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Analyses of PDE-requlated phosphoproteomes reveal
unique and specific cAMP-signaling modules in T cells
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Specific functions for different cyclic nucleotide phosphodiester-
ases (PDEs) have not yet been identified in most cell types.
Conventional approaches to study PDE function typically rely on
measurements of global cAMP, general increases in cAMP-
dependent protein kinase (PKA), or the activity of exchange
protein activated by cAMP (EPAC). Although newer approaches
using subcellularly targeted FRET reporter sensors have helped
define more compartmentalized regulation of cAMP, PKA, and
EPAC, they have limited ability to link this regulation to down-
stream effector molecules and biological functions. To address this
problem, we have begun to use an unbiased mass spectrometry-
based approach coupled with treatment using PDE isozyme-
selective inhibitors to characterize the phosphoproteomes of the
functional pools of cAMP/PKA/EPAC that are regulated by specific
cAMP-PDEs (the PDE-regulated phosphoproteomes). In Jurkat cells
we find multiple, distinct PDE-regulated phosphoproteomes that
can be defined by their responses to different PDE inhibitors. We
also find that little phosphorylation occurs unless at least two
different PDEs are concurrently inhibited in these cells. Moreover,
bioinformatics analyses of these phosphoproteomes provide in-
sight into the unique functional roles, mechanisms of action, and
synergistic relationships among the different PDEs that coordinate
cAMP-signaling cascades in these cells. The data strongly suggest
that the phosphorylation of many different substrates contributes
to cAMP-dependent regulation of these cells. The findings further
suggest that the approach of using selective, inhibitor-dependent
phosphoproteome analysis can provide a generalized methodol-
ogy for understanding the roles of different PDEs in the regulation
of cyclic nucleotide signaling.
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ellular signaling is a complex orchestration of multiple ef-

fector molecules making up communication relays that ulti-
mately coordinate cellular responses. Since its original discovery
nearly 60 y ago (1, 2), cAMP has been shown to regulate many
different biological processes in multiple cell types (3). cCAMP
coordinates the regulation of these cellular responses by activating
cAMP-dependent protein kinases (PKAs) (4), specific guanine
nucleotide exchange factors (EPACs) (5), and cyclic nucleotide-
gated ion channels (6). It also can directly regulate some of the
cyclic nucleotide phosphodiesterases (PDEs). The PDEs comprise
a family of enzymes that catalyze the hydrolysis of cAMP or cGMP
to 5’-AMP or 5'-GMP and thus regulate the amplitude, duration,
and subcellular localization of cyclic nucleotide signaling.

It is thought that the expression and subcellular distribution of
cAMP, PDE:s (7), adenylyl cyclases (8), effector molecules (9), and
target substrates are organized in such a way as to form “func-
tional compartments.” These compartments may correspond to
known subcellular (10) regions or may be more diffuse and smaller
than can be resolved by light microscopy. For example, PDE3B is
localized predominately at membrane surfaces and is thought to
regulate cAMP in regions proximal to these surfaces (11). Simi-
larly, in activated T cells, PDE4 is recruited to the T-cell receptor
in a p-arrestin—dependent manner, thus lowering cCAMP in the
vicinity of this part of the T-cell activation pathway (12).

In T lymphocytes, PDE inhibitors and other agents that increase
cAMP have in general been shown to reduce cell proliferation and
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to bias T-helper polarization toward Th,, Treg, or Th;; pheno-
types (13, 14). In a few cases increased cAMP may even potentiate
the T-cell activation signal (15), particularly at early stages of
activation. Recent MS-based proteomic studies have been useful
in characterizing changes in the phosphoproteome of T cells under
various stimuli such as T-cell receptor stimulation (16), prosta-
glandin signaling (17), and oxidative stress (18), so much of the
total Jurkat phosphoproteome is known. Until now, however, no
information on the regulation of phosphopeptides by PDEs has
been available in these cells.

Inhibitors of cAMP PDE:s are useful tools to study PKA/EPAC-
mediated signaling, and selective inhibitors for each of the 11 PDE
families have been developed (19-21). The classical pharmaco-
logical approach to study cAMP-regulated systems has been to
increase global cAMP in vitro or in vivo by means of adenylyl
cyclase activation and/or treatment with relatively nonselective
PDE inhibitors. Consequently, information about the composition
and function of specific subcellular cAMP-signaling compartments
was largely masked. We used sets of highly selective PDE inhibi-
tors to perturb putative CAMP compartment(s) combined with
unbiased, global MS-based analysis to capture dynamic changes in
the phosphoproteomes regulated by these PDEs. We treated
Jurkat cells with various combinations of selective inhibitors of
PDEs 1, 3, 4, 7, and 8 in the presence or absence of low, physi-
ological concentrations of PGE,. Total phosphorylation changes
were quantified by label-free LC-MS/MS (22-24), leading to the
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We have coupled mass spectrometry-based phosphoproteomic
analyses with treatment using various selective PDE inhibitors to
characterize the PDE-regulated phosphoproteome of CD3/CD28-
stimulated Jurkat cells. Predictive algorithms were used to iden-
tify likely upstream regulatory kinases, metabolic pathways, and
biological processes that can be regulated by different PDEs.
Here we compare the phosphoproteomes of different func-
tional compartments subserved by combinations of individual
PDE isozymes in a T-cell model. We observed unique phos-
phoproteomes associated with specific combinations of PDEs.
These data allow one to prioritize future experiments to un-
derstand further how these pathways are regulated by specific
PDEs. The results also have substantial implications for the
design and use of selective PDE inhibitors in clinical practice.
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identification of 13,589 sites, of which 618 were sensitive to PDE
inhibition. In doing so, we identified two distinct functional
compartments regulated by two different combinations of PDE
inhibitors.

Results

Global cAMP Levels Are Elevated Only by Specific Combinations of
PDE Inhibitors. To determine which sets of PDE inhibitors to use in
phosphoproteomic studies, we first treated Jurkat cultures with
individual isozyme-selective PDE inhibitors or various combina-
tions of these inhibitors and measured the resulting changes in
cAMP levels. Previous studies identified PDEs 1B, 1C, 3B, 4A,
7A, and 8A as the predominant cAMP-hydrolyzing PDE mRNA
transcripts expressed in Jurkat cells (25-27). In theory, any of
these PDEs or any combination of PDEs could regulate different
functional cAMP compartments in the cell. We also used 50 pM
and 200 pM isobutylmethylxanthine (IBMX), a potent, general,
nonselective PDE inhibitor, in combination with 200 nM PF-
04957325 (a PDES-selective inhibitor) to inhibit the majority of
cAMP-hydrolyzing PDEs. For these initial studies, we then chose
the inhibitor combinations that seemed most likely to influence
the greatest number of PDE-regulated functional compartments
for follow-up by phosphoproteomic analysis (Fig. 1).

