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Abstract

TGFB activation during newborn lung injury decreases the expression of pulmonary artery
smooth muscle cell (PASMC) soluble guanylate cyclase (sGC), a critical mediator of nitric oxide
signaling. Using a rat PASMC line (CS54 cells), we determined how TGF down-regulates sGC
expression. We found that TGFf decreases sGC expression through stimulating its type |
receptor; TGFB type | receptor (TGFBR1) inhibitors prevented TGFB-1-mediated decrease in
sGCa1 subunit mRNA levels in the cells. However, TGFBR1-Smad mechanisms do not regulate
sGC,; effective knockdown of Smad2 and Smad3 expression and function did not protect sGCa1
MRNA levels during TGFB-1 exposure. A targeted small molecule kinase inhibitor screen
suggested that MEK signaling regulates sGC expression in TGFB-stimulated PASMC. TGF(
activates PASMC MEK/ERK signaling; CS54 cell treatment with TGFB-1 increased MEK and
ERK phosphorylation in a biphasic, time- and dose-dependent manner. Moreover, MEK/ERK
activity appears to be required for TGFf-mediated sGC expression inhibition in PASMC; MEK
and ERK inhibitors protected sGCa1l mRNA expression in TGFB-1-treated CS54 cells. Nuclear
ERK activity is sufficient for sGC regulation; heterologous expression of a nucleus-retained,
constitutively active ERK2-MEK1 fusion protein decreased CS54 cell sGCa1 mRNA levels. The
in vivo relevance of this TGFBR-MEK/ERK-sGC down-regulation pathway is suggested by the
detection of ERK activation and sGCa1 protein expression down-regulation in TGFB-associated,
mouse pup hyperoxic lung injury, and the determination that ERK decreases sGCa1 protein
expression in TGFB-1-treated primary PASMC obtained from mouse pups. These studies
identify MEK/ERK signaling as an important pathway by which TGFf regulates sGC expression
in PASMC.

Abstract length: 248 / 250 words

Key words: TGF signaling; soluble guanylate cyclase; pulmonary vascular smooth muscle
cells
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Introduction

Cyclic guanosine monophosphate (cGMP) plays an important role in regulating pulmonary
vascular tone and lung development. cGMP is synthesized by nitric oxide (NO)-stimulated
soluble guanylate cyclase (sGC) (reviewed in: (22)). sGC is a heterodimeric protein consisting
of two homologous subunits, sGCa and sGCp, each expressed as two isoforms. The sGCa1
and sGCpR1 heterodimer is the most abundant one in the vasculature (30) and in the lung (66).
The COOH-terminal portions of both subunits constitute the catalytic domain of sGC.
Accordingly, both of the sGC subunits must heterodimerize for cGMP to be synthesized by the
enzyme. cGMP has three intracellular targets: cGMP-dependent protein kinase | (PKGI),
phosphodiesterases, and cyclic nucleotide-gated ion channels. In vascular smooth muscle cells
(SMC), cGMP-stimulated PKGI phosphorylates several cytosolic proteins that regulate
intracellular Ca®" levels and the cytoskeleton, thereby controlling vascular tone. Moreover, PKGI
has an important role in regulating cell phenotype (17, 51). Upon cGMP stimulation, PKGI can
localize to the nucleus and phosphorylate transcription regulators (13, 31, 32). In SMC, cGMP
stimulates the proteolysis of PKGI, caused in part by proprotein convertases residing within the
endomembrane system, releasing a COOH-terminal portion of the molecule (PKGly)(41, 42,
86). This constitutively active PKGly fragment migrates into the nucleus, via mechanisms
requiring importins, trans-activates gene expression and regulates cell phenotype (15).

Pulmonary sGC expression and activity are developmentally regulated. Scant sGC
expression is detected in the fetal rat during early lung development (11), when the conducting
airway structures form. However, the sGC expression level greatly increases later, commencing
during the saccular and early alveolar phases of pulmonary development. This burst of sGC
expression is followed by a precipitous decrease of sGC expression in the adult rat lung. A
similar developmental regulation of sGC expression has been detected in pigs (63). sGC is also
differentially expressed within pulmonary structures of the developing lung. In the perinatal rat
lung, sGCa1 and sGCB1 mRNA are localized within SMC of blood vessels and cells in the
parenchyma (11). During the alveolar phase of fetal lamb lung development, sGC
immunoreactivity accumulates within SMC of pulmonary arteries and veins and in parenchyma
cells (19). sGC appears to have role in regulating the later stages of lung development.
Because sGC is not detected before the saccular phase of lung development (11), sGC has a
limited role in regulating conducting airway structures development. However, sGC likely aids in
pulmonary microvascular and alveolar development. This is because reduced pulmonary sGC
activity in newborn sGCa1-deficient mice is associated with a decrease in alveolar structure
development (5). sGC also has a role in regulating pulmonary blood flow in the newborn lung.
Inhibition of sGC stimulation by NO in the fetal lamb decreases the normal surge in lung blood
flow that occurs at the time of birth (2, 26). Also, decreased NO-mediated sGC stimulation in
newborn lambs breathing hypoxic gas mixtures causes pulmonary hypertension (75).

Pulmonary sGC expression is decreased in many models of newborn lung injury. For
example, in prematurely born lambs with O,- and ventilator-induced lung injury, sGC protein
expression is diminished in the intrapulmonary arterial SMC and this inhibits alveolar
development and NO-dependent pulmonary vasodilation (10). Moreover, fetal lambs with
pulmonary vascular injury, caused by prenatal ligation of the ductus arteriosus, also exhibit
decreased sGC expression and activity in pulmonary artery smooth muscle cells (PASMC), and
disrupted pulmonary vascular development (8, 89). Mouse pups exposed to chronic hyperoxic
lung injury have decreased sGC expression in PASMC and lung interstitial cells (6) and activity
(49). Moreover, they exhibit dysregulated pulmonary microvascular and alveolar formation (6).
In contrast, it is interesting to note that in fetal lambs with pulmonary hypertension induced by
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92 an aorto-pulmonary vascular graft, lung sGC expression and cGMP levels are increased (9).
93  Moreover, sGC expression can be increased in some adult lung injury models (52).

94 Decreased sGC expression during newborn lung injury plays a role in the pathogenesis of
95 pulmonary disease. Reduced sGC activity in the injured newborn lung causes pulmonary
96  hypertension. The diminished sGC expression also limits the effectiveness of inhaled NO and
97  phosphodiesterase inhibitors in ameliorating pulmonary hypertension in newborns with lung
98 injury. Recent studies also suggest that decreased sGC activity during newborn lung injury
99  disrupts pulmonary development (5). This is because sGCa1-deficient mouse pups exhibit
100  markedly disrupted pulmonary microvascular and alveolarization, in comparison with wild-type
101  mouse pups, when exposed to mild lung injury. Studies suggest also that stimulation of residual
102 sGC activity in the injured newborn lung can partially protect pulmonary development. For
103 example, inhaled NO improves pulmonary vascular development, inhibiting PASMC
104  hyperplasia, in the injured rat pup lung through mechanisms that are independent of its
105 vasodilatory properties (76, 77). Moreover, inhaled NO improved pulmonary vascular function,
106  alveolarization, and extracellular matrix organization in the oxygen-injured premature baboon
107 lung (60). sGC activators also prevented pulmonary vascular remodeling in hypoxic newborn
108 rats (23). However, in these cases the improvement in pulmonary vascular tone and
109 development was incomplete with sGC stimulation. It is desired to protect sGC expression
110  during lung injury to potentiate the protective effects of cGMP in the developing lung.

111 The mechanisms that regulate sGC expression during newborn lung injury are poorly
112  understood. TGF is activated during some forms of newborn lung injury (3, 4, 21, 62, 67) and
113  can directly inhibit pulmonary development (4, 48, 67). Moreover, TGFB has been shown to
114  decrease sGC expression in vivo and in PASMC and aortic SMC (6). Here we identify
115 intracellular mechanisms by which TGFB down-regulates sGC expression in PASMC.

