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Summary
Background: The ternary complex factors (TCFs; Elk1, Net,
and Sap-1) are growth factor-responsive transcription cofactors of serum response factor (SRF) and are activated by
MAP kinase (MAPK) phosphorylation to regulate immediate
early gene transcription. Although cell adhesion also can regulate immediate early genes and proliferation, the mechanism
for this effect has remained unexplored.
Results: Restricting adhesion and spreading of G0-synchronized cells on substrates with decreasing size of micropatterned islands of fibronectin suppressed serum-induced
immediate early gene expression and S phase entry. Knockdown of Sap-1 decreased expression of the immediate early
genes egr1 and fos and subsequent proliferation normally
present with high adhesion, whereas knockdown of Net
rescued egr1 and fos expression and proliferation normally
suppressed by low adhesion. Chromatin immunoprecipitation
studies showed increased occupancy of egr1 and fos
promoters by Sap-1 with high adhesion, whereas low adhesion increased Net occupancy. This switch in TCF promoter
binding was regulated by an adhesion-mediated switch in
MAPK activity. Increasing adhesion enhanced serum-induced
JNK activity while suppressing p38 activity, leading to
increased Sap-1 phosphorylation and Net dephosphorylation,
and switching Net with Sap-1 at egr1 and fos promoters to
support proliferation. Microarray studies confirmed this switch
in TCF regulation of proliferative genes and uncovered novel
gene targets and functions coregulated by Sap-1 and Net.
Conclusions: These data demonstrate a key role for the TCFs
in adhesion-induced transcription and proliferation and reveal
a novel MAPK/TCF transcriptional switch that controls this
process.
Introduction
Cell adhesion to the extracellular matrix (ECM) is a principal
control point for proliferation. Not only do normal cells require
adhesion to proliferate [1], but the extent of cell adhesion
provides an additional regulatory point for proliferation.
Reducing ECM ligand density or using micropatterned
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surfaces to limit the degree of cell spreading and adhesion
results in decreased immediate early gene expression and
proliferation [2–4]. Although proliferation is dependent on the
regulated transcription of the immediate early genes and
components of the cell-cycle machinery, it is unclear how
these transcriptional changes are regulated by adhesion.
To begin to address how changes in adhesion might control
proliferative gene expression, we used unbiased computational methods to predict what transcription factors (TFs)
were most likely responsible for gene expression changes
observed in microarrays obtained from cells under different
adhesive conditions. Among the top TFs identified, serum
response factor (SRF) has a number of features that suggested
it might be an important target. It is involved in regulating the
expression of numerous cytoskeletal genes important for cell
adhesion [5], is important for differentiation programs that
are known to be affected by changes in adhesion or cell shape
[6], and is involved in proliferative regulation [7–9].
Two major mechanisms for regulation of SRF activity have
been described. One involves the myocardin-related transcription factor (MRTF) family of cofactors, which stimulate
SRF activity at the CC A/T-rich GG promoter sequence
(CArG box) [10]. It has been shown that MAL, or MRTF-A, is
activated by Rho-mediated shifts in actin polymerization
[11], and cell adhesion and spreading are important regulators
of Rho signaling [12]. In addition, SRF activity is also regulated
by the ternary complex factor (TCF) family, a subclass of the
ETS transcription factor family, members of which bind to
Ets sites near the SRF-binding CArG box [13]; this promoter
element that contains the CArG box and Ets site is called the
serum response element (SRE) [14]. The TCF family includes
the three TFs Elk1, Sap-1 (Elk4), and Net (Elk3); all activate
transcription with SRF, although Elk1 and Net can also be
repressive [15, 16]. Phosphorylation of TCFs by the extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), or p38 mitogen-activated protein kinases (MAPKs)
induces a conformational change in the TCF that is proposed
to enhance DNA binding and transcriptional activity [17–20].
The similarity in protein structure, ability to drive immediate
early gene expression in vitro [21–23], and limited (nonlethal)
effects of individual TCF mouse knockouts [24–26] have led
many to hypothesize that the three TCFs may be functionally
redundant. The TCFs are implicated in growth control given
that dominant-negative Elk, which blocks all three TCFs, decreases immediate early gene expression [27]. Thus, MRTFA-dependent SRF signaling has been closely tied to adhesion
signaling but not proliferative regulation, whereas TCF-dependent activity is associated with proliferative control but
possesses no known link to adhesion. As such, although SRF
signaling exhibits features that could link adhesion to proliferative regulation, a clear mechanism for such a link is absent.
