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RESEARCH ARTICLE

SYSTEMS BIOLOGY

Interconnected Network Motifs Control Podocyte
Morphology and Kidney Function

Evren U. Azeloglu,' Simon V. Hardy,'*' Narat John Eungdamrong,'* Yibang Chen,’
Gomathi Jayaraman,' Peter Y. Chuang,? Wei Fang,' Huabao Xiong,?

Susana R. Neves,'"* Mohit R. Jain,® Hong Li,> Avi Ma’ayan,' Ronald E. Gordon,®
John Cijiang He,"?8" Ravi lyengar'-%51

Podocytes are kidney cells with specialized morphology that is required for glomerular filtration. Dis-
eases, such as diabetes, or drug exposure that causes disruption of the podocyte foot process mor-
phology results in kidney pathophysiology. Proteomic analysis of glomeruli isolated from rats with
puromycin-induced kidney disease and control rats indicated that protein kinase A (PKA), which is
activated by adenosine 3',5-monophosphate (cCAMP), is a key regulator of podocyte morphology and
function. In podocytes, cAMP signaling activates cAMP response element-binding protein (CREB) to en-
hance expression of the gene encoding a differentiation marker, synaptopodin, a protein that associates
with actin and promotes its bundling. We constructed and experimentally verified a B-adrenergic receptor—
driven network with multiple feedback and feedforward motifs that controls CREB activity. To determine
how the motifs interacted to regulate gene expression, we mapped multicompartment dynamical models,
including information about protein subcellular localization, onto the network topology using Petri net
formalisms. These computational analyses indicated that the juxtaposition of multiple feedback and
feedforward motifs enabled the prolonged CREB activation necessary for synaptopodin expression
and actin bundling. Drug-induced modulation of these motifs in diseased rats led to recovery of normal
morphology and physiological function in vivo. Thus, analysis of regulatory motifs using network dynam-
ics can provide insights into pathophysiology that enable predictions for drug intervention strategies to

treat kidney disease.

INTRODUCTION

Kidney podocytes are terminally differentiated epithelial cells with a
specialized morphology of interdigitating foot processes that form the slit
diaphragm, which constitutes a critical layer of the glomerular filtration
barrier (/). Some diseases, exposure to certain toxins, or clinically used
drugs disrupt this morphology through a process called effacement of foot
processes, which results in breach of the filtration barrier and increased
urinary protein excretion. Increased protein in the urine, called proteinuria,
is an early clinical indicator of kidney injury (2). Little is known about the
molecular mechanisms that produce the loss of the differentiated state and
how it can be reversed. Understanding how control of cellular regulation
relates to podocyte morphology and consequently to physiological
function will enable the development of treatment strategies for kidney
disease.
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A well-established and widely used animal model for kidney disease is
puromycin-induced nephropathy, which is associated with foot process
effacement and proteinuria (3). We performed proteomic analysis of
glomeruli from control rats and rats with puromycin-induced nephropathy
to assess disease-induced differences in the proteome. Through network
analysis of the proteomic data and kinases that could target the altered
proteins, we identified protein kinases associated with the differentiated
state. In particular, we found that the adenosine 3’,5’-monophosphate
(cAMP) to protein kinase A (PKA) network had a central role in defining
the biochemical state associated with normal podocyte morphology and
function in vivo.

We wanted to understand how the network topology and network
motifs, such as feedback and feedforward loops, could contribute to
the establishment and maintenance of the differentiated and mor-
phologically distinct state of the functional podocyte. In many cellular
contexts, prolonged activation of signaling proteins and transcription
factors arises from bistability resulting from positive feedback loops
(FBLs) (4-6) or from the presence of feedforward motifs (FFMs) (7). Posi-
tive FBLs can act as switches to enable physiological processes as di-
verse as long-term depression in neurons (8), reentry into the cell cycle
in frog oocytes (9), and hunger control in mice (/0). Because podocyte
differentiation and expression of the differentiation marker synaptopodin
require prolonged cAMP response element-—binding protein (CREB) ac-
tivation (/7), we hypothesized that a network of interconnected feed-
back and feedforward loops centered on PKA and ending in CREB
activation could define the biochemical state associated with foot pro-
cess morphology and normal physiological function. Here, we describe
how construction of a network of interconnected feedback and FFMs
can define biochemical states associated with normal morphology
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and function, and how this information can be used to treat pathological
processes.

RESULTS

Proteomic analysis of differentiated

and injured podocytes

Treatment of rats with puromycin resulted in loss of differentiated podo-
cyte morphology and effacement of foot processes (Fig. 1A). Isolated
glomeruli had decreased expression of the differentiation markers encod-
ing WT-1 and synaptopodin, as well as slit diaphragm marker nephrin
(Fig. 1B). Consistent with loss of glomerular barrier function, rats treated
with puromycin exhibited proteinuria, detected as increased albumin in the
urine (Fig. 1C). Shotgun proteomics with amine-specific isobaric tags (12)
identified more than 2800 unique proteins, 170 of which exhibited differ-

ential abundance in the glomeruli of puromycin-injected animals (91 down
and 79 up; z test, 0.05) (table S1). Within these proteins, known podocyte
differentiation markers were significantly reduced (down-regulated), where-
as dedifferentiation markers, such as epithelial tight junction proteins, were
increased (up-regulated) (Fig. 1D). Furthermore, according to the Mouse
Genome Informatics (MGI) Pathways (13), the 91 down-regulated compo-
nents were significantly enriched for mouse phenotype terms “abnormal
urine homeostasis” (MP9643), “abnormal kidney morphology” (MP2135),
and “abnormal kidney physiology”” (MP2136), in agreement with loss of spe-
cialized podocyte morphology (fig. S1).

Identification of network that may promote

the podocyte differentiation

We used the 91 down-regulated proteins as seed nodes and the kinase en-
richment analysis (KEA) (/4) module of the Expression2Kinases (X2K)
suite (15) to connect these proteins to potentially relevant protein kinases.
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phology in vivo. (A) Transmission electron mi-
croscopy images of glomerular podocytes from control [phosphate-buffered saline (PBS)-injected] and puromycin-induced nephropathy rats (x5000).
Interdigitating foot processes in the control images are marked with a cyan arrow and are absent from the electron micrographs of puromycin-
injected animals. Scale bar, 2 um. (B) Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-normalized expression of podocyte differentiation
markers WT-1, nephrin, and synaptopodin in control (black) and puromycin-injected (red) rats, as quantified by reverse transcription polymerase
chain reaction [RT-PCR; all values are means + SEM; P < 0.05, one-way analysis of variance (ANOVA); n = 3 rats]. (C) Loss of podocyte morphology
is associated with functional impairment as quantified by the significant increase of protein in the urine (P < 0.05, two-way ANOVA; n = 3 rats). Insets:
Urinalysis results with Chemstrip indicate clinical proteinuria when top strips turn from yellow to deep green. (D) Heatmap of changes in the abun-
dance of known podocyte-associated markers as determined by proteomics. (E) Negative log of P values for the top 10 highest ranked upstream
protein kinases computationally identified by X2K using differentially expressed proteins as input nodes.
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In this analysis, PKA ranked as the highest protein kinase in one experi-
ment (Fig. 1E) and the second highest in an independent second experi-
ment (fig. S2). Construction of a protein-protein interaction network, using
the 91 down-regulated proteins as seed nodes and adding one intermediate
on the basis of known interactions (/6), produced a highly connected
network of 212 proteins (fig. S3). KEA also identified PKA as a signifi-
cantly enriched protein kinase for this protein-protein interaction network.
The proteomic data confirmed that the abundance of PKA subunits was
not changed (table S2), indicating that the regulation of PKA was mediated
by changes in its catalytic activity, not its abundance. Together, all of these
analyses indicate that the cAMP-PKA signaling could be important for
podocyte differentiation and function, which is in agreement with the im-
portance of the cAMP pathway for differentiation of podocytes (I7).
Synaptopodin, a CREB-regulated gene product, is an actin-binding protein
associated with differentiated podocytes in vivo (11, 18), and expression
of synaptopodin is a marker of differentiation of podocytes in culture (19).
We hypothesized that a cAMP network could be part of the regulatory
mechanisms required for the differentiated state of podocytes and con-
structed a signaling network from the -adrenergic receptor, which signals
through cAMP and PKA, to CREB to understand how PKA might con-
tribute to the differentiated state.