Somewhat unexpectedly, treatment with an individual PDE
inhibitor alone did not cause a significant increase in total cAMP
in either the absence or the presence of low PGE, (1 nM) (87
Appendix, Fig. S1). However, when combined with the low con-
centration of PGE, (1 nM), combined treatment with cil-
ostamide (a PDE3 inhibitor) and rolipram (a PDE4 inhibitor)
greatly increased cAMP, from 9.7 to 144 pmol/mL (Fig. 1). In-
terestingly, the combination of PGE, plus 50 pM IBMX and
200 nM PF-04957325 increased cAMP to a lesser degree (from
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Fig. 1. Inhibition of multiple phosphodiesterases is necessary to increase
intracellular cAMP. Jurkat cells (1 x 107) were treated as indicated for 20 min.
Cells were centrifuged briefly, and the supernatant was discarded. Cell
pellets were lysed by adding 1 mL of a 1:99 mixture of 11.65 M HCL and 95%
EtOH. Pellets were dispersed using a P1000 pipet tip and were vortexed. The
lysate was incubated at room temperature for 30 min. Following incubation,
the extraction volume was transferred to a fresh microfuge tube and was
dried in a speed vacuum. cAMP was resuspended in 150 pL of 0.1 M HCl,
acetylated, and assayed using a cAMP ELISA kit according to the manufac-
turer’'s recommendations (Cayman Biochemical). Bars represent the mean of
a minimum of three individual experiments; error bars show SD. ITI-078/
BRL50481/PF-04957325 and IBMX 50 pM data are from two individual ex-
periments; error bars indicate the range. Statistical analysis was performed
using a Student’s t test; ***P < 0.0001. The dashed line indicates the greatest
increase of cCAMP from a single PDE inhibitor (rolipram) treatment.
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9.7 to ~50 pmol/mL) than the combination of PGE; plus cilostamide
and rolipram, perhaps because of the known antagonistic effect of
IBMX on adenosine-stimulated cAMP. However, a higher con-
centration of IBMX (200 pM) and 200 nM PF-04957325 plus
PGE; (1 nM) increased cAMP ~38-fold (from 6.6 to 250 pmol/mL)
(Fig. 1). In these conditions, the highest level of cAMP was seen in
the presence of a supersaturating concentration of 200 uM PGE,
(Fig. 1). Overall, the results suggested that most putative cCAMP
compartments would be saturated only, if at all, in the high PGE,
condition, thus implying that it should be feasible to use lower
combinations of PDE inhibitors to begin to resolve the phos-
phorylations that occur in the PDE-specific functional compart-
ments of the cell.

Phosphoproteomic Interrogation of PDE Functional Compartments
(the PDE-Regulated Phosphoproteomes). To identity the constitu-
ents of putative PDE-regulated compartments, we designed a
phosphoproteomic approach using the combination of PDE in-
hibitors that caused the greatest increases in global cAMP based on
our cCAMP assay results. This approach is illustrated in ST Appendix,
Fig. S2A4. Preliminary analysis of the number of phosphopeptides
identified in the basal condition (SI Appendix, Fig. S2B) suggested
that nearly maximal identification could be achieved with nine LC-
MS/MS runs for each treatment condition (with three or more
biological replicates and three analytical replicates each). A single
LC-MS/MS run yielded on average 5,146 unique quantified phos-
phopeptides, and increasing the number of LC-MS/MS runs to
nine approached a plateau number of ~10,000 phosphopeptides
per biological condition (SI Appendix, Fig. S2B). The Pearson cor-
relation coefficients between biological replicates and analytical
replicates were between 0.5-0.9 and >0.9, respectively (SI Appendix,
Fig. S2C). In total, we identified 13,589 phosphopeptides and
3,241 proteins. For further downstream functional analyses, we
included only phosphopeptides that were observed in at least 60%
of the LC-MS/MS runs in the respective treatment groups. Of the
13,589 phosphopeptides identified, we found 618 phosphopeptides
distributed among 461 unique proteins that were significantly
regulated by the PDE inhibitor treatments [false discovery rate
(FDR) <0.05, two-tailed ¢ test, permutation-based FDR]. (Please
refer to Dataset S1 for the complete list).

Different PDEs Regulate Distinct Functional Compartments. Consis-
tent with the cCAMP assays, no phosphosites were significantly al-
tered by individual PDE inhibitor treatments alone under the basal
condition (no PGE,) (Dataset S1) or in the 1-nM PGE,-stimulated
state (Fig. 24). However, we observed a synergistic increase in
phosphopeptides identified when two or more PDEs were inhibited
(Fig. 24). To corroborate the proteomics data, we used commer-
cially available (Abcam and Cell Signaling) antibodies to probe for
changes in phosphorylation in phosphosites identified in our
proteomics study, Stathminl (STMN1) S63 and Rho/Rac guanine
nucleotide exchange factor 2 (ARHGEF2) S858. In agreement
with the proteomics study, we found that neither PDE3 or PDE4
inhibitors alone, nor the combination of PDE1, PDE7, and PDES
inhibitors, caused a change in STMN1 S63 phosphorylation, but
inhibition of both PDE3 and PDE4 increased STMNI1 S63
phosphorylation (Fig. 2B, see also SI Appendix, Fig. S7). In this
case also, treatment with 200 pM IBMX plus the PDES inhibitor
caused the greatest increase in phosphorylation. The individual
PDE1, PDE7, and PDES inhibitors alone did not increase
ARHGEF2 S858 phosphorylation, but the combination of all
three inhibitors did (Fig. 2C).

