is required for IL-2 competence
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Figure 1: DAG signaling is sufficient to make cells competent to respond to IL-2.
Naive (CD25-) T cells sorted from spleen were left untreated (naïve) or stimulated with 

10ng/mL PMA, 250ng/mL ionomycin, or 1μM thapsigargin for the time indicated. Each 

sample was divided in half and either left untreated or stimulated with 1000U/mL of IL-2 for 

1 hour. Total RNA was isolated and expression of the STAT5 target gene Cis was determined 

by qRT-PCR relative to the housekeeping gene CD3ε. Data are calibrated to the naïve 0 hour 

control. Data are representative of three independent experiments.
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Figure 2: PKC signaling contributes to proper chromatin decondensation and acquisition of 
competence to respond to IL-2.
(A) Splenocytes were treated with vehicle (DMSO), 10nM staurosporine, or 10μM AEB071 

for 30 minutes. Cells were then stimulated with 1μg/mL anti-CD3ε antibodies for the times 

indicated. Cells were then analyzed by flow cytometry to determine chromatin accessibility 

in CD4+ and CD8+ cells by intracellular staining for H3K4me1. Data are the means ± SD 

of triplicates and are presented as the mean fluorescence intensity of H3K4me1 staining. *p 

< 0.05, **p < 0.005 (Student’s t-test) compared with the vehicle control at each time point. 

(B) Data from A was calibrated to the 0 hour time point for each treatment group to show 
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fold change in chromatin decondensation over time. (C) Sorted naïve (CD25-) T-cells were 

left untreated or stimulated with vehicle (DMSO), 10nM staurosporine, or 10μM AEB071 

for the times indicated. Proteins were resolved via SDS-PAGE and histone solubility was 

measured via detection of histone H3 as assayed by Western blot. Detection of Actin serves 

as a loading control. (D) Densitometry analysis of C showing H3 relative to the Actin 

control (arbitrary units, AU) at each time point, calibrated to the 0h vehicle control. (E) 

Sorted naive (CD25-) T cells were treated with vehicle (DMSO), 10nM staurosporine, or 

10μM AEB071 for 30 minutes. Cells were then stimulated with 10ng/mL PMA for the 

times indicated. Each sample was then divided in half and either left untreated or stimulated 

with 1000U/mL of IL-2 for 1 hour. Total RNA was isolated and expression of the STAT5 

target gene Cis was determined by qRT-PCR relative to the housekeeping gene CD3ε. 

Data are calibrated to the naïve 0 hour control. **p<0.005 (Student’s t-test). All data are 

representative of at least 3 independent experiments.
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Figure 3: A calcium-dependent PKC is required for proper chromatin decondensation and 
acquisition of competence to respond to IL-2.
(A) Splenocytes were treated with vehicle (DMSO) or 10μM BAPTA-AM for 30 minutes. 

Cells were then stimulated with 10ng/mL PMA for the times indicated. Cells were then 

analyzed by flow cytometry to determine chromatin accessibility in CD4+ and CD8+ cells 

by intracellular staining for H3K4me1. Data are the means ± SD of triplicates and are 

presented as the mean fluorescence intensity of H3K4me1 staining. *p < 0.05, **p < 0.001 

(Student’s t-test) compared with the vehicle control at each time point. (B) Data from A 

was calibrated to the 0 hour time point to show fold change in chromatin decondensation 
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over time. (C) Sorted naïve (CD25-) T-cells were left untreated or stimulated with vehicle 

(DMSO) or 10μM BAPTA-AM for 30 minutes. Cells were then stimulated with 10ng/mL 

PMA for the times indicated. Proteins were resolved via SDS-PAGE and histone solubility 

was measured via detection of histone H3 as assayed by Western blot. Detection of Actin 

serves as a loading control. (D) Sorted naive (CD25-) T cells were left untreated (naïve) 

or treated with vehicle (DMSO) or 10μM BAPTA-AM for 30 minutes, then cells were 

stimulated with 10ng/mL PMA for the times indicated. Each sample was then divided in half 

and either left untreated or stimulated with 1000U/mL of IL-2 for 1 hour. Total RNA was 

isolated and expression of the STAT5 target gene Cis was determined by qRT-PCR relative 

to the housekeeping gene CD3ε. Data were calibrated to the naïve 0 hour control. All data 

are representative of at least 3 independent experiments.
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Figure 4: p38 MAPK signaling contributes to activation-induced chromatin decondensation and 
acquisition of competence to respond to IL-2.
(A) Splenocytes were treated with vehicle (DMSO), 5μM SB203580, or 0.5μM BIRB796 

for 30 minutes. Cells were then stimulated with 1μg/mL anti-CD3ε antibodies for the times 

indicated. Cells were then analyzed by flow cytometry to determine chromatin accessibility 

in CD4+ and CD8+ cells by intracellular staining for H3K4me1. Data are the means ± SD 

of triplicates and are presented as the mean fluorescence intensity of H3K4me1 staining. 