The amount and duration of transcription factor activities are widely
used as markers of differentiation in many cell types. We hypothesized
that upon B-adrenergic receptor stimulation, the duration of CREB activity
could be an indicator of the cell state, with longer durations of CREB ac-
tivity indicating differentiation and shorter times indicating loss of the dif-
ferentiated state. The cAMP pathway can stimulate CREB activity through
at least two mechanisms. First, ;cAMP binds to the regulatory subunits and
releases the catalytic subunits of PKA to translocate to the nucleus, where
they phosphorylate CREB at Ser'** (20). Second, cAMP can bind and ac-
tivate EPAC, a guanine nucleotide-binding protein exchange factor (GEF),
which ultimately stimulates the mitogen-activated protein kinase (MAPK)
cascade to stimulate the MAPK substrate mitogen- and stress-activated
kinase-1 (MSK-1). MSK-1 can also phosphorylate CREB at Ser'** (21).
Thus, the activation of PKA and MAPK by cAMP forms a set of nested
FFMs that converge on CREB, and the activity through either or both
of these subpathways could promote podocyte differentiation.

Network models with varying amounts of detail can be developed to
determine the mechanistic relationship between B-adrenergic receptor ac-
tivation and the duration of CREB activation. To identify the minimum
number of components and interactions necessary to describe the appro-
priate amplitude and duration of CREB activation that we experimentally
observed in podocytes, we used an iterative model-building process. We
parameterized the model as a multicompartment system of ordinary dif-
ferential equations (ODEs) using either previously published values for
the parameters or values constrained by experimental data (table S3). Once
these kinetic parameters were set, we did not change them during the sim-
ulations. Individual components were progressively added to the network
(Fig. 2A, models 1 to 3) and compared against constraints presented by
the experimental measurements (fig. S4). We started with the assumption
of PKA as the primary regulator of CREB activity (Fig. 2A, model 1), which
failed to account for the transient CREB activity during PKA or MEK
(mitogen-activated or extracellular signal-regulated protein kinase kinase)
inhibition (fig. S5). We investigated the role of distributed information
processing by including the cAMP-GEF EPAC and the tyrosine phospha-
tase PTP-SL in model 2 (Fig. 2A) and then spatial compartmentalization
of MKP in model 3 (Fig. 2A). These models (models 1 to 3) failed to ac-
count for transient CREB activity during MAPK inhibition with the MEK
inhibitor U0126. To account for the transient CREB activity in the presence
of the MEK inhibitor, which we attributed to the activity of a PKA inhibitor,

we added the PKA inhibitor PKI (22) as an inhibitor of PKA catalytic
activity in the nucleus to model 4 (Fig. 2B). We also used MAPK phos-
phorylation in response to the EPAC-specific agonist 8-pMeOPT-2’-O-
Me-cAMP or the PKA-selective agonist 6-Bnz-cAMP in the presence or
absence of U0126 and Rp-cAMPs to validate the network topology (Fig.
2C and fig. S4).

Simulation results of this last version best represented the experi-
mental data (fig. S4B), so we called model 4 the “right-sized model” be-
cause it represents the minimum components and interactions needed to
mathematically describe the experimental observations. Removal of com-
ponents from this model resulted in simulation time courses that were
substantially different from that observed experimentally. Overall, the de-
viation of simulated results from the experiments as quantified by the root
mean square (RMS) error was the least for model 4 (Fig. 2, C and D).
Although the RMS error analysis suggested that model 3 may also have
represented the data, we did not consider this the correct model because it
produced substantial deviations from the immunofluorescence experi-
ments measuring MAPK translocation, indicating the importance of com-
partmentalization in our model. Model 4 had RMS errors approaching or
above 0.5 for some of the observed data. These were differences in the
simulation with data from individual time points and did not affect the
overall shape of the time courses; thus, they were considered less impor-
tant (fig. S4 and Fig. 2C). Although this was not a formal identifiability
analysis, together, the experimental and computational data indicated that
we achieved the minimum complexity necessary to describe the system.

The right-sized model contained four nested and interconnected net-
work motifs (Fig. 3). The first FFM represents cAMP-dependent ac-
tivation of b-Raf and MEK through PKA and EPAC. The second FFM
represents the activation of MAPK and the inhibition of its inhibitor
PTP-SL (and other similar isoforms) by cAMP through PKA. FFM2
controls the translocation of MAPK and so can be predicted to con-
tribute to the spatial information required to elicit an effect on gene ex-
pression associated with the change in podocyte cell fate as related to
CREB activity. The third FFM controls the activity of PKA inside the
nucleus: One path is the translocation of the PKA catalytic subunit from
the cytoplasm, and the second path is the translocation of PKI from the
cytoplasm into the nucleus (22). FFM3 is an incoherent motif with pos-
itive and negative effects on the output (the amount of activated PKA in
the nucleus). The molecular mechanism for the cAMP-dependent acti-
vation of the PKA inhibitor is unknown. FBL1 reduces cAMP concen-
tration through PKA-mediated activation of phosphodiesterases (PDEs)
(23), thereby limiting activation of CREB through either the PKA or
the EPAC paths.

We performed simulations to determine the effects of the highlighted
network motifs on the relationship between receptor activation and the du-
ration of CREB activation. We analyzed the duration and amplitude of the
activity of individual network motifs to understand how the signaling
information from receptor to transcription factor is processed through
the multiple interacting regulatory motifs to control the duration of CREB
activity. To determine whether these motifs operated in a simultaneous or
sequential fashion and to determine the relative contributions of the feed-
forward loops to the amplitude and duration of CREB activity, we created
network representations of the simulation results using a computational
method based on Petri nets (fig. S6 and Supplementary Methods: Dynam-
ic Graphs) (24). The resultant network representations (fig. S7), which we
call “dynamic graphs,” enabled the analysis of the dynamics and charac-
teristics of motifs, not just the individual signaling components, and
provided an interactive display of the relative activity of the signaling com-
ponents in the motif and the relative intensity of their interactions as out-
lined by the kinetic parameters.
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Of the 106 parameters (74 reaction, 8 transport, and 20 initial con-
centration parameters), 68% were obtained from previously published
studies that included biochemical data obtained from isolated proteins
or in-cell assays, 17% were constrained using experimental data from
podocytes, 9% were constrained using time courses from literature, and
6% were estimated on the basis of values of similar biochemical param-
eters (table S3). Because the pathways studied here are well conserved, it
is likely that these parameters closely represent actual values in multiple
cell types (25, 26). Nevertheless, we performed parameter sensitivity anal-
ysis (table S4), which indicated that the model was robust; the maximum
variation that we observed was a difference of —3.192 and —2.0471 for the

initial concentrations of PDE and PP2A, respectively, and a difference of
1.8309 and —1.831 for the forward and reverse rates of the interaction be-
tween Gos and adenylyl cyclase (reaction 71, table S3) (27). These pro-
teins were not identified as differentially expressed in our proteomics
analysis (table S1).

