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Abstract

Cyclic dinucleotides (CDNs), such as 2°3’-cGAMP, bind to STING to trigger the production of
cytokines and interferons, mainly via activation of TBK1. STING activation by CDN also leads to the
release and activation of Nuclear Factor Kappa-light-chain-enhancer of activated B cells (NF-kB) via the
phosphorylation of Inhibitor of NF-kB (IxkB)-alpha (IkBa) by IkB Kinase (IKK). Beyond the canonical
TBKI1 or IKK phosphorylations, little is known about how CDNs broadly affect the phosphoproteome and/or
other signaling axes. To fill this gap, we performed an unbiased proteome and phosphoproteome analysis of
Jurkat T-cell treated with 2°3’-cGAMP or vehicle control to identify proteins and phosphorylation sites that
are differentially modulated by 2°3’-cGAMP. We uncovered different classes of kinase signatures associated
with cell response to 2°3’-cGAMP. 2°3’-cGAMP upregulated Arginase 2 (Arg2) and the antiviral innate
immune response receptor RIG-I as well as proteins involved in ISGylation, E3 ISG15-protein ligase
HERCS and ubiquitin-like protein ISG15, while downregulating ubiquitin-conjugating enzyme UBE2C.
Kinases that play a role in DNA double strand break repair, apoptosis, and cell cycle regulation were
differentially phosphorylated. Overall, this work demonstrates that 2°3’-cGAMP has a much broader effects
on global phosphorylation events than currently appreciated, beyond the canonical TBK1/IKK signaling.

1.0 Introduction

Cyclic dinucleotide (CDN)-mediated Stimulator of Interferon Genes (STING) signaling has emerged
as important signaling axes that regulate various processes including cytokine production and autophagy/[1-
6]. Upon binding to CDN, STING undergoes conformational changes, which promotes its aggregation and
enables the phosphorylation of Interferon Regulatory Factor 3 (IRF3) via TANK-binding kinase 1 (TBK1)
and release of Nuclear Factor Kappa-light-chain-enhancer of activated B cells (NF-kB)[7, 8]. Recent
evidence indicates that beyond the activation of TBK1, CDNs also affect phosphorylation events mediated
by other kinases. We recently reported that c-di-GMP promotes Cyclooxygenase-2 (COX-2) expression in
STING-independent manner via the TLP2-MEK-ERK pathway[9]. Additionally, we showed in another study
that both c¢-di-GMP and cGAMP upregulate several kinases in RAW macrophage[10]. With the use of kinase
inhibitors, it was revealed that STING signaling could be attenuated via Notch signaling[11]. The foregoing
illustrates that STING signaling and/or CDN signaling (via STING or non-STING pathways) is more
complicated and involves various (yet not fully characterized) signaling pathways, which utilize

phosphorylation. In an important study by Koch et al.[12], it was demonstrated that various kinase inhibitors,



including inhibitors of ALK tyrosine kinase receptor (ALK), AMP-activated protein kinase (AMPK), MAP
kinase-activated protein kinase 5 (MAPKAPKS), suppressed STING signaling and interferon production in
monocyte cell lines[12]. The Koch study provided yet another hint that various kinase signaling and STING
signaling intersect to shape the response to intracellular DNA or CDNs. While these prior studies indicate
that CDNs affect the phosphoproteome in a broader manner than previously appreciated, we currently do not
have detailed characterization of how CDNs affect the phosphoproteome. In T-cells, cGAMP binding to
STING leads to myriads of signaling events that includes calcium signaling, interferon production, apoptosis
to name a few[13-15]. Since kinase signaling also regulates these processes and there is intersection between
STING and other non-TBK1 kinase signaling, we embarked on a project to characterize how cGAMP affects

the phosphorylation state of the proteome, using Jurkat T-cell as a model cell.

