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Abstract

E-cadherin is a cell adhesion molecule best known for its function in suppressing tumor
progression and metastasis. Here we show that E-cadherin promotes nucleotide excision repair
through positively regulating the expression of xeroderma pigmentosum complementation group C
(XPC) and DNA damage-binding protein 1 (DDBL1). Loss of E-cadherin activates the E2F4 and
p130/107 transcription repressor complexes to suppress the transcription of both XPC and DDB1
through activating the TGF-$ pathway. Adding XPC or DDBL1, or inhibiting the TGF- pathway,
increases the repair of UV-induced DNA damage in E-cadherin-inhibited cells. In mouse skin and
skin tumors UVB radiation down-regulates E-cadherin. In sun-associated premalignant and
malignant skin neoplasia, E-cadherin is down-regulated in association with reduced XPC and
DDBL1 levels. These findings demonstrate a crucial role of E-cadherin in efficient DNA repair of
UV-induced DNA damage, identify a new link between epithelial adhesion and DNA repair, and
suggest a mechanistic link of early E-cadherin loss in tumor initiation.
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INTRODUCTION

Genomic integrity is constantly threatened by various endogenous and environmental
insults. Fortunately, cells are equipped with specialized molecular machineries to correct
specific types of DNA damage. In particular, nucleotide excision repair (NER) is a versatile
DNA repair pathway that eliminates a wide variety of helix-distorting base lesions induced
by environmental carcinogenic sources, including two products induced by solar ultraviolet
B (UVB) radiation, cyclobutane pyrimidine dimers (CPD) and (6-4) photoproducts (6-4PP),
as well as other bulky adducts induced by air pollutants (1-7).
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Mammalian NER consists of two distinct subpathways: global genome NER (GG-NER),
which operates throughout the entire genome, and transcription-coupled NER (TC-NER),
which specifically removes lesions on the transcribed DNA strand of active genes (4, 5,
8-10). A major difference between these two pathways appears to lie in the strategies for
detecting damaged bases and the phenotypes in human patients. Defects in GG-NER cause
xeroderma pigmentosum (XP), an autosomal recessive disorder predisposing affected
individuals to cancer development not only in the skin, but also in the brain and lungs (4, 5,
9, 11). Seven XP factors (XPA-XPG) have been identified as indispensable NER factors (4,
5, 8-10). Accumulating evidence indicates that XPC plays an essential role in GG-NER-
specific damage recognition (12-14). XPC activity in NER requires polyubiquitination by
the DDB E3-ligase complex that comprises the DDB1 (DNA damage-binding protein 1),
DDB2, CUL4A (Cullin-family E3-ligase adaptor protein) and ROC1 (E3-ligase RING
domain) subunits following UV radiation (15-17).

Recent studies from our group and others have demonstrated that the availability and the
activity of these NER factors are regulated by endogenous and environmental factors to
control the NER capacity (18, 19). Since these XP factors are difficult to target directly,
identification of their upstream regulators will provide valuable tools for enhancing NER
and therefore tumor suppression.

As a calcium-dependent cell adhesion molecule, E-cadherin is a key component of adherens
junctions, structures that are crucial for the maintenance of epithelial integrity (20, 21). It is
a calcium-dependent adhesion molecule that mediates homophilic interactions and the
formation of catenin-containing complexes (20-22). In cancer, loss of E-cadherin is the best-
characterized alteration in the activation of cancer cell invasion and metastasis in multiple
cancer types (21, 23, 24), including skin cancer (25-29). However, the role of E-cadherin in
DNA repair and tumor initiation remains unknown.

Using mouse models with tissue-specific E-cadherin inactivation, recent studies have shown
that loss of E-cadherin induces spontaneous tumorigenesis in the liver (30), skin and
mammary gland in the absence of p53 (31), and increases chemical or oncogene-induced
liver tumorigenesis (30). Furthermore, ultraviolet radiation (UV) down-regulates E-cadherin
in keratinocytes and melanocytes (28, 32). These findings suggest that loss of E-cadherin is
an early event and may play an active role in early stage of tumorigenesis. It is possible that
the early loss of E-cadherin actively contributes to tumor initiation by impairing UV-induced
DNA repair, leading to increased genetic mutations and thus UV-induced tumorigenesis.
Here we show that E-cadherin positively regulates UVB-induced DNA repair by promoting
the transcription of XPC and DDBL to facilitate damage recognition.