In an attempt to define the functional compartments also reg-
ulated by PDEs other than PDE3 and PDE4, we performed the
same analysis with 50 pM IBMX plus 200 nM PF-04957325 and
200 uM IBMX plus 200 nM PF-04957325. The expectation was that
the 200 uM IBMX plus PF-04957325 condition would likely define
the total PDE-regulated functional compartments. Each of these
conditions was assessed in the absence or presence of a low con-
centration (1 nM) of PGE,. Indeed, many more regulated phos-
phosites were modulated when all PDEs were inhibited (Fig. 3). We

PNAS | Published online June 20, 2017 | E6241

PNAS PLUS

SEE COMMENTARY

>
(Y
o
=
=}
[}
<
=
[
<
-
o


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703939114/-/DCSupplemental/pnas.1703939114.sapp.pdf

A PGE,(1 nM)
) . IBMX (200 uM) +
Cilostamide (5 uM) Rolipram (10 uM) Cil + Rol PF8 (200 nM)
Increased  Decreased
-PO, -PO,
STMN1 -»v;‘r %
-5 0 55 0 5-5 0 5-5 0 5

Log, (PGE,/Treatment)

m Statistically significant change
+ Statistically significant change & identified in 2 60% of LC-MS/MS runs

B & *%
o
&

N

w b
- ‘

v O N ¥ -\§°
CF S’

Fold Change/
DMSO CTRL
o = N
o .+3
T I §|¢
Coee s T

CD3/CD28 +
PGE; (1 nM) +
Cilostamide -
Rolipram -
PF-04957325 +
IBMX (200 uM) +
C ns
. S 2.5 !
. Q - " ns
. . . AT B Q [ 2
O NN SPINL RN oK 2.0 x e
P LSS == —
NEP LSS 5615
0o
-? 1.0
o=
w005
0.
PGE,(1nM) - + + + + + + +
ITI-078 EEEEE TR B
Cilostamide L
Rolipram P . R
BRL50481 = = =+ -+ - -
PF-04957325 =~ - =- - + + - +
IBMX (200uM) - - - - - - - +

Fig. 2. Inhibiting multiple PDEs increases the number and magnitude of
phosphorylation changes. (A) Volcano plots of the number of phosphosites
significantly modulated compared with DMSO as a subset of the total pro-
teome are presented as the log ratio of the DMSO intensity over the PDE
inhibitor intensity plotted against the negative log of the P value. Red
squares indicate phosphosites significantly modulated over PGE,. Blue dia-
monds indicate significantly regulated sites that occur in at least 60% of LC-
MS/MS runs. (B) Immunoblot analysis of changes in STMN1phosphorylation
at $63. Cells (1 x 107) were treated as previously described. Cells were har-
vested and boiled in 200 uL Laemmli buffer and transferred to nitrocellulose.
Membranes were probed with anti-STMN1 antibody (S) (1:2,000) (Abcam)
and anti-p-actin (B) (1:200,000) (GeneTex). Membranes were quantified on
the Odyssey Scanner Clx (LI-COR). The blot is shown on the left, and quan-
tification is shown on the right. Error bars show SD. Statistical analysis was
performed using a Student’s t test; *P = 0.02, **P = 0.006. (C) Immunoblot
analysis of changes in Rho/RAC guanine nucleotide exchange factor 2 phos-
phorylation at 5858. Cells (1 x 107) were treated as previously described, har-
vested, boiled in 200 pL Laemmli buffer, and transferred to nitrocellulose.
Membranes were probed with anti-ARHGEF2 antibody (A) (1:2,000) (Cell Sig-
naling) or anti-GAPDH antibody (G) (1:4,000) (Cell Signaling). Error bars in-
dicate SD. Statistical analysis was performed using a Student's t test; *P = 0.04;
ns, not significant.

surmised that the remaining PDEs (i.e., not PDE3 and PDEA4),
which included PDEs 1, 7, and 8 (or some combination thereof),
might also subserve functional compartments different from those
regulated by PDE3 and/or PDE4. Therefore, we also treated Jurkat
cells with a combination of 200 nM ITI-078 (a PDE1 inhibitor),
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30 pM BRLS50481 (a PDE7 inhibitor), and 200 nM PF-04957325
(a PDES inhibitor), also in the absence or presence of a low (1 nM)
level of PGE,.

The subset of cilostamide- and rolipram-regulated phosphosites
made up a portion of the total IBMX- and PF-04957325-regulated
phosphosites (Fig. 3, Left). Forty phosphosites were selectively
regulated by inhibiting PDE3 and PDE4 and not by inhibiting the
combination of PDEs 1, 7, and 8 (Fig. 3, and SI Appendix, Table
S3). Table 1 shows examples of phosphosites increased by the
combination of PDE 3 and PDE4 inhibitors in the absence and
presence of PGE, (for the full list, refer to Dataset S1). Under
PGE,-stimulated conditions 66 phosphosites were regulated by
the PDE3 and PDE4 treatment, and 123 phosphosites were reg-
ulated by the PDE1/7/8 treatment (Fig. 3, Right). However, even
with increased peptide identification, only one common phos-
phosite, S811 on Slingshot protein phosphatase 2 (SSH2), was
statistically altered by both PDE inhibitor treatment groups. This
general absence of overlap strongly suggested that the pool(s) of
cAMP regulated by the combination of PDE1/7/8 inhibitors are
functionally different from the pool(s) regulated by the combi-
nation of PDE3 and PDE4 inhibitors and that perhaps SSH2 is
regulated by cAMP in more than one functional compartment
(Fig. 3, Right and Table 1).

Identifying Kinases That Modulate PDE-Regulated Phosphoproteomes.
The distinct functional pools of PDE-regulated phosphosites were
further characterized by analyzing which regulatory kinases would
be most likely to phosphorylate the PDE inhibitor-dependent
sites. Analysis of the sequences of the phosphosites with the
program NetPhorest (28), a web-based tool for kinase prediction
(https://omictools.com), suggested that the majority of phospho-
sites regulated by combined inhibition of PDEs 1, 7, and 8 are
primarily phosphorylated by casein kinase II or by a kinase with a
similar substrate recognition motif in both the basal and PGE,-
stimulated conditions (Fig. 4, Left). In contrast, the same algorithm
suggested that most of the phosphosites increased by inhibiting
both PDE3 and PDE#4 are primarily phosphorylated by PKA (Fig.
4, Right). We observed a similar trend in PGE,-stimulated cells.
The majority of sites predicted to be phosphorylated by PKA
contain a modified S/T residue contained in the classic PKA
consensus motif R/K, R/K, X, S/T (red bars in SI Appendix, Fig. S3
B and D). However, 132 of 151 phosphorylation sites in the cells
treated with combined PDE1/7/8 inhibitors did not contain this
predicted PKA consensus site (SI Appendix, Fig. S3 A and C).

Basal 1nM PGE,

ITI-078 & BRL 50481 ITI-078 & BRL 50481
& PF-04957325 & PF-04957325

76
25
10 46
200 uM IBMX N
43 27 &PF8 200 uM IBMX
34 31 &PF8
296
Cil & Rol 181

Cil & Rol

371 Phosphosites 369 Phosphosites

Fig. 3. Venn diagrams of the number of phosphosites increased by selective
PDE inhibition. MaxQuant was used to search mass spectra against the
UniProt human reference proteome; 13,589 phosphopeptides were identi-
fied. For further analysis, phosphopeptides had to satisfy the following
conditions: first, phosphopeptides must have an intensity value in 60% of
the total LC-MS/MS runs in that experimental condition; second, they must
be statistically significant by a two-tailed, two-sample t test, multiple com-
parison FDR of 0.05. BioVenn was used to plot the number of unique or
common phosphosites identified in each condition (90).
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Table 1.