2.0 Results
2.1 Global proteomics profiling

Cyclic dinucleotides such as 2°3’-cGAMP do not easily permeate cells because they are negatively
charged[16]. However, it has been previously observed that CDN concentrations as high as 100 uM can get
into cells to activate STING[10, 17, 18]. Recently, it has been shown that 2°3’-cGAMP can get into cells via
anion channels such as LRRC8A[19, 20] or solute carrier SLC46A2[21-23]. Thus, we proceeded to treat
human Jurkat T-cell with either 100 uM of 2°3’-cGAMP or sterile distilled water (H2O) and analyzed for
changes in the relative abundance levels of their proteomes after 24 h of treatment. An overview of
proteomics workflow is shown in Figure 1. For global proteomics, a total of 3119 proteins were identified of
which >96% were common whereas 76 and 27 proteins were identified only in control and in 2°3’-cGAMP
treatment, respectively (Figure 2A; Tables S1 and S2). Scatter, violin, and principal component analysis
(PCA) plots (Figures S1-S2) showed high correlation between replicates and high reproducibility of the LC-
MS analysis.

To establish difference in the protein abundances between 2°3’-cGAMP treated and untreated cells,
proteins with p value < 0.05 and Log2 (fold-change) > 0.5, were considered as significantly upregulated by
the treatment. Fifty-six proteins were upregulated by 2°3’-cGAMP including 27 proteins (Table S1) only
identified in 2°3’-cGAMP treated cells (Table S3). Amongst the upregulated proteins were several interferon
signaling proteins such as Interferon-induced protein with tetratricopeptide repeats 1, 2, and 3 (IFIT1, IFIT2
and IFIT3); Ubiquitin-like protein ISG15 (ISG15) and, E3 ISG15-protein ligase HERC5 (HERCS). HERC5



was the most upregulated protein (12-fold) in 2°3’-cGAMP treated cells. These proteins are also shown in a
Volcano plot (Figure 2B). UMP-CMP kinase 2 mitochondrial (CMPK2), a nucleoside monophosphate
kinase with immunostimulatory and antiviral functions[24] and Histone H3 were among the top 10 most
upregulated proteins in 2°3’-cGAMP treated cells (Figure S3A). Arginase 2 (ARG?2), Serine/threonine
protein phosphatase CPPED1 (CPPED1) and Protein phosphatase 1H (PPM1H) were identified only in the
2°3’-cGAMP treated cells (Table S1).

Conversely, a total of 153 proteins were downregulated by 2°3’-cGAMP including 76 proteins
(Table S2) only identified in the control cells (Table S4). Top 10 downregulated proteins are shown in
Figure S3B. Transport proteins/importins accounted for 8.3% while proteins of ISGylation or ubiquitination,
especially E3 ligases accounted for 7.7% of all the significantly downregulated proteins (Figure S4, Table
S5). Kinases such as Serine/threonine protein kinase Nek7 (NEK7), Hexokinase-2 (HK2), SRSF protein
kinase 1 (SRPKI1), Cyclin-dependent kinase 9 (CDK9), and Serine/threonine protein kinase tousled-like 2
(TLK?2) were also identified as downregulated proteins (Figure S4 and Tables S5).

Ingenuity pathway analysis (IPA) [25] identified Hypercytokinemia/hyperchemokinemia and
interferon signaling were amongst the top 20 significantly regulated pathways as shown in Figure 3 and
Table S6. The Interferon-induced, double-stranded RNA-activated protein kinase (EIF2AK?2), identified as
significantly downregulated protein by 2°3’-cGAMP and in the IPA was implicated and enriched in multiple
signaling pathways including the hypercytokinaemia, necroptosis, NF-kB, and Toll-like receptor (TLR)
pathways (Table S6). Histogram plots show positive regulation of intracellular protein kinase cascade
(Figure 3B) and positive regulation of lymphocyte activation (Figure 3C) due to 2°3’-cGAMP treatment.

Gene Ontology (GO) enrichment analysis for biological process using PANTHER [26-28] showed
over-representation of genes involved in regulation of type I interferon production with a fold enrichment of
40.54 among the significantly upregulated proteins (p 0.000000143, FDR = 0.00227) and viral penetration
into host cells as the most overrepresented GO term among the downregulated proteins with a fold
enrichment of >100 (Table S7). These findings agreed with the IPA results. Graphical summary of
enrichment analysis of ingenuity pathways is shown in Figure SS.