116
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117 Materials and Methods

118 Antibodies and reagents. For the immunoblotting studies, Smad protein expression was
119  detected using anti-Smad2 (no. 3103,1:500) and anti-Smad3 (no. 9523,1:500) antibodies and
120 MEK and ERK isoform expression and activation were determined using anti-MEK1/2 (no. 8727,
121 1:1,000), anti-phospho-(p)MEK1/2 (pSer217/221-no. 9154, 1:1,000), anti-ERK1/2 (no.
122 9102,1:2,000) and anti-pERK1/2 (pThr202/Tyr204-no. 9101,1:1,000) antibodies, which were
123  purchased from Cell Signaling Technologies (CST). The expression of the ERK2-MEK1 fusion
124  proteins, which harbor a Myc-tag, was determined using an anti-Myc antibody (no. 2278; CST).
125 sGCa1 subunit protein expression was detected using an anti-sGCa1 antibody (G4280,
126  1:10,000; Sigma) and GAPH expression was determined using an anti-GAPDH antibody
127  (G8795, 1:2,000; Sigma-Aldrich (Sigma)). Enzyme-conjugated secondary antibodies were
128 purchased from Jackson ImmunoResearch. For detection of protein expression in tissue by
129  immunohistochemistry (IHC) and in cells using immunofluorescence (IF), the following
130 antibodies were used: anti-pERK1/2 (no. 4370, IHC 1:400; CST), anti-sGCa1 (IHC 1:20,000 and
131 IF: 1:200), and anti-smoothelin antibody (sc-28562, IHC 1:300 and IF 1:400; Santa Cruz
132  Biotechnology). Isotype antibodies were obtained from a commercial source (Abcam). Alexa
133  Fluor 488-tagged secondary antibodies were obtained from Thermo Fisher Scientific (TFS). The
134  esiRNA targeting enhanced (e)GFP (EHUEGFP), mSmad2 (EMU022831), and mSmad3
135 (EMUO014271) were obtained from Sigma. Recombinant human TGFB-1 (ho. 240-B; R&D
136 Systems) was reconstituted using 4 mM HCI in 1 mg/ml BSA. The kinase inhibitors
137  dorsomorphin dihydrochloride (ab144821) was obtained from Abcam, GSK1120212 (CT-
138 GSK212) and SCH772984 (CT-SCH772) was obtained from Chemietek, BAY11-7082 (BML-
139  EI278), LL-Z1640-2 (ALX-380-267) was obtained from Enzo, AZD6244 (S1008), JNK-IN-8
140  (S4901), SB203580 (S1076), LY294002 (S1105), and MK2206 (S1078) were obtained from
141  Selleck Chemicals, and SD208 (S7071), NG25 (SML1332), and SB505124 (S4696) were
142  obtained from Sigma. NG25 was dissolved in water while the other inhibitors were dissolved in
143 DMSO, according to manufacturer instructions. In the control studies, the cells were treated with
144  an equivalent volume of the inhibitor diluent. The sGC simulator BAY 41-8543 (no. 10011131)
145  was obtained from Cayman and it was dissolved in DMSO until use.

146 Plasmid constructs. p3TP-lux, which expresses Photinus pyralis luciferase under the
147  control of three tandem TGFpB-response elements (TRE) and the PAI-1 promoter (97), was
148 obtained from Addgene (Plasmid 11767). pCMV-RL, which encodes Renilla remiformis
149  luciferase driven by a CMV promoter, was purchased from Promega (E2261).
150 pCMV.myc-ERK2-MEK1 and pCMV.myc-ERK2-L4A-MEK1, (78) (plasmids 39194 and 39197,
151 respectively) and pcDNA3.1Green cGull, (59) (plasmid 86867) were also obtained from
152  Addgene. pAcGFP1-Nuc, which encodes GFP was purchased from Takara (no. 632431).

153 Cell culture and transfection. CS54 cells, a spontaneous rat PASMC line was generated
154 by A. Rothman ((80), also known as PAC1 cells) and kindly provided by R. B. Pilz (University of
155 California, San Diego). Primary mouse pup (m)PASMC were obtained from post-natal day (P)
156 10 FVB/NCrl mouse pups (Charles River Laboratories) and identified by their characteristic
157 morphology and reactivity with an anti-smoothelin antibody(103). All cells were maintained in
158 DMEM containing 4.5 g/l glucose (hDMEM-no. 11995; Life Technologies). Complete media was
159 formulated with 10% (vol/vol) heat-inactivated FBS (SH300803; Hyclone), 0.29 mg/ml
160 glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin. The cells were maintained in a
161 humidified 37°C incubator containing 5% CO,, and passaged using EDTA-trypsin before
162  becoming confluent. The mPASMC were used before the third passage. When cells were 80%
163  confluent, they were transiently transfected with plasmids using Xfect transfection reagent (no.
164  631317; Takara) and methods detailed by the manufacturer.
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165 RNA isolation and quantification. mRNA levels were determined using specific primers
166  and quantitative real-time (Q)PCR, with GAPDH mRNA as a reference gene. RNA was extracted
167 from cell lysates using phenol and guanidine isothiocyanate reagent (TRIzol; Invitrogen),
168 precipitated in the presence of glycogen, and dissolved in diethyl pyrocarbonate-treated water.
169  After the RNA quality was verified using spectroscopy (NanoDrop), it was quantified using an
170  RNA-binding fluoroprobe (RiboGreen; Invitrogen) and fluorescence spectroscopy. cDNA were
171  synthesized using PrimeScript RT reagents (RR047A, Takara) and PCR was performed using
172 primers for sGCal (F: 5- AAG CAT GCA TCT GGA GAA GG-3’; R: 5- TCT AAA GCC AGG
173 TGG CAA AT-3’) and GAPDH (F: 5-AGA ACA TCA TCC CTG CAT CCA-3’; R: 5-GCC TGC
174 TTC ACC ACC TTC TTG-3’), SYBR Premix EX Taqgll (RR820; Takara), Quant-iT RiboGreen
175 RNA reagents (R11490; TFS), and a thermocycler instrument (QuantStudio 3; Applied
176  Biosystems). The specificity of the PCR primers was validated empirically by examining the
177  DNA melting profile. The relative sGCal mRNA expression level was determined using the
178 ddCT method by subtracting the ddCT of GAPDH from that of sGCa1. The relative sGCa1
179 mRNA expression level was normalized to the mean level detected in the samples obtained
180 from control reagent-treated cells. Samples were run in triplicate and the median values of the
181 samples were utilized in the analysis.

182 RNA knockdown. Cells were seeded onto 4 cm2 wells in complete media. When the cells
183  were 60% confluent, the media was refreshed and esiRNA transfection was performed using 14
184  pmol total esiRNA and 3 yl RNAIMax reagent in Optimem media (both from TFS) per well. For
185 experiments requiring transfection of esiRNA and reporter plasmids, the promoter-reporter
186 plasmid constructs were transfected into the cells 6 h after the esiRNA transfection, as
187  described above.

188 Promoter activity measurement. Promoter activity was determined by measuring
189 luciferase activities in the cell lysates using the Dual-Luciferase Reporter Assay System (E1910;
190 Promega) and a Iluminometer (FLUOstar Omega; BMG Labtech), according to the
191 manufacturer’s instructions. The promoter activation was determined by dividing the TRE and
192  PAI-1 promoter-regulated luciferase activity by the CMV promoter-driven luciferase activity.