Effects of inhibiting specific network motifs on indicators
of podocyte differentiation

Simulating CREB phosphorylation (activity) in response to activation of
the B-adrenergic receptor, dynamic graphs revealed the order in which the
activity through FFM1, FFM2, and FFM3 occurred in the network (Fig. 4
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Fig. 2. Construction of sign-specified directed cAMP signaling network from
receptor to CREB. (A) Directed graphs of initial three models (models 1, 2,
and 3) with increasing number of components used in the iterative model-
building process. (B) The final right-sized model (model 4) with labels on
individual reactions tested using a leave-one-out scheme for their effects
on CREB and MAPK activity or MAPK and PKA translocation shown in
(C). Deviation from experimental observations was quantified at each time
point individually. Roman numerals represent the edges (reactions) that
were tested. (C) Heatmap of RMS errors between individual computational
models and the experimental observations. Each voxel represents the RMS

error at an independent spatial or temporal data point of a given model.
CREB (pCREB) and MAPK (pMAPK) activities were experimentally tested
by immunoblotting; PKA activity in the nucleus (Nuc) and cytoplasm (Cyto)
by PKA enzymatic assay (biochemistry); relative amount of pMAPK to total
MAPK and the activity in the nucleus versus the cytoplasm were measured
by immunofluorescence. Rows represent the different models, and the
columns represent different data points. Triangles represent time course
experiments (0 to 45 min). (D) Total error of all computational models from
experimental observations as quantified by the sum of RMS errors in a given
model divided by that of the right-sized model.

www.SCIENCESIGNALING.org 4 February 2014 Vol 7 Issue 311 ra12 4

$T0Z ‘TT AelN uo Bio Bewasusios ayls woly papeojumoq


http://stke.sciencemag.org

RESEARCH ARTICLE

Plasma
membrane

Rolipram

uo126

Cytoplasm

ooooooooooooooooooooo

FFM3

Complete model

Synaptopodin -- actin bundles
differentiated podocytes

Fig. 3. Minimally complex directed graph of the cAMP signaling network that
controls CREB phosphorylation in the context of podocyte synaptopodin
expression and actin bundling. The right-sized model from Fig. 2B is
marked with color-coded boxes to highlight the four key regulatory mo-
tifs; these motifs are shown separately on the right for clarity.

and fig. S7). The simulations indicated that, upon receptor activation,
PKA would be the first signal to phosphorylate CREB, and then MAPK
would phosphorylate CREB (Fig. 4A, top). Once most of the nuclear
PKA activities are inhibited, the signal from MAPK would sustain CREB
phosphorylation. When PKA is inhibited (for example, by Rp-cAMPs),
the simulations indicated that the input to CREB would come from cAMP
through the EPAC pathway to MAPK (fig. S7), but CREB phosphoryl-
ation would be attenuated and shortened due to the loss of the PKA-
mediated inhibition of the phosphatase PTP-SL (and its isoforms), thus
resulting in transient CREB activation (Fig. 4A, middle). When MEK is
inhibited (for example, by U0126), the simulations indicated that the
only input to CREB would be from PKA (fig. S7). However, because
cAMP stimulates both PKI and PKA activity, this is an incoherent FFM
and would produce transient CREB activation (Fig. 4A, bottom). Because
of the incoherent nature of this FFM and its dynamic features, the CREB
activation would be transient in the absence of input from the MAPK
pathway.

To verify these predictions from the simulations, we tested the re-
sponse of differentiated mouse podocytes in culture to the B-adrenergic
receptor agonist isoproterenol in the presence or absence of U0126,
Rp-cAMPs, or dominant-negative PKA and monitored CREB phospho-
rylation (fig. S4 and Fig. 4A). The experimental inhibition of PKA activity
either with Rp-cAMPs or by overexpression of the dominant-negative
PKA did not temporally match the simulations completely; however, the
overall transient profiles were similar.

To further understand how the network produced a transient CREB
signal when PKA or MEK was inhibited and prolonged CREB activa-

tion when all parts of the network were operational, we used dynamic
graph analysis. We measured the relative contribution of the separate
motifs and the duration of upstream regulatory motifs in a nested FFM
model (see Supplementary Methods: Computation of Motif Lifetime).
We defined a parameter called “motif lifetime,” which represents the
relationship between the output of the motif (for example, b-Raf activity
for FFM1, or the amount of nuclear MAPK for FFM2) and the overall
activity of the effector of the network (CREB phosphorylation). Motif
lifetime was useful in estimating relative contributions of the various mo-
tifs to the amplitude and duration of activated CREB (Table 1). The simu-
lations indicated that the FFMs operated with distinct time courses, and so
contributed to the various temporal phases of CREB activation (fig. S8A).
Using motif lifetime analysis, we quantified the relative contribution of
paths within the network (Fig. 4B). This analysis indicated that a larger
FFM arises from nesting of the three smaller motifs (fig. S8B). PKA was
the major regulator of information flow through this network. However,
information flowed through the MAPK pathway as well and not only
through direct phosphorylation of CREB by PKA in the nucleus (fig.
S8C). In the nucleus, MSK was predicted to mediate 86% of CREB phos-
phorylation and PKA only 14%; in the cytoplasm, the PKA—to-b-Raf in-
teraction was predicted to stimulate 83% of MEK phosphorylation, and
EPAC was predicted to stimulate 17%. Thus, the larger FFM from cAMP
to PKA to the MAPK cascade (represented by MEK) in the cytosol and
then from the MAPK cascade to CREB in the nucleus dominated the sig-
nal flow (fig. S8C). These predictions of the relative contributions are
based on the rate constants used in the simulations (table S3). A study
of the lifetime of the three FFMs showed that although all three FFMs were
required to obtain maximal CREB activity, the two arms of FFM2, but not
FFM1 or FFM3, must be operational to enable the prolonged maintenance
of this activated state (Table 1 and Fig. 4B).

Analysis of the contributions of the feedfoward motifs
to differentiation in cultured podocyte

Podocytes proliferating in culture can be induced to adopt a differentiated
state, and this change is accompanied by an increase in the expression of
the gene encoding synaptopodin, a differentiation marker and a key reg-
ulator of podocyte structure (/8). In differentiated podocytes, synaptopo-
din colocalizes with F-actin and stabilizes stress fibers, which are required
for maintenance of the foot processes (/8, 19). Hence, we quantified
synaptopodin mRNA and the colocalization of the protein with stress
fibers as morphological markers of differentiated podocytes. Activation
of the B-adrenergic receptor with isoproterenol in cultured podocytes
resulted in CREB activation for an extended duration (Fig. 4) and increased
synaptopodin mRNA (Fig. 5A). Inhibition of FFM1 with Rp-cAMPs or
FFM2 with U0126 or by overexpressing the PKA-insensitive mutant
PTP-SL-S231A (28-30) abolished the isoproterenol-induced increase in
synaptopodin mRNA (Fig. SA). Cells overexpressing the dominant-negative
K-CREB, which cannot bind to DNA due to a single amino acid mutation
in its DNA binding domain (37), also failed to increase synaptopodin mRNA
abundance in response to f-adrenergic receptor activation (Fig. 5B). Iso-
proterenol also stimulated increased formation of synaptopodin-associated
actin stress fiber bundles (Fig. 5C), which was not observed in podocytes
treated with Rp-cAMPs or U0126 (Fig. 5, C and D).