Network analysis of significantly upregulated proteins by Metascape[29] showed network of
biological processes, including the regulation of transcription and type I interferon production (Figure S6),
whereas downregulated proteins were categorized into six different MCODE biological processes, such as

RNA transport and protein ubiquitination (Figure S7).
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Figure 1: Proteomic profiling of 2°3’-cGAMP treated T-cells. Flow chart of proteomics workflow and summary data. Figure was
created with BioRender.com software.
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Figure 2: (A) Venn diagram of identified proteins. Out of the 3119 identified global proteins, ~96% were observed in both control
and 2°3’-cGAMP treated cells. (B) Volcano plot showing significantly up-(red) or down-(blue) regulated proteins. Volcano plots
were plotted using VolcaNoseR software (https://huygens.science.uva.nl/VolcaNoseR).
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Figure 3: Analysis of biological pathways that are regulated by 2°3’-cGAMP. (A) Top 20 pathways regulated by 2°3’-cGAMP. P
values represented as -log10 (p-values). Data plotted using Origin (Pro), Version 2020. OriginLab Corporation, Northampton, MA,
USA. (B) Histogram showing differences in proteins involved in positive regulation of intracellular protein kinase cascade (red
bars) in 2°3’-cGAMP treated versus control cells. (C) Histogram showing differences in proteins involved in positive regulation of
lymphocyte activation (red bars) in 2°3’-cGAMP treated versus control cells. Histograms were plotted using Perseus software.

2.2 Phosphoproteome analysis

Protein phosphorylation alters protein function, localization, and protein activity, depending on the
specific residue that was modified[30]. The identified phosphopeptides dataset was first filtered based on
class I phospho STY sites, defined as sites with a localization probability greater than 0.75 (75%), resulting
in 5341 quantified phosphosites, from which 294 sites were differentially regulated (p < 0.05) between the
treatment and control groups. Among the 5341 class I phosphosites, 69 phosphosites were not found in the

curated Phosphosite Plus database (Table S8). These new phosphorylation sites were observed in IFIT3 at



S24 (26-fold up in 2°3’-cGAMP treated cells) and in protein TIMELESS at S446 (16-fold lower in the
treated cells). Other new phosphosites belong to DNA topoisomerase 2-beta (TOP2B), AHNAK, Tyrosine-
protein kinase Lck (LCK), and SFRS2 protein (SFRS2). TOP2B was approximately 2-3-fold more
phosphorylated at S227, S265, S318, S378, and S433 in 2°3’-cGAMP treated T-cell. Visualization of
differentially regulated phosphosites into a heatmap by hierarchical clustering (Figure 4A) showed two
distinct clusters evenly distributed between up- and downregulated phosphosites.

Gene Ontology (GO) enrichment analysis of the downregulated phosphoproteins identified
enrichment of proteins involved in RNA processing, DNA maintenance and cell cycle progression among the
top GO-BP terms (Figure 4B). Interestingly, such processes were also enriched in upregulated
phosphoproteins (Figure 4C), suggesting that cellular response to 2°3’-cGAMP treatment is dependent on
specific proteins. Notably, phosphorylation of Cyclin-dependent kinase (CDK) 11 at S566 was > 9-fold
lower in 2°3’-cGAMP treated cells compared to control cells. Similarly, phosphorylation of other cell cycle
or leukocyte associated proteins at various phosphosites such as Phosphatidylinositol 4-kinase beta (PI4KB)-
S523, Tyrosine-protein kinase ZAP-70 (ZAP70)-T494, Proto-oncogene tyrosine-protein kinase Src (SRC)-
S75, SH3 domain-containing kinase-binding protein 1 (SH3KBP1)-S183, and Ubiquitin carboxyl-terminal
hydrolase 36 (USP36)-S442 were 4-8 folds lower in 2°3’-cGAMP treated T-cells compared to control T-
cells. On the other hand, phosphorylation of proteins such as IFIT3 at S24 and S299 were 22-60-fold higher
in 2°3’-cGAMP treated cells compared to control cells. Also, phosphorylation of Neuroblast differentiation-
associated protein AHNAK (AHNAK) at S135, S210, S216 and S5752 were 4-16-fold higher in 2°3’-
cGAMP treated cells compared to control T-cells. See Table S9 for a list of all 294 differentially
phosphorylated sites (p <0.05).