193 Immunoblotting. For cellular protein expression determination, cells were scraped into ice-
194  cold lysis buffer containing 50 mM Tris-HCI (pH 7.4), 1 mM EDTA, 1 mM dithiothreitol, and
195 protease and phosphatase inhibitors (Halt 78447; TFS). The lysates were then triturated
196 through a small-bore needle using a syringe, sonicated, and kept on ice. For pulmonary tissue
197 protein expression analysis, mouse pups were killed using 200 mg/kg pentobarbital sodium
198 intraperitoneal injection, whole lung tissues were obtained by dissection, and frozen in liquid N2.
199  Subsequently, the tissue was pulverized, and proteins were solubilized using the ice-cold lysis
200 buffer and inhibitors described above. Following centrifugation to remove insoluble materials,
201 the protein concentrations in the lysates were determined using bicinchoninic acid protein assay
202 reagent (23227; TFS), and protein molecular weight standards (BioRad) and equal amounts of
203 lysate proteins were resolved using SDS-PAGE, and then electroblotted onto polyvinylidene
204  difluoride membranes. The membranes were blocked using 5% nonfat dry milk in TBS
205 containing 0.05% Tween 20, and then exposed to primary antibodies. Afterwards,
206 immunocomplexes were detected using peroxidase-conjugated secondary antibodies.
207 Enhanced chemiluminescence signals were acquired using a cooled charge-coupled device
208 (CCD) camera system (ChemiDoc XRS; Bio-Rad). Uncalibrated densitometry was performed
209 using ImageJ (74). For the characterization of the anti-sGCa1 antibody, P10 wild-type or sGCa1
210  knock-out mouse pups, which are detailed elsewhere (6), were used.

211 Cellular sGC activity measurement. sGC activity was measured in cells treated with and
212  without an sGC stimulator by measuring cGMP levels. HEK293 cells seeded on 1.7 cm?
213  chamber slides were transfected with 0.5 pug of pcDNA3.1Green cGull or pAcGFP1-Nuc. After
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214 36 h, the cells were serum restricted for 1 h and then treated with 0 or 2 uM SCH772984 for 1 h
215  before addition of 0 or 10 ng/ml TGFB-1 to the media. After 6 h, the cells were transferred to the
216 heated stage of an inverted microscope (TiE; Nikon), and O or 3 pM BAY 41-8543 was added to
217 the media. Starting at 45 s, wide field fluorescence images were acquired at 30 s intervals using
218 alight emitting diode illumination source (Sola light engine; Lumencor), 20x objective lens (Plan
219  Apo, NA 0.75; Nikon), 440-520 nm excitation, 505 nm dichroic mirror, and 485-585 nm emission
220  filter set (no. 96320; Nikon), CCD camera (DS-Ril; Nikon), and image acquisition software (NIS
221  Elements; Nikon). Image stacks were analyzed in a masked fashion using the following
222  methods. For identification of sGC-stimulation period leading to substrate unlimited, linear
223  fluorescence signal increase, the image stacks were adjusted using identical LUTSs, region of
224  interests were mapped on 10 cells in each treatment group expressing the fluorescent protein,
225 and then the average signal intensity was determined for each of them at each time-slice. For
226  comparing the cGMP levels between treatment groups, 10 cells exhibiting green cGull
227  fluorescence in each treatment group where identified and the fluorescent signal nine minutes
228  after the sGC stimulation was determined.

229 Immunohistochemistry. The Subcommittee for Research Animal Studies at the
230 Massachusetts General Hospital approved the experiments described here. Protein expression
231 was mapped in mouse pup lungs using specific antibodies, immunohistochemistry, and bright-
232  field microscopy. Within 12 h of birth, FVB/NCrl mouse pups and dams commenced breathing
233  either air or 85% O, using methods described previously (67). We used this strain of mouse
234  pups because others have shown that this oxygen-exposure regimen disrupts alveolar
235 development in them (94). On post-natal day 10, pups were killed with an intraperitoneal
236 injection of 200 mg/kg pentobarbital sodium and a thoracotomy was made to permit the lungs to
237  collapse. The trachea was cannulated with a 0.6-mm outer diameter polyethylene tube (PE10,
238 Harvard Apparatus), and the lungs were inflated with 3% formaldehyde in PBS at a distending
239  pressure of 22 cm H,O pressure for 30 minutes. Subsequently, the airway was ligated while the
240 lungs remained expanded and then the pup was then submerged in the fixative overnight.
241  Subsequently, the lungs were dissected from the body and a ~5 mm-thick transverse section of
242  the left lung was obtained. After dehydration with graded EtOH solutions, and equilibration in
243 Clear Rite 3 (Richard Allen Scientific), the lung segments were embedded in paraffin.
244  Subsequently, 6-um-thick lung sections were obtained, cleared of paraffin, rehydrated, and then
245  underwent antigen retrieval using 10 mM sodium citrate, 0.05% Tween 20, pH 6.0 under
246  pressure for 15 min. After neutralizing the sections using PBS, and quenching endogenous
247 peroxide using 3% H,O,, the sections were permeabilized using 0.1% Triton X-100 in PBS,
248  blocked with 5% goat serum in PBS containing 0.5% Tween 20, and then reacted with the
249  primary antibodies overnight at 4°C. After washing, the sections were interacted with
250 Dbiotinylated secondary antibodies, avidin-biotin coupled peroxidase (Vector Laboratories), and
251 with metal enhanced DAB substrate (34065; TFS), before being counterstained with Gill's
252  hematoxylin, dehydrated, and having a coverslip mounted. Subsequently, 0.34 um-thick z axis-
253  stack images were acquired using a microscope with a motorized stage (Ti-E; Nikon) and
254  integrated CCD camera system (DS-Ril; Nikon), and then extended focus images were
255  constructed (29).

256 Cellular sGCa1 protein expression measurement. sGCa1l protein expression was
257 quantified in WGA-labeled mPASMC using immunofluorescence and the following methods.
258 mPASMC seeded on 1.7 cm? chamber slides were treated with and without SCH772984 and
259 TGFB-1, as described for CS54 cells. Subsequently, they were washed with PBS, fixed with 4%
260 formaldehyde in PBS, permeabilized with 0.1% Triton X-100, blocked with 5% goat serum in
261 PBS, and incubated with the anti-sGCa1 antibody diluted in the blocking buffer. The next day,
262 the unreacted antibody was washed off the cells using PBS and they were then stained with the
263  Alexa Fluor 488-conjugated WGA (5 pg / ml PBS) for 10 min before being mounted with a
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264  coverslip. Subsequently, representative wide field fluorescence images were obtained using an
265 inverted microscope and integrated camera system (TiE; Nikon). In a masked fashion, regions
266  of interest defined by the WGA reactivity were defined and the integrated intensity representing
267 the sGCa1 immunoreactivity was measured using an image analysis program (NIS Elements;
268  Nikon).

269 Data analysis and statistical methods. Unless otherwise indicated, the experiments were
270 repeated at least three times, and representative data from one experiment are shown. For the
271  inhibitor screen, the % reduction of sGCa1 mRNA expression was determined by subtracting
272  the ddCT value determined using RNA from cells treated with TGF(-1 and the inhibitor with the
273 average ddCT value measured in samples obtained from untreated, control cells. This result
274  was then normalized to the difference of the average ddCT values for the TGF3-1- and control
275  cells and then multiplied by 100. To test whether or not the inhibitor prevented TGFp-mediated
276  decrease in sGCal mRNA levels, the ddCT values determined using samples from the cells
277 treated with TGFB-1 and with the inhibitor were compared with those of the untreated, control
278  cells using a t-test. The resulting P-values were then adjusted using the method of Benjamini
279 and Yekutieli (7) to control for multiple testing and thereby diminish the false discovery rate
280  during this analysis. A P > 0.05 indicated that the inhibitor prevented the inhibition of sGCa1
281 mRNA expression by TGFB treatment. The data are analyzed using R (73). For normally
282  distributed data, when treatment-mediated variance was detected using a one-way model of
283  ANOVA, a Student’s t-test was then used post hoc. For non-parametric data, treatment variance
284  detected using a Kruskal-Wallis test was confirmed using a Mann-Whitney U-test. When three
285  or more comparisons are made, a Bonferroni correction of the P-value was used. Otherwise, P
286 < 0.05 was considered to be significant.