Top phosphorylated proteins in response to PDE3 plus PDE4 inhibition in the absence (—) and presence (+) of 1 nM PGE,

compared with changes seen in response to the other PDE inhibitors under the same conditions

Fold change over control

ITl, BRL, CILand IBMX IBMX
Gene Description Position no. Sequence PF8 ROL 50 uM 200 uM
Response to PDE3 and PDE4 inhibitor (-) PGE;
CAD CAD protein 1,343 GRRLSSFVT 1.10 3.31 2.80 2.86
RANBP2 E3 SUMO-protein ligase RanBP2 1,509 PRKQSLPAT 1.30 3.17 3.98 4.23
MAP2K2 Dual specificity mitogen-activated protein kinase kinase 2 394 NQPGTPTRT 0.37 3.01 0.34 0.44
MAGED2  Melanoma-associated antigen D2 200 ARRASRGPI 0.00 2.92 0.86 1.48
HISTIHTE  Histone H1.4; Histone H1.3 37 KRKASGPPV 1.44 2.82 3.79 4.01
HISTIH1C  Histone H1.2 36 PRKASGPPV 0.89 2.80 2.37 2.61
UBE20 E2/E3 hybrid ubiquitin-protein ligase UBE20O 515 SRKKSIPLS 0.66 2.52 1.93 0.95
RCSD1 CapZ-interacting protein 108 ASPKSPGLK 1.54 2.27 0.69 1.05
ATAD2 ATPase family AAA domain-containing protein 2 1,302 RARRSQVEQ 1.24 2.23 3.53 3.92
SEC22B Vesicle-trafficking protein SEC22b 137 RNLGSINTE 1.21 2.16 2.68 2.89
GAS2L1 GAS2-like protein 1 316 ERRGSRPEM 1.25 2.15 2.32 1.67
SSH2 Protein phosphatase Slingshot homolog 2 811 PKKNSIHEL 1.41 2.13 1.87 2.19
Response to PDE3 and PDE4 inhibitor (+) PGE;
RANBP2 E3 SUMO-protein ligase RanBP2 1,509 PRKQSLPAT 2.20 4.51 5.01 5.21
HISTTH1C  Histone H1.2 36 PRKASGPPV 1.23 4.05 3.23 3.88
MAGED2  Melanoma-associated antigen D2 200 ARRASRGPI 0.68 3.84 1.02 1.53
SEC22B Vesicle-trafficking protein SEC22b 137 RNLGSINTE 1.44 3.36 3.45 3.50
PWP1 Periodic tryptophan protein 1 homolog 485 ARNSSISGP 1.27 3.29 4.42 3.20
STMN1 Stathmin 63 ERRKSHEAE 0.42 3.25 1.57 1.59
HISTIHTE  Histone H1.4 37 KRKASGPPV 1.94 3.17 5.58 5.42
NUMAT1 Nuclear mitotic apparatus protein 1 1,955 LRRASMQPI 1.49 2.91 3.59 3.59
NFRKB Nuclear factor related to kappa-B-BP 310 GRKGSLAAL 1.28 2.88 2.17 2.33
CAD CAD protein 1,343 GRRLSSFVT 1.41 2.87 5.24 413
MKI67 Antigen KI-67 538 TKRKSLVMH 1.14 2.53 3.25 3.02

Consensus PKA primary amino acid phosphorylation sequences are shown in bold, underlined, italicized text. Statistically significantly regulated changes in
phosphorylation in the other PDE inhibitor conditions (P < 0.05) are shown in bold. BRL, BRL50481; CIL, cilostamide; ITI, ITI-078; PF8, PF-04957325; ROL, rolipram.

Prioritizing Phosphosites with Likely Biological Relevance. To begin
to identify which of the phosphosites were most likely to be bi-
ologically relevant, we searched a database of phosphosites an-
notated by Xiao et al. (29) for predicted regulatory function. This
database was compiled using an algorithm that compares the
sequences of the phosphosites with a series of criteria including
evolutionary conservation, secondary structure, regional disor-
der, and the degree of sequence similarity to kinase-recognition
motifs of known phosphorylation substrates. Of the 618 sites that
were significantly modulated by PDE inhibitor treatment, 160
were predicted by this algorithm to be likely to have a regula-
tory function (refer to Dataset S1 for the full list). In fact,
55 of these identified phosphosites already have annotations in
the PhosphositePlus (30) database, indicating that there is em-
pirical evidence demonstrating that phosphorylation at the
identified site regulates protein function (examples are given in
Table 2).

This approach also allowed us to identify a series of phosphosites
likely to be regulatory but for which a regulatory role had not yet
been empirically determined. Several examples of the treatment with
PDEI1/7/8 inhibitors are shown in Table 3, and examples of treat-
ment with PDE3 and PDE4 inhibitors are shown in Table 4. We
found 50 potential regulatory sites in the group of PDE1/7/8 inhibi-
tors (Table 3) and 30 potential regulatory sites in the group of
PDE3 and PDE#4 inhibitors (examples are given in Table 4). Clearly,
these sites are prime candidates for further follow-up with genetic
and mutagenesis approaches to corroborate possible new regulatory
roles for these PDE-modulated phosphosites.

Interaction Networks Defined by STRING Analysis. We used STRING

analysis (31) as another method to suggest which biological pro-
cesses or pathways might be regulated in each PDE inhibitor

Beltejar et al.

treatment group and to prioritize further which phosphosites
warranted further investigation. STRING identifies proteins that
have been empirically shown to interact (experiment option) or
that are known components of an annotated common pathway
(database option). This analysis showed a greater number of
interacting proteins in the group treated with PDE1/7/8 inhibitors
than in the group treated with PDE3 and PDE4 inhibitors (Fig. 5).
As expected, the greatest numbers of interactions were observed
in the group treated with 200 pM IBMX plus the PDES inhibitor
(SI Appendix, Fig. S4). Under default network visualization set-
tings, with the inhibition of PDEs 1, 7, and 8 there are clusters
of interacting proteins around MAPK3/ERK1, HDAC4, and
POL2RA (Fig. 5). The combined inhibition of PDE3 and PDE4
shows a cluster of interacting proteins around RANBP2 (Fig. 5).
Last, when all PDEs were inhibited by IBMX plus the PDES in-
hibitor, additional clusters of proteins interacting with HDACI,
SIN3A, MAPRE1, ARHGEF7, ABLL1, LCK, CHEKI1, and PRKABI1
are visible (SI Appendix, Fig. S4). Each of these clusters is in-
dicative of proteins associated with particular pathways or func-
tions. The observation that cAMP modulates several members of a
cluster most likely suggests that CAMP regulates multiple points of
the pathway/process.