Spatial specification of information flow by FFMs

The network involves the spatial transfer of information from the plasma
membrane [where the receptor, G proteins (heterotrimeric guanine nucleotide—
binding proteins), and adenylyl cyclase are located and cAMP is produced]
to the activation of PKA and EPAC by cAMP in the cytoplasm, and then
the translocation of protein kinases into the nucleus to phosphorylate
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Fig. 4. Computational modeling and experiments show that interconnected feedforward loops
control duration and extent of CREB activation. (A) Top group represents the control condition of
cells stimulated with isoproterenal (ISO), middle group represents the response in the presence of
isoproterenol and PKA inhibition (Rp-cAMPs or PKA-DN), and bottom group represents the re-
sponse in the presence of isoproterenol and MEK inhibition (MEKi or U0126). Upper line graphs
on the left represent the computationally determined system response at the level of CREB
(dashed black line) compared with the experimental observations (solid black line). Color-coded
lower graphs represent the computationally determined activity of the indicated motifs over time.
Network diagrams on the right show a schematic representation of the signal flow from cAMP to
0 15 30 45  CREB upon isoproterenal stimulation at 3, 10, or 30 min. Activities of the simulated FFMs (diamonds)

t (min.) are depicted with color-coded scales; cCAMP and CREB activities are depicted in grayscale. The

intensity of the relationship lines represents the percent of the activity through that reaction, with

dashed lines representing indirect and solid lines representing direct interactions (reaction flow). Interactive version of these dynamic graphs is available as
fig. S7. (B) Schematic of the temporal contribution of the regulatory motifs in the maintenance of CREB activation as determined by motif lifetime analysis.

[CREB*] (AU)
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Table 1. Description of the function and lifetime of the four motifs of the signaling network that were downstream of cAMP, activated

CREB, and analyzed in this study.

Regulatory motif Motif type Description of motif output

Lifetime of motif* represented by network

activity (CREB phosphorylation)

Prolonged (>45 min) if PKA activates b-Raf,
otherwise transient when PKA is inhibited

(starting at 3 min and ending at 17 min, for a
total duration of 14 min)

Prolonged (>45 min) if FFM1 produces a
prolonged signal and PTP can be inhibited

by PKA, otherwise transient when only PKA
is inhibited (starting at 4 min and ending at
19 min, for a total duration of 15 min)

FFMA1 Coherent OR gate feedforward Activation of b-Raf by PKA and
cAMP-GEF EPAC

FFM2 Coherent OR gate feedforward cAMP regulation of the activation
and translocation of MAPK

FFM3 Incoherent OR gate feedforward Delayed inactivation of PKA in
nucleus after translocation

FBLA1 Negative feedback Dynamic decrease of cAMP

through PKA activation of PDE

Transient (starting at 6 min and ending at 25 min,
for a total duration of 19 min)
Constantly operational after 3 min

*Lifetime values were calculated as described in the Supplementary Methods: Computational Assessment of Motif Lifetime.

*
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Rp-cAMPs U0126 (S231A)

Control ISO + Rp-cAMPs ISO +U0126

Fig. 5. Expression and functional localization of synaptopodin in cultured podocytes is controlled by
PKA. (A) Podocytes were treated with Rp-cAMPs or U0126, or transfected with PKA-insensitive PTP-SL-
S231A mutant, and then stimulated with 10 uM isoproterenal (ISO). Synaptopodin mRNA abundance was
quantified using RT-PCR and normalized against the amount of tubulin mRNA (all values are means + SEM,;
*P < 0.001, one-way ANOVA; n = 3). (B) Cells transfected with dominant-negative K-CREB (or empty vector)
and stimulated with 10 uM isoproterenol. Isoproterenol stimulation led to no change in synaptopodin ex-
pression in the K-CREB group, where significant increase was observed in vector-transfected cells (*P <
0.001, one-way ANOVA; n = 3). (C) Representative immunofluorescence images of cultured podocytes
that have been treated with 10 uM isoproterenol. Colocalization of synaptopodin (green pseudocolor) with
actin bundles (red pseudocolor) is indicated with a yellow arrow. Red arrow indicates loss of bundling in
cells treated with isoproterenol and Rp-cAMPs. Scale bar, 50 um. (D) Quantification of immunofluorescence
images in (C) (*P < 0.05, one-way ANOVA; n = 18 cells over five slides in two experiments).

CREB. The translocation of MAPK into the nucleus is prevented by de-
phosphorylation of MAPK at a tyrosine residue by PTP-SL (28-30).
PKA phosphorylation of PTP-SL at the Ser*' inhibits its phosphatase ac-
tivity; inhibition of PTP-SL promotes the movement of MAPK into the nu-
cleus (28-30).

We tested if the inhibition of PTP-SL
by PKA, which is part of FFM2, affected
the spatial flow of information by blocking
the activity of PKA using Rp-cAMPs or
by overexpressing PTP-SL-S231A (Fig.
6A). This mutant form of PTP-SL cannot
be phosphorylated by PKA, thus disrupting
the downstream regulation of MAPK by
PKA. To quantify the amount of MAPK in
the cytoplasm and the nucleus, we per-
formed immunofluorescence experiments
(Fig. 6B), in which we quantified the amount
of phosphorylated MAPK (Fig. 6C) and
the nuclear-to-cytoplasmic ratio of MAPK
(Fig. 6D) in cultured podocytes exposed to
isoproterenol in the presence of various treat-
ments to disrupt the effect of PTP-SL. Iso-
proterenol stimulated the translocation of
MAPK to the nucleus in kidney podocytes;
MAPK translocation to the nucleus was
blocked by Rp-cAMPs or by expression
of PTP-SL-S231A (Fig. 6D). These ex-
periments indicated that the spatial specifi-
cation of the predicted network topology
was correct.

Another spatial component of the net-
work is the translocation of PKA into the
nucleus and the translocation of the PKA
inhibitor (PKI) into the nucleus, which lim-
its the duration of active PKA in the nucleus
(22). The activation of both PKA and its
inhibitor by cAMP and their translocation
represent a multicompartmental, spatially
specified incoherent FFM (Fig. 6E) (32).

To test for the presence of FFM3 in podocytes, we measured PKA ac-
tivity in the nuclear and cytoplasmic fractions from isoproterenol-treated
podocytes. Consistent with the presence of an incoherent FFM, PKA ac-
tivity in the nucleus reached a peak at 15 min and returned close to the
basal amount 45 min after isoproterenol stimulation. In contrast, the
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Fig. 6. Regulatory motifs within cAMP network are spatially specified. (A)
Schematic representation of FFM2. (B) Immunofluorescence images of
cultured podocytes at baseline (Control) and 30 min of isoproterenol
stimulation under basal (30" ISO) conditions or with wild-type (WT) PTP-
SL transfection, S231 mutant PTP-SL transfection, or preincubated with
100 um Rp-cAMPs. Cells are stained for MAPK1,2 (red), phospho-MAPK
(green), and actin (white), and nuclei-labeled with DAPI (4',6-diamidino-
2-phenylindole) (blue). Scale bar, 50 um. (C) Time course of MAPK1,2
activation as measured by ratiometric quantification of phospho-MAPK
and total MAPK immunofluorescence images. Values are means + SEM;
n = 24 cells over seven slides in three experiments. (D) Time course of
MAPK1,2 translocation to the nucleus as measured by ratiometric quan-
tification of immunofluorescence images. Values are means + SEM; n =
24 cells over seven slides in three experiments. (E) Schematic represen-
tation of FFM3. (F) Time course of activated PKA in the cytoplasm and nu-
cleus as measured by enzymatic assays after subcellular fractionation
(*P < 0.05, two-way ANOVA; n = 3).

amount of active PKA in the cytoplasm PKA remained high at 45 min
(Fig. 6F).