287
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288 Results

289  TGFB decreases sGCa1 mRNA expression in PASMC.

290 We studied the mechanisms by which TGFB decreases sGC expression in PASMC
291  because they express abundant sGC and exhibit decreased sGC levels in several newborn lung
292  injury models (6, 10, 89). Previously, we showed that treatment of SMC with 10-20 ng/ml TGFf3
293 decreases sGCa1 mRNA levels by 3 hours (6). However, as little as 2.5 ng/ml TGFB-1 has
294  been detected in the bronchoalveolar lavage of babies (47) and has been shown to be sufficient
295 to increase intracellular PASMC signaling (103). To define the relationship between TGFf and
296 sGC expression in PASMC, we tested whether this lower TGFB level regulates sGCa1
297  expression in these cells. For these studies TGFB-1 was used because it is the archetypical
298 TGFB isoform and it transduces intracellular signals through the same receptor-mediated
299 mechanisms as TGFB-2 and TGFB-3. We detailed the expression of the sGCa1l isoform
300 because its expression is abundant in PASMC and this isoform plays a primary role in
301 regulating cGMP production by nitric oxide (93). Moreover, we showed that reduced expression
302 of the sGCa1 subunit alone is sufficient to decrease sGCB1 protein levels and sGC enzyme
303  activity in the lung (6). sGCa1 mRNA levels were evaluated because our previous work showed
304 that TGFf regulates sGCa1 gene expression at a transcriptional level (6). We used CS54 cells
305 as a model PASMC line for this work because these cells express sGC despite passaging (6,
306  37).

307 Physiologically relevant TGFB-1 levels were observed to rapidly decrease sGC subunit
308 mRNA expression levels in PASMC. As shown in Fig.1, 2.5 ng/ml TGFB-1 decreased sGCa1
309 mRNA levels by ~45% by 1 h and by nearly 90% after 6 h in PASMC. Furthermore, the
310 regulatory effect of TGFB on sGC mRNA expression appeared to be saturable even at these
311 low levels; at each time studied, the decrease in sGCal mRNA expression was similar over the
312 range of TGFB-1 treatments. sGCa1l mMRNA levels decreased with the increasing duration of
313 TGFB-1 exposure. The data suggest also that as little as 2.5 ng/ml TGFB-1 completely inhibits
314  sGCa1 transcription in PASMC. This is because a similar reduction of sGCa1 mRNA expression
315 was detected in vascular SMC with transcription inhibited by actinomycin D (6). As a result of
316 these observations, and to be consistent with previous studies (6), in a balance of the studies
317  detailed below we treated cells with 10 ng/ml TGF-1 for 6 h.

318 TGFp decreases sGCa1 mRNA expression in PASMC by TGFBR1-dependent but TGFBR1-
319 Smad-independent mechanisms.

320 TGFB mediates intracellular signaling through canonical, TGFBR1-Smad-dependent and
321 independent pathways (reviewed in: (35)). After extracellular activation, TGFf binds to its type I
322  receptor (TGFBR2) and this promotes the recruitment, phosphorylation, and activation of the
323 type | TGFB receptors (TGFBR1), activin-like kinase (ALK)4 and ALKS5, in a heteromeric
324  receptor complex. In some cases, accessory receptors, such as betaglycan and endoglin, assist
325 in the TGFB-receptor complex formation. In turn, the activated TGFBR1 in the complex
326  phosphorylates COOH-terminal serine residues in the TGFB-regulated (R)-Smad proteins,
327 Smad2 and Smad3. After recruiting Smad4, the pSmad?2/3 proteins migrate, as a complex, into
328 the nucleus where they bind to TGFB response elements in promoters and regulate the
329  expression of specific genes. It is important to consider broadly the mechanisms by which
330 physiologic dosages of TGFB might regulate PASMC sGC expression. This is because the
331 manner in which TGFB regulates gene expression is dependent on its dose level and duration,
332  the cell type, and the tissue context.
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333 To systematically define how TGFB controls sGC expression in PASMC, we used small
334  molecular kinase inhibitors and tested whether TGFB-1 regulates sGCa1 mRNA levels in CS54
335 cells in a TGFBR1-Smad-dependent manner. Details about the inhibitory levels of the
336 compounds used in the experiments, and references describing their characterization, are
337 detailed in the Table. We determined that TGFB mediates sGCa1l mRNA expression in a
338 TGFBR1-dependent manner. As shown in Fig. 2A, treatment of the CS54 cells with SB505124
339 and SD208, which are well-established TGFBR1 inhibitors, prevented a decrease in sGCa1
340 mRNA levels in the TGFp-1-treated PASMC. However, decreasing Smad2 and Smad3
341  expression and activity in the PASMC using RNAi was determined to not protect sGCa1 mRNA
342  expression in these TGFB-1 exposed cells (Fig. 2B and C). Together, these studies indicate
343 that TGFB decreases sGCa1 expression in PASMC via TGFBR1-dependent but not TGFBER1-
344  Smad-dependent mechanisms.

345 A small molecule inhibitor screen identified possible non-canonical mechanisms by which TGFf3
346  regulates sGC subunit mMRNA expression.

347 TGFB regulates gene expression through several mechanisms that are independent of
348 Smad2/3. As illustrated on the left side of Fig. 3, TGFBR1 can stimulate ALK1. This leads to the
349  activation of BMP R-Smads and down-stream gene regulation in PASMC and fibroblasts in the
350 developing lung (103). TGFBR1 can also activate TGFB-activated kinase 1 (TAK1) (44), and
351 thereby stimulate p38 mitogen-activated protein kinase (MAPK), c-Jun amino terminal kinase
352 (INK), and IkB kinase (IKKB) activity. Through TAK1l-independent mechanisms, moreover,
353 TGFBR1 can stimulate phosphotidyl-3 kinase (PI3K)/Akt, and mitogen-activated protein kinase
354  kinase (MEK) / extracellular signal-regulated kinase (ERK) signaling (50).

355 In order to identify potential non-canonical pathways by which TGFB regulates sGC
356 expression in PASMC, we examined whether known inhibitory concentrations of small
357 molecules that target TGFBR1-stimulated kinases protect sGCa1 expression in TGFB-treated
358 PASMC. We tested whether the compounds inhibited the % reduction in sGCa1 mRNA levels
359 detected in TGFB-1-treated CS54 cells (Fig. 3). These studies determined that the TAK1
360 inhibitor LL-Z16402 increased and the MEK inhibitor GSK1120212 prevented a decrease
361 sGCal mRNA levels caused by TGFB. Consistent with the data shown in the previous figure,
362 the TGFBR1 inhibitor SB505124 also prevented a decrease in sGCa1l expression by TGFf.
363 Inhibition of ALK1 using Dorsomorphin did not protect sGCa1 mRNA levels in TGFB-treated
364 cells, suggesting that ALK1-stimulated Smad1/5-signaling does not regulate sGCa1 expression.
365  Although treatment with LL-Z216402 implicated TAK1 as a mediator of sGC expression in TGF-
366 treated cells, we found that exposure to inhibitors of TAK1 downstream signaling elements, p38
367 MAPK, JNK, and IKKB, was not protective. This suggested that the effect of LL-Z16402 in
368 TGFB-treated cells might be mediated by an off-target effect of the inhibitor. Other investigators
369 have reported that LL-Z16402 can regulate ERK signaling in hTERT human aortic SMC (70).
370  Accordingly, we tested whether other TAK1 inhibition methods regulate TGFp’s effect on sGCa1
371 mRNA expression in the cells. We determined that treatment with NG25, another TAK1
372  inhibitor, did not prevent decreased sGCal mRNA levels in TGFB-treated CS54 -cells.
373  Additionally, we observed that effective TAK1 knockdown with targeting esiRNA did not inhibit
374  TGFp’s regulation of sGC expression in the cells (data not shown). These studies suggested
375 that although TGFBR1-stimulated MEK signaling decreases sGC mRNA levels in TGFB-treated
376  CSb54 cells, TAKL does not play a role in this mechanism.

