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Abstract

Purpose: Transforming growth factor-beta (TGF-P) activates the canonical Smad pathway, which includes the Smad family of proteins and SARA (Smad Anchor
for Receptor Activation) and other less understood pathways, including one involving p38MAPK The goal of the current research was to determine if corneal epithelial
cells and fibroblasts used the classical or alternative TGF-B-signaling pathways. To examine this question, we made use of Trx-SARA, which inhibits native SARA,
thus blocking the Smad pathway.

Methods: A human corneal epithelial cell line (HCE-T]J), and stromal fibroblasts (HCF) were infected with retroviruses (RTV) containing either Trx-SARA or Trx-
GA (a control plasmid). The effect of Trx-SARA on thrombospondin-1 (T'SP-1) expression in both cell types, p15™“ expression in HCE-TTJ, and cellular fibronectin
(cFN) expression in HCF was determined. In addition, the effect of p38™4P% inhibitor on TSP-1 and p15** were examined.

Results: In HCE-T] with TGF-B1, TSP-1-protein levels increased and peaked at 24 hours. Trx-SARA reduced TSP-1 expression in HCE-T]J, but had no effect
on p15= With HCF, Trx-SARA failed to reduce TSP-1 expression; however, cFN expression decreased and proliferation was inhibited. By blocking the p38MAPK
pathway, TSP-1 expression was reduced in HCF and p15"* expression was decreased in HCE-T].

Conclusions: Surprisingly, TSP-1 was regulated through the Smad pathway in HCE-TJ and the p38™APK pathway in HCF. The p38MAPK pathway also induced
p157# in HCE-TJ. Our results indicate that not all TGF-f-target proteins require the Smad pathway, and it may be possible to block certain TGF-B-target proteins

without blocking the expression of all the TGF-B-target proteins.

Introduction

Corneal wound repair is an ordered complex process that
is regulated by many growth factors. One such growth factor is
transforming growth factor beta (TGF-p), which is a multifunctional
cytokine that plays a pivotal role in regulating growth, differentiation,
proliferation, adhesion, apoptosis, and function of numerous cell types,
including human corneal tissue [1-3]. TGF-{ signaling is initiated
at the cell surface with TGF-B interacting with type I and type II
transmembrane receptors (TGF-BRI and -RII, respectively), each with
intrinsic serine/threonine kinase activity [4,5]. TGF-P binding enables
the formation of a heterotetrameric receptor complex, which leads
to the activation of either a non-Smad-signaling pathway—p38MAPK,
Ras®KMAPK) PP A RhoA, and JNK [6]—or the better known Smad-
signaling pathway, which is initiated by the phosphorylation and
activation of Smad2 and 3. Smad2 and 3 are TGF--specific intracellular
signal transducers, which, upon phosphorylation, interact with the
common Smad (Smad4) and form heterodimeric and heterotrimeric
complexes. These complexes then translocate into the nucleus and
bind to transcription factors, coactivators, or corepressors, to activate
or inhibit the expression of TGF-f-response genes [4,5,7,8].

In 2006, Zhao et al. [9] used Trx-SARA, a Smad-binding peptide
aptamer, to disrupt the Smad-signaling pathway. SARA (Smad anchor
for receptor activation) was identified [10] in 1998 as a Smad2 and 3
interacting protein [11]. TGF-P stimulation, SARA recruits Smad2 or
3 to the TGF-BRI portion of the RII/I complex. Once recruited, the
Smad?2 or 3 is phosphorylated, released from SARA and assembled into
Smad2/4 and Smad3/4 complexes [10]. Trx-SARA is comprised of a
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rigid scaffold Trx (the Escherichia coli thioredoxin A protein) followed
by the Smad-binding domain of SARA (a constrained 56-amino
acid Smad-binding motif from the SARA protein) [9]. By binding to
monomeric Smad proteins, Trx-SARA reduces the level of Smad2 and
3 in complex with Smad4 after TGF-{ stimulation.