RESULTS

E-cadherin loss inhibits nucleotide excision repair and down-regulates XPC and DDB1

To determine whether E-cadherin has a role in the regulation of NER, we compared NER
capability and NER protein levels in control and E-cadherin-inhibited cells. E-cadherin
inhibition significantly reduced both CPD repair (Fig. 1A-B) and 6-4PP repair (Fig. 1C-D).
As compared with the control group, E-cadherin knockdown by either SiRNA or ShRNA
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decreased the levels of XPC and DDBL1, while it did not affect other NER factors, including
XPA, XPB, XPD, XPF, XPG, DDB2 and Cul4A (Fig. 1E). In addition, as compared with
sham-irradiated mouse epidermis, E-cadherin was down-regulated in UVB-irradiated mouse
epidermis and tumors (Fig. S1A). Immunohistochemical analysis showed that, as compared
with normal human skin, in actinic keratosis (AK) and human squamous cell carcinoma
(SCC) the protein levels of E-cadherin, DDB1 and XPC were decreased (score 0 or 1) (Fig.
1F-G). This reduction was statistically significant as analyzed by the Mann-Whitney U test
(P<0.0005 for AK or SCC vsnormal skin). The protein levels of XPC and DDB1 were
positively correlated with the E-cadherin protein level in human skin and tumors (Fig. S1B)
(P<0.0001). These results indicate that E-cadherin loss inhibits NER and down-regulates
XPC and DDBL.

E-cadherin regulates 6-4PP repair but not CPD repair via increasing XPC availability

To determine the mechanism by which E-cadherin regulates the repair of CPD and 6-4PP,
we assessed the functional significance of XPC and DDBL1 regulation by E-cadherin. UVB
down-regulated E-cadherin protein levels (Fig. 2A), consistent with previous studies (28). E-
cadherin knockdown reduced UVB-induced XPC polyubiquitination (Fig. 2A), a
biochemical process critical for DNA damage recognition mediated by the UV-DDB
complex (15-17). E-cadherin knockdown inhibited the recruitment of XPC to subnuclear
UV-induced CPD sites, while it had no effect on the recruitment of DDB2 to CPD sites (Fig.
2B-D, S2A). It is possible that the recruitment of XPC protein was due to the reduced XPC
protein level or the reduced XPC ubiquitination. Our findings are in line with previous
reports supporting the recruitment of DDB2 independent of XPC as well as DDB1 (33, 34).
In E-cadherin knockdown cells, XPC addition by transient transfection with the pCMV-XPC
construct did not affect DDB1 expression or XPC polyubiquitination (Fig. 2E). However,
XPC addition increased 6-4PP repair to an extent similar to control cells but did not affect
CPD repair (Fig. 2F-1). At the UVB dose used (20 mJ/cm?), UVB did not induce apoptosis,
nor did the addition of XPC and/or DDB1 affect post-UVB survival (Fig. S2B). In contrast,
in XPC null cells with the same DDB1 protein levels, XPC addition by lentiviral infection
significantly increased the repair of both CPD and 6-4PP (Fig. S2C-G). These results
demonstrate that E-cadherin regulates 6-4PP repair via increasing basal XPC levels while it
may regulate CPD repair via increasing basal XPC levels and activity.

E-cadherin regulates CPD repair through increasing the levels of both XPC and DDB1

To determine how E-cadherin regulates CPD repair, we assessed the role of both DDB1 and
XPC. In E-cadherin-inhibited cells, adding both XPC and DDBL1 by transient transfection
with the combination of the pPCMV-XPC and pcDNA-DDB constructs increased XPC
polyubiquitination (Fig. 3A) and CPD repair as well as 6-4PP repair (Fig. 3B-E).
Immunofluorescence analysis demonstrated that addition of XPC alone did not affect
recruitment of XPC to the subnuclear CPD sites, while addition of both XPC and DDB1
restored the recruitment of XPC to CPD sites to a level similar to control cells (Fig. 3F-G).
These data demonstrate that both XPC and DDB1 are required for E-cadherin regulation of
CPD repair.
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The TGF-B pathway but not B-catenin is required for E-cadherin loss to induce inhibition
of Nucleotide Excision Repair

To determine the downstream effector pathway in E-cadherin regulation of NER, we first
assessed the role of B-catenin, which has been shown to translocate from the plasma
membrane to the nucleus and become activated (35). E-cadherin knockdown induced nuclear
translocation of -catenin and the activation of TCF/LEF comple, indicating the activation
of the Wnt/p-catenin pathway (Fig. S3A-B). However, in E-cadherin-inhibited cells, p-
catenin knockdown had no effect on XPC and DDBL1 expression, XPC polyubiquitination
(Fig. S3C), or the repair of CPD and 6-4PP (Fig. S3D-G), indicating that E-cadherin
regulation of nucleotide excision repair does not require the Wnt/p-catenin pathway.