Here we set out to determine how SRF signaling might be
involved in adhesion-dependent proliferation and found differential roles for specific TCFs in this regulation. We show that
limiting cell adhesion and spreading controls a previously
undescribed switch in JNK/p38 and Sap-1/Net activities to
regulate SRE promoter occupancy, immediate early gene transcription, and proliferation.
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Results
Cell Adhesion Regulates Proliferation and SRE-Dependent
Transcription
We have previously shown that decreasing cell adhesion and
spreading suppresses proliferation of endothelial cells [2].
In this study, we first confirmed that NIH 3T3 fibroblast
proliferation is similarly sensitive to adhesion using microcontact printing. Cells were plated on large areas of fibronectin
(FN) so that cells could fully spread, or on 1,225 mm2 islands
of FN to limit cell adhesion by directly restricting cell
spreading. Proliferation was assessed by measuring incorporation of the thymidine analog 5-ethynyl-20 -deoxyuridine
(EdU) or expression of cyclin D1 (ccnd1) and Ki67 (mki67) transcripts. As expected, limiting cell adhesion decreased EdU
incorporation (Figure 1A) and ccnd1 and mki67 expression
(Figure 1B).

Figure 1. Cell Adhesion Regulates Proliferation
and SRE-Dependent Transcription
(A and B) To assay cell proliferation under conditions of high and low adhesion, EdU incorporation assays (A) or qPCR for ccnd1 and mki67 (B)
were performed. Means 6 SEM from at least
four independent experiments are shown. *p <
0.05, paired t test.
(C) Cells were transfected with pSRE-Luc (left
panel), which contains the Ets site and CARG
box, or pSRF-Luc (right panel), which lacks the
Ets site, and plated on micropatterned islands,
and luciferase assays were performed. Data are
presented as means 6 SEM, n = 4. *p < 0.05,
two-way ANOVA.
(D) qPCR for egr1, fos, srf, and vcl. Data are presented as means 6 SEM, n = 4. *p < 0.05, twoway ANOVA.
See also Figure S1.

We hypothesized that specific TFs
might regulate the proliferative response to changes in adhesion. To identify these candidate TFs, we analyzed
two microarray data sets, from human
umbilical vein endothelial cells (HUVECs
[28]) and human mesenchymal stem
cells (hMSCs) in which micropatterning
was used to control adhesion. Each
microarray data set was individually
processed using Computational Ascertainment of Regulatory Relationships
Inferred from Expression (CARRIE),
which identifies TFs with significant expression changes or promoter binding
site overabundance [29]. The CARRIEidentified TFs in HUVECs and hMSCs
were then compared to find the TFs
common to both cell types. One of the
top TFs identified was SRF (see Table
S1 available online).
Given the central role of SRF in
controlling proliferation, we determined
whether changes in cell adhesion regulate SRF activity. NIH 3T3 cells were
transfected with pSRE-Luc, in which
the luciferase promoter included the
full SRE (CArG box and Ets site), or pSRF-Luc, which contains
the CARG box but lacks the Ets site. Cells were plated on
micropatterned substrates, serum starved overnight, and
then stimulated with serum, and luciferase assays were performed. Reducing cell adhesion significantly decreased SREdependent luciferase activity compared to highly adherent,
well-spread cells (Figures 1C and S1A). Moreover, micropatterning smaller areas of FN to progressively restrict cell adhesion and spreading resulted in further decreases in luciferase
activity (Figure 1C). Surprisingly, restricting cell spreading
had no effect on activity of pSRF-Luc (Figure 1C). Although
the differences in luciferase activity due to spreading were
most pronounced after acute serum exposure following starvation, the differences were still present in cells continuously
cultured with serum (data not shown).