We further categorized these differentially regulated phosphoproteins according to their STRING
database biological functions Table S10. Proteins involved in autophagy, myeloid cell differentiation,
regulation of double strand break repair, nuclear excision repair (NER), RAN binding domain and interferon
signaling were amongst the differentially phosphorylated targets in 2°3’-cGAMP treated compared to control
T-cells.
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Figure 4: Heatmap with hierarchical clustering in two distinct groups of differentially phosphorylated phosphosites following
phospho- proteomics analysis. (B) Distinct Gene Ontology — Biological Process (GO-BP) terms significantly enriched from all
significantly downregulated phosphoproteins. (C) Distinct GO-BP terms significantly enriched from all significantly upregulated

phosphoproteins.

Protein phosphorylation also modulates protein-protein interactions[31]. To map putative protein-

protein interactions of significant phosphoproteins, we performed interactome analysis using the metascape

software[29]. The downregulated phosphoproteins were enriched for mRNA processing, regulation of gene

expression and cell cycle regulation. Regulation of nucleic acid metabolism and glucose metabolism were

evident amongst the upregulated proteins. Cytoscape was used to illustrate interaction network of the

downregulated phosphoproteins[32] (Figure 5).



.PRPF 3.DNP\_]CS @®KDM1A @)JUN Ribonucleoprotein
@NUFIP2 complex biogenesis
.SBBZQSRRMl ® @HDAC6 aciins
DDX46 MBD3 H
@srsF6 ® @ATXN2L
@sRsF2 OMTAL G
@,crse4 @CATAD2A @DKC1
-~ SRWR @EIF3CL
Regulation of gene
.RAN GAP1 @BRD2 | expression @nNoc2L
@rDsse
Qeyta @oYNC112 OSPTBN1 @IGF28P3
@0osn1 SRC
@cLaspP2 o @SUPT16H Regulation of mRNA
.KlFZA OATP1A1 @®RBM39 metabolic process
@CLP1 @crcceL @ciT2 Actin flament- @DDX21 ®YBX3
OARHGEF6 based process @KPNA3  @RRP12
L ONUPIS
Cell cycle
regulation

Protein-protein interaction network of downregulated phosphoproteins

Figure 5: Protein-protein interaction networks of downregulated phosphorylated proteins. Figure made on Cytoscape software.

23 Differentially phosphorylated kinases and phosphatases and kinase motif profiling

With the observation of many differentially phosphorylated proteins and phophosites, we sought to
understand the kinase groups and motifs that drive these phosphorylation events and used the cell signaling
technology-mapping tool to create a kinase tree of the differentially regulated kinases. TKL, STE, TK,
CMGC, CK1, AGC, and CAMK kinase were the most impacted families by 2°3’-cGAMP treatment (Figure
6A). Similar kinase families were also found in the kinase tree analysis using the differentially quantified
global proteins (Figure S8). Protein phosphatase 1H (PPM1H) was differentially phosphorylated at position
S211 following the 2°3’-cGAMP treatment. There were no differences in total proteins for LCK and
SH3KBP1 between the treated and untreated samples, but they were differentially phosphorylated at Y454
and S183, respectively. The most significantly regulated kinases and phosphatases with a localization
probability of >0.9 (90-100%) are shown in Table 1.

NetPhorest kinase motif analysis, which predicts kinase specificity based on the motifs surrounding
the phosphorylated site mapped in our phosphoproteomic analysis, suggested that most of the differential
kinase motifs were in the Casein kinase II (CK2), the Cyclin dependent kinases (CDK) 1/2/3/5 and the
Mitogen activated protein kinase (MAPK) 1/3/7 groups (Figure 6B). A kinase motif enrichment analysis

showed that the most significantly enriched motifs were G protein-coupled receptor kinase 1, Glycogen
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synthase kinase-3 (GSK3), protein kinase A (PKA) and protein kinase C (PKC) substrate motifs. Other

motifs such as 14-3-3 and Bromodomain substrate motifs were also impacted by 2°3’-cGAMP treatment.

NetPhorest Grouping of Kinase Motifs

= CK2 group
® CDK1/2/3/5 group
= MAPK1/3/7 NLK group
% CLK group
m RCK group
m ACT2/2B TGFbR2 group
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Figure 6: (A) Kinase tree map of regulated kinases following phosphoproteomics analysis.

