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Abstract
CLIC4 (Chloride intracellular channel 4) belongs to a family of putative intracellular chloride

channel proteins expressed ubiquitously in multiple tissues. CLIC4 is predominantly soluble

and traffics between the cytoplasm and nucleus and participates in cell cycle control and dif-

ferentiation. Transforming growth factor beta (TGF-β) elevates CLIC4, which enhances

TGF-β signaling through CLIC4 mediated stabilization of phospho-Smad2/3. CLIC4 is

essential for TGF-β induced conversion of fibroblasts to myofibroblasts and expression of

matrix proteins, signaling via the p38MAPK pathway. Therefore, regulation of TGF-β signal-

ing is a major mechanism by which CLIC4 modifies normal growth and differentiation. We

now report that elevated CLIC4 alters Smad7 function, a feedback inhibitor of the TGF-β

pathway. Overexpression of CLIC4 in keratinocytes, mouse embryonic fibroblasts and

other mouse and human cell types increases the expression of Smad7Δ, a novel truncated

form of Smad7. The alternatively spliced Smad7Δ variant is missing 94bp in exon 4 of

Smad 7 and is conserved between mouse and human cells. The deletion is predicted to

lack the TGF-β signaling inhibitory MH2 domain of Smad7. Treatment with exogenous

TGF-β1 also enhances expression of Smad7Δ that is amplified in the presence of CLIC4.

While Smad7 expression inhibits TGF-β signaling, exogenously expressed Smad7Δ does

not inhibit TGF-β signaling as determined by TGF-β dependent proliferation, reporter

assays and phosphorylation of Smad proteins. Instead, exogenous Smad7Δ acts as a dom-

inant negative inhibitor of Smad7, thus increasing TGF-β signaling. This discovery adds

another dimension to the myriad ways by which CLIC4 modifies TGF-β signaling.

Introduction
The TGF-β signaling pathway importantly regulates numerous cellular activities including
growth, differentiation, apoptosis, adhesion and motility [1]. These myriad effects are elicited
by a signaling cascade from the cell membrane to the nucleus. The canonical TGF-β signaling
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cascade is initiated when a TGF-β ligand binds to the TGF-β Type II receptor on the cell sur-
face, and subsequently heterodimerizes with and phosphorylates the TGF-β Type I receptor
[2]. This then leads to phosphorylation of Receptor Smad molecules (R-Smads), their associa-
tion with Smad4 (Co-Smad) and translocation to the nucleus to regulate transcription of target
genes. TGF-β signaling is fine tuned and regulated through multiple means, one of which is
induction of expression of Inhibitory Smads (I-Smads) [2]. The expression and nuclear export
of the I-Smads, Smad6 and Smad7, is induced by TGF-β signaling. Smad6 preferentially inhib-
its BMP signaling [3,4] whereas Smad7 inhibits both TGF-β and BMP signaling [5]. They
inhibit Smad signaling by several mechanisms: Smad7 interferes with interaction of R-Smads
with type I receptors and thus preventing R-Smad phosphorylation and activation [5]; Smad6
and Smad7 prevent complex formation between R-Smad and co-Smads that prevents R-Smad
nuclear translocation and subsequent transcriptional regulation [5,6]; they interfere with func-
tional Smad-DNA complex formation in the nucleus [7]; or directly regulate transcription in
the nucleus [8].