In our previous studies, we found that TGF-f} signaling was involved
in corneal wound repair in both debridement and keratectomy wound
models, and that wound type affects the TGF-p-signaling pathway
[12]. TGF-B signaling through the Smad pathway was activated in
response to corneal wounds where the basement membrane was
removed, such as our keratectomy wound model. In a keratectomy, we
found that Smad2 translocated to the nucleus in the epithelium that
was migrating to cover the wound; however, in a central debridement,
Smad2 and 4 localization remained primarily cytoplasmic [13]. Of
interest, we found that p15™, a cell cycle inhibitor and a known
downstream gene of TGF-B, was upregulated in the migrating
epithelium after a debridement wound, in the same cells where TGF-
BRII was upregulated [14]. We also observed that p15™* was sufficient
to inhibit proliferation and promote migration of human corneal
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epithelial cells [15]. Similarly, we observed that thrombospondin-1
(TSP-1), a modulator gene found downstream of TGF-p [16], was
upregulated in debridement, keratectomy, and penetrating wounds
[17,18]. Curiously, although TGF-PRII appeared to be activated
in all wound models, the expression of p15* and TSP-1, as well
as levels of Smad2 activation, varied with the model [13,14]. One
potential explanation is that TGF-B is differentially activating
different signaling pathways.

The goal of our current investigation was to determine if Trx-
SARA might help in dissecting the signaling response to TGEF-p;
therefore, we examined the use of Trx-SARA to examine TGF-f
signaling in both corneal epithelial cells and corneal fibroblasts. We
examined two known TGF-B-responsive proteins that we previously
reported to be upregulated in response to corneal wounds, TSP-
1 and pl5™* [14,17,18], and another TGF-B-regulated protein,
cellular fibronectin (cFN). Interestingly, we found that not only did
the pathways responsible for TGF-B-target gene expression vary for
different proteins, but also different pathways were used for the same
protein, TSP-1, in epithelium and fibroblasts.

Materials and methods

Cell culture

SV-40 transformed human corneal epithelial cells (HCE-T]) were
generously provided by Dr. Araki-Sasaki (Kinki Central Hospital,
Hyogo, Japan). Primary human corneal epithelial cells (pHCE) and
fibroblasts (HCF) were isolated from human corneas obtained from
National Disease Research Interchange (NDRI; Philadelphia, PA), as
previously described [12,19]. HCE-TJ and pHCE were cultivated in
basic media (BM: Keratinocyte-SEM; Invitrogen, Carlsbad, CA) plus
additives (bovine pituitary extract and EGF: Invitrogen) at 37°C in a
5% CO, humidified atmosphere. HCF were grown in Eagle’s minimum
essential medium (EMEM: ATCC, Manassas, VA) with 10% serum
(FBS: Atlanta Biologicals, Flowery Branch, GA). This study adhered to
the tenets of the Declaration of Helsinki.

Production of retrovirus and infection of corneal cells

Four retrovirus (RTV) plasmids were used in this study. The first
two were kindly provided by Dr. F Michael Hoffman (University of
Wisconsin-Madison; Madison, WI): 1) NLS-Trx-GA (pCMMV-NLS-
HA-Trx-GA-IRES-GFP) and 2) NLS-Trx-SARA (pCMMV-NLS-
HA-Trx-SARA-IRES-GFP). The second two were generated from the
first two: 1) Trx-GA (pCMMV-HA-Trx-GA-IRES-GFP) and 2) Trx-
SARA (pCMMV-HA-Trx-SARA-IRES-GFP). Trx-GA is a control Trx
aptamer of Trx-SARA, containing an 11-amino acid repeat of Gly-Ala.
The original plasmids from Dr. Hoffman had a nuclear localization
sequence (NLS) in the aptamer, allowing for the Trx-SARA protein
to enter the nucleus, thus targeting the Smad-transcription factor
protein-protein interactions in the nucleus [9]. However, since the
natural endogenous SARA is located in the cytoplasm of the cell, we
deleted the NLS from the original plasmids to enable exogenous Trx-
SARA to stay in the cytoplasm, thus providing enough SARA to block
the TGF- signaling. The four RTV plasmids were then individually co-
transfected with the plasmids pMD.MLVgag.pol and pHDM.G(Env)
(Harvard Gene Therapy Initiative; Boston, MA) into 293T cells using
Lipofectamine (Invitrogen) according to manufacturers instruction.
The RTV was produced and released by the cells into the medium.
The medium was then collected for 5 days and concentrated by
centrifugation (25,0008, 90 min at 4°C). HCE-TJ, pHCE, and HCF
were seeded separately in 6-well plates and infected with the RTVs by
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incubating the cells with concentrated RTV in the culture medium +
8ug/ml polybrene (Sigma-Aldrich; St. Louis, MO) for 24 hours. The
RTVs have an IRES (Internal Ribosome Entry Site), which allows for the
GFP (green fluorescent protein) and Trx-SARA or NLS-Trx-SARA to
be expressed separately but simultaneously; therefore, if the cell is green
when viewed with a fluorescent microscope, the GFP is being expressed
and one can safely assume the gene of interest is also being expressed.
To confirm that the cells were indeed successfully infected with the
gene of interest, the cells were viewed and photographed with an
inverted Nikon Eclipse TE300 microscope equipped with a digital Spot
camera (Micro Video Instruments; Avon, MA, USA). After the cells
were examined for GFP, they were expanded, collected, and processed
for western blot analysis, RT-PCR, or indirect-immunofluorescence
(IF).