Identification of Biological Processes Regulated by Specific Combinations
of PDE Inhibitors. Gene Ontology (GO) analysis of the list of phos-
phoproteins regulated by PDE1/7/8 inhibitor treatment grouped
90 of 133 genes into 17 functional clusters (SI Appendix, Fig. S5 and
Table S1). Fig. 64 shows an example of six identified functional
clusters and the genes associated with their respective processes.
GO analysis of the combination of PDE3 and PDE4 inhibitor
treatment sites resulted in 20 of 74 genes grouped into six functional
clusters (Fig. 6B and SI Appendix, Table S2). GO analysis of the
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Fig. 4. Predicted kinase utilization for different PDE/agonist combinations.
A truncated peptide sequence of four amino acid residues flanking the
regulated phosphosite was used as an input sequence into NetPhorest to
predict kinases responsible for phosphorylating identified sites. The thresh-
old score was set at 0.21.

200-uM IBMX treatment data resulted in 317 of 368 genes grouped
into 34 clusters. Therefore it is quite likely that these different
combinations of PDE inhibitors subserve different functional pools
of cAMP and that the different functional pools in turn regulate the
different functions identified by the GO analysis. It should be noted
that, particularly in the presence of PGE,, several common gene
products are identified in both the PDE3 plus PDE4 inhibitor
condition and the PDE1/7/8 inhibitor condition. In general, how-
ever, different sites are phosphorylated by different combinations of
PDE inhibitors. Several possibilities for this observation are dis-
cussed in the next section.

]
~ |

Discussion

In this study, we have used a nonbiased MS phosphoproteomics
approach coupled with isozyme-selective PDE inhibitors to iden-
tify some of the PDE-regulated phosphoproteomes modulated by
several different cAMP PDEs in a model T-cell line. According to
Ponomarenko (32), there are more than 20,000 different proteins
in the human proteome, not including splice variants and post-
translationally modified proteins. No single cell is expected to
express all possible proteins at all times. In our datasets, we
identified 3,241 phosphorylated proteins containing 13,589 phos-
phopeptides present in CD3/CD28-stimulated Jurkat T cells. The
number of phosphopeptides we identified was comparable to the
number of phosphopeptides identified in other MS studies using
different MS paradigms: 10,500 by Mayya et al. (33), 11,454 Salek
et al. (34), and 12,799 de Graaf et al. (22). Of these 13,589 phos-
phopeptides, 618 were significantly regulated by specific combi-
nations of selective PDE antagonists compared with DMSO or
PGE, controls. Nine LC-MS/MS runs were sufficient to identify
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~88% of the enriched phosphopeptides per biological condition.
We observed a very high correlation (>0.9 Pearson correlation
coefficient) between analytical LC-MS/MS replicates. As expected,
there was greater variation between biological replicates,
which we attribute to inherent variations in culture conditions and
sample processing.

We have defined PDE-regulated functional compartments as
compartments containing proteins that are acutely modulated by a
selective PDE inhibitor treatment. Using the subset of conditions
and drugs that we studied, we observed at least three distinct
functional compartments regulated by PDEs: first, those regulated
by a combination of PDE1/7/8 inhibitors; second, those regulated
by the combination of PDE3 and PDE4 inhibitors; and third,
those regulated by the combination of IBMX and a PDES in-
hibitor that were not regulated by the other two combinations. Of
note, it was necessary to inhibit both PDE3 and PDEA4 to elicit any
changes in the compartment regulated by the combination of
PDE3 and PDE4 inhibitors; individual inhibitors of PDE3 and
PDEA4 had little or no effect by themselves. Time and resources
did not allow testing of all combination of all PDE inhibitors, so it
is likely that other distinct functional compartments exist. In these
initial studies, we used the combination of PDE1/7/8 inhibitors
as a comparison condition to investigate possible compartments
not regulated by PDE3 and PDE4 inhibitors. Indeed, this condi-
tion potentially represents seven different functional compart-
ments regulated by all the possible combinations of PDEs 1, 7, and
8; therefore, data from the PDE1/7/8 condition should be viewed
in this context. However, because it has been previously reported
that little or no PDEI activity or protein is present in Jurkat cells,
it is quite likely that the majority of effects observed in the PDE1/
7/8-inhibited condition are in fact caused by PDE7 and/or
PDES regulation (26). For a full understanding of all of the po-
tential PDE synergies present in T cells and to understand fully
the different PDE phosphoproteomes, phosphorylation profiles
from each PDE inhibitor and PDE inhibitor combination will
need to be determined in future studies. For example, both
PDE3 and PDE4 inhibitors will need to be tested in all combi-
nations with PDE1/7/8 inhibitors. It is known, for example, that a
combination of PDE4 and PDES inhibitors is particularly effective
in MA-10 cells (35, 36), so it seems quite likely that additional
PDE-regulated functional compartments will be identified as dif-
ferent combinations of PDE inhibitors are investigated.

Sensitivity and Phosphopeptide Coverage. No one yet knows how
many phosphosites are regulated by PDEs in T cells. Using multiple
(nine or more) LC/MS runs deepened our proteomic coverage.
However, we know the complete proteome was not sampled, be-
cause key regulatory proteins such as CSK were not identified. This
incomplete sampling may explain, in part, why we observed no ef-
fects with PDE3 or PDE4 inhibitors alone. Phosphorylation changes
in low-abundance proteins are inherently difficult to detect by this
method, especially if the phosphopeptides are not enriched by the
method or if they coelute with more abundant phosphopeptides.
Because the combination of IBMX plus the PDES inhibitor yielded
many more phosphosites than those identified with the combined
total of the PDE3 and PDE4 inhibitors plus the combination of
PDE1/7/8 inhibitors, it seems quite likely that other combinations of
PDE inhibitors will give different and expanded PDE-regulated
phosphoproteome signatures.

