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Abstract

DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is known primarily for its function in DNA double-
stranded break repair and non-homologous end joining (NHEJ). However, DNA-PKcs also has a critical yet
undefined role in immunity impacting both myeloid and lymphoid cell lineages spurring interest in targeting DNA-
PKcs for therapeutic strategies in immune-related diseases. To gain insight into the function of DNA-PKcs within
immune cells, we performed a quantitative phosphoproteomic screen in T cells to identify first order
phosphorylation targets of DNA-PKcs. Results indicate that DNA-PKcs phosphorylates the transcription factor
Egr1 (early growth response protein 1) at S301. Expression of Egr1 is induced early upon T cell activation and
dictates T cell response by modulating expression of cytokines and key costimulatory molecules. Mutation of
serine 301 to alanine via CRISPR-Cas9 resulted in increased proteasomal degradation of Egr1 and a decrease
in Egr1-dependent transcription of IL2 (interleukin-2) in activated T cells. Our findings identify DNA-PKcs as a
critical intermediary link between T cell activation and T cell fate and a novel phosphosite involved in regulating

Egr1 activity.
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Introduction

The canonical function for DNA-dependent protein kinase catalytic subunit or DNA-PKcs is in the sensing and
repair of DNA double-strand breaks (DSB) through non-homologous end joining (NHEJ). However, all
vertebrates harboring kinase loss of function mutations in DNA-PKcs present with a severe immunodeficient
phenotype with defects in antibody production and impaired B and T cell maturation.'™ These defects have been
primarily attributed to the function of DNA-PKcs in V(D)J recombination which is required for antibody and
receptor diversity in adaptive immune cells.® Interestingly, this enzyme is robustly expressed in mature
lymphocytes and consistently activated by various lymphocyte stimulants.®’ This emphasizes a function for DNA-

PKcs in the mature immune system that is yet to be clearly defined.

T cells are a key component of the adaptive immune response providing long term protection against
evading pathogens. Uncontrolled or defective T cell activity, however, can have deleterious effects including
transplant graft rejection, graft versus host disease and a plethora of autoimmune diseases.®® Therefore,
understanding molecular mechanisms that regulate T cell activity are critical for the development of novel
therapeutics to prevent/treat T cell-mediated disorders. T cell receptor (TCR) activation induces signaling
cascades that regulate T cell proliferation, survival and differentiation. The end result is widely dependent on the
activation of transcription factors that promote expression of cytokines and chemokines that, depending on the
level and combination, can have varying effects on T cell response. For instance, graded expression of the T-
box transcription factor T-bet in naive CD4+ T cells coordinates helper (Th) 1 or T follicular helper (Tfh) cell
differentiation with higher levels driving a Th1 cell fate.™ It is becoming clear that DNA-PKcs strongly influences
T cell activity, as well as other immune cells, through regulation of transcription factor expression. In CD4+ T
cells, following TCR activation, DNA-PKcs regulates expression of both T-bet and Gata3 highlighting it as a
master regulator of Th1 and Th2 differentiation.""'? Our laboratory recently reported that DNA-PKcs also controls
expression of the p65 subunit of NF-kB in activated T cells and loss of DNA-PKcs activity significantly reduces
expression of NF-kB target genes including Interleukin (IL)-6." Ferguson et al. determined that following viral
DNA detection, DNA-PKcs drives activation of the innate immune response by directly binding the transcription
factor interferon (IFN) regulator factor-3 (Irf-3) and promoting its translocation into the nucleus to induce cytokine
gene expression.' Similarly, our studies indicate that DNA-PKcs plays a pivotal role in the calcineurin-mediated

translocation of NFAT to the nucleus. Inhibition of DNA-PKcs blocked calcineurin activity thereby preventing the
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translocation of NFAT to the nucleus and expression of cytokine IL2." Herein, we report that DNA-PKcs also
regulates expression of the immediate early response gene (IEG) Egr1 (early growth response 1), a transcription

factor critical for cytokine production.®'