CLIC4 (Chloride Intracellular Channel 4) is a highly conserved multifunctional member of
a family of six proteins that are similar in size, highly homologous and participate in many sig-
naling activities [9,10]. Of all family members, CLIC4 has been most extensively studied. The
28kD ubiquitously expressed CLIC4 is dimorphic, found both in intracellular membranes as
well in soluble form in the cytoplasm and regulated by cellular redox state [11,12]. A major site
of action of soluble CLIC4 appears to be in the nucleus where it modifies TGF-β signaling [13].
CLIC4 translocates from the cytoplasm to the nucleus under cellular stress including metabolic
stress, growth arrest, apoptosis and DNA damage [14]. In the nucleus, CLIC4 enhances TGF-β
signaling by associating with phosphorylated R-Smads and inhibiting their dephosphorylation
by specific Smad phosphatase PPM1a, thereby prolonging the activated state of Smads and
hence the TGF-β signal [13]. CLIC4 deficient mice display spontaneous skin erosions and
delayed wound healing possibly through altered TGF-β signaling [15]. During carcinogenesis,
CLIC4 mirrors the dual nature of TGF-β in causing context dependent tumor suppression or
enhancement. Elevating CLIC4 levels in tumor epithelium suppresses tumor growth that is
coincident with enhanced TGF-β signaling [16]. In contrast, elevating CLIC4 in tumor stroma
via TGF-β and p38 signaling enhances tumor growth and tumor cell invasion [17]. Here we
report that CLIC4 has devised another strategy to enhance TGF-β signaling: by inducing
expression of a novel, alternate form of Smad7 in collaboration with TGF-β. We describe the
identification of this previously uncharacterized shorter form of Smad7 that appears to be the
result of an alternative splicing event and designate it as Smad7Δ. The splicing event as well as
sequences of Smad7Δ are conserved between mouse and human cell types. Expression of
endogenous Smad7Δ is induced upon overexpression of CLIC4 and by TGF-β treatment of
keratinocytes and other cell types in the presence of CLIC4. Exogenous Smad7Δ acts as a domi-
nant inhibitor of Smad7 and enhances TGF-β signaling.

Results

Expression of exogenous CLIC4 induces a shorter form of Smad7
Overexpressing CLIC4 in mouse keratinocytes revealed two Smad7 transcripts: the expected
amplicon and a transcript producing an approximately 100bp shorter band (Fig 1A). Time
course analysis indicated that the shorter band only appears after CLIC4 is elevated substan-
tially by adenoviral transduction and is not related to adenoviral infection alone (Fig 1B).
Sequence analysis of this shorter band reveals the absence of 94bp from exon 4 of Smad7 (Fig
1C, blue line). This novel form of Smad7 was termed Smad7Δ. Primers specific to Smad7Δ
were designed (see experimental procedures and Fig 1D) and used for quantitative real time
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Fig 1. CLIC4 overexpression induces expression of Smad7Δ. A. Primary keratinocytes transduced with
Vector (Control) or CLIC4 expressing adenoviruses for 16h were subjected to RT-PCR using Smad7 primers.
B. Primary keratinocytes transduced with Vector (Control) or CLIC4 expressing adenoviruses for indicated
periods of time were analyzed for Smad7 and CLIC4 by RT-PCR. GAPDHwas used as control for A and B.
C. Genomic organization of Smad7 gene showing the region deleted in SmadΔ in blue, based on sequencing
analysis. D. To validate Smad7Δ specific primers, real time PCR was carried out on reverse transcribed RNA
from control adenovirus, Smad7 or Smad7Δ adenovirus transduced keratinocytes or Smad7 plasmid DNA.
Results are expressed relative to control sample which is assigned an arbitrary value of 1.0. E. Real time
PCR for Smad7Δwas carried out on samples from Vector (Control), CLIC4 or GFP transduced keratinocytes
and presented here as relative to control sample. Statistical comparisons were performed as indicated.
**p<0.005.

doi:10.1371/journal.pone.0161410.g001
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PCR revealing that overexpression of CLIC4 induces expression of Smad7Δ while the adeno-
vector and adeno-GFP do not (Fig 1E).

TGF-β treatment enhances expression of Smad7Δ in a CLIC4
dependent manner
We have previously shown that CLIC4 enhances TGF-β signaling. In order to determine if the
induction of Smad7Δ by CLIC4 is TGF-β dependent, we blocked TGF-β signaling using the
ALK5 receptor blocker SB431542. At this treatment dose, the extent of Smad7Δ induction
achieved by CLIC4 is reduced (Fig 2A) but not completely abrogated. The involvement of
TGF-β in the induction of Smad7Δ is further shown in Fig 2B where TGF-β treatment of kera-
tinocytes for 2 hours induces expression of Smad7Δ. Induction of Smad7Δ by CLIC4 overex-
pression as well as by TGF-β treatment or the combination was also noted in several other
mouse and human cell types (Fig 2C) indicating this is an across species response. A coopera-
tive interaction between CLIC4 and TGF-β in Smad7Δ generation is shown further in Fig 2D.
Primary keratinocytes from CLIC4 KO mice when treated with various doses of TGF-β1 for 2h
failed to upregulate Smad7Δ expression to a level comparable to WT keratinocytes as detected
by q-PCR.