In general, the effects of the PDE inhibitor on the phospho-
proteome correlated reasonably well with the observed changes
in cCAMP caused by the same PDE inhibitor treatments, sug-
gesting that the concentrations of cilostamide (5 pM) and roli-
pram (10 pM) used, even though predicted to elicit ~90%
inhibition of PDE3 and PDEA4, respectively, were still quite se-
lective, because neither treatment alone could regulate either
cAMP or the phosphoproteomics data. In theory, the non-
selective inhibitor IBMX (200 pM) plus PF-04957325 (200 nM)
should inhibit all cAMP-PDEs. This combination caused the
greatest number of changes in regulated sites, both in the basal
and PGE,-stimulated states. However, as mentioned above, this
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Table 2. Sites in our dataset modulated by any PDE inhibitor condition that are identified as regulatory in the PFP

database (28)

Predictive models

Gene Description Amino acid  Position no. B L M R RP
LASP1 LIM and SH3 domain protein 1 S 146 _- - - — 4
ARHGEF2  Rho guanine nucleotide exchange factor 2 S 858 —- — + — +
PTPN7 Tyrosine-protein phosphatase nonreceptor type 7 S 125 + + + o+ +
BRAF Serine/threonine-protein kinase B-raf S 446 + + + o+ +
NOP58 Nucleolar protein 58 S 502 _- = - — 4
NUP50 Nuclear pore complex prot Nup50 S 287 —_ = - - +
RAB3IP Rab-3A-interacting protein S 162 _ = - — 4
BAD Bcl2-associated agonist of cell death S 74175 - — + +
PGRMC1 Member-associated progesterone receptor component 1 S 57 —_- = - — +
STAT1 Signal transducer and activator of transcription S 727 — + + + +
SLC9A1 Sodium/hydrogen exchanger 1 S 796 - — — + +
SP1 Transcription factor Sp1 S 7 + + + o+
PRKCB Protein kinase C p-type S 660 — + + — +
TBC1D1 TBC1 domain family member 1 T 596 + 4+ + + o+
ETS1 Protein C-ets-1 S 282 + — 4+ o+ +
PPP1R2 Protein phosphatase inhibitor 2 S 121 + + + + o+
PPP1R2 Protein phosphatase inhibitor 2 S 122 + + + + o+
HMGAT High mobility group protein HMG-I/HMG-Y T 53 - = - — +
STMN1 Stathmin S 63 + - - — 4+
CAD CAD protein S 1,343 + + + +
CAMKK1  C++/calmodulin-dependent protein kinase kinase 1 S 485 —_- = — +
USP20 Ubiquitin carboxyl-terminal hydrolase 20 S 333 _- = - — +

A truncated peptide sequence of four amino acid residues flanking the regulated phosphosite was used to screen the PFP proteomic
database for predicted functional phosphosites. Predictive models used by PFP are Bayes (B), logistic (L), multilayer (M), and random (R).
Empirically determined regulatory sites (RP) as derived from the PhosphositePlus database (29) are reported in the last column.

effect also suggests that other functional compartments regu-
lated by different combinations of PDEs remain to be identified
and annotated. Both the phosphoproteomic results and the
changes in cAMP seen in response to the PDE inhibitor treat-
ments also suggested that major functional compartments in
these cells are most likely not regulated by single PDEs. In ad-
dition, it is, of course, possible that some functional cAMP
compartments may be subserved by three or more PDEs. This
possibility was not tested. Dong et al. (26) reported that inhib-
iting PDE3, PDE4, and PDE7 together maximally potentiated
glucocorticoid-mediated apoptosis. Unfortunately, time and re-
sources did not allow phosphoproteomic studies under all the
possible combinations of PDEs expressed in the Jurkat cell line.
Eventually these studies will need to be done to understand the
full PDE-regulated phosphoproteomes.

It is perhaps worth repeating that the largest changes both in
the phosphoproteome and cAMP data were seen in the PGE,-
stimulated conditions rather than in the basal condition. Thus it
appears that these functional compartments are dynamic and can
be influenced by the source of cAMP. Bloom et al. (37) reported
that pools of cAMP in distinct subcellular locales could be de-
tected in T cells stimulated with different agonists. Therefore, it
is plausible, for example, that the functional compartment(s)
defined by the inhibition of PDEs 1, 7, and 8 or by the inhibition
of PDE3 plus PDE4 could be different in adenosine-stimulated
cells versus PGE,-stimulated cells. Additionally, the time-course
phosphoproteomic studies by Giansanti et al. (17) and Golkowski
et al. (35) suggest that these functional compartments change in
time as well, indicating an additional parameter that will need to
be explored to understand fully the scope of the functional PDE-
regulated phosphoproteomes. Clearly a more comprehensive study
of cAMP/PDE functional compartments is needed to investigate
all the possible combinations of PDE inhibitors under multiple
agonist stimulation paradigms.

Beltejar et al.

Direct Phosphorylation by PKA. Of the 618 significantly regulated
phosphosites, 55 are annotated in PhosphositePlus, indicating
that, when phosphorylated, these sites have been empirically
determined to regulate protein function directly or indirectly. Of
these 55 phosphosites 13 were at canonical PKA consensus se-
quences and therefore are likely to be directly phosphorylated by
PKA. These include ARFIP1 S132 (38, 39), ARHGEF2 S886
(40), BAD S152 (41, 42), BRAF S446 (43), CAD S1406 (44),
CAMKKI1 S458 (45), KIF3A S687 (46, 47), LASP1 S146(48-50),
PTPN7 S44 (51, 52), RCC1 S11(53-55), RPS6 S235 (56), STMN1
S63 (57-59), and TAL1 172 (60, 61). In fact, eight of these sites—
in ARHGEF2, BAD, CAD, CAMKKI1, LASP1, PTPN7, STMNI,
and TAL1—have been reported to be substrates of PKA in other
cell types. These results strongly corroborate the combined
inhibitor-phosphoproteomic approach outlined in this article.
Moreover, these proteins are associated with a wide array of
biological functions and thus suggest that cAMP coordinates not
only a few rate-limiting steps but rather a large number of sites
that in turn regulate multiple processes in the T cells. In fact, this
observation may call into question the generally taught concept
that only a single rate-limiting step is likely to be the major
regulatory site for cAMP/PKA in many pathways.