We next examined whether other manipulations of cell
adhesion and spreading could regulate SRF. First, FN coating
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Figure 2. Adhesion Regulates
through the Sap-1 and Net TCFs
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density was reduced from 20 mg/ml to 1 mg/ml in order to modulate integrin binding and clustering and to reduce cell
spreading (Figure S1B). Second, cell confluency was increased
(Figure S1C), which indirectly reduces the extent of contact
and spread area that cells have with the ECM. Finally, FNcrosslinked polyacrylamide gels were used to change
substrate stiffness (Figure S1D), which can regulate integrin
activation, cell adhesion, and spreading [30]. When cell adhesion was reduced by any of these manipulations, SRE luciferase activity decreased while SRF luciferase activity remained
unchanged (Figures S1B–S1D). Together, these data indicate
that limiting cell adhesion to the ECM regulates genes that
contain the full SRE as compared with the CARG box alone.
Because transcriptional regulation of plasmid-borne genes
may not reflect endogenous genomic regulation, real-time
quantitative PCR (qPCR) was used to analyze endogenous
expression of four SRF-target genes, egr1, fos, srf, and vcl
(vinculin). The immediate early genes egr1 and fos contain
the full SRE and are dependent on TCFs for their transcription,
whereas srf and vcl lack the Ets site and are thought to act
independently of TCFs [31, 32]. Unless otherwise noted, the
studies described below used small islands to generate ‘‘low’’
adhesion or large areas of FN to generate ‘‘high’’ adhesion. The
expression of egr1 and fos was reduced when cell adhesion
was restricted (Figure 1D). However, srf and vcl showed no
difference in expression (Figure 1D). The mRNA expression
changes are likely due to changes in transcription and not
changes in transcript stability, because qPCR for the unspliced
egr1 transcript versus a single egr1 intron detected similar
expression levels (Figure S1E). These data further supported
a model whereby the Ets site in the SRE confers adhesiondependent regulation of SRF and implicated the TCF, and not
the MRTF, family of cofactors in this process. We also analyzed
Rho signaling, which is known to regulate MRTF activity
through its effects on actin polymerization [11]. Inhibition of
Rho with C3 exoenzyme decreased CArG box-specific pSRFLuc activity to the same degree in both high- and low-adhesion
conditions (Figure S1F). Although this confirmed the requirement for Rho in regulating CArG box-dependent transcription,
it also demonstrated that this role of Rho is not modulated by
adhesion. Supporting this, we also found no change in Rho
activity when adhesion was changed (data not shown).

Adhesion Regulates Proliferation
through the Sap-1 and Net TCFs
NetKD
SapKD
Because the TCFs bind to the Ets site to
regulate the transcription of SRE-containing genes, we next examined which
TCFs were involved in adhesion-dependent proliferation. To
test each TCF’s involvement, NIH 3T3 cell lines were generated
that stably expressed short hairpin RNAs (shRNAs) against
Elk1, Sap-1, or Net (ElkKD, SapKD, or NetKD). The SapKD
and NetKD cell lines showed a 60% specific reduction at the
protein level (Figure 2A), and all three cell lines showed at least
a 50% knockdown at the mRNA level (Figure 2B). EdU assays
were used to test whether the TCFs modulate adhesiondependent proliferation. TCF KD cells were synchronized
by increased cell confluency and serum starving and were
plated on micropatterned substrates in the presence of serum.
In the control and ElkKD cell lines, restricting cell adhesion
decreased proliferation (Figure 2C). However, both the SapKD
and NetKD cell lines showed a loss of regulated proliferation
by cell adhesion. Specifically, knockdown of Net rescued
proliferation in adhesion-limited conditions to levels similar
to those in highly adhesive cells (Figure 2C). Conversely,
knockdown of Sap-1 abrogated the increase in proliferation
normally present in highly adhesive cells (Figure 2C). These
data suggest that when adhesion is high, Sap-1 positively
regulates proliferation, whereas when adhesion is limited,
Net blocks proliferation.