Western blot analysis

Cells = RTV infection were seeded in 100 mm dishes with BM
+ additives (for HCE-TJ] and pHCE) or EMEM + 10% serum (for
HCF). When 50-60% confluent, the cells were starved (BM or EMEM
only, no additives or serum) + 10uM of p38MA*X inhibitor (SB202190:
Calbiochem; Billerica, MA) [20,21] overnight, and then incubated for
0, 2, 6, 24, or 48 hours in BM + 2ng/ml of TGF-p1 and + 10uM of
p38MAPK inhibitor (6 hour time point only) for HCE-TJ or pHCE, or
24 hours in EMEM # 2ng/ml of TGF-B1 for HCF. The cells were then
harvested, lysed and the protein was isolated and western blot analysis
was performed, as previously described [22,23]. Briefly, total protein
was separated on a 4-20% gel (NuPAGE; Invitrogen) and transferred to
a membrane (Immobilon P; Millipore; Billerica, MA). The membrane
was blocked in Blotto (5% dry milk in TTBS [Tris buffered saline +
0.1% Tween 20]) for 1 hour, probed with either anti-TSP-1 (Abcam;
Cambridge, MA), anti-cFN (Sigma-Aldrich Corp.; St. Louis, MO)
or anti-pl5™ (EMD Millipore; Billerica, MA) diluted in Blotto,
and incubated overnight with gentle rocking at 4°C. After rinsing
the membranes with TTBS, they were incubated for 1 hour with the
corresponding secondary antibody conjugated to either HRP (Jackson
ImmunoResearch; West Grove, PA) or IRDye 680RD or 800CW (Li-
Cor; Lincoln, Nebraska) diluted in Blotto. Membranes were then either
incubated with Super Signal Substrate (Thermo Scientific-Pierce;
Rockford, IL) and exposed to x-ray film (Amersham Hyperfilm HCL:
GE Healthcare Biosciences; Piscataway, NJ) or viewed on an infrared
imaging system (Odyssey: Li-Cor). Blots that were exposed to x-ray
film had equal total protein loaded onto the gels and the transfer and
loading efficiency was verified by staining the membrane (Ponceau S:
Sigma-Aldrich) prior to incubation with primary antibody. The blots
that were viewed with the infrared imaging system were also incubated
with anti-B-actin (Sigma-Aldrich), which was used as an internal
control.

Indirect Immunofluorescence (IF)

Cells + RTV infection were seeded onto chamber slides in BM +
additives for HCE-T] or EMEM + 10% serum for HCF. When ~60-
80% confluent, media was removed, and the cells were rinsed 3 times
with PBS, starved overnight (BM or EMEM only), incubated in BM or
EMEM + 2ng/ml of TGF-P1 for 20 minutes, fixed with methanol, and
then processed for IF [24]. In brief, slides were blocked with blocking
solution (1% bovine serum albumin [BSA] +0.1% Triton-X in phosphate
buffered serum [PBS]), incubated overnight at 4°C with anti-Smad2
(Abcam), anti-a-smooth muscle actin (SMA: DAKO; Carpinteria, CA)
or anti-Ki67 (Vector Labs; Burlingame, CA), and then incubated for
1 hour at room temperature with the appropriate secondary antibody
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conjugated to fluorescein (Jackson ImmunoResearch; West Grove,
PA). Slides were coverslipped with mounting media containing DAPI
(Vector Labs), which is a nuclear counter stain. Slides were observed
with a Nikon Eclipse E800 for IF and DIC (differential interference
contrast) and photographed with either an Andor Clara E camera with
Nikon NIS Elements for Basic Research or SPOT digital camera (Micro
Video Instruments). Samples where the primary antibody was omitted
served as negative controls.