377  TGFB activates MEK and ERK in PASMC.

378 Because the kinase inhibitor screen suggested that MEK mediates the regulation of sGC
379  expression by TGFB in PASMC, we next tested whether physiologic dosages of TGFB-1
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380 stimulate MEK and ERK activation via phosphorylation in the CS54 cells. As shown in Fig. 4,
381 although MEK and ERK exhibit basal phosphorylation in the CS54 cells, as little as 0.1 ng/ml
382 TGFB-1 increases MEK and ERK phosphorylation in these cells. Moreover, MEK and ERK
383  phosphorylation were increased rapidly, within 5 min of the TGFB-1 treatment. This was
384 followed by a period of reduced MEK and ERK phosphorylation, despite continued TGFB-1
385 exposure, and then phosphorylation of these mediators 3 h later. Growth factors have been
386 shown to stimulate a similar biphasic pattern of MEK and ERK phosphorylation in some
387 vascular SMC (83) and in fibroblasts (40, 61, 87). In fibroblasts, the rapid, initial burst of MEK
388 and ERK phosphorylation following growth factor stimulation was found to be associated with
389 the nuclear translocation of pERK; the later sustained phosphorylation of ERK in some cells was
390 associated with an autocrine induction of growth fibroblast growth factor signaling (27).

391 MEK and ERK inhibition protects sGCa1 expression and sGC enzyme activity.

392 To confirm the possible role of MEK and ERK signaling in regulating sGC expression in
393 TGFpB-treated PASMC, we tested whether MEK and ERK inhibitors protect sGCa1l mRNA
394  expression in cells treated with the cytokine. CS54 cells were treated without or with AZD6244
395 or SCH772984, MEK and ERK inhibitors respectively, and TGFB-1, and then sGCa1 mRNA
396 levels were determined. As shown in Fig. 5A, these kinase inhibitors protected sGCa1 mRNA
397  expression in the TGFB-1-stimulated PASMC. A similar inhibition of TGFB-mediated sGCa1
398 mRNA reduction by the MEK and ERK inhibitors suggests that the results were not due to an
399 off-target effect of the agents.

400 We examined next whether ERK regulates sGC enzyme activity in TGFB-treated cells. For
401  this work, we used cells expressing green cGull, a newly developed, single fluorescent protein,
402  intracellular cGMP bio-sensor (59). Within this molecule, a mutated cGMP-binding domain from
403 the mouse phosphodiesterase 5a was shown to bind to cGMP over a wide physiological range,
404  increasing the sensor’s fluorescence in a dose-dependent manner. For this work, we employed
405 HEK293 cells because they express sGC (34) and were shown previously to exhibit increased
406 green cGull fluorescence in response to sGC stimulation (59). To identify the experimental
407  conditions under which the cGMP detection exhibits substrate concentration independent, zero
408  order kinetics, first we determined the time period over which sGC stimulation causes a linear
409 increase in the green cGull fluorescence signal in the cells. We observed that the sGC
410  stimulator, BAY 41-8543, caused a linear increase in green cGull fluorescence in the HEK293
411  cells from 3—9 min after treatment (Fig. 5B). This rate and extent of fluorescence signal
412  increase following BAY 41-8543 treatment was similar to that reported previously in these cells
413  following sGC stimulation with a nitric oxide donor (59). In contrast, we found that although the
414  initial fluorescence level of GFP-expressing HEK293 cells was higher than that observed in cells
415  harboring the cGMP bio-sensor, the GFP fluorescence was not modulated by BAY 41-8543
416 treatment. We determined that TGFB-1 treatment decreased green cGull-detected cGMP levels
417 in BAY 41-8543 treated HEK293 cells, to levels measured in cells without sGC stimulation.
418 Importantly, ERK inhibition using SCH772984 prevented the decrease in sGC activity caused by
419 the cytokine treatment in the cells (Fig. 5C). In additional control studies, the fluorescence level
420  of green cGull expressing HEK293 cells was not modulated in cells treated with the drug diluent
421  (data not shown). Together these results suggest that TGFp decreases sGC expression and
422  activity in cells by MEK- and ERK-mediated mechanisms.

423  Nuclear ERK is sufficient to down-regulate sGC mRNA expression in PASMC

424 ERK regulates gene expression by phosphorylating transcription factors residing in differing
425  cellular compartments (96). Upon MEK activation, ERK can phosphorylate transcription factors
426 in the cytosol, such as RSK, that subsequently localize to the nucleus and regulate gene
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427  expression there. Activated ERK can also migrate into the nucleus and phosphorylate
428  transcription factors that reside there, such as MSK, Elk-1, Myc, BRF1, and UBF.

429 To characterize how ERK regulates sGC, and to determine which cellular compartment
430 mediates this effect in PASMC, we tested how heterologous expression of ERK-MEK fusion
431  proteins with differing nuclear and cytoplasmic compartmentation might regulate sGC mRNA
432  expression. Robinson and colleagues generated a Myc-tagged ERK2-MEK1 fusion protein,
433  which harbors ERK2 fused via a GLU-GLY linker to MEK1 (78). Upon expression in mammalian
434  cells, they demonstrated that the ERK2 portion of the protein becomes phosphorylated and
435  constitutively active, and that the fusion protein accumulates in the cytosol. Moreover, they
436 demonstrated that when four leucines in the putative MEK nuclear export motif residing in the
437  fusion protein are mutated to alanines (L4A), the encoded protein is retained also within the
438 nuclear compartment and phosphorylates transcription factors residing there.

439 As shown in Fig. 6A and B, transfecting CS54 cells with plasmids encoding these fusion
440 proteins causes expression of proteins of the expected size that are retained within similar
441  cellular compartments as described in other cell types (78). Whereas, ERK2-L4A-MEK1
442  harboring a MEK nuclear export sequence mutation was immunolocalized to the nucleus and
443  cytosol, ERK2-MEK1 was detected in the cytosol alone. Importantly, we determined that the
444  nuclear but not cytosolic localization of the fusion protein was sufficient for sGCa1l mRNA
445  expression down-regulation. As shown in Fig. 6C, whereas expression of the nuclear and
446  cytosolic ERK2-L4A-MEK1 protein decreased sGCa1l mRNA levels, expression of the fusion
447  protein that accumulates within the cytosol alone did not. The decrease in sGCa1l mRNA
448  expression associated with nuclear ERK2-L4A-MEK1 appears to be related to its ERK activity.
449  This is because treatment of the cells with an ERK inhibitor (SCH772984) prevented the
450 decrease in sGCal mRNA expression by the ERK2-L4A-MEK1 fusion protein. These data
451  suggest that nuclear ERK activity plays a role in regulating sGCal mRNA expression in
452 PASMC.

453  Pulmonary injury increases ERK activation and decreases sGC protein expression in the
454  developing lung

455 Previous studies in mice and rats suggest that during normal pulmonary development, ERK
456  primarily regulates the formation of the conducting airway structures. Although ERK is
457  expressed in the lung throughout gestation in the rat, ERK phosphorylation greatly decreases
458  after the canalicular phase of fetal lung development (45), nearly a week after the branching
459 phase of lung development is completed. Before the levels decrease, pERK is localized in
460 endothelial, smooth muscle, and epithelial cells, predominantly in mitotic cells (45). Moreover,
461  studies show that inhibition of MEK/ERK signaling in the early developing lung inhibits
462  conducting airway formation. In vitro treatment of fetal rat lung explants with MEK inhibitors was
463 observed to decrease branching morphogenesis of airway structures and to cause
464  mesenchymal cell apoptosis (46). Also, in vivo mesenchymal and epithelial deletion of MEK
465 function in the mouse was found to inhibit the branching of conductive airways and cause
466  defective tracheal cartilage development (12). Although ERK does not appear to regulate
467 normal acinar lung development, some studies suggest that its activation during lung injury
468  disrupts pulmonary alveolar development. For example, inhalation of high levels of oxygen
469 (95%) has been shown to increase ERK phosphorylation in newborn rats during the saccular
470 phase of lung development and to inhibit alveolarization (38, 81).