Next we determined the role of the TGF-3 pathway, which has been found to be suppressed
by E-cadherin (11). As compared with sun-protected normal human skin, in human SCC E-
cadherin down-regulation was associated with the nuclear translocation of Smad3 (Fig.
S4A), suggesting activation of the TGF-§ pathway (36-38). A luciferase reporter assay of the
SBE4 promoter showed that E-cadherin knockdown activated the TGF-p pathway, which
was sensitive to the pan TGF-B neutralization antibody (Fig. 4A) and the TGF-p pathway
inhibitor LY 364947 (Fig. 4B). E-cadherin inhibition increased the TGF-$1 mRNA level
(Fig. 4C). These data indicate that increased TGF-p1 expression has a role in TGF-f
pathway activation by E-cadherin knockdown.

In E-cadherin-inhibited cells, the pan TGF-f neutralization antibody increased the levels of
both XPC and DDB1 (Fig. S4B); LY 364947 increased the levels of both XPC and DDB1
and polyubiquitination of XPC (Fig. 4D). LY364947 increased the recruitment of XPC to
subnuclear CPD sites (Fig. S4C-D) and the repair of both CPD and 6-4PP (Fig. 4E-F). At
the UVB irradiation dose used for NER analysis (20 mJ/cm?), LY 364947 did not affect
UVB-induced apoptosis (Fig. S4E). In HaCaT cells TGF-B1 treatment down-regulated both
XPC and DDBL (Fig. 4G). E-cadherin was also decreased by TGF-p1 treatment (Fig. 4G),
consistent with previous studies in HaCaT and other cell lines detecting TGF-f1-induced E-
cadherin suppression (29, 39), (40). Similarly, in normal human epidermal keratinocytes
(NHEK), TGF-B1 down-regulated XPC and DDBL1 (Fig. 4H) and suppressed the repair of
both CPD and 6-4PP (Fig. 41-J). However, in these cells TGF-p1 did not affect the E-
cadherin level (Fig. 4H). These results demonstrate that the TGF-3 pathway produces
phenocopies of E-cadherin loss and is the downstream effector of E-cadherin loss in
suppressing NER.

TGF-g pathway inhibits XPC and DDB1 transcription

The TGF-p pathway regulates various physiological and pathological responses largely
through controlling gene transcription viathe Smad proteins (36-38). To determine the
mechanism in the regulation of XPC and DDB1 by the E-cadherin/TGF- pathway, we
tested the hypothesis that the TGF-p pathway suppresses the transcription of XPC and
DDBL1 in E-cadherin-inhibited cells. Indeed, E-cadherin knockdown reduced the mRNA
levels of both XPC and DDB1, which was prevented by the TGF-§3 pathway inhibitor (Fig.
5A).
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Next we generated the XPC promoter luciferase construct between the —1187 and 27
positions relative to the XPC TSS (transcription start site) and the DDB1 promoter luciferase
construct between the —1138 and 124 positions relative to the DDB1 TSS. E-cadherin
knockdown inhibited transcription of both XPC and DDB1, which was prevented by the
TGF-B pathway inhibitor (Fig. 5B). Similar results were obtained from the shorter promoters
of both XPC (-313-27) and DDB1 (-467-124) (Fig. 5C). TGF-B1 inhibited the transcription
of the promoters of both XPC (-313-27) and DDB1 (-467-124) (Fig. 5D). Using the
TRANSSERCH and TRANSFAC programs, we predicted several candidate transcription
factor-binding elements in the shorter promoters of both XPC (-313-27) and DDB1
(-467-124) (Fig. S5A-B).

Next we generated promoters with deletions of the five candidate transcription factor-
binding elements of the XPC promoter (CREB2, SP1-1/SP1-2, CREB1, E2F and NKX2.5/
SBE) and the DDB1 promoter (N-Myc, NF1, SP1-2, E2F/SP1-1(TIE)/SBE-3 and SBE-1/
SBE-2) identified. As compared with the WT XPC promoter, SP1-1/SP1-2 deletion
significantly inhibited basal XPC transcription (Fig. 5E-F). However, as compared with the
same WT XPC promoter, deletion of the SP1-1/SP1-2, CREB2, CREBL, or NKX2.5/SBE
elements had no effect on TGF-B1-induced suppression of XPC transcription. In contrast,
deletion of the E2F site completely blocked TGF-B1-induced suppression of XPC
transcription (Fig. 5E-F), indicating that the E2F site in the XPC promoter is required for the
regulation of XPC transcription by TGF-p1.