Reverse Transcription Polymerase Chain Reaction (RT-PCR)

RT-PCR was performed as previously described [25], with specific
primers for p15™“ and TSP-1 (Table 1) [26]. In brief, the HCE-TJ +
RTYV infection were starved overnight (BM only), and then incubated
for an additional 4 hours in BM + 2ng/ml TGF-f1. After which, the
cells were harvested, mRNA was isolated (Trizol: Invitrogen), and RT
(RT Kit: Qiagen; Valencia, CA) -PCR (PCR Kit: Sigma-Aldrich) was
performed. The PCR products were resolved on a 1.5% agarose gel and
visualized (Biospectrum AC imaging system: UVP, LLC; Upland, CA).
G3PDH primers served as both an internal control [15] for the system
and a positive control for cDNA quality. Samples with no cDNA served
as the negative control.

Statistical analysis

Software (Image]J, v. 1.45s; National Institutes of Health; Bethesda,
MD: http://imagej.nih.gov/ij) was used to measure the bands from both
the Western blot and the RT-PCR data (n=3), and to count the number
of Ki67-positive cells and nuclei stained with DAPI (n=4). The data
was plotted and analyzed for significant variations (p<0.05) using the
Student’s t-test and Dunnett’s Multiple Comparison test (GraphPad
Prism v.5.0b; La Jolla, CA).

Results

The efficiency of RTV infection is shown in figure 1, where at least
95% of the cells infected with RTV were positive for GFP—HCE-T]
(Figure 1A and B,) and HCF (Figure 1Cand D). No apparent difference
was noted between Trx-SARA (Figure 1A and C) and NLS-Trx-SARA
(Figure 1B, and D ), and no fluorescence was seen in the uninfected
HCE-TJ (1B,) and HCF (D,), which served as the negative controls for
GFP. The infection rate in pHCE was the same as HCE-T] and HCF
(data not shown). These data indicate that Trx-SARA + NLS infected
both human corneal epithelial and fibroblast cell types efficiently.

To determine the optimal exposure time to TGF-p1, we examined
the following question: At what time does TGF-P1 have its maximal
effect on TSP-1 in HCE-TJ and pHCE cells? As seen in Figure 2A, even
with starving the cells overnight (Control: BM only with no TGF-f1),
the HCE-TJ produced low levels of TSP-1. Over the course of 24 hours
with TGF-P1 exposure, the amount of TSP-1 protein increased linearly,
peaking at 24 hours (p<0.01, compared with Control); however, by 48
hours, the amount of TSP-1 protein present in these cells decreased.

Table 1. Primer sequences used in RT-PCR.

Target Gene Primer Sequence Fragment Size
(5°>3) (bp)
TSP-1 FP 5’-CGTCCTGTTCCTGATGCATG-3’ 1037
RP 5’-GGCAGGACACCTTTTTGCAGA-3’
pl5ine FP 5’-GGAAGCCGGCGCGGATC-3’ 186
RP 5’-AGCGTGTCCAGGAAGCCCTCC-3’
G3PDH FP 5’-ACCACAGTCCATGCCATCAC-3’ 452

RP 5’-TCCACCACCCTGTTGCTGTA-3’

FP = Forward Primer; RP= Reverse Primer
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Figure 1. Analysis of Trx-SARA and NLS-Trx-SARA retrovirus infection efficiency in
HCE-TJ (A and B,) and HCF (C and D,). HCE-TJ and HCF were infected with Trx-SARA-
IRES-GFP (A and C) or NLS-Trx-SARA-IRES-GFP (B, and D) retrovirus. The cells were
photographed 2 days after infection. The green cells, which are GFP positive, indicate that
the Trx-SARA was being expressed in these cells. HCE-TJ (B,) and HCF (D,) were not
infected with retroviruses and served as negative controls. Images are representative of
three experiments. Bars = 50 microns.