Sequence analysis of Smad7Δ
Fig 3A shows partial exon 4 cDNA sequence of Smad7 with the deleted region in Smad7Δ indi-
cated in red. Smad7 cDNA sequence with this deletion translates into a truncated protein
Smad7Δ that terminates from a frame shift and has a novel C terminus highlighted in red in
Fig 3B. The N terminus of Smad7Δ is predicted to be identical to that of Smad7. Based on this
information, adenoviral expression vectors for Smad7 and Smad7Δ were constructed. Immu-
noblot analysis of primary mouse keratinocytes transduced with Smad7 and Smad7Δ express-
ing adenoviruses probed with an N-terminal Smad7 antibody confirmed that these constructs
overexpressed proteins of expected sizes of 45kD and 31kD respectively (Fig 3C).

Smad7Δ acts as a dominant inhibitor of Smad7
Using the adenoviral vectors we were able to test if Smad7Δ affects TGF-β dependent transcrip-
tion (Fig 4A). As expected, increasing expression of Smad7 decreases p3TP luciferase TGF-β
reporter activity. The same assay reveals that transduction with increasing amount of Smad7Δ
expressing adenovirus increases TGF-β reporter activity. A combination of Smad7 and
Smad7Δ increases reporter activity irrespective of proportion of the two viruses. For example,
2.5 MOI of Smad7Δ prevents repression of TGF-β reporter activity even by 10 MOI of Smad7
virus. This shows that exogenous Smad7Δ functions as a dominant inhibitor of Smad7 function
to repress TGF-β signaling. Support for this conclusion also comes from a study of adenovirally
transduced keratinocytes analyzed for the expression of various TGF-β downstream genes on a
TGF-β PCR expression array. Following a 1h treatment with TGF-β, exogenous Smad7 inhibits
or enhances expression of various TGF-β downstream genes whereas Smad7Δ does the oppo-
site (Fig 4B). Co-expression of Smad7 and Smad7Δ resulted in TGF-β signaling changes similar
to Smad7Δ alone supporting the indication that Smad7Δ functions in a dominant negative
manner over Smad7. Hprt1 and Hsp90ab1 are used as house keeping genes.

Since Smad7 primarily inhibits Smad signaling, we examined the effect of Smad7, Smad7Δ
and their co-expression on Smad2 phosphorylation. In TGF-β treated keratinocytes, Smad7
inhibits phosphorylation of Smad2 but Smad7Δ actually enhances it. Interestingly keratino-
cytes transduced with a combination of Smad7 and Smad7Δ have a higher amount of phos-
pho-Smad2 than Smad7 alone transduced cells (Fig 4C).
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Fig 2. TGF-β induces expression of Smad7Δ. A. Real time PCR for Smad7Δwas carried out on primary
keratinocytes transduced with Vector (Control) or CLIC4 expressing adenoviruses +/- 30 min pretreatment
with 5μMALK5 blocker SB431542. B. Primary keratinocytes treated with indicated doses of TGF-β for 2h in
serum free media were analyzed for Smad7Δ by real time PCR. C. Indicated cell types were transduced with
empty vector (Control) or CLIC4 expressing adenovirus and subsequently treated or not with 1ng/ml TGF-β1
for 2h. Total RNA was reverse transcribed and analyzed for Smad7Δ expression by q-pcr. D. Primary
keratinocytes fromWT or CLIC4 KOmice treated with indicated doses of TGF- β1 for 2h in serum free media
were analyzed for Smad7Δ by real time PCR. Statistical analysis compared each treated sample with its
respective untreated control. A,B,C,D. Smad7Δ levels were normalized to GAPDH content and are presented
as relative to control untreated sample. A,B,C,D. Statistical comparisons were carried out as indicated.
*p<0.05, **p<0.005, ***p<0.0005.

doi:10.1371/journal.pone.0161410.g002
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Growth inhibition is a hallmark of active TGF-β signaling in epithelial cells [18, 19]. In a
thymidine incorporation assay, while TGF-β treatment decreased proliferation of keratino-
cytes, exogenous Smad7 abrogated this inhibition as expected (Fig 4D). Neither transduced
Smad7Δ expression alone nor a combination of transduced Smad7 and Smad7Δ inhibited the
effect of TGF-β, again showing that Smad7Δ had the capacity to over-ride the effect of Smad7
on TGF-β dependent growth inhibition.