As compared with the WT DDB1 promoter, deletion of the SP1-2 or N-Myc element
significantly reduced basal DDBL1 transcription (Fig. 5E and G). However, as compared with
the WT DDB1 promoter, deletion of the N-Myc, NF1, SP1-2 or SBE-1/SBE-2 elements had
no effect on TGF-p1-induced suppression of DDB1 transcription. In contrast, deletion of the
E2F/SP1-1(TIE)/SBE-3 site completely blocked TGF-B1-induced suppression of DDB1
transcription (Fig. 5E and G). Site-specific mutation of the XPC E2F element completely
blocked TGF-p1-induced suppression of XPC transcription (Fig. 5E and H). In comparison,
site-specific mutation of the DDB1 E2F or SBE-3 elements, but not the SP1-1(TIE) element,
completely blocked TGF-B1-induced suppression of DDB1 transcription (Fig. 5E and I,
S5C). Taken together, these data demonstrate that E-cadherin loss suppresses XPC and
DDBL1 transcription through activating the TGF-p pathway. TGF-§ activation inhibits XPC
and DDBL1 transcription through the E2F element of the XPC promoter and the E2F and
SBE-3 elements of the DDB1 promoter.

The TGF-B pathway promotes binding of the E2F4/P130 complex to the XPC promoter
and the E2F4/Smad3/p107 complex to the DDB1 promoter

The TGF-f pathway has been demonstrated to induce the transcription-repressing activity of
E2F4/5/p107/Smad via the E2F and Smad-binding sites (41). We found that E2F4 and p130
bind to the XPC promoter with the E2F element, and E2F4, p107 and Smad3 bind to the
DDB1 promoter with the E2F/SP1-1(TIE)/SBE-3 element (Fig. 6A-B). TGF-B1 significantly
increased these bindings (Fig. 6A-B). Immunoprecipitation analysis demonstrated that
Smad3 binds with E2F4 and p107 but not p130; TGF-B1 does not affect this binding (Fig.
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6C). p130 bound with E2F4 but not Smad3; TGF-B1 increased the E2F-p130 interaction
(Fig. 6C).

p130 knockdown blocked TGF-B1-induced suppression of XPC transcription, while it had
no effect on DDB1 transcription (Fig. 6D-E). In contrast, p107 knockdown prevented TGF-
Bl-induced suppression of DDBL1 transcription, while it had no effect on XPC transcription
(Fig. 6F-G). p130 knockdown also prevented E-cadherin-loss-induced down-regulation of
XPC but not DDB1, whereas p107 knockdown blocked E-cadherin-loss-induced down-
regulation of DDB1 but not XPC (Fig. 6H). Taken together, these data demonstrate that the
TGF-B pathway promotes the binding of E2F4 and p130 to the E2F element in the XPC
promoter and thereby suppresses XPC transcription, and enhances the binding of the E2F4/
Smad3/p107 complex to the E2F/SP1-2(TIE)/SBE-3 element in the DDB1 promoter and
thereby suppresses DDB1 transcription.

DISCUSSION

Loss of E-cadherin is the best-studied hallmark in cancer progression and metastasis (21,
23-29). Here we show that E-cadherin is critical for the efficient repair of UVB-induced
DNA damage. Loss of E-cadherin impairs UV-induced DNA repair by suppressing the
transcription of XPC and DDBL1. In human AK and SCC specimens, E-cadherin down-
regulation is associated with reduced levels of XPC and DDB1, as compared with normal
human skin samples. The activation of the TGF-p pathway mimics E-cadherin loss and is
required for the suppression of XPC and DDB1 expression and UV-induced DNA damage
repair in E-cadherin-inhibited cells. Our findings elucidate an unexpected role of E-cadherin
in DNA damage repair and suggest a molecular mechanism for E-cadherin’s suppressive
role in tumor initiation.