IEG genes such as Egr1 are transcribed within minutes of TCR
stimulation to rapidly turn on transcription of genes needed for immune cell function.’®?° This includes genes like
NFKB, ELK, and NFAT which can be activated quickly through degradation of inhibitors or through post-

translational modifications via MAP kinase cascades.?’ %

IEGs, therefore, are responsible for coaxing T cells
down specific response pathways predetermined by the type of immunogenic stimulus encountered. We
identified Egr1 to be a phosphorylation target of DNA-PKcs. Inhibition of DNA-PKcs or mutation of serine 301 of
Egr1 resulted in significant downregulation of Egr1 protein leading to reduced secretion of IL2. Regulation of

early signaling effectors like Egr1 suggests that DNA-PKcs functions as a critical link between TCR stimulation

and subsequent gene transcription capable of guiding T cell signaling towards specific outcomes.
Results
Egr1 is phosphorylated by DNA-PKcs following stimulation of T cells.

Given the diversity of signaling events in which DNA-PKcs is involved, we sought to identify potential DNA-PKcs
phosphorylation targets involved in T cell activation. To accomplish this goal, we performed a quantitative
proteomic mass spectrometry screen for phosphoproteins utilizing TMT (tandem mass tag, Thermo) technology.
This was accomplished using human T cells (Jurkat) stimulated with phorbol myristate acetate and
phytohemagglutinin (PMA and PHA, respectively) and treated with or without NU7441, a highly specific small
molecule kinase inhibitor of DNA-PKcs.?*#* A phospho-TMT analysis combines affinity enrichment of
phosphorylated proteins/peptides with highly quantitative TMT isobaric reagents; thus, allowing for a highly
quantitative and extensive analysis of phosphorylation events in a cell. We analyzed for differentially
phosphorylated proteins between stimulated cells and stimulated cells pre-treated with NU7441. Figure 1
contains a list of all phosphoproteins with a fold change of >10. We identified phosphorylation of DNA-PKcs to
be downregulated providing validity to our screen given that DNA-PKcs is known to autosphorylate itself at
numerous sites. One of the more prominent phosphopeptides mapped to the IEG transcription factor Egr1. The
phosphopeptide shown in Figure 1 was approximately 30-fold more prevalent in the non-inhibitor treated sample.

Analysis of this phosphorylation site revealed that it falls within the DNA-PKcs kinase recognition motif, SQD/E.?®
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To further substantiate the potential biological significance of this site, a sequence alignment of this peptide in
vertebrates revealed a very high degree of conservation from zebrafish to humans (Table 1). As far as we know,

phosphorylation of this serine residue (S301) has not previously been described.

Inhibition of DNA-PKcs kinase activity reduces Egr1 protein expression.

Western blotting revealed that Egr1 was highly induced upon stimulation (Figure 2). However, Egr1
levels were markedly lower in NU7441-treated human T cells suggesting that DNA-PKcs kinase activity is
required for Egr1 protein expression (Figure 2A). To confirm inhibition of DNA-PKcs activity by NU7441 in this
assay, we probed for phospho-AKT at S473, a target of DNA-PKcs.?* Phosphorylation of S473 was significantly
lower in NU7441 treated samples. To validate this result, we analyzed Egr1 expression patterns in total mouse
splenocytes from wild type (WT) or PRKDC (gene for DNA-PKcs) knockout mice (KO) treated with NU7441
(Figure 2B) and in the embryonic kidney cell line HEK293 treated with shRNA to specifically knock down DNA-
PKcs expression (Figure 2C). Inhibition of DNA-PKcs kinase activity significantly reduced Egr1 protein
expression in both additional cell lines, indicating the robustness of this finding and confirming that this
mechanism of regulation occurs in other cell lines that induce Egr1 expression to rapidly respond to cellular

stimuli.