471 Previously, we determined that exposure to a lower level of O, (85%) activates pulmonary
472  TGFpB and thereby decreases sGC expression in the newborn lung (6, 67). Because our data
473  detailed above suggested a role of ERK in decreasing sGCa1 expression in PASMC, we tested
474  whether O-induced pulmonary injury increases ERK activation in the newborn lung. As shown
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475 in Fig. 7, breathing 85% O, increases ERK phosphorylation and decreases sGC expression in
476  the mouse pup lung. Whereas almost no pERK was detected in the mouse pup lung during this
477  stage of lung development, it was greatly increased in a variety of cells by the lung injury. pERK
478  was detected in cells residing in the blood vessel wall, the lung parenchyma, and the epithelium.
479 In particular, pERK was detected in PASMC in the injured newborn lung. As shown in Fig. 7 B,
480 reacting sequential sections of oxygen-injured pup with antibodies that detect pERK and
481 smoothelin, a marker of SMC, mapped pERK expression to PASMC. In agreement with past
482  work (6), this form of pulmonary injury was determined to decrease sGCa1 expression in
483 PASMC and parenchymal cells in the lung (Fig. 7C and D). The specificity of the anti-sGCa1
484  antibody used in this work was confirmed by its detection of a single immunoreactive protein,
485 band of the expected molecular weight, during immunoblotting studies using soluble proteins
486  obtained from wild-type mouse pup lung lysates but not using proteins obtained from the lungs
487  of sGCa1 knockout pups (Fig. 7E).

488 ERK decreases sGCa1 protein expression in TGFB-treated primary mouse PASMC.

489 To determine the in vivo relevance of the results that we obtained with the CS54 cells, we
490 treated hyperoxic mouse pups with an ERK inhibitor to examine a role of pERK in decreasing
491 sGCa1 protein expression during lung injury. However, the pups did not tolerate systemic ERK
492 inhibition. Therefore, we tested whether ERK regulates sGCa1 expression in TGFB-treated
493 early passage primary PASMC derived from the mouse pups. Primary PASMC were isolated
494  from mouse pup lungs and identified by their characteristic morphology and reactivity with an
495  anti-smoothelin antibody. We found that TGFB-1 treatment decreased sGCa1 immunoreactivity
496 in the primary PASMC (Fig. 8A). Moreover, pretreatment the cells with an ERK inhibitor
497  prevented the decrease in sGCa1 expression in the TGFB-treated cells. Because vascular SMC
498 rapidly lose sGC expression with passaging (57), we determined the changes in sGCa1 protein
499  expression using quantitative IF. As shown in Fig. 8B, TGFB-1 treatment decreased sGC
500 protein expression in the mouse pup PASMC, in an ERK-dependent manner.

501
502
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503 Discussion

504 Previous studies indicate that TGF3 decreases sGC expression in the injured newborn lung
505 and in PASMC (6, 67). In that work, treatment with TGFB-neutralizing antibodies inhibited
506 intracellular TGFB signaling and protected sGC expression in hyperoxic mouse pup lungs.
507 Moreover, the regulatory effect of TGF on sGC expression appeared to be direct; TGF3 was
508 found to inhibit sGC subunit mRNA expression in cultured primary PASMC. However, the
509 mechanisms by which TGF inhibits sGC mMRNA expression were unknown. The objective of
510 the current investigation was to identify the intracellular pathways utilized by TGFB to decrease
511 sGC expression in PASMC. Because sGC plays a pivotal role in regulating newborn lung
512 development and pulmonary vascular tone, the results of this work might identify pathways that
513 could be targeted to protect cGMP signaling during newborn lung injury.

514 The mechanisms employed by TGFB to regulate gene expression and cellular phenotype
515 depend on the TGF dose, cell type, and cellular context. TGF activation of TGFBR1 controls
516 canonical, Smad2/3-dependent, and a variety of non-canonical signaling systems. The
517  Smad2/3-indepencent mechanisms include the stimulation of TAK1, and subsequent activation
518 of p38 MAPK, JNK, and IKKB pathways, and activation of TAK1-independent PI3K/Akt and MEK
519 and ERK signaling pathways. Recent studies show that TGFf3 can also stimulate Smad1/5 in
520 some cultured cells (54). This later mechanism appears to be relevant in the newborn lung. This
521 is because mixed Smadl/2 and Smadl/5 complexes, which are indicative of this TGFf-
522  stimulated Smadl/5 activation (28), have been detected in the lungs of newborn mice (103).
523  Moreover, TGFB has been determined to stimulate Smad1/5 phosphorylation in primary PASMC
524  obtained from these newborn animals (103). In the work presented here, we report that TGF3
525 levels detected in the newborn lung (47) regulate sGC expression in PASMC. Moreover, studies
526 employing two well-characterized kinase inhibitors indicated that TGFBR1 mediates the
527 diminished sGC expression by TGFB. Although in many instances TGFBR1-stimulated
528 canonical Smads play an important role in regulating intracellular TGFB signaling, we
529  determined in PASMC that effective knockdown of Smad1/2 did not mediate TGFB’s regulation
530 of sGC expression. Moreover, a small molecule kinase inhibitor screen, using established doses
531 of the inhibitors, implicated MEK in the regulation of sGC by TGF8.

532 MEK and ERK occupy a central role in regulating mitogen-activated signaling systems.
533 MEK becomes phosphorylated and activated in response to stimulation by several growth-factor
534  signaling systems. In turn, activated MEK phosphorylates ERK and activated ERK stimulates a
535 variety of cytosolic and nuclear targets that regulate gene expression (72, 96). To determine the
536 interplay between TGFB, MEK and ERK signaling, and sGC expression in our model PASMC
537 system, we next tested whether TGF(-1 increases MEK and ERK phosphorylation in the CS54
538 cells. Previous work by others has shown that TGF[3 causes sustained ERK phosphorylation in
539  systemic vascular SMC (82). In our studies in PASMC, we determined that physiologic levels of
540 TGFp increased the activation of these proteins. Importantly, MEK and ERK inhibition protected
541 sGCa1 mRNA expression in the CS54 cells. We also tested whether this regulation of sGC
542  mRNA expression by TGFB-stimulated ERK was associated with changes in enzyme function.
543  For these studies, we employed a newly developed in vivo cGMP sensor and examined the role
544  of TGFB and ERK in sGC function using a HEK293 cell model. In this case, the TGFB-mediated
545  decreased sGC enzyme activity that we detected in the cells was protected by ERK inhibition.
546  The potential in vivo relevance of the TGFB-MEK/ERK-sGC signaling system detected during
547  the cell studies is supported by the observation that oxygen-induced lung injury, which has been
548 shown to activate TGFB (67), stimulates ERK phosphorylation in PASMC and interstitial cells
549  decreases sGC protein expression in the mouse pup lungs. Demonstrating that ERK inhibition
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550 protects sGC protein expression in TGFB-treated primary mouse pup PASMC suggested further
551  potential relevance of this signaling system in vivo.

552 Activated ERK mediates its effects by phosphorylating several intracellular protein targets
553  (79). Furthermore, ERK compartmentation plays an important role in regulating its access to
554  phosphorylation targets and down-stream activities. Previous studies in thrombin-stimulated
555  vascular SMC show that activated ERK accumulates in the nucleus, where it phosphorylates
556 transcription factors, such as Elk-1 and c-myc, residing there (84). Moreover, serotonin was
557 observed to stimulate nuclear pERK localization in bovine PASMC (55). However, activated
558 ERK can also phosphorylate proteins residing in the cytosol and stimulate their movement into
559 the nucleus. For example, pERK was determined to phosphorylate RSK in the cytosoal,
560 stimulating pRSK migration into the nucleus and gene expression regulation (16). To gain more
561 insight into the mechanisms by which ERK regulates sGC expression in PASMC, we expressed
562  a constitutively active ERK-MEK fusion protein, with and without a mutation in the MEK nuclear
563 export motif, in the CS54 cells and assessed sGC expression. Whereas expression of a
564  constitutively active ERK2-MEK1 fusion protein that accumulates in the nucleus and cytosol was
565  sufficient to decrease sGC mRNA levels in the PASMC, we determined that expression of the
566 fusion protein that resided primarily in the cytosol did not. In addition, we found that treatment
567 with an ERK inhibitor decreased the effect of the nuclear ERK2-MEKZ1 fusion protein on sGCa1
568 mRNA levels, confirming a direct effect of nuclear ERK in down-regulating sGC expression. This
569  work indicates that nuclear but not cytosolic targets of activated ERK regulate sGC expression
570 in PASMC.