TKL = Tyrosine kinase like; STE = serine/threonine kinases; TK = Tyrosine kinase; CMGC = represents the initials of members of
the subfamily: cyclin-dependent kinase (CDK), mitogen-activated protein kinase (MAPK), glycogen synthase kinase (GSK) and
CDC-like kinase (CLK)); CK1 = Casein kinase; AGC = represents the last letters of cAMP-dependent protein kinase (PKA), the

c¢GMP-dependent protein kinase (PKG) and the protein kinase C (PKC) families; and CAMK = calcium/calmodulin-dependent
kinases. This figure is courtesy of cell signaling technology Inc. (www.cellsignal.com) (B) NetPhorest Grouping of Kinase Motifs
showing most impacted kinase motifs.
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Table 1: Differentially phosphorylated kinases and phosphatases in treated vs control T-cells (90 -100% localization
probability, P <0.05, Log 2-fold change >+ 0.5)

S/No. | Kinase/Phosphatase Gene Amino | Position | Localization | p- Log 2
names Acid probability | value | Fold
Change

1 Cyclin-dependent  kinase 11B; | CDK11B; | S 566 1 0.005 | -3.18
Cyclin-dependent kinase 11A CDKI11A

2 SH3 domain-containing kinase- | SH3KBP1 | S 183 1 0.026 | -2.91
binding protein 1

3 Serine/threonine-protein PPP6R1 S 635 1 0.001 | -2.86
phosphatase 6 regulatory subunit 1

4 Serine/threonine-protein PPP6R1 S 638 1 0.002 | -2.73
phosphatase 6 regulatory subunit 1

5 Phosphatidylinositol 4-kinase beta | PI4KB S 523 1 0.034 | -2.19

6 Pseudopodium-enriched  atypical | PEAK1 S 281 1 0.044 | -0.64
kinase 1

7 Tyrosine-protein kinase Lck LCK Y 454 1 0.023 | -0.6

8 Protein kinase C eta type PRKCH S 675 1 0.02 -0.59

9 Protein phosphatase 1H PPM1H S 211 1 0.038 | 2.38

10 Proto-oncogene  tyrosine-protein | SRC S 75 0.99 0.005 | -2.72
kinase Src

11 Mitotic checkpoint | BUBI S 596 0.99 0.036 | 0.99
serine/threonine  protein  kinase
BUBI

12 Serine/threonine-protein kinase 11- | STK11IP | S 366 0.98 0.026 | -1.64
interacting protein

13 AP2-associated protein kinase | AAKI1 T 606 0.98 0.042 | -0.67

14 52 kDa repressor of the inhibitor of | PRKRIR S 141 0.95 0.047 | -2.59
the protein kinase

15 Tyrosine-protein kinase ZAP-70 ZAP70 T 494 0.91 0.034 | -1.99

2.6 Immunoblot validation of differentially regulated proteins

To validate the results of the proteomics and phosphoproteomics analyses, we performed Western
blot analysis of lysates collected after 24 h treatment with 2°3’-cGAMP for several representative proteins

(Figure 7). Up-regulation of HERCS5, DDX58, ZC3HAV1, SUMO4, H3 and ISG15 as determined by
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proteomic analysis was corroborated by WB. ARG2 which was identified in the 2°3’-cGAMP treated cells
only in the proteomics analysis also showed similar pattern when immunoblotted (Figure 7A). Similarly,
UBE2C, detected only in control T-cells in the proteomics analysis (Table S2) also showed a similar pattern
in the immunoblots, further validating proteomics results and its downregulation by 2°3’-cGAMP (Figure
7A).