Adhesive Context Dictates Sap-1 and Net Promoter
Binding and Transcriptional Activity
Because Net and Sap-1 regulated adhesion-dependent
proliferation, we next wanted to determine whether they
similarly regulated the adhesion-dependent transcription of
their SRE-containing immediate early gene targets egr1 and
fos. Luciferase assays with the pSRE-Luc construct, as well
as qPCR analysis for egr1 and fos, were performed in serumstarved and then stimulated cells cultured under high- or
low-adhesion contexts. SapKD cells lost the increase in
serum-induced luciferase activity (Figure 3A) and egr1 and
fos expression (Figures 3B and 3C) in high- versus low-adhesion conditions that was observed in control cells (Figures
3A–3C). Interestingly, when adhesion was limited in the NetKD
cells, egr1 and fos expression were rescued (Figures 3A–3C),
suggesting that Net represses or weakly activates immediate
early gene expression under low-adhesion contexts. Although
the NetKD cells plated on low adhesion showed a slight superactivation in the luciferase assays, the endogenous SRE
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under conditions of low adhesion (Figure 3E). As controls, neither IgG alone,
regions of the egr1 or fos promoters
targets egr1 and fos showed a simple rescue. Thus, the effects w1,000 bp upstream of the SREs, nor three different genomic
of Sap-1 and Net knockdown on immediate early gene expres- regions that do not contain SREs showed enrichment in either
sion were similar to their effects on proliferation. However, the ChIP assay (Figures 3D and 3E). These data show that differElkKD cells exhibited no changes in egr1 or fos expression ences in cell adhesion can trigger a switch in TCF promoter
(Figure S3) or adhesion-dependent luciferase activity (Fig- occupancy that correlates with changes in egr1 and fos
ure 3A). Although this suggests that Elk1 may not be involved expression.
in adhesion-dependent immediate early gene expression or
proliferation, it is also possible that the w35%–40% reduction JNK and p38 Play Opposing Roles to Regulate
in Elk1 protein expression may be insufficient to affect Elk1 Adhesion-Mediated TCF Activity
signaling. Because we were unable to further decrease It is not clear, mechanistically, how adhesion might regulate
Elk1 protein levels by small interfering RNA or shRNA, we changes in TCF activity and promoter occupancy. However,
cannot definitively conclude that Elk1 is not involved in these the MAPKs are known to phosphorylate and activate the
TCFs [17–20], and separate studies have shown that changes
processes.
These data suggest that when adhesion is high and cells in adhesion induce changes in MAPK activity [33, 34]. We
are spread, Sap-1 positively regulates immediate early gene therefore wanted to determine, first, which MAPKs were reguexpression, whereas when adhesion and spreading are lated by changes in adhesion and, second, whether this MAPK
limited, Net blocks immediate early gene expression. Because activity mediated the gene expression changes resulting from
Sap-1 and Net should differentially bind to the promoter to limited adhesion. To determine MAPK activity, we obtained
activate or repress transcription, respectively, as a function cell lysates from cells that were plated on micropatterned
of cell adhesion, chromatin immunoprecipitation (ChIP) exper- surfaces, serum starved overnight, then stimulated with serum
iments were performed to analyze TCF binding on SRE-con- for 45 min. Western blotting showed that serum-induced phostaining regions of the egr1 and fos promoters. For this study, pho-ERK levels were not significantly different when adhesion
changes in cell confluency were used to control cell adhesion was restricted (Figure 4A). Additionally, ERK translocated to
and spreading (as in Figure S1C) because micropatterning the nucleus equally efficiently after serum stimulation for
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Figure 4. JNK and p38 Play Opposing Roles in Adhesion-Regulated TCF-Targeted Transcription
(A–C) Western blotting and quantitation for phospho-ERK and total ERK (A), JNK (B, see arrows), and p38 (C) levels in cells micropatterned under conditions
of high or low adhesion and stimulated by serum.
(D–F) pSRE luciferase assays were performed in cells treated with 50 mM PD98059 (ERK inhibitor; D), 20 mM SP 600125 (JNK inhibitor; E), 10 mM SB 203580
(p38 inhibitor; F), or vehicle control.
Means 6 SEM are shown in all panels. For western blots, n = 6; *p < 0.05, paired t test or two-way ANOVA (for ERK). Luciferase assays were repeated at least
four times; *p < 0.05 versus high control, two-way ANOVA. See also Figure S3.

both high- and low-adhesion conditions (Figure S4A). These
data raised the possibility that ERK did not mediate adhesion-dependent SRF/TCF activity. In support of this, the
upstream MEK1 inhibitor PD98059 (Figure 4D) and the
MEK1/2 inhibitor UO126 (data not shown) failed to abrogate
luciferase activity in highly adhesive cells.