Nucleotide excision repair is regulated at multiple levels by extracellular cues and
intracellular signaling pathways through regulating the expression or activity of DNA repair
factors (18, 19). In this study we found that two NER factors, XPC and DDB1, are
transcriptionally regulated by E-cadherin via regulation of different E2F4 transcription
repressor complexes. E-cadherin loss increased the enrichment of the E2F4/p130 complex at
the XPC promoter. In contrast, at the DDB1 promoter, E-cadherin loss elevated the E2F4/
p107/Smad3 complex, a signaling effector complex found in TGF-B-induced suppression of
c-Myc (41). The recruitment of Smad3 to the DDB1 promoter is TGF-B1-dependent (Fig.
6B), but its interaction with E2F4/p107 complex is TGF-B1-independent. It is possible that
TGF-B1 induces the nuclear translocation of the existing Smad3/E2F4/p107 and thus the
binding of this complex to the DDB1 promoter. Indeed, previous reports indicated that the
XPC gene is repressed by the E2F4-p130 repressor complex (42), and that disruption of this
complex by the tumor suppressor ARF (alternative reading frame) or SIRT1-mediated PTEN
deacetylation stimulates XPC transcription (43, 44).

Using a promoter luciferase reporter assay, a recent study showed that the basal DDB1
transcription regulation involves the E2F element, as well as the Sp1, N-Myc, and NF1
elements (45). The E2F sites in the promoters of XPC and DDB1 are required for TGF--
induced suppression of XPC and DDBL1 transcription, whereas the SBE site is only required

Oncogene. Author manuscript; available in PMC 2016 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qiang et al.

Page 7

for DDB1 promoter transcription. Together with previous studies on TGF-p-induced c-Myc
suppression, which requires the SBE element (46), our findings suggest a gene-specific
regulatory mechanism for TGF-f signaling. In addition to E2F4, E2F5 may also play an
important role, as detected in TGF-p-induced c-Myc repression (41). Further investigation
can elucidate the specific E2F family members required for XPC and DDBL1 regulation by
TGF-B. Together with the recent report showing that XPC also positively regulates E-
cadherin (47), XPC and E-cadherin may form a positive feedback loop to suppress
tumorigenesis and tumor progression.

Although the DDB2 promoter contains a functional E2F element as does the DDB1
promoter (45), DDB2 expression was not affected by E-cadherin loss, suggesting that E-
cadherin specifically regulates DDB1. Furthermore, it is noteworthy that E-cadherin
promotes 6-4PP repair through regulating XPC, while it promotes CPD repair via regulating
the expression of both XPC and DDBL1. These distinct mechanisms are supported by the
specific requirement of NER factors for 6-4PP and CPD: XPC is required for the repair of
both 6-4PP and CPD, whereas the UV-DDB complex including DDBL is required for
efficient repair of CPD, but not 6-4PP (33, 48). Our findings demonstrate a critical
molecular link of E-cadherin to nucleotide excision repair.

E-cadherin interacts with multiple proteins and regulates related downstream pathways. E-
cadherin is known to recruit p-catenin to the cell membrane and thus prevent -catenin’s
nuclear localization and transactivation (35). However, we found that regulation of
nucleotide excision repair by E-cadherin loss does not require p-catenin nuclear
translocation and its transactivation (Fig. S3A-G). Instead, we found that E-cadherin
inhibition suppresses nucleotide excision repair through activating the TGF-p pathway. E-
cadherin knockdown increased the TGF-$1 mRNA level in keratinocytes (Fig. 4C),
consistent with the findings in liver cells (49).

TGF-B signaling has a pleotropic and context-dependent role in tumorigenesis and tumor
progression (36-38), including in the skin (50). Recent work has shown that deletion of
Smad?2 or Smad4 increases skin tumorigenesis (51, 52), and Smad4 loss reduces UV-induced
DNA repair (52). In contrast, Smad3 deletion inhibits skin tumorigenesis (53). It is possible
that suppression of CPD repair by TGF-1/Smad3 may play an active role in tumor
initiation, since CPD but not 6-4PP drives skin tumorigenesis (54). Although TGF-p1
promotes non-homologous end-joining repair and protects cells from ionizing radiation (55),
TGF-f1/Smad3 has been shown to inhibit the BRCA1-dependent repair of double-strand
breaks induced by mitomycin C (56). In the chemical carcinogenesis model, TGF-f1
enhances early skin tumarigenesis in mice (57); UVB radiation induces TGF-§ biosynthesis
and activation (58); and TGF-B1 signaling promotes UVB-induced skin tumorigenesis (59),
suggesting that TGF-f signaling is oncogenic in the UVB response. Further studies can
assess the precise role of the TGF-f signaling and its individual molecular components in
the UVB-induced skin tumorigenesis model. Nevertheless, our findings provide a molecular
mechanism for TGF-f signaling linking E-cadherin loss to suppression of nucleotide
excision repair and suggest a crucial role of the E-cadherin/TGF- axis in tumor initiation
following UVB damage.
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We primarily focused on UVB irradiation for the majority of these experiments and only
used UVC for the localized UV irradiation experiments, since (1) both UVC and UVB cause
the formation of CPD and 6-4PP as the primary DNA damage type, and (2) UVB is
clinically relevant to UV-associated human skin damage. However, we were unable to detect
subnuclear formation of CPD following local UVB irradiation. It is possible that the
Millipore filters block UVC while they may not sufficiently block UVB. Therefore all the
localized UV irradiation experiments were performed using UVC but not UVB, as in
previous reports (12, 60-64). Further investigation in greater molecular detail will clarify
whether the NER process is regulated differently in response to UVC and UVB irradiation.