Recently, asides phosphorylation, the role of unconventional post translational modifications in
cGAS-cGAMP-STING mediated signaling has generated significant interest[33]. Whereas ubiquitylation is
known to play important roles in this signaling axis, ISGylation regulated by cGAMP in T-cells has not yet
been shown. ISGylation occurs when ISG15 is conjugated to target proteins[34]. Our data show that ISG15
and HERCS5 (ISG15 E3 ligase), major players in ISGylation were amongst the highest upregulated proteins.
We demonstrated that cGAMP treated cells showed marked differences in ISG15 conjugated proteins when

compared to controls (Figure 7C).
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Figure 7: Immunoblot validation of selected differentially regulated proteins. (A) Western blot images of differentially regulated
proteins in treated (100 uM 2°3’cGAMP, 24 h) vs untreated. *For LC-MS/MS data, ARG2 was below detectable limits in the
control samples while *UBE2C was below detectable limits in the 2°3’cGAMP treated samples. Blot images shown for ARG2 and
UBE2C were for both treated and control samples. (B) Log 2-fold change of blot intensity from densitometric analysis normalized
to B-Actin compared with the LC-MS/MS LFQ log 2-fold change of cGAMP treated samples vs untreated controls. Original blot
images are shown in Figure S9. (C) 2°3’-cGAMP mediated ISGylation in T-cells. Immunoblot showing proteins conjugated to
ISG15 (ISGylation) and free ISG15 with and without treatment with 2°3’-cGAMP (24 h). Original blot image is shown in Figure
S10

3.0 Discussion

T-cell signaling is known to be a major link between the innate and adaptive immune responses[35].

On the other hand, the cGAMP-STING pathway has been extensively studied as critical modulators of the
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innate immune response[36]. We chose Jurkat T-cell for our study because this cell line is easy to maintain,
which had previously been used to demonstrate the effects of c-di-GMP on mammalian cells[37] as well as
cGAMP[13]. Indeed, high levels of cGAMP in T-cells (produced under conditions that release DNA into the
cytosol, such as oxidative damage or via DNA damaging agents) have been shown to cause apoptosis[14].
Proteome profiling of T-cells treated with 2°3’-cGAMP showed similar response to what has been previously
reported in innate immune cells such as macrophages[10, 38]. For example, ISG15, a central modulator of
host immune response through its conjugation to a target protein in a process called ISGylation, or as a free
protein, was significantly upregulated in 2°3’-cGAMP treated T-cells, as has been shown in macrophages[10,
13, 38]. Additionally, it is known that ISG15 upregulation increases the secretion of IFN-y and cGAMP also
seem to enhance the expression of ISGylation related proteins such as ISG15 and HERC5[34]. ISG15 during
ISGylation is conjugated to a lysine of target protein, in a reaction catalyzed by E1 (activating), E2
(conjugating), and E3 (ligating) enzymes[39]. Four of these E3 enzymes (HERCS, TRIM25, TRIM26 and
RNF220) were also significantly upregulated by 2°3’-cGAMP in this study. Additionally, IFIT1 and DDX58,
previously reported as ISGylation targets[40] were also upregulated by 2°3’-cGAMP. We demonstrate for
the first time, 2°3’-cGAMP mediated conjugation of ISGI5 to target proteins in T-cells. Campbell and
colleagues have previously shown that the free form of ISGI1S5 stimulated natural killer (NK) cell
proliferation, neutrophil chemotaxis and IFN-gamma production by T-cells, inducing further activation of
monocytes and NK cells[41]. Other upregulated proteins such as DDX58 (RIG-1), 2'-5'-oligoadenylate
synthase-like protein (OASL) and 2'-5'-oligoadenylate synthase 2 (OAS2) are known sensors of cytosolic
RNA[42] and play active roles in immunity against Mycobacterium tuberculosis (Mtb) and inhibit
intracellular Mtb replication[43, 44]. The impact of 2°3’-cGAMP on T-cells and immune response was
clearly evident from the upregulation of proteins that play critical roles in ISGylation, immune sensing and
interferon signaling.