The pHCE had the same response pattern (Figure 2B) as HCE-TJ.
Since the peak of TSP-1-protein levels was at 24 hours for both sets of
epithelial cells, we determined this to be our optimal TGF-f1-exposure
time for the rest of our experiments. Also, we decided to use HCE-TJ as
the representative for human corneal epithelial cells in the rest of these
studies due to the limitation of the number of pHCE passages, and the
similarity of pHCE and HCE-TJ in the RTV infection efficiency (Figure
1) and the TSP-1-protein response to TGF-B1 stimulation (Figure 2).

Trx-SARA’s inhibitory effect on the TGF-B/Smad pathway was
tested by examining Smad2 expression and localization in HCE-T]
+ Trx-GA or Trx-SARA. As seen in Figure 3, Smad2 was localized in
both the cytoplasm and nucleus of Controls-HCE-T]J (Figure 3A) and
HCE-TJ + Trx-GA (Figure 3C). Upon TGF-B1 stimulation, Smad2
appeared to translocate into the nucleus of these cells (Figure 3B and D;
HCE-TJ and HCE-TJ + Trx-GA, respectively). However, in Trx-SARA
containing cells, not only in non-TGF-1-treated cells (Figure 3E), but
also in TGF-B1-stimulated cells (Figure 3F), no Smad2 was detected,
indicating that the effect of TGF-f1, endogenous and exogenous, was
efficiently blocked by Trx-SARA.

The effectiveness of Trx-SARA + NLS was determined by
processing HCE-T] + RTV infection for western blot and examining
for the amount of TSP-1 protein (Figure 4A). As seen in Figure 4A
with BM only, the control plasmid samples (NLS-Trx-GA or Trx-GA)
had little effect on TSP-1 expression as compared with HCE-TJ only;
however, NLS-Trx-SARA and Trx-SARA decreased TSP-1-protein
levels (2.6 and 1.6 fold, respectively), indicating that both SARA RTV's
were active and inhibited TSP-1 in BM only. After exposure to TGF-f1,
the TSP-1-protein levels were upregulated in HCE-TJ (2.4 fold), NLS-
Trx-GA (2.2 fold), and Trx-GA (2.2 fold), as compared with HCE-TJ in
BM only, and increased to control level in NLS-Trx-SARA. However,
when the NLS was omitted from the Trx-SARA plasmid, TGF-p1
stimulation was blocked more effectively, causing the TSP-1-protein
levels to be maintained at the same level as in BM only. These data
thereby indicate that Trx-SARA blocked the Smad pathway more
efficiently when present in the HCE-T] cytoplasm rather than the
nucleus. From these results, we decided to omit the NLS-Trx-GA and
NLS-Trx-SARA samples from the rest of the experiments.

Volume 3(1): 3-8


http://imagej.nih.gov/ij

Guo X (2017) TGF-p-target genes are differentially regulated in corneal epithelial cells and fibroblasts

>
w

30000 Cont 2hr 6hr 24hr 48hr 30000- Cont 2hr 6hr 24hr 48hr

< - -- = .'

K43 2

£ g

2 20000- ‘a 20000

< <

g 8

£ 10000 & 10000-

g ’—z-l g

< <

[ p—
Control 2hr 6hr 24hr 48hr Control 2hr 6hr 24hr 48hr
2ng/ml TGF-p1 2ng/ml TGF-f1

Figure 2. Western blot analysis of TGF-B1 exposure time in HCE-TJ (A) and pHCE (B).
TSP-1 expression increased in both epithelial cell types and peaked at 24 hours. By 48
hours, TSP-1 expression decreased to control levels. Representative blot from one of three
experiments shown. **p<0.01
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Figure 3. Indirect-immunofluorescence of Smad2 (red) in HCE-TJ (A, B), HCE-TJ + Trx-
GA (C, D), and HCE-TJ + Trx-SARA (E, F) without (A, C, and E) or with (B, D, and F)
TGF-B1. DAPI (blue) was used as a counterstain to mark all cell nuclei. Bar = 10 microns.
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In addition to examining the protein levels of genes downstream
of TGF-p signaling in HCE-TJ, we also examined message levels.
As with protein levels (Figure 4A), TSP-1 mRNA levels were low in
BM only samples (Figure 4B and D) and increased upon TGF-f1
treatment (p<0.001: controls; p<0.05: Trx-SARA). Interestingly, even
though TSP-1 mRNA levels for all samples increased with TGF-pI1,
the TSP-1 mRNA level for the Trx-SARA + TGF-B1 sample decreased
significantly compared to the controls with TGF-p1 (p<0.001: Figure
4B-D). A similar result was seen for p15™* mRNA, where there were
low levels with BM only samples and then a dramatic increase with
the addition of TGF-B1 (p<0.01: Figure 4C and D). However, unlike
the TSP-1, there was no decrease in p15™“* mRNA in the Trx-SARA
samples treated with TGF-p1 compared with the TGF-B1 controls.
These data indicate that TGF-B1 upregulated both TSP-1 and p15@k®
mRNA; however, Trx-SARA only blocked TSP-1 mRNA levels and not
p15®k®, thus indicating that p15™** may not be controlled by the Smad
pathway in this cell type. Expression of p15™ " protein mimicked the
mRNA results (data not shown).