EGR1 is known to be tightly regulated at the transcriptional level and, like many other T cell-responsive
transcription factors, the gene is highly induced upon T cell receptor or phorbol ester stimulation. To determine
whether an effect of NU7441 on EGR1 transcript levels explains the drop in Egr1 protein, gPCR was carried out
in the presence or absence of NU7441. Transcript levels were unaffected (Figure 2D) by the loss of DNA-PKcs
kinase activity. To assay whether the reduction in Egr1 protein was a result of proteasomal degradation, we
analyzed Egr1 levels in NU7441-treated T cells in the presence of the proteasome inhibitor MG132. Our results
indicate that proteasomal inhibition is able to restore the drop in Egr1 levels observed in the presence of NU7441

(Figure 2E).
Phosphorylation of serine 301 of Egr1 is required for protein stability.

To further analyze the functional relevance of S301 phosphorylation, plasmid-based FLAG-tagged Egr1
S301 mutants were expressed under the control of a constitutive promoter in HEK293 cells. An alanine mutant

(S301A) as well as two phospho-mimetic mutants (S301D and S301E) were generated. Egr1 S301A protein


https://doi.org/10.1101/2021.06.04.446996
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.04.446996; this version posted June 4, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
levels were significantly decreased in contrast to both the WT protein (S301S) and the phospho-mimetic mutants
S301D and S301E (Figure 3A). In fact, the phospho-mimetic mutations appeared to enhance protein stability.
Next, we generated an EGR17 knockout (EGR14) as well as an endogenous S301A mutant in Jurkat T cells
using CRISPR genome editing. This yielded a similar result where a single amino acid mutation to S301A to
block phosphorylation resulted in a significantly reduced level of Egr1 protein despite normal transcription

(Figure 3B). Transcript levels of the S301A mutant gene were similar to wild type EGR1 levels (Supporting

Figure 1).
Loss of S301 phosphorylation abrogates production of IL2.

Egr1 is a transcriptional regulator of the cytokine IL2. Therefore, to validate the relevance of this
phosphorylation site to immune cell function, we analyzed expression of IL2. We used our CRISPR-generated
EGR1A cell line to determine if the re-introduction of the Egr1 S301 variants (S301S, S301A, S301D, S301E)
via electroporated plasmids would rescue IL2 expression. We hypothesized that the unstable S301A mutant
would not fully restore or rescue IL2 levels. EGR1A cells were electroporated with one of five plasmids and
stimulated 48 hours later using PMA and ionomycin for 6 hours. IL2 levels in the media were determined by
ELISA. EGR1A samples transfected with plasmids expressing WT Egr1 S301S or the mutant S301D or S301E
more than doubled their IL2 production relative to samples receiving control plasmid (Figure 4). In line with our
findings, transfection of the S301A variant generated the lowest amount of IL2 rescue. IL2 levels from the cells
expressing this variant were approximately 2.3-fold over the control, compared to 2.9 to 3.3 fold from cells

expressing Egr1 S301S, S301D or S301E.
Discussion

While DNA-PKcs is a well-known mediator of double-stranded DNA damage through promotion of NHEJ,
it is becoming increasing clear that it is also a critical regulator of the immune system. This is not a characteristic
unique to DNA-PKcs. Other DDR kinases such as ATR and ATM have been linked to multiple processes in both
the innate and adaptive responses.?’° These functions are largely separate from their roles in NHEJ and HR
(homologous recombination) which highlight a clear, yet largely undefined area of immune regulation. The goal
of our study was to further understand mechanisms used by DNA-PKcs to govern T cell activation by uncovering

novel target proteins. A mass spectrometry phosphoproteomic screen determined that the IEG transcription
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factor Egr1 is a robust phospho-target of DNA-PKcs. Phosphorylation of Egr1 at S301 by DNA-PKcs is required
for protein stability and prevention of proteasomal degradation. IEGs are activated within thirty minutes of TCR

activation and are decisive factors in mediating T cell responses to immunogenic stimuli.%'