‘We compared the results of the model simulations to the time course of
CREB activation by isoproterenol when both PKA and MAPK were func-
tional and when each of the kinases was individually inhibited (fig. S4B),
which confirmed the topology in the multicompartmental model and ac-
curately predicted the behavior of the system. The effect of FFM3 on
CREB activity represents an example of the delayed inactivation feature
of an incoherent FFM. The translocation of the PKA catalytic subunit in
the nucleus starts after the stimulation of the B-adrenergic receptors by the
agonist; PKA translocation is later matched with a nearly equal deac-
tivation of PKA by PKI in the nucleus (fig. S7G). This activity time win-
dow enables a transient increase of PKA inside the nucleus, thus limiting
the duration of CREB activation by phosphorylation by PKA. The spatial
organization of this motif allows cytoplasmic PKA to stay active, and this
cytoplasmic pool of PKA continues to stimulate MAPK signaling, which
maintains CREB activation.

Predicting therapeutic interventions to restore
podocyte function
From the experimental cell culture and computational studies, we predicted
interventions that would stimulate dedifferentiated podocytes with foot pro-
cess effacement to revert to a differentiated state. The simplest approach to
alter the system in vivo would be to use Food and Drug Administration
(FDA )—approved drugs with therapeutic potential for treatment of kidney dis-
ease. Because the kidney is exposed to the low plasma concentrations of
norepinephrine and epinephrine, which are the endogenous ligands of
B-adrenergic receptors, one approach to increasing cAMP concentrations
in podocytes in vivo would be to inhibit FBL1 by inhibiting PDEs, for ex-
ample, with the clinically used PDE4 inhibitor rolipram (Fig. 7A). To con-
firm that low-level stimulation of B-adrenergic receptors would produce
transient activation of CREB, whereas inhibition of FBL1 by rolipram would
produce prolonged activation, we exposed podocytes in culture to low-dose
B-adrenergic stimulation (0.1 uM isoproterenol instead of 10 uM), which
led to transient CREB activity (Fig. 7B). Inhibition of FBL1 by pretreatment
with rolipram transformed the transient response into sustained activation,
which was blocked with simultaneous pretreatment with U0126, a MEK in-
hibitor that blocks FFM2 (Fig. 7B). Simulations at 10% receptor occupancy
with virtual ablation of FBL1 or simultaneous FBL1-FFM2 ablations showed
similar changes in the dynamics of CREB activity (Fig. 7B).

From these studies, we predicted that in rats with puromycin-induced
nephropathy, treatment with rolipram to block FBL1 would promote
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Fig. 7. Overall network response to motif modulation predicted by the
computational model can be experimentally validated in vitro using phar-
macologic agents. (A) Schematic diagram of FFM2, FBL1, and loci of
pharmacological inhibition. (B) Effect of disruption of FBL1 with PDE-4
inhibitor rolipram (ISO + Roali) or disruption of FFM2 with the MEK inhibitor
U0126 (ISO + Roli + U0126) during B-adrenergic stimulation with low-dose
isoproterenol (0.1 uM; ISO Only) on CREB activity. Upper panel: Model pre-
dictions. Lower panel: Experimental observations.

podocyte differentiation that would be associated with increased expres-
sion of synaptopodin and other podocyte differentiation markers and improved
kidney filtration barrier function. These changes would be accompanied
by morphological reorganization of the cells, leading to the formation of
interdigitating foot processes and decreased proteinuria. Furthermore, coad-
ministration of AZD6244, an FDA-approved MEK inhibitor, would disrupt
FFM2 and thus block the rolipram-induced restoration of podocyte mor-
phology and decrease in proteinuria.

We initiated kidney dysfunction and morphological changes in podo-
cytes with a single injection of puromycin into young rats. After the puromy-
cin injection, the rats were injected with vehicle, rolipram, or rolipram plus
AZD6244 twice a day for 7 days. Treatment with rolipram significantly
increased mRNA abundance of the differentiation markers synapropodin,
nephrin, and WT-1 compared with their abundance in rats injected with
puromycin followed by vehicle. In contrast, coadministration of AZD6244
with rolipram resulted in reduced mRNA abundance of these differentiation
markers compared with their abundance in the vehicle-treated, puromycin-
injected rats (Fig. 8A and fig. SOA).

Electron microscopy analysis of glomeruli from puromycin-injected
rats showed that rolipram treatment increased the number of podocyte
foot processes per unit circumference of the glomerular capillary (Fig.
8B). In comparison, podocytes exhibited flattened morphologies de-
void of foot processes both in puromycin-injected animals treated with
vehicle and in puromycin-injected animals treated with rolipram plus
AZD6244 (Fig. 8B). Quantification of the foot processes revealed about
70% increase in rolipram-treated rats injected with puromycin compared
to those treated with vehicle or rolipram plus AZD6244 (Fig. 8C and
fig. S9B). At higher magnification, we observed actin bundles within
the foot processes of podocytes from rolipram-treated rats (fig. S10).
Consistent with the increase in foot processes, rolipram treatment sig-
nificantly decreased proteinuria in puromycin-injected rats, and this
amelioration in proteinuria was abolished by AZD6244 coadministra-
tion (Fig. 8D).
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Fig. 8. Compensatory modulation of a regulatory motif by pharmacologic
agents restores podocyte morphology and function in vivo. (A) Modula-
tion of FBL1 and FFM2 in vivo recapitulates computationally predicted
behavior in puromycin-induced nephropathy. Loss of expression of po-
docyte differentiation markers nephrin, synaptopodin, and WT-1, as
measured by RT-PCR in rats subjected to the indicated treatments. Values
are means = SEM; *P < 0.05 versus control, one-way ANOVA; n = 4 rats for
each condition. (B) Transmission electron microscopy images of glomerular
podocytes from healthy animals (black border), puromycin-induced ne-
phropathy (red border) animals, nephropathy animals with FBL1 inhibition
by rolipram (green border), or nephropathy animals with simultaneous
FBL1 and FFM2 inhibition by rolipram plus AZD6244 (blue border). Arrows
point to interdigitating foot process morphology (cyan arrows) that was dis-
rupted in untreated and rolipram plus AZD6244—treated puromycin animals
(magenta arrows). Scale bar, 5 um. (C) Blinded quantification of foot pro-
cess morphology shown in (B). All groups are significantly different from
each of the other groups (P < 0.05, one-way ANOVA; n = 60, 15 images
from four rats for each condition). (D) Glomerular pathophysiology as
measured by protein in urine. Glomerular function in animals treated with
puromycin and animals treated with rolipram plus AZD6244 (after puromy-
cin) was significantly different from control (P < 0.05, two-way ANOVA with
post hoc Tukey test; n = 4 rats). There was no statistical difference between
control animals and animals treated with rolipram (after puromycin).

DISCUSSION

Here, we identified explicit relationships between regulatory motifs in sig-
naling networks, differentiation states of cells, in situ morphology, and
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physiological function. This multiscale analysis provided insight into how
the interaction of regulatory motifs enabled cells to change or maintain
functional states in vivo. Proteomic analysis helped us identify the protein
kinases and, thus, the signaling pathways associated with differentiated
morphology and physiological function. From this initial comprehensive
characterization, we chose one protein kinase, PKA, for further detailed
study. The cAMP pathway is involved in podocyte differentiation (11, 17).
Because the cAMP-to-CREB network contains multiple feedbacks and
FFMs, we used this network as a model system to analyze how network mo-
tifs interact with one another to regulate biochemical and cellular activities.