The effect of Trx-SARA was next examined in HCF. As seen in
Figure 5A, TSP-1 expression was significantly upregulated in all the
TGF-B1 samples compared with EMEM only (3-4-fold enhancement;
p<0.05). This data is similar to that seen with HCE-TJ (Figure 4A).
However, Trx-SARA HCF + TGF-p1 had similar TSP-1-protein levels
as controls (HCF and Trx-GA) + TGF-p1 (Figure 5A), indicating that
blocking the Smad pathway did not inhibit TSP-1-gene expression
in HCF. This suggests that TSP-1, for this cell type, is not modulated
through Smad signaling.

Another protein regulated by TGF-p in HCEF is cellular fibronectin
(cFN) [27,28]. Therefore, in addition to examining TSP-1, the expression
of ¢FN protein in HCF also was assayed by western blot to determine if
cFN is involved with the TGF-B/Smad pathway. As seen in Figure 5B,
Trx-SARA inhibited cFN expression in HCF after TGF-f1 stimulation
(p<0.05), indicating that cFN is regulated by TGF-f1 through the Smad
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Figure 4. Exogenous SARA’s ability to block the TGF-B/Smad-signaling pathway in HCE-TJ was examined by western blot (A) and RT-PCR (B-D). (A) Western blot analysis showed that
both NLS-Trx-SARA and Trx-SARA inhibited TSP-1 expression as compared with controls (HCE-TJ, NLS-Trx-GA and Trx-GA) in BM. Upon stimulation with TGF-B1, TSP-1 expression
increased in the controls and NLS-Trx-SARA; however, TSP-1 levels did not increase in Trx-SARA infected cells, but rather, remained at a similar level as BM. Data from two independent
experiments, both blots shown. (B) TSP-1 mRNA increased significantly with the addition of TGF-B1 (p<0.001 for controls [HCE-TJ and Trx-GA]; p<0.01 for Trx-SARA), and, as with the
western blot data, Trx-SARA significantly decreased TSP-1 message levels in both the BM (p<0.05) and the BM + TGF-B1 (p<0.001) as compared with their corresponding controls. (C)
p15™ mRNA also increased significantly upon the addition of TGF-B1 (p<0.01); however, Trx-SARA did not appear to block p15™** message levels. (D) Representative RT-PCR gels from
one of three experiments. G3PDH was used as both an internal control for the system and a positive control for cDNA quality.
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than controls (~22%; p<0.001).

Figure 6. DIC and indirect-immunofluorescence of SMA (red) in HCF (A, B) and HCF + Trx-SARA (C, D) without (A, C) or with (B, D) TGF-B1. DAPI (blue) was used as a counterstain

to mark all cell nuclei. Bar = 50 microns.

pathway. Trx-GA gave similar results as HCF control (data not shown).

Interestingly, while growing the HCF for the western blot
experiments, we noticed that the HCF infected with Trx-SARA
appeared to grow slower than the controls (HCF and Trx-GA);
therefore, we investigated if Trx-SARA had an effect on proliferation in
HCEF. As seen in Figure 5C, the percentage of Ki67-positive cells in Trx-
SARA samples (~12%) was significantly less than in controls (~22%;
p<0.001), which suggests that Trx-SARA negatively regulates HCF
proliferation. Trx-GA samples proliferated at the same rate as control
HCF (data not shown).

We also investigated if knocking down SARA had an effect on
the morphology of either the HCE-T] or HCF + TGF-p1. As seen in
Figure 6A, HCF consisted of a mixed population of fibroblasts and
myofibroblasts. A similar population was present with the addition of
TGEF-B1 (Figure 6B), Trx-SARA (Figure 6C), and Trx-SARA + TGF-p1
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(Figure 6D). No change in morphology was observed in the HCE-TJ
under any conditions studied (data not shown).