As indicated above, these regulatory sites should not be
interpreted as exclusively PKA substrates. For example,
STMN1 S63, RCC1 S11, and PTPN7 S44 also can be phos-
phorylated by CaMKIV (58), CDK1 (55), and PKCO (51), re-
spectively. Therefore it is plausible, and perhaps even likely, that the
sequences of these sites have evolved so that different kinases can
regulate the same site under specific but differing cellular contexts.
Nonetheless, the identification of these phosphosites also tends to
validate the approach of using shotgun MS to identify biologically
relevant phosphosites in response to treatment with combinations of
PDE inhibitors. Therefore, we were encouraged to expand our
analysis beyond sites with canonical PKA consensus sequences to
identify other PDE-dependent phosphosites with probable regula-
tory actions, because they could lead to the identification of novel
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Table 3.
to be regulatory in the PFP database (28)

Examples of sites of unknown function in the dataset modulated by PDE1/7/8 inhibitors that are predicted

Predictive models

Gene Description Amino acid  Position no.  Predicted kinase B L M R
ETS1 Protein C-ets-1 S 285 N/A + — + +
HDAC4 Histone deacetylase 4 S 453 CK2a —- - - 4+
RB1 Retinoblastoma-associated protein S 624 N/A + + o+ o+
ANAPC2 Anaphase-promoting complex subunit 2 S 314 MOK + + + o+
HISTIH1B  Histone H1.5 S 18 N/A + - - —
NBEAL2 Neurobeachin-like protein 2 T 1,683 N/A - - + —
TP53BP1 Tumor suppressor p53-binding protein 1 S 552 MAPK1 + +  + o+
BCL11B B-cell lymphoma/leukemia 11B T 131 CDK2 - - 4+ —

A truncated peptide sequence of four amino acid residues flanking the regulated phosphosite was used to screen the PFP proteomic
database for predicted functional phosphosites (28). Sites were considered positive if at least one of four prediction models suggested
function. Predictive models used by PFP are Bayes (B), logistic (L), multilayer (M), and random (R). The same sequence was used in
NetPhorest (27) to predict the regulatory kinase. The threshold was set at 0.21. N/A, not applicable.

molecular mechanisms by which cAMP and PDEs coordinate
cellular responses.

PDE Synergies: Inhibition of Multiple PDEs Is Needed to Regulate
Individual Sites and Processes. The majority of phosphosites were
not regulated until more than one PDE was inhibited. This
finding was corroborated by Western blots of STMN1 S63 and
ARHGEF?2 S858 (Fig. 2 B and C). Of note, probing by Western
blot revealed increased phosphorylation of ARHGEF2 S858 by
combined treatment with PDE3 and PDE4 inhibitors which was
not noted in the initial analysis of the phosphoproteomics data
because a single statistical outlier confounded the analysis (S7
Appendix, Fig. S6). Giembycz et al. (62) have reported the pro-
liferation of primary T cells decreased only when both PDE3 and
PDE4 were inhibited. The current data may, in part, provide a
molecular explanation for their observations. That is, molecular
effectors controlling proliferation are well regulated by PDE
inhibition only when more than one PDE is inhibited.

The many examples of PDE synergy in the current datasets at
both the cAMP and PDE-regulated phosphoproteome level also
likely have substantial implications for drug design. Data from a
clinical study by Franciosi et al. (63) showed that RPL554, a dual

Table 4.
regulatory in the PFP database (28)

PDE3 and PDE4 inhibitor, was an effective bronchodilator and
reduced inflammation in patients with chronic obstructive pul-
monary disease. Although perhaps not yet fully embraced by the
pharmaceutical industry, an increasing number of such functional
examples are being elucidated in which multiple PDEs need to be
inhibited to elicit a pharmacological response. To our knowledge
very few such screening studies have been carried out previously.
The current data demonstrate this same principle of PDE synergy
at a molecular level and suggest that a phosphoproteomic ap-
proach could be used as a part of an initial preclinical screen to
determine which PDEs need to be inhibited to maximize a ther-
apeutic effect or to minimize an unwanted side effect.

PDE1/7/8-Regulated Functional Compartment(s). Interestingly, the
characteristics of the functional compartment(s) regulated by
combined inhibition of PDEs 1, 7, and 8 differ from the char-
acteristics of the compartment(s) regulated by PDE 3 and PDEA4.
The stark differences between these two functional compart-
ments were not fully expected. We found, for example, that the
majority of sites regulated by PDE3 and PDE4 have a PKA
consensus sequence, and NetPhorest analysis predicted that the
majority of these sites would be phosphorylated by PKA. This

Examples of sites of unknown function in the dataset modulated by PDE3 and PDE4 inhibitors that are predicted to be

Predictive models

Gene Description Amino acid  Position no.  Predicted kinase B L M R
NUMAT Nuclear mitotic apparatus protein 1 S 1,955 N/A + + + +
MKI67 Antigen KI-67 S 538 PKAx - — + —
NUMAT Nuclear mitotic apparatus protein 1 S 2,033 N/A - - — +
FLNA Filamin-A T 2,309 CLK2 + + — +
ATG16L1T  Autophagy-related protein 16-1 S 269 ATM —  + + -
PLEKHF2  Pleckstrin homology domain-containing family F member 2 S 16 PKA«x - - + -
TEX2 Testis-expressed sequence 2 protein S 295 PKAx —  + + —
ABL1 Tyrosine-protein kinase ABL1 S 16 PKAx - + —
RIF1 Telomere-associated protein RIF1 S 2,205 PKAx + + +
SNX1 Sorting nexin-1 S 188 PKA«x - + - +
CUL4A Cullin-4A S 10 PKA«x + - - -
PRKDC DNA-dependent protein kinase catalytic subunit S 893 PKAYy + + — o+
CAMKK2  Ca++/calmodulin-dependent protein kinase kinase 2 S 468 N/A - - - o+
CDCA2 Cell division cycle-associated protein 2 S 962 PKAx + - - —
MACF1 Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5 S 7,068 N/A — 4+ -

A truncated peptide sequence of four amino acid residues flanking the regulated phospho-site was used to screen the PFP proteomic database for
predicted functional phosphosites (28). Sites were considered positive if at least one of four prediction models suggested function. Predictive models used
by PFP are Bayes (B), logistic (L), multilayer (M), and random (R). The same sequence was used in NetPhorest (27) to predict the regulatory kinase. The

threshold was set at 0.21. N/A, not available.
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finding strongly suggested that they are direct substrates of PKA
and/or perhaps also other AGC-type kinases. In contrast, a much
greater diversity of kinases was predicted to regulate the phos-
phosites in the PDE1/7/8 compartment(s), and the majority of sites
regulated in these compartments do not have a PKA consensus
site. In both the basal and PGE,-stimulated state, CK2 is the
predominately predicted kinase for this functional compartment.
One possible mechanism that might be operative here is that
cAMP might activate PKA or EPAC upstream of CK2 so that the
effects of cAMP, although real, are indirect. If so, this activity
represents an unexplored mechanism of cAMP action. PDE1/7/8
inhibitors also may have effects on phosphatase activity.