On the other hand, differential modulation of RB1, SRC, CDK9, CDKI11 and BUBIsuggested an
impact of 2°3’-cGAMP treatment on cell cycle associated pathways (Figure 2A, 3B, 3C, 4A) and kinase
motifs (Figure 3E). RB1 dephosphorylation at T821 is required for cells to undergo apoptosis, and exposure
to cGAMP is known to cause apoptosis[14, 45]. RB1-T821 phosphorylation was ~ 2-fold lower in treated
cells compared to controls (Figure 7A; Table S9 (SI in Excel). Also, phosphorylation of SRC at S75, a
protein-tyrosine kinase important in cell growth, cell division, and migration, and cellular survival signaling
pathways was downregulated ~ 8-fold by 2’3’-cGAMP treatment[46]. Earlier reports show that
phosphorylation of SRC at S75 promotes ubiquitylation and degradation of active SRC thereby limiting its
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activity[47]. Thus, decreased phosphorylation of SRC at S75 increases the activity of SRC. Additionally,
CDKI1 and CDKS5 have been shown to phosphorylate SRC at S75[48]. Moreover, phosphorylation of the
mitotic check point protein BUBI at S596 was ~2 fold higher whilst that of CDK11 at S566 was ~ 9-fold
lower in cGAMP treated cells (See Table 1). It is currently not known how phosphorylation of BUBI at
S596 or CDK11 at S566 affect function and future work is needed to clarify these issues. The ability of T-
cells to link the innate and adaptive immune response is mediated by the T-cell receptor (TCR)[35]. The
activation of TCR enables the recognition of peptides bound to major histocompatibility complex (MHC)
molecules[49] and stimulates signaling cascades that culminates in specific adaptive immune and innate
responses[35]. Many proteins involved in TCR signaling including DNA-dependent protein kinase catalytic
subunit (PRKDC) and DNA repair protein XRCC4 (XRCC4) were differentially phosphorylated after 2°3’-
cGAMP treatment at S2612 and S318, respectively. PRKDC phosphorylation at S2612 is important for
precise end joining during DNA double strand break repair[50, 51]. Thus, PRKDC is a critical kinase for
nonhomologous end-joining (NHEJ) of DNA during V(D)J recombination. Differential upregulation of LCK
phosphorylation at Y454 (newly reported site) and downregulation of ZAP70 at T494 may be important for
TCR regulation[49], however biological implications of their differential phosphorylation are yet to be
elucidated.

Phosphoproteomic analysis revealed a dual phosphorylation of PPM1H at S123 and S211 in 2°3’-
cGAMP treated cells, but not in control T-cells. Osawa et al. recently showed that PPM1H phosphorylation
at these two positions via cAMP-dependent protein kinase (PKA) and Ca2+/calmodulin-dependent protein
kinase I (CaMKI) regulate dephosphorylation of Mothers Against Decapentaplegic Homologl (SMAD1)
[52]. SMADI is a PPM1H substrate which functions as a transcription factor implicated in Transforming
growth factor beta (TGF-B) and bone morphogenic protein (BMP) signaling[53-55]. On the other hand,
AHNAK potentiates TGF-f signaling and negatively regulate cell growth [56]. AHNAK was upregulated
~10 fold and differentially phosphorylated at multiple positions in the 2°3’-cGAMP treated T-cells in this
study (Figure S3 and Table S2)

4.0 Conclusion

Inflammation is an important cellular process of the host immune response to pathogens. We have
shown that 2°3’-cGAMP play an important role in modulating the abundances of proteins and
phosphoproteins involved in ISGylation, regulation of type I interferons, regulation of cell cycle and DNA

repair. Previously, there was little information about 2°3’-cGAMP triggered phosphorylation events and
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related kinases in T-cells. This study fills that gap and suggests regulation of several kinases such as BUBI,
PRKCH, PRKDC, ZAP70, LCK, and SRC in the presence of 2°3’-cGAMP in T-cells. Furthermore, 2°3’-
cGAMP treatment impacted critical kinase motifs including CK2, CDK 1/2/3/5, MAPK 1/3/7, GSK3, PKA
and PKC motif groups, likely suggesting multiple host defense mechanism against pathogens. This work
demonstrates that beyond the canonical TBK1 and IKK kinases, 2°3’-cGAMP broadly affects many other
kinases signaling axes. The immediate goal of this study was to reveal that cGAMP has a much broader
effects on global phosphorylation, beyond the canonical TBK1/IKK signaling using an unbiased proteomics
approach. A limitation of the present study is that Jurkat cells, although useful as a model of T cells, might
not completely recapitulate the response to CDNs by normal T cells in vivo. Future work will investigate
other cell types. Also, in this study, we used 100 uM cyclic dinucleotides and performed a 24 h treatment of
the cells. Earlier studies had shown that although 2°3’-cGAMP has poor cellular permeability due to the
negative charges, 100 uM, was adequate to cause cytokine release from immune cells after 24 h [10, 66].
CDNs are being evaluated as immunomodulatory agents and depending on dosing, some immune cells may
encounter concentrations as high as 100 uM. But for 24 h treatment, the reported effects of 2°3’-cGAMP on
Jurkat cells may not reflect initial response to cyclic dinucleotides. Future studies, beyond the scope of the
current study, evaluating different time points/concentrations of CDNs and using different cell types, are

therefore needed to fill in some of these missing gaps.