571 The results of the studies detailed here provide additional information about the
572  mechanisms that regulate sGC expression. The sGC gene promoter has been cloned and
573 characterized in the mouse (85, 91), rat (39), and human (58). Several transcription factor-
574  binding sites have been characterized within this TATA-less promoter. In agreement with our
575 determination that Smadl1/2 does not mediate the down-regulation of sGC expression by TGF[3,
576 a Smad-dependent TGFB-response element has not been identified in the sGCa1 promoter
577 region in these studies. Moreover, our determination that ERK is sufficient to decrease sGC
578 expression in PASMC might also have relevance in investigations about how other systems
579 inhibit the expression of this enzyme. For example, reactive oxygen species (ROS) have been
580 reported to decrease sGC expression in fetal ovine PASMC and vascular SMC (95). Although
581 the mechanism was not defined during these studies, previous work in fibroblasts show that
582 ROS can stimulate ERK activity (33), in part by Fyn and JAK2-mediated Ras activation (1). Our
583 data support investigations about the role of ERK signaling in ROS-mediated sGC down-
584  regulation.

585 The nature of our newborn mouse pup model introduces some limitations in our work.
586  Although our studies indicate that ERK mediates TGFB’s down-regulation of sGCa1 protein
587  expression in primary PASMC obtained from mouse pups, we were unable to demonstrate that
588  this mechanism regulates sGC expression in vivo. We could not sustain ERK inhibition in this
589 model; we found that systemic delivery of ERK inhibitors was lethal in the mouse pup within a
590 few days of treatment. This likely reflects the importance of ERK signaling during mouse pup
591 growth and development because ERK inhibitors are tolerated by adult animals (e.g. (53)).
592 Because we were unable to directly determine the extent by which ERK decreases sGC
593  expression in the injured newborn lung, it is possible that other mechanisms might also regulate
594  sGC expression during pulmonary injury. Moreover, we did not determine how TGFB activates
595 ERK in PASMC. However, others show that TGF can induce Ras activation, which appears to
596 be commensurate with a low level of ERK activation in some cells (65). Also, others have
597 demonstrated that TGFB activates ERK by TGFBR1-mediated recruitment and direct
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598 phosphorylation of ShcA, thereby inducing its association with Grb2/Sos in epithelial cell lines
599  (50).

600 In summary, this work indicates that MEK and ERK mediate how TGF@ down-regulates
601 sGCa1l expression in PASMC. The work suggests that selective targeting of active TGFp,
602 TGFBR1, or pulmonary MEK and ERK signaling might provide a way to protect cGMP signing in
603  the injured newborn lung.

604
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611 Figure legends

612 Figure 1. TGFB decreases sGCal mRNA expression in PASMC. Serum-restricted CS54
613 cells were treated with either none or the indicated amounts of recombinant TGFp-1 for the
614 times shown. Subsequently, sGCa1 mRNA levels relative to that of GAPDH were determined in
615 cell lysates using specific primers and gPCR, and the percent inhibition of sGCa1 mRNA
616  expression was determined. Open figures: n = 3 in each group; shaded figures: data combined
617 from the cells treated with 2.5—20 ng/ml TGFB-1 for the indicated times. *P < 0.015 vs. the
618 other time intervals.

619 Figure 2. TGFB decreases sGCal mRNA expression in PASMC through TGFB type |
620 receptor-dependent but Smad2/3-independent mechanisms. A: TGFB type | receptor
621 (TGFBR1) kinase inhibitors SB505124 and SD208 prevent TGFB-mediated decrease in sGCa1
622 mMRNA levels in PASMC. Serum-restricted CS54 cells were treated with 0 or 1 uM of the
623 indicated inhibitors for 1 h before addition of 0 or 10 ng/ml TGF@-1 to the media. The cells were
624 lysed 6 h later, and the relative sGCa1 mRNA expression was determined. n = 6 in each group;
625 *P < 0.015. B: esiRNA decreases Smad2/3 protein expression and function in PASMC. CS54
626 cells were transfected with either no esiRNA (-) or esiRNA targeting eGFP or the indicated
627 Smad genes. The cells were lysed 48 h later and protein expression was determined using
628 immunoblotting. Additionally, CS54 cells were co-transfected with plasmids encoding Photinus
629  pyralis luciferase driven by TGFB-response elements and PAI-1-promoter and Renilla reniformis
630 luciferase activated by a CMV promoter and then 6 h later they were transfected with no (-) or
631  esiRNA targeting the indicated genes. After 36 h, the cells were serum-restricted, treated with
632 10 ng/ml TGFB-1 for 6 h, and the promoter activation was determined by measuring the
633 luciferase activities in cell lysates and normalized to the average level detected in the cells
634  without Smad knockdown. n = 6 in each group; *P < 0.015 vs. control. C: Smad1/2 knockdown
635 did not prevent TGFB-mediated decrease in sGCa1l mRNA expression in PASMC. CS54 cells
636  were transfected without or with the indicated esiRNA and, after 48 h, the cells were serum-
637  restricted, treated with 0 or 10 ng/ml TGFB-1 for 6 h, and the relative sGCa1 mRNA expression
638 levels were determined and normalized to that of the TGFB-1-treated cells. n = 3 in each group;
639 *P<0.012.

640 Figure 3. Small molecule kinase inhibitor screen identified potential mechanisms by
641 which TGFB regulates sGCa1l mRNA expression in PASMC. Key non-canonical TGFBR1-
642 regulated signaling systems (illustrated on the left and described in the text) were targeted using
643  doses of small molecule inhibitors shown by others to diminish the regulatory kinase activity.
644  Serum-restricted CS54 cells were treated with or without the indicated inhibitor dose or diluent
645 for 1h and then 0 or 10 ng/ml TGFB-1 was added to the media. The cells were lysed 6 h later,
646 the RNA was collected, and the relative sGCa1 mRNA expression was determined. The percent
647 (%) reduction of sGCa1 mRNA expression caused by combined treatment with the inhibitor and
648 TGFB was calculated using methods defined in Methods; box plot data from 3 independent
649 experiments are shown. The P-values result from a comparison between the sGCa1l mRNA
650 levels detected in cells treated with the TGFB-1 and inhibitor and the levels determined in
651 control, non-treated cells.

652 Figure 4. TGFB induces MEK and ERK phosphorylation in PASMC in a dose- and time-
653 dependent manner in PASMC. Serum-restricted CS54 cells were treated with the indicated
654 amounts of TGFB-1 for 3 h (A) or with 10 ng/ml TGFB-1 for the indicated times (B).
655  Subsequently, the cells were lysed and the level of the indicated phosphorylated (p) or total
656 proteins was determined by immunoblotting. The molecular weights were determined using

18

Downloaded from www.physiology.org/journal/ajplung by ${individual User.givenNames} ${individual User.surname} (163.015.154.053) on September 29, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



MEK and ERK regulate sGC expression Du and Roberts

657 protein standards. The blot images are representative of 2 independent studies. The
658 pMEK/MEK and pERK/ERK levels were quantified in the lysates of CS54 cells treated with the
659 indicated TGFB-1 levels for 3 h using immunoblotting and densitometry in additional studies.
660 N=3; *P < 0.05 compared with the TGF(-treated levels.