*p < 0.05, **p < 0.005 (Student’s t-test) compared with vehicle control at each time 

point. (B) Data from A was calibrated to the 0 hour time point to show fold change in 
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chromatin decondensation over time. (C) Sorted naïve (CD25-) T-cells were left untreated or 

stimulated with vehicle (DMSO), 5μM SB203580, or BIRB796 for 30 minutes. Cells were 

then stimulated with 1μg/mL anti-CD3ε antibodies for the times indicated. Proteins were 

resolved via SDS-PAGE and histone solubility was measured via detection of histone H3 as 

assayed by Western blot. Detection of Actin serves as a loading control. (D) Densitometry 

analysis of C showing H3 relative to the Actin control (arbitrary units, AU) at each time 

point, calibrated to the 0h vehicle control. (E) Sorted naive (CD25-) T cells were left 

untreated (naïve) or treated with vehicle (DMSO), 5μM SB203580, or 0.5μM BIRB796 for 

30 minutes, then cells were stimulated with 10ng/mL PMA for the times indicated. Each 

sample was then divided in half and either left untreated or stimulated with 1000U/mL of 

IL-2 for 1 hour. Total RNA was isolated and expression of the STAT5 target gene Cis was 

determined by qRT-PCR relative to the housekeeping gene CD3ε. Data are calibrated to the 

naïve 0 hour control. **p < 0.001 (Student’s t-test) compared with vehicle control. All data 

are representative of at least 3 independent experiments.

Funsten et al. Page 24

Cell Immunol. Author manuscript; available in PMC 2023 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
NFκB signaling contributes to activation-induced chromatin decondensation but does not 

contribute to acquisition of competence to respond to IL-2. (A) Splenocytes were treated 

with vehicle (DMSO), 100 nM QNZ, or 1 mM CID2858522 for 30 min. Cells were then 

stimulated with 1 μg/mL anti-CD3ε antibodies for the times indicated. Cells were then 

analyzed by flow cytometry to determine chromatin accessibility in CD4+ and CD8+ cells 

by intracellular staining for H3K4me1. Data are the means ± SD of triplicates and are 

presented as the mean fluorescence intensity of H3K4me1 staining. (B) Data from A was 
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calibrated to the 0 h time point to show fold change in chromatin decondensation over time. 

(C) Sorted naïve (CD25-) T-cells were left untreated or stimulated with vehicle (DMSO), 

100 nM QNZ, or 1 mM CID2858522 for 30 min. Cells were then stimulated with 1 μg/mL 

anti-CD3ε antibodies for the times indicated. Proteins were resolved via SDS-PAGE and 

histone solubility was measured via detection of histone H3 as assayed by Western blot. 

Detection of Actin serves as a loading control. (D) Sorted naive (CD25-) T cells were left 

untreated (naïve) or treated with vehicle (DMSO), 100 nM QNZ, or 1 mM CID2858522 

for 30 min, then cells were stimulated with 10 ng/mL PMA for the times indicated. Each 

sample was then divided in half and either left untreated or stimulated with 1000U/mL of 

IL-2 for 1 h. Total RNA was isolated and expression of the STAT5 target gene Cis was 

determined by qRT-PCR relative to the housekeeping gene CD3ε. All data are calibrated to 

the naïve 0 h control. **p < 0.001 (Student’s t-test) compared with vehicle control. All data 

are representative of at least 3 independent experiments.
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Fig. 6. 
p44/42 MAPK signaling does not contribute to activation-induced chromatin decondensation 

but is required for peripheral T cells to acquire competence to respond to growth factors. 

(A) Sorted naïve (CD25-) T-cells were left untreated or stimulated with vehicle (DMSO) or 

10 μM U0126 for 30 min. Cells were then stimulated with 1 μg/mL anti-CD3ε antibodies 

for the times indicated. Proteins were resolved via SDS-PAGE and histone solubility was 

measured via detection of histone H3 as assayed by Western blot. Detection of Actin 

serves as a loading control. (D) Sorted naive (CD25-) T cells were left untreated (naïve) 

or treated with vehicle (DMSO) or 10 μM U0126 for 30 min, then cells were stimulated 

with 10 ng/mL PMA for the times indicated. Each sample was then divided in half and 

either left untreated or stimulated with 1000U/mL of IL-2 for 1 h. Total RNA was isolated 

and expression of the STAT5 target gene Cis was determined by qRT-PCR relative to 

the housekeeping gene CD3ε. Data are calibrated to the naïve 0 h control. All data are 

representative of at least 3 independent experiments.
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Figure 7: Model for TCR induced chromatin decondensation and subsequent acquisition of 
competence to respond to IL-2 signaling.
Antigen presentation to the TCR induces the activation of Ca2+-dependent and PKC-

dependent signaling cascades. Our data suggest that a calcium-dependent PKC acts via 

NFκB and p38 MAPK to contribute to chromatin decondensation. It is likely that there 

are additional calcium-dependent, PKC-independent mechanisms contributing to chromatin 

decondensation. Following chromatin decondensation, our data suggest that PKC acts via 

p44/42 MAPK to impart competence to respond to IL-2 signaling.
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