Smad7Δ is expressed constitutively in mouse and human cells, is highly
inducible and associated with pathology
We used RNA-seq coupled to the TopHat algorithm in MEF cells and human osteosarcoma
cell line HOS as an un-biased approach to analyze splicing junctions [20]. In the absence of
entered a priori knowledge, the program detected the presence of split tags that spanned the
predicted splicing junction for Smad7Δ (S1 Fig), therefore demonstrating that the splicing

Fig 3. cDNA and predicted protein sequence of Smad7Δ. A. cDNA sequence of part of exon 4 of Smad7
showing the region missing in Smad7Δ in red. B. Protein sequence of Smad7 predicted upon in silico
translation of Smad7 cDNA sequence. In red is the predicted C terminus amino acid sequence of Smad7Δ. C.
Primary keratinocytes were transduced with adenoviruses expressing Smad7 or Smad7Δ and immunoblotted
using an N-terminal Smad7 antibody. Bands appear at expected sizes of 45 and 31kD for Smad7 and
Smad7Δ respectively.Smad7Δ transduced cells also show Smad7 protein at higher exposure, not shown
here.

doi:10.1371/journal.pone.0161410.g003
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variant Smad7Δ exists constitutively in both mouse and human cells and is naturally occurring.
Importantly, the nucleotide and protein sequence of Smad7Δ is conserved between mouse and
human species (S2 Fig). In the unstimulated state, an analysis of split vs unsplit tags yielded a
2% total abundance of Smad7Δ transcripts relative to total Smad 7 transcripts in MEFs while
HOS showed a relative abundance of 1.2%. (Fig 5A). Introduction of exogenous CLIC4 into
MEFs modestly increased the expression of Smad7Δ that was inhibited by blocking the
TGFBRII indicating it is TGF-β dependent. In contrast TGF-β treatment of MEFs at 1 ng/ml
induced expression of Smad7Δ transcripts 20–30 fold suggesting it is a primary signal for regu-
lating the splicing of the Smad7 transcript (Fig 5B and 5C). Interestingly, the level of induction

Fig 4. Smad7Δ functions as a dominant inhibitor of Smad7. A. Primary keratinocytes were transfected
with p3TP luciferase and pRLTK plasmids for 24h, then transduced with Smad7 and Smad7Δ adenoviruses
as indicated and treated with TGF-β for 16h. Luciferase assays were performed and represented here as fold
change relative to that of Vector transduced control sample. B. Primary keratinocytes were transduced with
Vector (Control), Smad7, Smad7Δ or a combination of both for 16h, subsequently treated with TGF-β1 for 1h
and analyzed on a TGF-β signaling PCR array by real time PCR. Data are presented as fold change over
control sample transduced with empty vector. C. Primary keratinocytes were transduced as in B, treated with
TGF-β1 for 1h and immunoblotted for p-Smad2. β-actin was used as loading control. D. Primary keratinocytes
were transduced as in B, treated with TGF-β for 16h and subsequently exposed to 3H-thymidine for 3h. 3H-
Thymidine incorporation was determined by scintillation counting of lysates and displayed as raw counts
normalized to cell number. A, D Statistical comparison was performed as indicated. *p<0.05, **p<0.005,
***p<0.0005.