661 Figure 5. MEK and ERK control TGFB-mediated sGCa1l mRNA down-regulation in
662 PASMC. A. MEK and ERK kinase inhibitors protect sGCa1l mRNA levels in TGFB-treated
663 PASMC. Serum-restricted CS54 cells were treated with 0 or 2 uM of AZD6244 or SCH772984
664 for 1 h before addition of 0 or 10 ng/ml TGFB-1 to the media. RNA was collected from lysed
665 cells 6 h later and then the relative sGCa1 mRNA expression levels were measured. n = 6 per
666 group; *P < 0.015. B. sGC stimulation increases green cGull but not green fluorescent protein
667 (GFP) fluorescence in cells. HEK293 cells transfected with plasmids encoding the indicated
668 fluorescent proteins were treated with 3 uM BAY 41-8543 and then fluorescence was measured
669 at the indicated times. n=10 cells per group; meanzSD. C. sGC activity in TGFB-treated cells is
670 protected by ERK inhibition. HEK293 cells expressing green cGull were treated with the
671 indicated reagents and the mean cellular fluorescence was measured after 9 min. Results are
672  representative of two independent experiments. n = 10 cells per group; *P < 0.012; NS, not
673  significant.

674  Figure 6. Nuclear ERK down-regulates sGC mRNA expression in PASMC. A. Transient
675 transfection induces ERK-MEK fusion protein expression in PASMC. CS54 cells were
676 transfected with pcDNA3 (control) or plasmids that encode the indicated Myc-tagged ERK2-
677 MEKL1 fusion proteins. Cell lysates were obtained one day later and fusion protein and
678 endogenous ERK protein expression were determined using immunoblotting. B. ERK2-L4A-
679  MEKT1 fusion protein accumulates in the nucleus and cytoplasm of PASMC. The indicated fusion
680 proteins were localized in CS54 cells using an anti-Myc antibody and immunofluorescence.
681 Shown are wide field images, with the focal plane centered in the mid-nuclear region as
682 determined by diamidino-2-phenylindole (DAPI)-mediated DNA staining. C. Nuclear ERK
683 decreases sGCa1 mRNA expression. CS54 cells were transfected with plasmids encoding the
684 indicated fusion proteins, serum restricted 48 h later, and then treated with 0 or 2 uM
685 SCH772984 for 1 h. The cells were lysed after 6 h and the relative sGCa1 mRNA expression
686 levels were determined and normalized to that of the cells not expressing the fusion proteins. n
687 =6 per group; *P<0.05.

688 Figure 7. Lung injury increases ERK activation and decreases sGC expression in the
689 mouse pup. A. Lung injury increases ERK phosphorylation in mouse pup parenchymal cells.
690 Newborn mouse pups breathed either air or 85% O, for 10 days and then pERK protein was
691 detected in lung tissue sections using immunohistochemistry and a colorimetric substrate
692  (brown). The sections were counterstained with Gill's hematoxylin. Cells in the blood vessel wall
693 (arrows) and interstitial (*) and epithelial cells (**) are identified in the images, which are
694  representative of lungs of 5 pups. B. pERK is detected in PASMC in the injured pup lung. pERK
695  or smoothelin, a SMC marker protein, was detected in consecutive, 5 pm-thick sections of 85%
696  O,-treated mouse pup lungs using antibodies and immunohistochemistry (brown). PASMC
697  expressing pERK are identified (arrow) based on their localization within the blood vessel wall
698 and reactivity with the anti-smoothelin antibody; an adluminal endothelial cell exhibiting ERK
699 activation is also shown (arrow head). The images are typical of two pups. C and D. Pulmonary
700 injury increases pERK and decreases sGCa1 protein expression in the newborn lung. sGCa1
701  protein expression was detected in air- or 85% O.-treated mouse pup lungs using an anti-
702  sGCa1 antibody and immunohistochemistry (brown). sGCa1 and pERK protein expression were
703 quantified in pup lung lysates using immunoblotting and densitometry. N=4 each group;
704  *P<0.05. E. The anti-sGCa1 antibody specificity is shown by its inability to react with soluble
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705  proteins obtained from sGCa1 knockout (KO) in comparison with wild-type (WT) mouse pup
706 lungs by immunoblotting. The secondary antibody specificity is supported by its lack of reactivity
707  to WT pup lungs treated with rabbit IgG rather than the rabbit anti-sGCa1 antibody.

708 Figure 8. TGFB decreases sGC protein expression in primary mouse pup (m)PASMC via
709  ERK activity. mMPASMC were treated with 0 or 2 pM SCH772984 for 1 h and then 0 or 10 ng/ml
710 TGFB-1 for 6 h before sGCal protein expression was detected using immunofluorescence, and
711  cell area was determined using wheat germ agglutinin (WGA)-conjugated with a fluoroprobe.
712  Nuclear DNA was identified using DAPI. Cellular images were captured using wide-field
713  fluorescence microscopy. A. Representative images of mPASMC, treated with TGFB-1 and the
714  ERK inhibitor, with sGCal antibody- and WGA-reactivity are shown. B. The mean cellular
715 sGCal integrated intensity within the cellular area of ~50 cells was determined using the
716 fluorescence images by investigators masked with respect to the cell treatment groups.
717  *P<0.015.

718
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719 Table
720
I Dose Dose ICso In vitro or ICsq
Target Inhibitor (UM) reference (nM) cell assay reference
ALK1 | Dorsomorphin 10.0 (103) 470" Cell assay (102)
TGFBR1 SB505124 1.0 (103) 47 In vitro (20)
TGFBR1 SD208 1.0 (92) 48 In vitro (90)
TAK1 LL-Z16402 1.0 (68) 8 In vitro (69)
TAK1 NG25 2.0 (24) 149 In vitro (88)
P38 SB203580 1.0 (18) 600 In vitro (18)
MAPK '
1-19
JNK JNK-IN-8 1.0 (25) JNK In vitro (104)
isoforms
7-fold
IKKB | BAY11-7082 1.0 (o1) | "E™ | Cell assay 43)
literature
500 —
973 .
PI3K LY294002 50.0 (36) p110 In vitro (14)
isforms
5-65
Akt MK2206 10.0 (71) Akt In vitro (99)
isoforms
1-2,
MEK1/2 | GSK1120212 1.0 (64) MEK1 In vitro (98)
and 2
MEK1/2 AZD6244 2.0 (56) 14 In vitro (100)
1-4,
ERK1/2 | SCH772984 2.0 (64) ERK1 In vitro (64)
and 2
721

! Based on BMP-induced Smad1/5/8 phosphorylation
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719  Table
720
" Dose Dose ICs In vitro or ICs
Target Inhibitor (M) reference (nM) cell assay reference
ALK1 | Dorsomorphin 10.0 (103) 470’ Cell assay (102)
TGFBR1 SB505124 1.0 (103) 47 In vitro (20)
TGFBR1 SD208 1.0 (92) 48 In vitro (90)
TAK1 LL-Z16402 1.0 (68) 8 In vitro (69)
TAK1 NG25 2.0 (24) 149 In vitro (88)
P38 SB203580 1.0 (18) 600 In vitro (18)
MAPK ’
1-19
JNK JNK-IN-8 1.0 (25) JNK In vitro (104)
isoforms
7-fold
IKKB | BAY11-7082 1.0 (101) ra?ﬁs N | Cell assay (43)
literature
500 -
PI3K | LY294002 50.0 (36) p917130 In vitro (14)
isforms
5-65
Akt MK2206 10.0 (71) Akt In vitro (99)
isoforms
1-2,
MEK1/2 | GSK1120212 1.0 (64) MEKA1 In vitro (98)
and 2
MEK1/2 AZD6244 2.0 (56) 14 In vitro (100)
1 -4,
ERK1/2 | SCH772984 2.0 (64) ERKA1 In vitro (64)
and 2
721

! Based on BMP-induced Smad1/5/8 phosphorylation
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