Methods

Jurkat T cell lines (ATCC) were grown in RPMI media with 10% fetal bovine serum (FBS) plus
antibiotics (100 IU/mL penicillin and 100 pg/mL streptomycin) at 37 °C and 5% CO2 until at least 80%
confluency was achieved. For each experiment, cells were seeded in triplicates and grown for 24 h before
treating with 100 uM of 2°3’-cGAMP or sterile water (controls) for 24 h before sample collection. Proteomic
analysis was performed at the Purdue Proteomics Facility (PPF) as described previously[57]. Briefly, cells
collected were lysed in 100 mM ammonium bicarbonate (ABC) in a Barocycler (PBI Inc.) (4 °C, for 90
cycles of 20 s at 35 kPSI and 10 s at I ATM) and followed by acetone precipitation at —20 °C overnight.
Proteins were reconstituted in 8M urea for processing as previously described[58]. 20 ug of protein were
saved for global analysis, and the remainder was enriched for phosphopeptides using the Spin-Tip PolyMAC
Phosphopeptide Enrichment kit (Tymora Analytical, IN, USA) as described previously[59, 60]. LC-MS/MS

data was collected on a Thermo Q Exactive Orbitrap HF mass spectrometer coupled with a Dionex UltiMate
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3000 HPLC system with the use of a 120 min LC gradient. For protein identification and MS quantitation
from the raw Mass spectrometry data, we used MaxQuant (version 1.6.3.3)[61].

MaxQuant results were further analyzed in Perseus software[62]. Only proteins identified in a
minimum of two out of three treatment replicates and with at least two MS/MS counts were included in all
analysis. We performed differential expression analysis of proteins and phosphoproteins using LFQ and STY
site intensities. Thus, Log2 transformed LFQ intensities and Student’s t-test were used to determine
differential abundances. PhosphoSite plus[63], and NetPhorest[64] were used for deeper specific
phosphorylation sites analysis while Gene Ontology and PANTHER were used for Gene Ontology
analysis[26, 28, 65]. For correlation between replicates, we used Scatter plots and Violin box plots while
Venny 2.1 software was used to plot Venn diagrams. Auto-scale normalized data was used for hierarchical
clustering and heatmaps while pathway enrichment was carried out using the ingenuity pathway analysis
software[25].

Western blotting was completed as reported previously with minor modifications[10]. Specifically,
~Imillion cells/mL Jurkat T-cells were treated with 100 uM 2°3’-cGAMP or sterile water for 24 h. The cells
were lysed in mPER lysis buffer plus inhibitor cocktail and incubated on ice before collection by
centrifugation at 19 000 rpm for 10 min at 4 °C. Samples were separated by SDS-PAGE and transferred to
nitrocellulose blotting membrane at 100 V for 120 min. 5% Bovine Serum Albumin. (BSA) was used for
blocking and antibody preparation. Membranes were analyzed with specific antibodies against ISG15,
HERCS, DDX58, UBE2C, ARG2, H3, ZC3HAV1, SUMO4, pRB1-T821 and -Actin. Antibodies for ISG15
(A1182), HERCS (A14889), DDX58 (A0550), UBE2C (A5499), ARG2 (A6355), H3 (A2348), ZC3HAV1
(A9219), SUMO4 (A3100), and B-Actin (AC006) were obtained from Abclonal whereas antibody for pRB1-
T821 (ab4787) was obtained from Abcam.

5.0 Data Availability

Raw LC-MS/MS data for this study has been deposited in the Mass Spectrometry Interactive Virtual
Environment (http://massive.ucsd.edu) with the ID: MSV000088715
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