doi:10.1371/journal.pone.0161410.g004
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Fig 5. Smad7Δ is an alternately spliced isoform of Smad7, occurs constitutively, is highly inducible
and associated with pathology. A. Shown is the genomic view of the Smad7 locus using RNAseq data in
MEF and HOS cells. The spliced part of exon 4 of the Smad7 gene was enhanced to illustrate Smad7Δ and
Smad7. Blue thick bar shows un-spliced Smad7 while red thick bar the Smad7Δ variant. Blue thin bars
indicate un-split tags for the normal variant while red thin bars the split tags for Smad7Δ. The ratio of split tags
and un-split tags is 2% in MEFs and 1.2% in HOS cells. Raw data are shown in S1B Fig. Primary MEFs were
transduced with Vector (Control) or CLIC4 expressing adenoviruses with or without 30 min pretreatment with
the 5μMALK5 blocker SB431542. Smad7Δ expression was analyzed via real time PCR and is presented as
fold change over untreated Vector only (Control) transducedMEFs. C. Primary MEFs were treated with 0.05
and 1ng TGF-β1 for 2h in serum free media and Smad7Δ and Smad7 levels analyzed by real time PCR. B,C,
Statistical comparison was performed as indicated. *p<0.05, **p<0.005. D. Real time PCR analyses for
Smad7Δ,Smad7 and CLIC4 were performed on RNA isolated from normal skin, squamous papillomas and
squamous cell carcinomas arising from orthografts of oncogenic ras transduced primary mouse keratinocytes.
Each bar represents tumor or skin from a separate mouse normalized to first papilloma for Smad7Δ and first
normal skin sample for Smad7 and CLIC4.

doi:10.1371/journal.pone.0161410.g005
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of Smad7 transcripts by TGF-β in these cells was substantially less than the induction of the
Smad7Δ transcript implying that TGF-β preferentially elevates the variant transcript. As in
many ying-yang functions of TGF-β, this preferential induction of the Δ transcript could serve
as a mechanism to bring the two opposing protein functions into better balance during expo-
sure. To determine if the Smad7Δ transcript is detected in vivo or altered in disease states, we
examined RNA by real time PCR from normal skin and benign and malignant squamous
tumors induced by oncogenic ras transduction (Fig 5D). Smad7Δ could not be detected in nor-
mal skin but low levels of Smad 7 were detectable. In contrast, Smad7Δ transcripts were readily
detectable in all tumors at variable but highly elevated levels in some tumors, even in the
benign state. Smad 7 transcripts were also elevated in both benign and malignant tumors
where TGF-β levels are generally high [21]. Probing the same tumors for CLIC4 transcripts
showed a similar pattern of variability with some tumors correlating high expression of both
CLIC4 and Smad7Δ transcripts (Fig 5D). However, whether these transcripts are expressed in
the same cells or same compartments of the tumor cannot be determined by these methods.
Nevertheless, these findings suggest that the balance of these opposing and facilitating modify-
ing factors for TGF-β signaling could influence tumor development.

Discussion
The complexity of TGF-β signaling mediators lends specificity to the wide array of actions and
interactions that define this pathway. R-Smads consist of the MH1 (Mad-homology 1) and
MH2 domains connected by a linker region [2]. Their C terminus has a SSXS motif that is
phosphorylated by activated Type I receptor. The Co-Smads contain MH1 and MH2 domains
but do not contain the SSXS motif at their C terminus and hence cannot be phosphorylated by
the receptors. I-Smads have a conserved MH2 domain but also lack the SSXS motif. Their N-
termini lack the DNA-binding domain present in MH1 domains of the R-Smads and Co-
Smads. The C-terminal MH2 domains of Smad6 and Smad7 are responsible for their interac-
tion with the Type I receptor and for inhibition of the TGF-β signaling pathway [22,23]. The
MH2 domains of Smad6 and Smad7 are sufficient to repress TGF-β signaling while isolated N-
terminal domains of these proteins are unable to cause this repression themselves. The N-
domain of Smad7 determines its subcellular localization and aids the inhibitory activity of its
MH2 domain through physical interaction with the MH2 domain [23]. As predicted in Fig 3B,
the observed deletion of 94bp in exon 4 of Smad7 produces a frame shift and early truncation
of the protein, eliminating the MH2 domain in Smad7Δ (Fig 6). In the absence of an MH2
domain and an altered C-terminus, it would be expected that Smad7Δ would be unable to
inhibit TGF-β signaling. Our results show that Smad7Δ does not inhibit TGF-β signaling but
instead acts as a dominant inhibitor of Smad7 function and potentiates TGF-β signaling.