Therefore, we explored the possibility that the dominant
control point might lie with JNK or p38. In response to serum
stimulation, phospho-JNK levels increased under conditions
of high adhesion (Figure 4B), whereas phospho-p38 levels
increased under conditions of low adhesion (Figure 4C). Performing pSRE-Luc luciferase assays with pharmacological
inhibitors revealed that selective inhibition of JNK with SP
600125 significantly decreased luciferase activity of highly
adherent cells to levels similar to low-adhesion conditions (Figures 4E and S4B). Conversely, under limited adhesion, selective inhibition of p38 with SB 203580 rescued luciferase activity
(Figures 4F and S4B). These data suggest a balance in signaling
between JNK and p38 such that when adhesion is high, JNK
positively regulates SRE activity, whereas under limited adhesion and spreading, active p38 represses SRE activity.

Because MAPK-mediated serine and threonine TCF phosphorylation is proposed to potentiate transcriptional activity
by enhancing TCF binding to DNA [17–20], we next determined
whether JNK and p38 regulate Sap-1 and Net phosphorylation
and promoter binding in an adhesion-dependent manner. We
first tested TCF phosphorylation in NIH 3T3 cells that were
plated under high- or low-adhesion conditions, serum starved
overnight, and stimulated with serum and DMSO control or
MAPK inhibitors the following day. To measure phosphorylation states, we developed an assay in which Sap-1 and Net
immunoprecipitations were performed and bound proteins
were eluted and analyzed by western blotting for phosphoserine. Sap-1 phosphorylation was significantly increased under
conditions of high adhesion, and this was blocked by inhibition
of JNK, but not by inhibition of p38 (Figure 5A). Conversely, Net
phosphorylation was increased when adhesion was limited,
and inhibition of p38 but not JNK abrogated this increase
(Figure 5B).
To determine whether these changes in TCF phosphorylation correlate with changes in TCF promoter binding, we
used ChIP assays to test whether Sap-1 promoter binding in
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when adhesion was high but rescued EdU
incorporation when adhesion was limited,
suggesting that p38 represses proliferation
under low-adhesion contexts (Figure 5E).
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to adhesion, we compared how knockdown of Sap-1 versus Net affects global
gene expression via microarray analysis.
highly adhesive cells is dependent on JNK activity and whether NIH 3T3 cells were plated in a highly adherent context and
Net promoter binding is dependent on p38 activity when serum starved overnight, then stimulated with serum for 1 hr
adhesion is reduced. Under conditions of high adhesion, the following day before RNA isolation and microarray analinhibition of JNK decreased Sap-1 binding to the egr1 and ysis. Genes that changed by 2-fold or more with a false
fos promoters to levels similar to those in low-adhesion cells discovery rate (FDR) of 0.1% were identified, and qPCR was
(Figure 5C). Interestingly, JNK inhibition also caused used to confirm the top ten genes downregulated in response
a concomitant increase in Net promoter binding (Figure 5C). to Sap-1 or Net knockdown, or upregulated in response to Net
Conversely, under conditions of low adhesion, inhibition of knockdown (Table S2).
We next determined what genes might be direct targets
p38 decreased Net promoter occupancy to levels observed
in highly adhesive cells (Figure 5C), while also increasing of SRF/TCFs via two different analyses. First, the mouse
Sap-1 promoter binding (Figure 5C). These data indicate that genome was searched 5,000 nt upstream of each transcription
changes in cell adhesion and spreading switch TCF phosphor- start site for the consensus SRE promoter binding site
ylation and promoter occupancy in a JNK/p38-dependent GGA(A/T)XXCC(A/T)6GG, with GGA being the invariant core
of the TCF promoter binding site and the CArG box being the
manner.
Given that changes in adhesion regulate proliferation binding site for SRF. This analysis identified 82 promoter sites
through a switch in TCF activity, we hypothesized that JNK matching this sequence consensus, corresponding to 81
and p38 would also regulate adhesion-dependent prolifera- unique genes including egr1 and fos, known targets of the
tion. JNK inhibition decreased EdU incorporation in highly SRF/TCFs. From this list, 77 of the 81 genes were included
adhesive cells but had no effect when adhesion was limited, in the microarray (Table S3). We then determined whether
suggesting that JNK promotes proliferation in well-adherent these genes changed expression in the microarray using
cells (Figure 5D). Conversely, inhibition of p38 had little effect a 0.1% FDR. Of the predicted direct binders, 4.9% were
0.2
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(A) Venn diagrams showing the overlaps observed in NetKD and SapKD cells.