In summary, our findings demonstrate that E-cadherin positively regulates nucleotide
excision repair by promoting the transcription of XPC and DDB1. E-cadherin loss causes
the activation of TGF- signaling, which induces transcription repression of both XPC and
DDBL1. Our findings may shed light on the previously unrecognized positive role of E-
cadherin in DNA repair and tumor initiation.

MATERIALS AND METHODS

All human specimens were studied after approval by the University of Chicago Institutional
Review Board. All animal procedures have been approved by the University of Chicago
Institutional Animal Care and Use Committee. HaCaT cells (human keratinocytes and
epithelial cells, kindly provided by Dr. Fusenig) were used. Detailed descriptions of all
methods are provided in S/ Methods.
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Fig. 1. E-cadherin lossinhibits nucleotide excision repair and down-regulates XPC and DDB1
(A and C) Slot blot analysis of the levels of CPD (A) and 6-4PP (C) in HaCaT cells

transfected with vector (shCon) or shRNA targeting E-cadherin (shE-cadherin, or shE-cad)
at 0, 6 and 24 h post-UVB (20 mJ/cm?) for CPD and 0, 1.5 and 6 h post-UVB (20 mJ/cm?)
for 6-4PP. (B and D) Quantification of percentage (%) of CPD repair (B) from A and 6-4PP
repair (D) from C. *, < 0.05, compared with shCon group, Student’s #test and two-way
ANOVA. (E) Immunoblot analysis of E-cadherin, XPC, DDB1, XPA, XPB, XPD, XPD,
XPF, XPG, DDB2, Cul4a and GAPDH in HaCaT cells transfected with shCon or shE-
cadherin, or sSiRNA targeting E-cadherin (siE-cadherin) or control siRNA (siCon). The
results were obtained from three independent experiments. (F) Representative
immunohistochemical analysis of E-cadherin, XPC, and DDB1 protein levels (brown) in
normal skin (n=14), actinic keratosis (AK) (n=25), and squamous cell carcinoma (SCC)
(n=25). Scale bar, 50 um. (G) Comparison of E-cadherin staining (score) in normal
epidermis compared with the panel of AK and SCCs. Statistical analysis was performed
using a Mann-Whitney U test.
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Fig. 2. E-cadherin regulates 6-4PP repair but not CPD repair via increasing XPC availability
(A) Immunoblot analysis of E-cadherin, XPC, Ub-XPC (polyubiquitinated XPC), DDB1 and

GAPDH in HaCaT cells transfected with shCon or shE-cadherin at 0, 0.5, 1.5, 6 and 24 h
post-UVB (20 mJ/cm?). The results were obtained from three independent experiments. (B-
C) Immunofluorescence assay of the subnuclear colocalization of CPD and XPC (B) and
CPD and DDB2 (C) in HaCaT cells transfected with shCon or shE-cadherin at 0.5 h post-
UVC (10 mJ/cm?) through a 5 pm micropore filter. Scale bar, 10 pm. (D) The relative
intensity of XPC and DDB?2 focus was calculated by analyzing 100 foci and normalized to
that of CPD (n= 100, bar: SD). (E) Immunaoblot analysis of E-cadherin, XPC, DDB1 and
GAPDH in HaCaT cells transfected with shCon, shE-cadherin, or the combination of shE-
cadherin with XPC plasmids at 0, 1.5, 6 and 24 h post-UVB (20 mJ/cm?). The results were
obtained from three independent experiments. XPC protein levels in A and E were
quantified using ImageJ software (below each band in arbitrary units). (F-G) Slot blot
analysis of 6-4PP (F) and CPD (G) in HaCaT cells transfected with shCon, shE-cadherin, or
the combination of shE-cadherin with XPC plasmids at 0, 1.5 and 6 h post-UVB (20 mJ/
cm?) for 6-4PP and 0, 6 and 24 h post-UVB (20 mJ/cm?) for CPD. (H and 1) Quantification
of percentage (%) of 6-4PP repair from F and CPD repair from G. *, < 0.05, compared
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with shCon group; #, £< 0.05, compared with shE-cadherin together with shCon groups,
Student’s #test and two-way ANOVA.
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Fig. 3. E-cadherin regulates CPD repair through increasing the levels of both XPC and DDB1
(A) Immunoblot analysis of E-cadherin, XPC, Ub-XPC, DDB1 and GAPDH in HaCaT cells