Overexpression of CLIC4 in keratinocytes first revealed the existence of this variant and led
to the understanding of its TGF-β inducibility. Examination of multiple cell types suggests the
Smad7Δ transcript is widely expressed in both human and mouse cells albeit at low levels but
inducible. As depicted by RNA-seq analysis of primary MEFs and osteosarcoma cell line HOS,
Smad7Δ is expressed in baseline, unmanipulated conditions in normal primary cells as well as
in disease state. qPCR indicates it is induced by TGF-β treatment in MEFs and multiple other
cell types. Thus it seems likely that Smad7Δ participates in the regulation of TGF-β signaling as
required, and can modify the downstream readout of this pathway. Our results show that
CLIC4 is important for induction of Smad7Δ. The enhanced induction of Smad7Δ by com-
bined TGF-β treatment and overexpression of CLIC4 supports this idea as do the reduction in
TGF- β induced Smad7Δ transcript in CLIC4 KO keratinocytes and decrease in CLIC4-in-
duced Smad7Δ transcripts when TGF-β signaling is blocked (Fig 2). That the Δ transcript had

Novel Smad7 Splice Variant

PLOS ONE | DOI:10.1371/journal.pone.0161410 August 18, 2016 9 / 15



not been seen previously in Smad7 studies suggests some selectivity, either direct or indirect,
for a mechanism related to expression of CLIC4. It is likely that our previously reported mecha-
nism where TGF-β enhances CLIC4 expression that in turn stimulates TGF-β signaling by sus-
taining the phosphorylated Smad2/3 signal is operative here as well [13]. The enhanced
induction of Smad7Δ by combined TGF- β treatment and overexpression of CLIC4 supports
this idea. Since CLIC4 is constitutive in most cell types and TGF-β is in the microenvironment
of all tissues, it is likely they participate in basal regulation of Smad7Δ. Additional studies are
required to interrogate this mechanism.

Analysis of the borders of the deletion that gives rise to Smad7Δ reveals a GT/AG motif
(highlighted in bold red and underlined in Fig 3A) that is the hallmark of alternate splicing and
denotes a splice donor and acceptor site. RNA-seq analysis of MEFs and human osteosarcoma
cells further shows that Smad7Δ arises due to novel splicing and that we have uncovered an
alternately spliced form of Smad7. TGF-β signaling has been shown to participate in splicing of
many genes [24,25]. It is likely that alternate splicing of Smad7 to produce Smad7Δ involves
enhanced TGF-β signaling brought about by CLIC4. According to an analysis using NCBI’s
Aceview program, transcription of the Smad7 gene could produce at least 7 different alternately
spliced mRNAs all putatively encoding good proteins. There are 5 probable alternate promot-
ers and 2 validated polyadenylation sites. The mRNAs appear to differ by truncation of the 5'
end, overlapping exons with different boundaries, alternative splicing or retention of one
intron. Smad proteins are commonly known to have several splice isoforms. A splice form of
Smad2 that lacks exon 3 is differentially expressed during mouse brain development and aging
[26]. Alternately spliced forms Smad5 and Smad5β diverge at the junction of exon 6, with
Smad5β found to be more highly expressed in undifferentiated hematopoietic stem cells than
in terminally differentiated peripheral blood leukocytes [27]. Three human Smad6 isoforms
have been identified [28]. Apart from the full length Smad6 that consists of an N-terminal
MH1 domain and a C-terminal MH2 domain, Smad6s exhibits a truncated MH1 domain

Fig 6. Comparison of Smad7 and Smad7Δ domains. A. Exon arrangement of Smad7 and location of MH1
and MH2 domains. B. Exon arrangement of Smad7Δ compared to that of Smad7 and the resulting MH1 and
absence of MH2 domain predicted based on sequence analysis.

doi:10.1371/journal.pone.0161410.g006
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while Smad6B, due to use of an alternate exon 4, has a C-terminal truncation leading to lack of
the entire MH2 domain and parts of the linker region. Smad8B, a splice variant of Smad8 lacks
the C-terminal SXSS motif and inhibits Smad8 mediated signaling [29]. Smad8B acts as a dom-
inant inhibitor of BMP signaling. Analysis of the annotated RNA database does not display
Smad7Δ. Therefore this study discovers a constitutively expressed, hitherto unannotated form
of Smad7 that functions at least experimentally as an inhibitor of Smad7 and potentiates TGF-
β signaling.