Identifying a role
for DNA-PKcs in regulating expression and thus activity of Egr1 suggests that it has a much greater influence
on immune response outcome than previously understood and could become a novel therapeutic target for a
number of immune-related disorders. For instance, our previous study indicates that DNA-PKcs is a critical
regulator of the T cell response to allogeneic antigens.™ Loss of DNA-PKcs activity prevented T cells from
producing a host of inflammatory cytokines in response to alloantigen recognition resulting in reduced graft
rejection in vivo. This suggests it may be a prime therapeutic target for the prevention of transplant rejection.
While we show in those studies that the reduction in cytokine production from DNA-PKcs inhibition was partly
due to a drop in protein expression of the NFkB subunit p65, loss of Egr1 expression most likely was also

involved in this outcome given that Egr1 promotes cytokine expression including IL2, a critical driver of transplant

rejection.

We demonstrate that phosphorylation of Egr1 by DNA-PKcs prevents its degradation through the
proteasomal pathway. Treatment with MG132 in the presence of NU7441 abrogated loss of Egr1 expression.
Although the mechanisms involved in this effect are unknown and currently being investigated in our laboratory,
this result has previously been observed for other DNA-PKcs targets. This includes estrogen receptor-a (ER-a)
where interaction with DNA-PKcs resulted in phosphorylation at S118 which prevented proteasomal
degradation.®? Our laboratory determined that DNA-PKcs controls NFAT-mediated transcription through indirect
regulation of proteasomal degradation of the calcineurin inhibitor Cabin1.® In contrast, DNA-PKcs has also been
shown to promote ubiquitination of proteins for proteasome targeting. For instance, in order to arrest transcription
at DSB sites, Caron et al. discovered that DNA-PKcs promotes ubiquitination of RNA polymerase Il by HECT E3
ubiquitin ligase WWP2 thereby thwarting transcription.® These studies clearly indicate that DNA-PKcs commonly
uses the ubiquitin-proteasome pathway as a mechanism to control cellular functions. This includes the antigen-
mediated T cell response where it uses this pathway to control expression of key transcription factors involved
in T cell activation. Critical questions remain regarding mechanisms that induce DNA-PKcs activation following
T cell stimulation and mechanisms used by DNA-PKcs to influence proteasome specificity. ldentifying these

mechanisms and further analyzing DNA-PKcs phosphorylation targets will uncover a novel area of immune
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regulation that further explains how T cells respond differently to varying stimuli and provide critical targets for

novel therapy for immune-related diseases.

Experimental Procedures

Cell culture Jurkat E6.1 cells and mouse splenocytes from BALB/c and NOD.CB17-Prkdc scid (#001303,
#000651 respectively, Jackson Laboratory) were cultured in RPMI media supplemented with Penstrep antibiotics
and 10% fetal bovine serum. HEK293 cells were cultured in EMEM media supplemented with Penstrep and 10%
fetal bovine serum. Unless specified otherwise, cells were treated with NU7441 inhibitor (Selleckchem S2638)
at a final concentration of 5 yM for 30 minutes prior to stimulation and harvested 3 hours post-stimulation.

Stimulation was achieved with PMA (50 ng/ml) and PHA (1 pg/ml) or PMA (50 ng/ml) and lonomycin (1 pg/ml).