transfected with shCon, shE-cadherin, or the combination of shE-cadherin with vector
(Con), XPC, DDB1, or the combination of XPC and DDB1 plasmids at 0, 1.5, 6 and 24 h
post-UVB (20 mJ/cm?2). The results were obtained from three independent experiments.
XPC protein levels in A were quantified using ImageJ software (below each band in
arbitrary units). (B) Slot blot analysis of 6-4PP in HaCaT cells transfected with shCon, shE-
cadherin, or the combination of shE-cadherin with vector (Con), XPC, or DDB1 plasmids at
0, 1.5 and 6 h post-UVB (20 mJ/cm?). (C) Quantification of percentage (%) of 6-4PP repair

from B. *, £<0.05, compared with shCon group; #, A< 0.05, compared with shE-

cadherin/Con groups. (D) Slot blot analysis of CPD in HaCaT cells treated as in B at 0, 6, or
24 h post-UVB. (E) Quantification of percentage (%) of CPD repair from D. *, £< 0.05,
compared with shCon group; #, P< 0.05, compared with shE-cadherin/Con groups. (F)
Immunofluorescence assay of the colocalization of XPC and subnuclear CPD in HaCaT
cells transfected as in B at 0.5 h post-UVC (10 mJ/cm?) through a 5 pm micropore filter.
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Scale bar, 10 um. (G) The relative intensity of XPC focus was calculated by analyzing 100
foci and normalized to that of CPD (n= 100, error bar: SD).
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Fig. 4. The TGF-B pathway isrequired for suppression of nucleotide excision repair by E-
cadherin loss

(A) Luciferase reporter assay of the SBE4 luciferase reporter in HaCaT cells transfected
with shCon or shE-cadherin and then treated with normal IgG or anti-TGF- antibody for 24
h. (meanS.D. (error bars), n=3; *, p<0.05, compared with the shCon group; #, p<0.05,
compared with the shE-cadherin group). (B) Luciferase reporter assay of the SBE4 promoter
in HaCaT cells transfected with shCon or shE-cadherin and then treated with vehicle or the
TGF-B pathway inhibitor LY364947 (2 uM) for 24 h. (C) Real time RT-PCR analysis of
TGF-B1 mRNA levels in HaCaT cells transfected with shCon or shE-cadherin. (D)
Immunoblot analysis of E-cadherin, XPC, Ub-XPC, DDB1, and GAPDH in HaCaT cells
transfected with shCon or shE-cadherin and then treated with vehicle or LY364947 (2 uM)
for 24 h and then collected at 0, 1.5 and 6 h post-UVB (20 mJ/cm?). The results were
obtained from three independent experiments. (E-F) Quantification of repair percentage (%)
of CPD (E) and 6-4PP (F) in HaCaT cells transfected with shCon or shE-cadherin and then
treated with vehicle or TGF-f inhibitor LY364947 (2 uM) for 24 h and collected at 0, 1.5
and 6 h post-UVB (20 mJ/cm?) for 6-4PP and 0, 6 and 24 h post-UVB (20 mJ/cm?) for
CPD. *, P<0.05, compared with shCon group; #, £< 0.05, compared with shE-
cadherin/Veh groups. (G) Immunoblot analysis of E-cadherin, XPC, Ub-XPC, DDB1, and
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GAPDH in HaCaT cells treated with vehicle or TGF-B1 (10 ng/ml) for 48 h and then
collected at 0, 1.5 and 6 h post-UVB (20 mJ/cm?). The results were obtained from three
independent experiments. (H) Immunoblot analysis of E-cadherin, XPC, Ub-XPC, DDB1,
and GAPDH in NHEK cells treated with vehicle or TGF-81 (10 ng/ml) for 48 h and then
collected at 0, 1.5 and 6 h post-UVB (20 mJ/cm?). Protein levels in D, G and H were
quantified using ImageJ software (below each band in arbitrary units). (1-J) Quantification of
repair percentage (%) of CPD and 6-4PP in NHEK cells treated with vehicle or TGF-B1 (10
ng/ml) for 48 h and then collected at 0, 1.5 and 6 h post-UVB (20 mJ/cm?2) for 6-4PP and 0,
6 and 24 h post-UVB (20 mJ/cm?2) for CPD. *, £< 0.05, compared with Con groups.
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Fig. 5. TGF-B pathway activation inhibits both XPC and DDB1 transcription
(A) Real time RT-PCR analysis of XPC and DDB1 mRNA levels in HaCaT cells transfected