By utilizing Trx-SARA, we were able to show that the Smad pathway
may not control p15™“in epithelial cells and TSP-1 in HCF; therefore,
this data leaves us with the question: What other TGF- pathway
is involved? To answer this question, we examined the possibility
of p15™** and TSP-1 being linked to the p38M*X pathway, which is
also downstream from TGF-p signaling. To examine this hypothesis,
we used a p38MAPK jnhibitor (SB202190) to test the effect on p15ke-
protein levels in HCE-TJ + TGF-P1 (Figure 7A) and TSP-1-protein
levels in HCF + TGF-f1 (Figure 7B). As seen in Figure 7, p15™* and
TSP-1-protein levels significantly decreased with the p38"4*% inhibitor
compared to the corresponding controls (BM/EMEM and BM/EMEM
+ TGF-B1, p<0.05), thus indicating that TGF-P1 regulates p15™ % in
HCE and TSP-1 in HCF through the p38¥**X pathway.
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Figure 7. Western blot analysis of an alternate TGF-fB-signaling pathway for (A) p15™ expression in HCE-TJ and (B) TSP-1 expression in HCF. (A) p15™ expression levels were
significantly decreased when p38MAPK was inhibited in HCE-TJ when compared to the corresponding controls (p<0.05). Similarly, TSP-1 in HCF (B) decreased significantly when exposed
to p38MAPK inhibitor as compared with the corresponding controls (p<0.05). Representative blots from one of three experiments shown.

Discussion

The goal of the present study was to determine which TGF-p-target
proteins were regulated through the Smad pathway and which used
alternate signaling pathways. In this study, we made use of Trx-SARA,
an inhibitor that specifically blocks the Smad portion of the TGF-p-
signaling pathway. Trx-SARA was originally designed to act in the
nucleus [9], and in our initial experiments, we tested the hypothesis
that by deleting the NLS from Hoffman’s original Trx-SARA plasmid,
the Trx-SARA would stay in the cytoplasm and compete with the
endogenous SARA more efficiently. The data from our current studies
support our hypothesis, and the results indicate that the cytoplasmic
presence of Trx-SARA blocks the Smad-signaling pathway in both un-
stimulated and TGF-f1-stimulated HCE-TJ to a much greater extent
than when Trx-SARA was located in the nucleus.

The first TGF-P-target protein we examined was TSP-1, a
multifunctional matrix glycoprotein that has been found to be a TGF-
B-downstream responsive protein in HCF, rat proximal tubular cells
and fibroblasts, human optic nerve head astrocytes and pancreatic
cancer cells, human and mice conjunctival cells [29], and highly
expressed during tissue development and wound repair [16,30,31].
Previous studies have shown that TSP-1 was upregulated in wounded
cornea, with localization suggesting that the initial source of TSP-1
was the epithelium [12,17,18]. As seen in Figure 4A, TSP-1-protein
expression was efficiently blocked by Trx-SARA, which agreed with
PCR data in Figure 4B and D, indicating that TSP-1 expression was
regulated through Smad signaling in epithelial cells. Intriguingly, TSP-
1 expression in HCF appeared to involve a different TGF-B-signaling
pathway, as Trx-SARA did not block TSP-1 expression in these cells
(Figure 5A). Previous studies reported that TSP-1 expression, in
response to TGF-P1, was regulated by both ERK"?>and p384F¥ in rat
proximal tubular cells and mouse fibroblasts [16]. Our present studies
indicate that TSP-1 is regulated by TGF-f1, at least in part, through the
p38M4PK pathway in HCF (Figure 7B). In contrast, cFN, another matrix
protein highly expressed during wound repair, is regulated by TGF-p1
in HCF through the Smad pathway (Figure 5B).

These results, where two corneal cell types used different pathways
to produce TSP-1 surprised and excited us. As to why this occurs, we can
only speculate; however, one reasonable explanation is that it has to do
with timing of gene expression. We and others have documented that
some of the Smad proteins are downregulated by TGF-p stimulation
[32-34], which suggests that there may be an internal check mechanism
blocking the continued expression of TGF-p-target proteins, such as
TSP-1. Thus, in this concept, TSP-1 expression would be limited in
epithelium, but not in fibroblasts, which uses the p38MAP% pathway.
Since TSP-1 has been shown to activate TGF-p, this would result in a
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short-term expression of TGF-p in the epithelium, but a much longer
exposure time in fibroblasts. We will continue exploring the functional
significance of the use of different pathways.