(B and C) Unique genes downregulated in
SapKD (B) or upregulated in NetKD (C) cells
were analyzed using the Ingenuity Pathway
Analysis program. Functions are plotted against
the 2log (p value). See also Figure S4 and Tables
S2, S3, and S4.
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Figure 6. Microarray Analysis Confirms TCF
Regulation of Proliferation and Predicts New
Functions Regulated by TCFs
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showed high fold changes (casc4, rgs4,
gpr39, and serpinb1a). Taken together,
these two analyses suggest that Sap-1
C
and Net knockdown alter gene expresDown in
Down in
IPA - Up in NetKD
sion of direct and nondirect binding
SapKD
NetKD
20
targets, as expected.
Cellular movement
142
49
In order to further examine Sap-1 and
Cell-to-cell signaling
Net reciprocity, genes identified in
and interaction
the microarray as up- and downreguCellular growth
lated in response to Sap-1 and Net
and proliferation
knockdown (2-fold change, 0.1% FDR)
Up in
Up in
were compared and the regulatory
Cell death
SapKD
NetKD
27
overlaps determined (Figure 6A). To
174
107
Antigen presentation
determine the likelihood that these overlaps occurred by chance, we simulated
0
2
4
6
one million random iterations using the
-log (P value)
R statistical program and compared
the number of genes expected to
show chance regulatory overlap to the
differentially regulated in the NetKD cells, as compared to observed overlaps. For each case, the overlap that we
1.9% of all genes. Of the predicted direct binders, 10.4% observed had a probability of p < 1 3 1026 of occurring by
were regulated in the SapKD cells, as compared to 13.9% of chance. These data demonstrate that Sap-1 and Net coreguall genes. These data confirm that TCF knockdown regulates late many genes in addition to egr1 and fos, some antagonisdirect TCF targets.
tically and others similarly.
One-third of the 77 predicted candidates were tested for
The biological consequences of TCF knockdown were predirect TCF binding using Net and Sap-1 ChIPs. This analysis dicted using the Ingenuity Pathway Analysis (IPA) program to
uncovered five candidates that did not bind Net or Sap-1; provide a network analysis of relationships and functions
the remaining 19 genes bound to at least one TCF (Table S3). and the Database for Annotation, Visualization, and Integrated
Of the predicted direct TCF binders that showed a reciprocal Discovery (DAVID) program for gene ontology analysis. The
regulation (up in SapKD/down in NetKD or vice versa), 6 out DAVID and IPA analyses predicted known TCF functions,
of 9 were able to bind to both Sap-1 and Net in ChIP assays, including locomotion, development, and inflammatory/
as expected. However, there were not simple correlations immune response [37]. Additionally, the analyses predicted
such that genes downregulated in the SapKD cells and several physiological roles not previously described to be
unchanged in the NetKD cells bound only to Sap-1, or genes regulated by the TCFs, including cell-cell signaling and adhedownregulated in the NetKD cells bound only to Net. This sion, ECM organization, immune signaling, chemotaxis, and
confirms that TCF promoter binding alone is not sufficient transport (Figure S4).
to induce transcriptional changes; rather, there are likely other
Finally, results of the microarray analyses supported our
signals such as phosphorylation [17–20] or acetylation [16, 35] data suggesting that Sap-1 and Net have opposing roles in
that must occur.
adhesion-mediated proliferative regulation. First, in the microWe next compared Sap-1 targets identified by a published array, egr1 expression decreased in SapKD cells by 1.06-fold
human Sap-1 ChIP sequencing data set [36] to our microarray (log2 transformed), which corresponded to qPCR results
analysis of SapKD cells. Thresholding at 1 3 1024 Poisson in these cells plated in a highly adherent context. Second,
p value and 0.1% FDR, we combined the replicate genes the IPA analysis predicted cellular growth and proliferation
identified from the published data (Table S4, Sheet 1). 15,970 to be downregulated in the SapKD cells (Figure 6B) and
binding sites were detected, which corresponded to 7,746 upregulated in the NetKD cells (Figure 6C), verifying an
unique genes. In comparison to our microarray, 1,034 were antagonistic role for Sap-1 and Net TCFs in proliferative reguhuman genes that did not have a corresponding mouse lation. Finally, cell adhesion was identified by DAVID as a top
gene and thus could not be compared. Of the remaining function affected in the common and unique genes regulated
5,383 genes, 807 were changed in the SapKD microarray by Sap-1 and Net knockdown (Figure S4), confirming that
(Table S4, Sheet 2). This list included genes that were both the TCFs are significant mediators of adhesion-induced cell
up- and downregulated in the microarray, some of which behavior.