Western blotting Samples for Western blots were processed by lysis in 0.5X RIPA buffer with protease
inhibitors (Thermo Scientific #78425) and phosphatase inhibitors (Roche # 04906837001) followed by
sonication in a QSonica Q800R3 with the settings 30% amplitude, 30s on/off, and 15 minute sonication time.
Lysed samples were normalized by protein concentration determined using the bicinchoninic assay (BCA)
(Thermo Scientific #23225). Samples were heated in LDS (lithium dodecyl sulfate) loading buffer then loaded
into 4-12% bis-tris gels (Thermo Scientific #NW04122BOX). When blotting for DNA-PKcs, 3-12% tris-acetate
gels were used (Thermo Scientific #2£A0378BOX). Transfer to a PVDF membrane was completed using a
Pierce Power Blotter system run at 25 V for 7 or 10 minutes (DNA-PKcs). Primary antibodies are as follows:
Cell Signaling rabbit anti-Egr1 (44D5) #4154, Abcam mouse anti-DNA-PKcs [18-2] ab1832, Thermo Scientific
mouse anti-Gapdh #MA5-15738, Cell Signaling rabbit anti-DYKDDDDK (FLAG) #2368, Cell Signaling rabbit
anti-pAKT 473 #4060, and Cell Signaling rabbit anti-AKT #2938. Secondary antibodies are as follows: Thermo
Scientific goat anti-mouse 1gG (H+L) Alexa Fluor Plus 647 #A32728 and GE Healthcare donkey anti-rabbit

HRP #NA934V. Imaging was done with a GE ImageQuant LAS4000.

ELISA Enzyme-linked immunosorbent assays were completed using and according to the instructions found

with the ELISA MAX™ Deluxe Set Human IL-2 (BioLegend #431804).

Mass spectrometry Prior to analysis, two Jurkat cell samples were treated with PMA and PHA for 6 hours and

one sample treated at 5 uM concentration with NU7441. Samples were harvested and lysed. Proteins were
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reduced, alkylated, and purified by chloroform/methanol extraction prior to digestion with sequencing grade
trypsin and LysC (Promega). The resulting peptides were labeled using a tandem mass tag 10-plex isobaric label
reagent set (Thermo) and enriched using High-Select TiO2 and Fe-NTA phosphopeptide enrichment kits
(Thermo) following the manufacturer’s instructions. Both enriched and un-enriched labeled peptides were
separated into 46 fractions on a 100 x 1.0 mm Acquity BEH C18 column (Waters) using an UltiMate 3000 UHPLC
system (Thermo) with a 50 min gradient from 99:1 to 60:40 buffer A:B ratio under basic pH conditions, and then
consolidated into 18 super-fractions. Each super-fraction was then further separated by reverse phase XSelect
CSH C18 2.5 um resin (Waters) on an in-line 150 x 0.075 mm column using an UltiMate 3000 RSLCnano system
(Thermo). Peptides were eluted using a 60 min gradient from 98:2 to 60:40 buffer A:B ratio. Eluted peptides were
ionized by electrospray (2.2 kV) followed by mass spectrometric analysis on an Orbitrap Eclipse Tribrid mass
spectrometer (Thermo) using multi-notch MS3 parameters. MS data were acquired using the FTMS analyzer in
top-speed profile mode at a resolution of 120,000 over a range of 375 to 1500 m/z. Following CID activation with
normalized collision energy of 31.0, MS/MS data were acquired using the ion trap analyzer in centroid mode and
normal mass range. Using synchronous precursor selection, up to 10 MS/MS precursors were selected for HCD
activation with normalized collision energy of 55.0, followed by acquisition of MS3 reporter ion data using the
FTMS analyzer in profile mode at a resolution of 50,000 over a range of 100-500 m/z. Buffer A = 0.1% formic
acid, 0.5% acetonitrile, Buffer B = 0.1% formic acid, 99.9% acetonitrile. Both buffers adjusted to pH 10 with

ammonium hydroxide for offline separation. Protein identification, normalization and statistical analysis were

performed as previously described by Storey et al.>*

Real-time PCR RNA was purified with an Arum Total RNA mini kit (Bio-rad #732-6820). Reverse transcription
was carried out using the iScript Advanced cDNA Synthesis kit (Bio-rad #1725037). Each PCR reaction was
performed in technical duplicate and biological triplicate using SYBR green detection with a Bio-rad CFX96
Touch Real-time PCR detection system. Data was analyzed using the AACt method to determine relative
concentrations of the EGR1 transcript normalized to TBP transcript levels. Primers for gPCR are as follows:
EGR1 fwd — 5" CAG CAC CTT CAA CCC TCA G, EGR1 rev—-5 CAC AAG GTG TTG CCA CTG TT, TBP fwd