Another TGF-B-target protein we examined was p15™**, a member
of the inhibitors of cyclin-dependent kinase 4 (INK4) family [15,35,36].
Studies have shown that TGF-p1 stimulated p15™® expression in HCE
cells [37], and that p15™ " can block cells from proceeding through
the cell cycle [15,38]. In addition, it has been shown that p15nke®
was upregulated in the non-proliferative migrating epithelium in a
debridement wound [37], which happens to be the same cells where
Smad2 and 4 localization remained primarily cytoplasmic [12-14].
This data suggests that even though p15™* is a TGF-{1-target protein,
the SMAD pathway is not activating it in epithelial cells. One possible
explanation is that TGF-P1 is stimulating the activation of a non-
Smad-signaling pathway(s) in corneal debridement wounds. Our
current investigation agrees with this hypothesis. In the present study,
we found that p15™“* mRNA expression increased in HCE-T] upon
stimulation with TGF-f1; however, there was no effect on the p15™k®
levels with the addition of Trx-SARA (Figure 4C and D), unlike the
results with TSP-1 (Figure 4B and D). However, when HCE-T] were
pre-treated with SB202190, a p38M*PX inhibitor, we found that TGF-p1
failed to upregulate p15™ " protein to control level (Figure 7A), thus
suggesting that TGF-B1 regulates p15™* expression in HCE-TJ, at
least in part, through the p38MA*® pathway.

During our investigation of HCF infected with Trx-SARA, we
observed that the cells appeared to grow slower than the control HCF.
We examined this phenomenon and determined that proliferation
rates were about one half of the control cells (Figure 5C). TGF-f1
is a well known inhibitor of mitosis in many cell types, including
epithelial and epidermal cells [39]. However, TGF-p1 can also act as
a proliferative inducer of other cell types [40-42]. In a previous study
[43], TGF-B1 was shown to significantly stimulate cell proliferation
of corneal stromal fibroblasts in an indirect manner by stimulating
FGF2. Similar studies by Jester et al. [44] indicated that PDGF might
also be involved in a similar mechanism. Our present study indicates
that control of HCF growth is at least in part through Smad signaling.
Further studies are needed to clarify the affects of blocking the Smad
pathway on FGF2 or PDGF expression.

In conclusion, Trx-SARA was used to study the regulation of
expression of TGF-p-target proteins in pHCE, HCE-TJ, and HCF. Trx-
SARA’s presence in the cytoplasm exhibited better blocking results
than NLS-Trx-SARA. The ability of Trx-SARA to block the induction
of TSP-1 in HCE-T] demonstrated that TSP-1 was regulated by TGF-p1
through the Smad pathway; however, Trx-SARA was unable to block
the upregulation of p15™ expression in HCE-TJ] and TSP-1 expression
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in HCF, demonstrating that p15® in HCE-TJ and TSP-1 in HCF
must be regulated by TGF-p1 through an alternative TGF-B-signaling
pathway in these cell types. When TGF-p1-stimulated HCE-TJ and
HCF were treated with p38"4*X inhibitor, p15™" and TSP-1 expression
decreased respectively, thus indicating that the p38MAPX pathway may at
least be, in part, the pathway by which TGF-p1 effects p15™*in HCE-
TJ and TSP-1 in HCF. In addition, Trx-SARA blocked the expression
of ¢cFN in HCF cells upon TGF-B1 stimulation, suggesting that cFN
was regulated by TGF-P1 through the Smad pathway. Interestingly,
Trx-SARA also was found to inhibit HCF proliferation. In conclusion,
perhaps our most significant findings are that not all TGF-p-target
proteins are induced through the Smad pathway, and that HCE and
HCF use different pathways for TGF-B-target protein expression.
In addition, HCF apparently can transform to a myofibroblast
morphology by means of a pathway that does not involve the Smad
proteins. Finally, it may be possible to allow the production of some
TGEF-B-target proteins while blocking the induction of others, which
could be useful in the treatment of disease or trauma.
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