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Figure 7. Proposed Model of Adhesive Regulation of the MAPK/TCF Switch
to Control Immediate Early Gene Expression and Proliferation
The model most consistent with our results is as follows. Upon serum stimulation, conditions of high adhesion induce Sap-1 phosphorylation and
promoter binding in a JNK-dependent manner, which stimulates SRFtargeted immediate early gene transcription and subsequent proliferation.
When adhesion is restricted, MAPK/TCF activity is switched; increased
p38 activity leads to Net phosphorylation and promoter occupancy of
SRF target genes to inhibit their transcription, leading to decreased
proliferation.

Discussion
Although the TCFs have classically been studied as growth
factor-responsive transcription factors, here we show that
this response is regulated by adhesion, and we present
a model in which changes in adhesion regulate a Sap-1/Net
transcriptional switch to control proliferation (Figure 7). This
characterization of an adhesion-mediated switch in Sap-1/
Net activity is a mechanism that has not been previously
described for any of the known soluble triggers of the TCF
pathway and therefore points to a new means by which
TCFs can regulate SRF target genes.
Interestingly, there is no clear consensus on the requirement
for SRF in cell proliferation. SRF appears to be necessary for
proliferation in some cells, such as hepatocellular carcinoma
cells [7], cardiomyocytes [9], and fibroblasts [8], whereas
it is dispensable for proliferation in others, including embryonic stem cells [38]. These differences may be due to celltype-specific requirements for SRF or SRF phosphorylation
status [39]. Our data suggest that although SRF is required
for fibroblast proliferation, the adhesive context is what ultimately provides the signaling permissive for SRF-mediated
proliferation.
Although changes in adhesion are often associated with
cytoskeletal reorganization, we surprisingly found that that
the actin polymerization-sensitive MRTF-regulated CArG
box-only genes are not regulated by changes in adhesion.
Although this does not completely exclude MRTFs from
adhesive regulation, this and the observation that the Rho
pathway is insensitive to changes in adhesion suggest that,
at least in fibroblasts, adhesive regulation of SRF signaling
may not be regulated only through Rho-mediated tension.
This TCF mechanism for transcriptional regulation by adhesion is different from other transcription factor pathways
that are mechanically regulated, such as MRTF-A [6, 40],
YAP/TAZ [41], KLF2 [42], and GATA2 and TFII-I [43]. Together,
these findings suggest that changes in adhesion can regulate
transcription through both tension-sensitive and -insensitive
pathways. Interestingly, SRF may exploit both of these

pathways, via the MRTF and TCF cofactors, to regulate cell
behavior.
Although the TCF family regulates many genes, whether the
TCFs fulfill redundant or independent roles is not well understood. The TCFs were originally proposed to be functionally
redundant because much of the early research used exogenous c-fos as a template to understand TCF promoter binding
and regulation. However, recent work has shown that in
certain contexts (depending on cell type, relative levels of
TCFs, etc.) TCFs can be redundant, whereas under other
circumstances they are not [37]. Here we knocked down
each TCF individually to compare their effect on adhesionmediated gene expression and function and found that two
of the TCFs, Net and Sap-1, play opposing roles in proliferative
gene expression and growth control.
Mechanistically, we propose that limiting adhesion regulates a switch in JNK and p38 MAPK activity, which in turn
controls TCF phosphorylation and promoter occupancy,
immediate early gene expression, and proliferation. Unexpectedly, we did not find a role for ERK signaling in this process
even though ERK has been implicated in serum-induced SRE
activity [32] and ERK has classically been described as the
MAPK whose activity is dependent on adhesion [33]. However,
this model of adhesion-regulated proliferation is largely based
on studies comparing suspended versus adherent cells, in
which suspension abrogates ERK activation and proliferation
[33]. Interestingly, others have reported that more subtle
changes in the extent of adhesion (on micropatterned surfaces
or polyacrylamide gels of decreasing stiffness) also inhibit
proliferation, but without suppressing ERK activity [44, 45].