The relationship between cellular components, morphology, and phys-
iological function is complex, and no single pathway, network, or protein
kinase is likely to be the sole determinant of such a relationship. Our
choice of the cAMP network does not imply that other signaling path-
ways, regulatory networks, or protein kinases are not involved in podocyte
differentiation; indeed, several protein kinases, such as Prkdc (also known
as DNA-dependent protein kinase) (33) and the tyrosine kinase Fyn (34),
have also been implicated as critical regulators of podocyte morphology
and physiology.

We connected experiments on cultured cells with physiological exper-
iments in the whole animal. For the cAMP network, use of rolipram, a clini-
cally used PDE4 inhibitor, enabled the connection of analyses of the network
controlled by B-adrenergic receptor in cultured cells to experiments in the in-
tact animal. Cell culture experiments were critical for obtaining a detailed
understanding of the interactions between the network motifs in the cAMP
network that controlled the sustained duration of B-adrenergic—dependent
CREB activation needed to drive podocytes into a differentiated state. With
the pharmacologic agents, rolipram (PDE inhibitor) and AZD6244 (MEK
inhibitor), we recapitulated the motif relationships in vivo in the context
of altered physiological function. The cAMP-CREB network is important
for many other complex biological processes, such as learning and memory
in the hippocampus and steroidogenesis in ovaries (35, 36). Although, by par-
simonious reasoning, we expected that the signaling pathway from cAMP to
CREB would be a short linear pathway (37, 38), we found that to represent
the experimental data, the pathway required a network with at least four inter-
connected regulatory motifs that are stacked (operate sequentially) and, in the
case of the FFMs, nested (where multiple small motifs are within one larger
motif). Both motif arrangements can provide flexibility in temporal se-
quencing, which depends on the rate constants.

Our results suggested that one advantage of this complex network, in-
volving two protein kinases that can target the same transcription factor, is
the ability to tightly control the duration of activation of the common
transcription factor, in this case CREB. The amplitude and duration of
activation of transcription factors control decisions that change the differ-
entiation state of the cell (39); however, the mechanisms by which such
timing control is achieved through receptor regulation were unknown. In
kidney podocytes, we showed how a set of three FFMs together with an
upstream FBL can control the extent and duration of CREB activation.
Although not experimentally studied here, there are two more negative FBLs:
one for receptor desensitization involving the kinase GRK (G protein—
coupled receptor kinase) (40) and the other involving MAPK-induced MKP
for limiting MAPK activity (47). Because the network represented by model
4 included the effects of all of these motifs and produced the “right” dura-
tion and extent of CREB activity to increase synaptopodin expression and
induce actin bundling, we did not experimentally analyze these two addi-
tional negative FBLs. Overall, we identified a minimum signaling network
topology of multiple interacting regulatory motifs that enabled a key pro-
cess required to control cell state. From this study, we can make two con-
clusions regarding molecular mechanisms that function at a systems level
to control cell morphology and physiological function.

First, although in our animal study the pathophysiological phenome-
non was triggered by one drug, computational modeling readily indicates
that genomic or epigenomic changes (for example, single-nucleotide poly-
morphisms, DNA or histone methylation, or posttranslational modifica-
tions) that alter the function of any of the nodes within the motifs could
produce an equivalent effect. Thus, understanding the network topology
enables more effective targeting of key components and better prediction
of the effects of perturbations, whether naturally occurring, such as muta-
tions that are associated with altered or disease states, or pharmacological
interventions. For example, knowing the activity of FFM2 can be more
informative than knowing the activity of b-Raf or PTP-SL individually.
Changes in the activity of b-Raf (a protein kinase that activates MAPK
through MEK) or PTP-SL (a phosphatase that inhibits MAPK) can produce
the same biological outcome. Such an effect by enzymes with two op-
posing activities can be readily understood when both are part of a reg-
ulatory motif. As more complex phenomena are studied, the size of
regulatory networks will grow; thus, it will be more important to know
the activity of such feedforward and feedback motifs and the relationships
between their activities to understand how distal input and output relation-
ships arise.

A second conclusion that we can draw is that compartmentalization
enables regulatory motifs to function with the required amplitude and tem-
poral characteristics to enable transcription factor activation for the appro-
priate duration. Both FFM2 (working through PTP-SL regulation in the
cytoplasm and activated MAPK translocation to the nucleus) and FFM3
(working through the movement of PKI to the nucleus) require the cyto-
plasmic and nuclear compartments for the effects of the FFMs to be man-
ifested. Thus, in understanding the effect of feedforward loops, spatial
specification is as important as specificity in the interactions between
components (connectivity based on mutual chemical specificity).

Dynamic graphs, which represent the integration of dynamic modeling
(the ODE models) with network topology using Petri net formalisms, pro-
vide a facile computational approach for understanding the relationship
between motifs in regulating signal flow through the network. Overall,
the integrated experimental and computational approach revealed how dis-
tributed information processing within a regulatory network can control
the amplitude and duration of output signals in vivo, with functional
consequences that can have important clinical implications. Such distrib-
uted information processing is a consequence of the dynamics that arise
from the underlying network topology; however, topological organization
alone appears to be insufficient because spatial organization also plays a
critical part. Thus, the spanning of regulatory motifs across multiple
cellular compartments is a powerful feature of topological organization
in signaling networks that regulate cell state. Despite our description of
a reasonably complex system, we do not think that CREB is the sole
driver of podocyte state or function. Podocytes are exposed to many other
extracellular regulators, and we expect that many other networks and
transcription factors are involved. Future experiments and simulations
may help us determine how regulatory motifs for other transcription
factors are configured, and how these different upstream signaling net-
works cooperate to produce cellular state changes that lead to physiolog-
ical functions.

MATERIALS AND METHODS

Puromycin nephropathy model

All animal protocols in this study have been approved by the Institutional
Animal Care and Use Committee of Icahn School of Medicine at Mount Sinai
School. Young (5-week-old) male Sprague-Dawley rats were intravenously
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injected either with puromycin aminonucleoside (PAN; Sigma) at a con-
centration of 100 mg/kg or with an equivalent volume of PBS as negative
control. Urine was collected each day, and the amount of excreted albumin
(measured by Coomassie blue staining) and the amount of creatinine
[measured by Jaffe’s method (42)] were determined. Protein in the urine
was presented as the amount of excreted albumin normalized to creatinine.
Animals were euthanized 7 days after PAN injection, kidneys were re-
moved, and glomeruli were isolated by serial sieving in ice-cold PBS, after
which they were split into two batches. One batch was used for proteomic
analysis, whereas the other was used for quantitative RT-PCR. Purity of
the glomerular preparation was confirmed by light microscopy and pro-
teomic analysis (Supplementary Methods: Evaluation of Glomerular Purity
and table S5).

Proteomics

Urea, octyl B-D-glucopyranoside, triethylammonium bicarbonate (TEAB)
buffer, protease inhibitor cocktail, Phosphatase Inhibitor Cocktail I, and
Phosphatase Inhibitor Cocktail II were from Sigma. Tris(2-carboxyethyl)-
phosphine (TCEP), methyl methanethiosulfonate (MMTS), and iTRAQ re-
agents were from Ab Sciex. Sequencing grade-modified trypsin was from
Promega Corp. PepClean C,g spin columns were from Pierce.

Samples were lysed by sonication in lysis buffer [§ M urea, 100 mM
TEAB, 1.0% octyl B-p-glucopyranoside (pH 8.5)] containing protease and
phosphatase inhibitors. The supernatant was cleared by centrifugation at
16,100g for 15 min at room temperature, and clarified samples were
transferred to fresh microfuge tubes. A total of 100 ug of proteins was
used for each sample. Proteins were reduced with TCEP, and subsequent-
ly, free thiols were blocked by MMTS. Proteins were first digested with
Lys-C for 4 hours at 37°C. After diluting the urea concentration to 1 M,
tryptic digestion was performed by addition of 2 pg of trypsin (Promega
Corp.) to each of the samples at 37°C overnight. Peptides derived from
each sample were labeled with iTRAQ tags as per the manufacturer’s in-
structions. After confirming the iTRAQ labeling efficiency by mass spec-
trometry (MS), peptides were mixed and dried overnight in a SpeedVac
and desalted by Sep-Pak (Waters Corp.) C;g cartridges.