Smad7 is frequently elevated in various tumor types including squamous cancers of the skin
[30,31,32,33]. We now show that the alternatively spliced variant Smad7Δ is also increased in
both benign and malignant tumors in vivo relative to normal skin where it can’t be detected by
our methods. Perhaps the Smad7Δ upregulation in skin tumors observed in our study is a
mechanism to antagonize the impact of Smad7 increase and restore selective responses to
TGF-β.

Due to the immense significance of TGF-β signaling in health and disease, the existence of
Smad7Δ provides another mechanism to modify the activity of this pathway [34]. This discov-
ery enriches our understanding of the vast and intricate world of TGF-β signaling that controls
numerous biological functions via incompletely comprehended mechanisms. It also re-empha-
sizes the role of CLIC4 in modifying TGF-β signaling and indicates that CLIC4 may utilize
multiple ways to do so.

Conclusions
This study reports an alternately-spliced form of Smad7, Smad7Δ, that is induced by TGF-β
and CLIC4, is a dominant inhibitor of Smad7 and enhances TGF-β signaling. It thus reveals a
previously undetected novel mechanism that fine-tunes TGF-β signaling.

Methods

Cell culture, expression vectors, pathway inhibitors and transfection
Primary keratinocytes from Balb/c newborn mice and newborn CLIC4 knockout (KO) mice
on an FVB/N background backcrossed to FVB/N [15] and dermal fibroblasts from Balb/c new-
born mice were obtained as per the specifications of protocol (#LCCTP-005) approved by the
National Cancer Institute and NIH Animal Care and Use Committee and were prepared and
cultured according to established methods [35]. MEFs were obtained from 13.5-day embryos
of C57BL/6 background according to protocol (#LCBG-006) approved by the National Cancer
Institute and NIH Animal Care and Use Committee and grown in DMEM+15% FBS using the
procedures described previously [36]. All animals were maintained, physically assessed every
day, fed ad libidum, bred and euthanized by CO2 inhalation at experimental endpoint as per
their respective protocols. Keratinocyte cell lines 308 and PAM212 were cultured in Eagle’s
Minimum Essential medium supplemented with 0.05 mM CaCl2 and 8% chelex treated fetal
bovine serum. HACAT and HEK293 cells were cultured in DMEM. Null and CLIC4 expressing
adenoviruses have been described before [14]. Smad7 and Smad7Δ expressing adenoviral con-
structs were engineered at the Protein Expression laboratory, NCI Frederick. SB431542 was
obtained from Sigma- Aldrich.

Antibodies and immunoblotting
Phospho-Smad2 and total Smad2 antibodies were from Cell Signaling Technologies. Smad7
was detected using the N-19 Smad7 antibody from Santa Cruz Biotechnologies and β-actin was
from Abcam. Protein expression was analyzed by immunoblotting. Briefly, cells were washed
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and scraped into lysis buffer (Cell Signaling Technologies). 25 μg of protein was subjected to
SDS-PAGE and immunoblotting and visualized using enhanced chemiluminescence (Pierce
Biotechnology, Inc).

Real time PCR
Total RNA from cells was isolated using Trizol (Invitrogen), and reverse transcribed using
SuperScript III First Strand kit (Invitrogen). SYBR Green (Biorad) based real-time PCR analy-
sis was carried out using predesigned RT2 qPCR assay primers (Qiagen) for Smad7, CLIC4
and GAPDH, Bio-Rad iQ5 iCycler and Gene Expression Macro. Sequences for Smad7Δ prim-
ers are: Fw: TCTCCCCCTCCTCCTTACTC; Re: CAAAAGCCATTCCCCAGTGT. Smad7Δ expres-
sion was quantified using the SYBR Green based method as for other PCR analyses. Results are
expressed as relative units after normalization to GAPDH expression levels. For TGF-β PCR
array (Qiagen), cDNA from Balb/c keratinocytes transduced with Smad7, Smad7Δ or a 1:1 mix
of Smad7 and Smad7Δ followed by TGF-β1 treatment for 1h was subjected to SYBR Green
based real time PCR and analyzed using the Biorad Gene Expression Macro PCR analysis
software.