We extend these observations and propose that limiting adhesion is not the same as complete loss of adhesion due to
suspension; whereas loss of adhesion regulates ERK, limiting
adhesion regulates a switch in JNK and p38 MAPK activity. To
our knowledge, our study is the first demonstration that this
antagonism can be controlled through changes in the adhesive microenvironment. Thus, shifts in these three MAPKs
may provide a paradigm for how cells are able to distinguish
different types of changes in adhesive environment and
respond appropriately.
We show Sap-1 and Net TCF switching at the promoters
of immediate early genes to antagonistically control gene
expression. Although it is known that SRF switches cofactors
from the MRTF myocardin to the TCF Elk1 to repress smooth
muscle gene expression [46], we unexpectedly show that
switching between TCF family isoforms can also change
gene expression. Although other transcription factors have
demonstrated switching behavior, such as NFAT and NF-kB
during fear memory reconsolidation [47] or GATA-2 and TFII-I
competing on the VEGFR promoter [43], the TCF switch is
different in that Sap-1 and Net are highly homologous isoforms
competing for the same promoter binding site. This switch is
also unique compared to the ETS domain-containing E74 transcription factor isoforms, E74A and E74B, which are turned on
at different developmental stages to regulate the timing of
early and late response genes [48]. Thus, we are not aware
of another example of transcription factor switching similar
to the TCF model described here.
This transcriptional switch model evokes several intriguing
directions for future research. It is not understood why JNK
targets Sap-1 in highly adhesive cells, yet p38 targets Net
when adhesion is reduced. One possibility is that changes in
adhesion alter the levels or localization of the TCFs. For
instance, JNK activity can stimulate Net nuclear export [49];
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perhaps the increased JNK activity induced by high adhesion
increases Net export so that there is more nuclear Sap-1 (and
less Net) to form ternary complexes at the SRE. Additionally,
given experimental limitations, how Elk1 might play a role in
adhesion-mediated SRE activity remains unclear. It will be
important to determine whether the three TCFs regulate other
genes and functions using a switching mechanism similar to
the one we propose for immediate early genes. In conclusion,
our findings highlight how changes in adhesion can regulate
SRF signaling to control proliferation and describe a novel
TCF transcriptional switch mechanism through which this
occurs.
Experimental Procedures
Please refer to the Supplemental Experimental Procedures for complete
experimental procedures.
Cell Culture
NIH 3T3 cell lines were maintained in growth medium (GM; 10% bovine
serum in Dulbecco’s modified Eagle’s medium).
Immunoprecipitation and Western Blotting
Cells were plated for 2 hr, serum starved overnight, and then stimulated with
GM. For TCF immunoprecipitations, cell lysates were incubated with Protein
A/G beads and anti-Sap-1 (Santa Cruz, clone H-167X) or anti-Net (Santa
Cruz, clone A-20X) antibodies overnight at 4 C. Antibodies used were phosphoserine (EMD Biosciences, 16B4), Elk1 (Santa Cruz, I-20), active MAPK
(Promega), phospho-JNK (BioSource), phospho-p38 (Cell Signaling), ERK
(Upstate), JNK (Santa Cruz), p38 (Cell Signaling), and GAPDH (Ambion).
ChIP Analysis
Cell pellets were resuspended in 50 mM HEPES (pH 7.5), 140 mM NaCl,
1 mM EDTA, 1% Triton X-100, 0.1% deoxycholate, 0.1% SDS, protease/
phosphatase inhibitors (Thermo Scientific), and 1 mM phenylmethylsulfonyl
fluoride and Dounce homogenized; nuclei were collected by centrifugation;
and DNA was sheared by Bioruptor sonication (Diagenode). Sepharose
Protein A/G beads and anti-Sap-1 antibody, anti-Net antibody, or IgG
control (Sigma) were added to the chromatin suspension overnight at 4 C,
collected, and eluted; crosslinks were reversed; and proteins were digested
with Proteinase K (Active Motif). qPCR detected binding; see Table S5 for
sequences.
Statistical Analysis
Means 6 SEM and p values were calculated using GraphPad Prism
software.
Accession Numbers
Log2 robust multiarray average expression data reported in this paper have
been deposited in the NCBI Gene Expression Omnibus with the GEO series
accession number GSE26640.
Supplemental Information
Supplemental Information includes four figures, five tables, and Supplemental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2012.08.050.
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