Resulting peptides were fractionated by strong cation exchange (SCX)
chromatography as described (43) and collected in 2-ml fractions. Each
SCX fraction was then desalted with PepClean C,g spin columns as described
(44). After desalting, fractions with low amount of peptides (based on ul-
traviolet absorbance at 214 nm) were combined for further analysis, yielding
15 fractions with similar complexity of peptides. Liquid chromatogra-
phy (LC)-MS/MS analyses were performed with an UltiMate 3000 nano
LC system (Dionex) and LTQ Orbitrap Velos mass spectrometer. De-
salted peptides from SCX fractions were first captured onto a reversed-
phase (0.3-mm x 5-mm) trapping column and then resolved on a 75-um x
150-mm capillary PepMap column (3 pm, 100 A, C,g, Dionex) with a
180-min gradient of solvent A [5% acetonitrile (ACN), 0.1% formic acid
(FA)] and solvent B (85% ACN, 0.1% FA). Eluted peptides were introduced
directly to LTQ Orbitrap Velos through a nanospray source (Proxeon) with
a spray voltage of 2 kV and a capillary temperature of 275°C. Full-
scan MS spectra were acquired in the positive ion mode with a scanning
mass range of mass/charge ratio (m/z) 350 to 2000 and a resolution of
60,000 full-width at half maximum (FWHM). The higher-energy collision
dissociation (HCD) MS/MS spectra were acquired in a data-dependent
manner. The 10 most abundant ions were selected for HCD fragmentation
per MS scan in the Orbitrap at a resolution of 7500 FWHM. The normalized
collision energy was set to 45. The lock mass feature was engaged for
accurate mass measurements.

The MS/MS spectra from the analyses were searched against rat pro-
tein sequences of SwissProt protein database with Mascot (version 2.3)

and Sequest search engines via the Proteome Discoverer platform (version
1.3, Thermo Scientific). The precursor mass error window was set as
10 parts per million (ppm), and MS/MS error tolerance was set as 0.1 dalton
for HCD spectra with up to two missed cuts. Methionine oxidation and
8plex iTRAQ labeling on tyrosine were set as variable modifications,
whereas 8plex iTRAQ labeling on N terminus and lysine side chain and
MMTS conjugation on cysteine were set as fixed modifications. The re-
sulting *.dat files from Mascot and *.msf files from Sequest search were
filtered with Scaffold (version 3.3.2, Proteome Software Inc.) for protein
identification and quantification analyses. For additional validation of iden-
tification, X!Tandem search was engaged in Scaffold with same modifica-
tion as described for Mascot and Sequest. All peptides were identified with
at least 95% confidence interval value as specified by the PeptideProphet
algorithm and less than 1% false discovery rate (FDR) based on forward/
reverse database searches. Proteins were considered confidently identi-
fied with at least one unique peptide, and an experiment-wide FDR of
no more than 1.0% at both the protein and the peptide levels. Proteins that
share the same peptides and could not be differentiated on the basis of
MS/MS analysis alone were grouped together to reduce the redundancy,
using Scaffold (45). Relative quantification of proteins was determined
with Scaffold Q+ module in a normalized log,-based relative iTRAQ ratio
format, with iTRAQ 113 tag as the reference denominator.

Network enrichment analysis

All differentially expressed markers, in addition to down-regulated com-
ponents alone, were used to identify highly enriched upstream kinases,
pathways, and ontology terms with the EnrichR suite (http://amp.pharm.
mssm.edu/Enrichr/). The following databases were mined for enriched
terms: MGI Pathways from The Jackson Laboratories (/3), KEA (14),
human and mouse gene atlases (46), and the Gene Ontology “cellular
components.” In addition, a protein-protein interaction network was con-
structed by mining the 18 curated databases with Genes2Networks (/6) to
include one intermediate that can connect the input proteins. The resultant
network constructed with the X2K suite (/5) was also used to identify
enriched terms.

Podocyte cell culture

Conditionally immortalized murine podocytes are a gift from P. Mundel
(Massachusetts General Hospital). Podocytes were cultivated in RPMI
1640 medium containing 10% fetal bovine serum, penicillin (100 U/ml),
streptomycin (100 pug/ml), and 2 mM L-glutamine. To permit immortal-
ized growth, the culture medium was supplemented with recombinant
mouse interferon-y (10 U/ml) to induce the expression of T antigen, and
the cells were cultured at 33°C (permissive conditions). To induce dif-
ferentiation, the cells were cultured on type I collagen at 37°C without
interferon-y for at least 5 days. We confirmed the degradation of the
T antigen under nonpermissive condition (37°C) by immunoblot analysis.
All podocytes used in the study were cultured in nonpermissive conditions
for at least 5 days.

Quantitative real-time RT-PCR
Total RNA from cultured podocytes was extracted with the TRIzol reagent
(Invitrogen). OneStep RT-PCR Kit (Qiagen) was used for quantitative, one-step,
real-time PCR. Specific primers for synaptopodin (5'-GCCAGGGACCA-
GCCAGATA-3’ and 3'-AGGAGCCCAGGCCTTCTCT-5’) and tubulin
(5'-TGCCTTTGTGCACTGGTATG-3" and 3'-CTGGAGCAGTTTGACGA-
CAC-5") were designed (MWG-Biotech).

Total RNA from isolated glomeruli was extracted with RNeasy Kit
(Qiagen) according to the manufacturer’s instructions. SuperScript 111
(Invitrogen) and SYBR Green PCR (Qiagen) kits were used to perform
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quantitative, two-step, real-time RT-PCR analysis. Specific primers for rat
GAPDH (5’-TGCACCACCAACTGCTTAGC-3’ and 3’-GGCATGGAC-
TGTGGTCATGA-5"), synaptopodin (5'-GCCAGAGAATGGAGTCCT-
GCGC-3' and 3’-AGCACGAGGTGAGACAGTGCGT-5"), Wilms
tumor 1 (5'-GAGAGCCAGCCCTCCATCC-3’ and 3’-GGGTCCTC-
GTGTTTGAAGGAA-5’), and nephrin (5'-CCACAGCGAGGCACT-
CCGTG-3' and 3’-AGGATACGGTGCCGGGGACC-5’) were obtained
fiom Sigma. The 2T method was used for quantitative analysis of gene
expression (47).

Immunoblotting

Podocytes were lysed with a buffer containing 1% NP-40, a protease in-
hibitor cocktail, and tyrosine and serine-threonine phosphorylation inhibi-
tors. After determination of protein concentration, cell lysates were
subjected to 8 to 12% SDS—polyacrylamide gel electrophoresis before
transfer to polyvinylidene difluoride membranes. Immunoblotting was
performed with the following specific antibodies for phospho-CREB
(Ser'**), phospho-MAPK 1,2, CREB, and MAPK 1,2 (Cell Signaling Labora-
tory), and B-actin (Sigma). The band intensity was quantified on a Kodak
Image Station Imaging System.