-5 GCT GTTTAACTT CGC TTC CG, TBP rev—-5 CAG CAACTT CCT CAATTCCTT G

Transfection Transfection of HEK293 cells was accomplished using Lipofectamine 3000 (#L300000X)

according to the manufacturer’s instructions. Transfection of Jurkat cells was accomplished by electroporation
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using the Lonza Nucleofector 4D system with the Amaxa SE Cell Line kit (#V4XC-1032). The manufacturer’s
instructions were followed, and the pre-set Jurkat CL-120 program was used. In both cases, cells were grown

for 48 hours post-transfection before use in experiments.

Statistical analysis Analysis of significance was done using standard t-test and expressed as the mean %

standard deviation. Assays were performed in triplicate. P < 0.05 was considered significant.
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Figure 1. Heatmap of differentially regulated phospho-proteins in T cells treated with or without DNA-
PKcs inhibitor. T cells were activated with PHA/PMA and treated with (samples 1-3) or without (samples 4-6)
NU7441 for 6 hours and analyzed by mass spectrometry for comparison of differential abundance across groups.

Heatmap contains all proteins with a fold change >10.
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Species Tryptic peptide
H. sapiens AFATQSGSQDLK
P. troglodytes AFATQSGSQDLK
M. mulatta AFATQSGSQDLK
C. lupus familiaris AFATQSGSQDLK
B. taurus AFATQSGSQDLK
M. musculus AFATQSGSQDLK
R. norvegicus AFATQSGSQDLK
G. gallus AFATQTGSQELK
X. tropicalis AFATQT- SQDLK
D. rerio AFATQTGSQDLK

Table 1. Egr1 S301 phosphorylation site detected by mass spectrometry is highly
conserved in vertebrate animals. https://www.ncbi.nlm.nih.gov/homologene/56394
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Figure 2. Protein and RNA expression patterns associated with Egr1 in multiple cell types. Egr1
expression pattern was analyzed by Western blotting in (A) Jurkat T cells, (B) total mouse splenocytes (WT
indicates WT mouse and KO indicates PRKDC functional knockout mouse), and (C) HEK293 kidney cells which
were chemically stimulated for 3 hours and treated with NU7441 as indicated. (D) Real-time gPCR analysis of
EGR1 transcripts in Jurkat cells. Error bars represent standard error of the mean. NS indicates no significant
difference. (E) Jurkat cells were treated as in (A) with the addition of the proteasome inhibitor MG132 and Egr1

was detected by Western blot.
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Figure 3. Effect of Egr1 phosphorylation on protein stability. (A) Four plasmid-based variants of Egr1-3xFlag
at amino acid 301, as indicated by the single-letter amino acid abbreviation (A, D, E), were expressed in
stimulated HEK293 cells. (B) Endogenous EGR1 S301A and knockout mutants along with the wild type S301S
strain were generated in Jurkat cells using CRISPR. A = EGR1 CRISPR knockout, A = mutation generating

S301A mutant (three separate clones are represented), S = WT EGR1.
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Figure 4: Effect of Egr1 phosphorylation on IL2 expression. IL2 concentrations were measured by ELISA in
Jurkat EGR1A cells transfected by electroporation with plasmids expressing the indicated variant of Egr1. Control
indicates transfection with a plasmid containing GFP in place of EGR1. Variability is represented by standard

deviation of four replicates. * indicates p < 0.01 evaluated by T test.
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Supporting Figure 1: Egr1 S301 mRNA expression is similar to WT Egr1 mRNA expression. Real-time

gPCR analysis of EGR1 transcripts from CRISPR-generated S301A mutants. Error bars represent standard error

of the mean of technical replicates.