Luciferase assay
Luciferase assay was carried out using TGF-β responsive p3TP luciferase reporter (p3TP-lux).
Primary Balb/c keratinocytes, plated in 12-well culture plates, were transfected with p3TP-lux
at a concentration of 2.0 μg/well. To control for transfection efficiency, 0.2 μg/well of pRLTK
plasmid was co-transfected. 24h later, cells in quadruplicate were transduced with empty vector
(Null), Smad7, Smad7Δ or a combination of Smad7 and Smad7Δ adenovirus at MOI as indi-
cated in Fig 4A and co-treated with TGF-β1 (50 pg/ml) for 16h. Luciferase activity was deter-
mined in cell extracts using the Dual Luciferase Reporter assay system (Promega) and
normalized to renilla luciferase activity.

3H-Thymidine incorporation assay
To assay for DNA synthesis, keratinocytes were plated in 24-well plates and transduced with
control (Null), Smad7, Smad7Δ or a 1:1 mix of Smad7 and Smad7Δ expressing adenoviruses
for 16h. Some wells were co-treated with TGF-β1 (50 pg/ml). 3H-Thymidine (1 μCi / well) was
added to the wells for 3 hrs before the end of the treatment. Cells were fixed using methanol
and acetic acid (in a 3:1 ratio), solubilized in 5N NaOH and incorporated counts measured
using a scintillation counter and normalized to cell number.

RNA-seq
RNA was extracted from primary 13.5-day MEF cells and HOS (human osteosarcoma) cells
using the GenElute Mammalian total RNA (Sigma). 1 μg of total RNA was sent to the CCR
sequencing facility on a HiSeq 2000 platform. 100bp pair-end sequencing tags were analyzed
using the TopHat algorithm to search for novel splicing junctions [20]. In house programs
were used to make the genomic view of RNA-seq on the Smad7 locus and to calculate the ratio
of split tags versus un-split tags. This ratio represents the amount of Smad7Δ versus Smad7.

Generation of tumors and extraction of tumor RNA
On day 3 in culture, primary C57BL/6NCr mouse keratinocytes were infected with the v-rasHa

retrovirus and trypsinized and used for grafting on day 8 as described previously [35]. 4 million
keratinocytes were mixed with 5 million SENCAR mouse primary dermal fibroblasts (cultured
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for 1 wk) and grafted onto the back of nude mice on a prepared skin graft site located in the
midback region. Mouse studies were performed under a protocol (ASP#LCCTP-053) approved
by the National Cancer Institute (NCI) and NIH Animal Care and Use Committee under the
specifications of which they were maintained, provided pellet food and water ad libidum, phys-
ically assessed every day and euthanized by CO2 inhalation at experimental end point. Tumors
were pulverized and RNA extracted using Trizol according to manufacturer’s protocol (Invi-
trogen) and further purified through a Qiagen column with on-column DNA digest according
to manufacturer protocol.

Statistics
All experiments were repeated a minimum of two times and data were subjected to unpaired t-
test. P-values are indicated in figure legends. ���� p<0.0001, ��� p<0.0005, �� p<0.005,
�p<0.05.

Supporting Information
S1 Fig. The UCSC Browser view of raw RNA-seq data shows examples of split and un-split
tags around the splicing junction of Smad7Δ. (A) Mouse embryonic fibroblasts and (B)
Human Osteosarcoma cell line HOS. Red arrows indicate the split tags. Since our RNA-seq
sequencing depth is too large to be displayed completely, we have truncated the browser view.
(PPT)

S2 Fig. Human SMAD7Δ and mouse Smad7Δ are conserved. (A) Nucleotide sequence span-
ning the alternative splice site of the human SMAD7 gene. Blue nucleotides are splicing sites.
Red and blue nucleotides are skipped in SMAD7Δ. (B) Protein sequence spanning the alterna-
tive splice site of human Smad7 gene. Black amino acids are in SMAD7 while red amino acids
are in SMAD7Δ. �, stop codon.
(PPT)
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