Immunofluorescence studies in cultured podocytes
Podocytes cultured on coverslips were stimulated with isoproterenol
(10 uM) at indicated time intervals and then fixed in 4% paraformaldehyde
and 4% sucrose at room temperature for 15 min. After permeabilization in
0.5% Triton X, cells were incubated with antibodies recognizing phosphoryl-
ated or total MAPK1,2 (Cell Signaling Laboratory) or synaptopodin (Progen
Biotechnik) overnight at 4°C. After washing, cells were incubated with
fluorescence-labeled secondary antibodies from Invitrogen [Alexa Fluor 488
anti-rabbit immunoglobulin G (IgG) or Alexa Fluor 568 anti-mouse IgG].
Hoechst 33342 and Alexa Fluor 647 phalloidin (Invitrogen) were used to label
nuclei or the F-actin cytoskeleton, respectively. After mounting with ProLong
Gold (Invitrogen), slides were imaged with a Leica SPS DMI laser scanning
confocal microscope.

Transfection of podocytes

Podocytes were transiently transfected with the Nucleofector technology
(Amaxa Biosystems), which used electroporation for gene transfer. Trans-
fection efficiency was determined by transfecting podocytes with a vector
(pMaxGFP) encoding the green fluorescent protein (GFP) and counting the
percentage of GFP-positive cells. We tested several protocols based on the
manufacturer’s instructions. After optimization, we achieved 80 to 90%
transfection efficiency with Amaxa’s Nucleofector solution and Program
T-20. Complementary DNA (1 pg/ml) was used for transfections. Wild-type
PTP-SL and PTP-SL-S231A mutant vectors were obtained from R. Pulido.
Expression of the transfected proteins was verified by immunoblot.

PKA kinase enzyme activity assay

Podocytes were pretreated with IBMX (3-isobutyl-1-methylxanthine) for
10 min and then treated with isoproterenol (10 uM) for 0, 5, 10, 15, 30,
and 45 min. Both cytosolic and nuclear lysates were isolated in lysis
buffer. PKA kinase activity was measured with nonradioactive PKA Ki-
nase Activity Assay Kit (product # EKS-390A, Assay Designs Stressgen)
according to the manufacturer’s instruction. The experiment was repeated
three times.

In vivo modulation of regulatory motifs in

puromycin nephropathy

Young (4-week-old) male Sprague-Dawley rats were randomly distrib-
uted to control, vehicle, rolipram, and rolipram plus AZD6244 groups

and injected with PAN (or saline for control) as described above. Twenty-
four hours after initial PAN injection, treatment animals started receiving
twice-a-day intraperitoneal injections of rolipram (4.8 mg/kg; Sigma) dis-
solved sterilely in 10% Cremophor EL (Sigma) in PBS with or without
daily intraperitoneal injections of AZD6244 (15 mg/kg; Selleck Chemicals)
dissolved sterilely in 0.5% methyl cellulose and 0.4% Tween 80. The vehicle
group received the equivalent volume of drug diluents. Proteinuria was
quantified, as described above, for each day. Animals were euthanized
with isoflurane overdose and rapid decapitation 7 days after PAN injec-
tion, kidneys were removed, and glomeruli were isolated by serial sieving
in ice-cold PBS. RNA was isolated for quantitative analysis of gene ex-
pression, as described above.

Quantitative transmission electron microscopy

After dissection, ~8-mm°> cortical kidney tissue pieces were fixed with
2.5% glutaraldehyde in 0.2 M sodium cacodylate overnight, washed,
and treated with 1% osmium tetroxide. After incremental ethanol dehydra-
tion and propylene oxide washes, the samples were embedded and thin-
sectioned (70 to 90 nm). They were stained with uranyl acetate—lead citrate
and imaged on a Hitachi H7000 transmission electron microscope. At least
three glomeruli per animal were imaged at X5000 resolution on 15 random
sites, and the number of slit diaphragms per capillary circumferential dis-
tance was measured in a blinded fashion.

Mathematical modeling

The system was described as a multicompartment ODE model. This model
uses the equation d[x])/ds = ) v, where [x] is the concentration of species x,
and v is the sum of the rates v of the reactions affecting species x. The re-
versible reactions of the type x + 4 < x4 are described by mass action
kinetics, v = — kop[X ][4] + kog[AX ], where v is the velocity, £, is the for-
ward reaction rate constant, and kg is the reverse reaction rate constant.
Enzyme-mediated reactions are approximated as irreversible, with Michaelis-
Menten rates, v = kg [E|[x](Ky, + [x])_l, where [E] is the enzyme concentra-
tion, k., is the catalytic efficiency constant, and K, is the Michaelis-Menten
constant. Nuclear membrane flux densities are described: jx = Kimport*]oytosol
kexportXInucieus: The compartmental model was implemented in Virtual Cell
(http://www.nrcam.uchc.edu) with the LSODA algorithm (variable order, var-
iable time step). Each simulation was run for at least 3000 s. The kinetic
parameters are described in table S3. Of 106 parameters for the entire
model, 74 parameters were obtained from published biochemical and cell
biological experimental data, 24 parameters were constrained with data pub-
lished in this study, 8 parameters were constrained with time course data
from the literature, and 6 parameters were given realistic estimates based
on values of similar parameters. Computational constraints were achieved
manually using values within an order of magnitude of values of similar
parameters. Deviation between computational models and experimental ob-
servations was quantified with RMS error (absolute value of simulation
datum — mean experimental datum).

The Virtual Cell model Podocyte Nested FFM Model is available in
the public domain at http://www.vcell.org/ under the shared username sihar.
The robustness of the model was evaluated with Virtual Cell local sensitivity
analysis option. The analysis was performed by direct solution for variable
sensitivities to a small variation of a single simulation parameter. The Virtual
Cell model Podocyte Nested FFM Model (copy sensitivity) contains all the
simulations performed for the sensitivity analysis and is available online
under the same username.

Statistical analysis
All experiments were repeated at least three times, except for the in vivo
assays, which were repeated twice. Means were obtained from three or
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more independent experiments. The data were presented as means + SEM.
For immunoblot and electrophoretic mobility shift assay (EMSA) ex-
periments, bands are quantified by densitometric analyses with Imagel.
Statistical differences were determined by unpaired ¢ test or one-way
ANOVA followed by a post hoc Tukey test, where appropriate. Statistical
differences in proteinuria between four in vivo groups and spatiotemporal
PKA activity were assessed by two-way ANOVA with a post hoc Tukey
test. Significance was defined as a P < 0.05.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/7/311/ra12/DC1

Methods

Fig. S1. Results for enrichment analysis for down-regulated proteomic components in
glomeruli from puromycin-induced nephropathy animals.

Fig. S2. Enrichment analysis for the second proteomics experiment (biological replicate)
with puromycin-induced nephropathy rats.

Fig. S3. Protein-protein interaction network constructed with down-regulated components
as seed nodes along with one intermediate.

Fig. S4. Multimodal experimental constraints for the multicompartmental dynamic model of
cAMP/PKA signaling network topology.

Fig. S5. Analysis of CREB activity by EMSA to confirm CREB binding to DNA.

Fig. S6. Process for building dynamic graphs and visual summary of the associated
computational methods.

Fig. S7. Dynamic graphs of individual component and motif activities.

Fig. S8. Relative contribution of FFM paths and their lifetimes.

Fig. S9. Spread of RT-PCR and morphometric data for animal studies.

Fig. $10. High-magnification transmission electron microscopy (TEM) images showing in vivo
actin bundles.

Table S1. Proteins that were significantly up- or down-regulated according to differential
proteomics of glomeruli from control (saline-injected) and puromycin-injected rats.

Table S2. Abundance of different PKA subunits as measured by the two independent
proteomic experiments.

Table S3. Simulation parameters for the computational model.

Table S4. Parameter normalized local sensitivity analysis.

Table S5. Abundance of glomerular and tubular markers as quantified by proteomic analysis.
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