Biological Processes Regulated by Different PDE-Regulated
Phosphoproteomes. GO analysis was performed to provide in-
sight into which biological processes might be regulated by each
series of PDE inhibitor combinations. We observed that the bi-
ological processes regulated by inhibition of PDEs 1, 7, and
8 were largely distinct from those regulated by inhibition of PDE
3 and PDE4, as might be expected because different proteins are
phosphorylated. It is worth noting that, although functional
clusters such as spindle organization, regulation of cytoskeleton,
and repair of double-stranded breaks are common to both
treatment groups, the genes present in each node are different
among treatment groups, suggesting that inhibiting different
combinations of PDEs can affect the same biological process but
likely does so via different mechanisms. A number of the bi-
ological processes identified by GO analysis have been previously
reported to be regulated by cAMP. These include mRNA
splicing (64-66), spindle organization (67, 68), fibroblast migration
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Fig. 5. Interaction analysis of proteins with phosphosites regulated by
treatment with inhibitors of PDEs 1, 7, and 8 and with inhibitors of PDE3 and
PDE4 (Inset). A gene list was generated from phosphosites statistically sig-
nificantly regulated by inhibition of PDEs 1, 7, and 8 and by inhibition of
PDE3 and PDE4 in both the basal and PGE,-stimulated condition. The lists
were submitted to the STRING analysis web portal to query the Experiments
and Databases source options, with a minimum interaction score of 0.700.
For visual clarity, disconnected nodes have been omitted from the interac-
tion map.
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Fig. 6. GO analysis to identify functional processes regulated by PDE in-
hibitors. GO analysis was performed using the ClueGo Cytoscape plug-in
(90). (A) Lists of unique proteins for each series of PDE inhibitor treatment
with combined PDE1/7/8 inhibitors, a subset of functions relevant to T-cell
biology. The remaining functions are shaded gray. Refer to S/ Appendix, Fig.
S1 for the full network. (B) Combined PDE3 and PDE4 inhibitors were gen-
erated from the statistically significantly regulated phosphosites. Each list
was used to query the Kyoto Encyclopedia of Genes and Genomes, GO bi-
ological function database, and Wikipathways databases. ClueGo parame-
ters were set as follows: GO Term Fusion selected; display only pathways
with P values <0.05; GO tree interval, all levels; GO term minimum number
of genes, 3; threshold of 4% of genes per pathway; and « score of 0.42. GO
terms are presented as nodes and are clustered together based on the
similarity of genes present in each term or pathway. Major biological func-
tions are listed in red text. Smaller circles indicate proteins associated with
the adjoining biological process. Circles with multiple colors are associated
with more than one process.

(69, 70), lamellipodium assembly (71, 72), apoptosis (73-76),
ATM signaling (77, 78), gene silencing via microRNA (79-82),
T-cell selection (83), and cytoskeletal reorganization (84).
This study suggests which molecular substrates might participate in
the regulation of these processes. To date the roles of cAMP/PKA
signaling are even less well defined for most of the other biological
processes implicated, such as chromatin remodeling (85-87) and
chromosomal segregation. Again, the phosphopeptides that map to
these processes should be a good place to start mechanistic studies
of cAMP/PDE effects on these processes.

The combined approach of using selective inhibitors with phos-
phoproteomic analysis builds on previous classical and phospho-
proteomic studies (17) in several key aspects. First, the majority of
previous phosphoproteomic studies used high concentrations of
agents such as cAMP analogs or receptor agonists to increase
cAMP globally. In other studies, relatively nonselective phospha-
tase inhibitors were used. In general, the investigators in these
studies were most interested in defining a maximal cAMP-regulated
or phosphatase-regulated phosphoproteome. Our data suggest that
a much more nuanced understanding, particularly regarding the
physiological roles of different subsets of PDEs, can be achieved by
using selective PDE inhibitors at their selective concentrations to
interrogate the phosphoproteome of a cell.

Second, using this combination approach, we have identified a
number of proteins known to be key regulators of important
pathways/processes that have been largely understudied in the
context of CAMP regulation. For example, as also seen in our re-
cent description of a PDE-regulated phosphoproteome of MA-10
cells (35), a number of small G protein-regulated pathways
were identified. As in the MA-10 system, the regulation of these
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pathways is likely to be at the level of the guanine nucleotide
exchange factors and GTPase-activating proteins that modulate
the small Rho-type GTPases rather than a direct phosphorylation
of the GTPase itself. In both studies, inhibition of a combination
of PDEs increased ARHGEF2 phosphorylation on S886. This site
has been previously reported to regulate ARHGEF2 activity (40).
Moreover, ARHGEF2-dependent RhoA activity also has been
shown to regulate the uropod of migrating T cells (71), in accor-
dance with the report by Vang et al. (88) that PDES inhibition
caused a decrease in T-cell motility. In the current study, the
combination of PDEs 1, 7, and 8 showed the largest increase in
ARHGEEF?2 phosphorylation. In the context of T-cell biology, cy-
toskeletal reorganization has been intimately linked with T-cell
receptor signaling. The increased phosphorylation of ABLIMI,
ARHGEF1, ARHGEF7, ARHGAP4, BRAF, CFL1, MAPK3,
PIK3C2A, SLCYAL1, and SSH2 (all proteins associated with cy-
toskeletal reorganization), suggested that PDES, possibly in
combination with another PDE (likely PDE7), may regulate T-cell
migration at multiple points (see SI Appendix, Supplemental
Methods and Materials for further discussion of other PDE-
modulated functional compartments). However, further studies
will be necessary to prove this hypothesis.

Finally, we have identified a number of PDE-modulated
phosphosites on proteins not previously known to be regulated
by cAMP/PDEs. For example, RANBP2 has been identified
as an EPACI interactor. Gloerich et al. (89) showed that
EPACI1 bound to RAN-GTP, which in turn bound to the cluster
of zinc finger domains of RANBP2. They also showed that
phosphatase inhibitor treatment increased the phosphorylation
of RANBP?2 zinc finger domains and prevented EPAC binding.
However, the exact site/zinc finger domain was not identified.
Inhibition of PDE3 and PDE4 caused a significant increase in
RANBP2-S1509 phosphorylation (Tables 2 and 4) under both
basal and PGE,; conditions. S1509 is immediately C terminal of
the third zinc finger domain and is within a canonical PKA
consensus sequence. It therefore is likely that PKA phosphory-
lates RANBP2 at S1509 and disrupts RAN-GTP/EPAC binding
to the third zinc finger domain. Again, further studies will be
necessary to prove this notion.
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In summary, we have used MS phosphoproteomic analysis on
Jurkat cultures treated with various selective concentrations of
inhibitors of PDEs 1, 3, 4, 7, and 8 to begin to characterize the
phosphoproteome of the functional pools of cAMP subserved by
these PDEs. Predictive algorithms were used to identify up-
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phosphosites for future investigation. The big advantage of this
approach lies in the unbiased identification of regulated phos-
phosites and the sheer number of sites identified. This study
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