with shCon or shE-cadherin and then treated with vehicle or LY 364947 (2 uM) for 24 h. (B)
Luciferase reporter assay of the XPC promoter (-1187-27) and DDB1 promoter
(—1138-124) in HaCaT cells transfected with shCon or shE-cadherin and then treated with
vehicle or LY364947 (2 uM) for 24 h. (C) Luciferase reporter assay of the XPC promoter
(-313-27) and DDB1 promoter (—467-124) in HaCaT cells transfected with shCon or shE-
cadherin and treated with vehicle or LY364947 (2 uM) for 24 h. (D) Luciferase reporter
assay of the XPC (-313-27) and DDB1 promoter (-467-124) in NHEK cells treated with
vehicle or TGF-B1 (10 ng/ml) for 24 h. (E) Schematic representation of the deletion sites of
both XPC and DDB1 promoters and the E2F site of human XPC promoter and E2F/SP1-1/
SBE-3 site of human DDB1 promoter. Red nucleotides indicate mutations made in human
XPC and DDBL1 promoters. (F) Luciferase reporter assay of the XPC promoter with wild-
type sequence (—-1187-27), or deletion of the CREB2, SP1-1/SP1-2, CREBL, E2F or
NKX2.5/SBE element in NHEK cells treated with vehicle or TGF-p1 (10 ng/ml) for 24 h.
(G) Luciferase reporter assay of the DDB1 promoter with wild-type sequence (-1138-124),
or deletion of the N-Myc, NF1, SP1-2, E2F/SP1-1(TIE)/SBE-3 and SBE-1/SBE-2 site in
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NHEK cells treated with vehicle or TGF-B1 (10 ng/ml) for 24 h. (H) Luciferase reporter
assay of the XPC promoter with an intact (-1187-27) XPC or E2F site-mutated XPC in

NHEK cells treated with vehicle or TGF-$1 (10 ng/ml) for 24 h. (1) Luciferase reporter

assay of the DDB1 promoter with an intact (-1138-124) DDB1 or mutation of E2F site,
SP1-1(TIE) site or SBE-3 site DDB1 in NHEK cells treated with vehicle or TGF-f1 (10
ng/ml) for 24 h.
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Fig. 6. The TGF-B pathway promotes binding of the E2F4/P130 complex to the XPC promoter
and the E2F4/Smad3/p107 complex to the DDB1 promoter

(A) Chromatin immunoprecipitation (ChlP) was performed in NHEK cells treated with
vehicle or TGF-B1 (10 ng/ml) for 6 h using the indicated antibodies. qPCR was performed
with primers specific for the XPC promoter region harboring the E2F site (upper panel) and
for the human GAPDH promoter region as negative and positive control (Lower panel;
AcH3, acetylated histone H3). (B) Chromatin immunoprecipitations were performed in
NHEK cells treated with vehicle or TGF-$1 (10 ng/ml) for 6 h using the indicated
antibodies. gPCR was performed with primers specific for the DDB1 promoter region
upstream of the E2F/SP1-1/SBE-3 binding site. (C) Immunoprecipitation was performed in
NHEK cells treated with vehicle or TGF-$1 (10 ng/ml) for 6 h with the indicated antibodies,
followed by immunoblot analysis of p107, p130, Smad3, and E2F4. The results were
obtained from three independent experiments. (D and E) Luciferase reporter assay of the
XPC (-1187-27) and DDB1 promoter (-1138-124) in NHEK cells transfected with siCon or
SiRNA target p130 (sip130) and then treated with vehicle or TGF-p1 (10 ng/ml) for 24 h. (F
and G) Luciferase reporter assay of the DDB1 (-1138-124) and XPC promoter (-1187-27)
in NHEK cells transfected with siCon or siRNA target p107 (sip107) and then treated with
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vehicle or TGF-B1 (10 ng/ml) for 24 h. (H) Immunoblot analysis of p107, p130, XPC,
DDB1, and GAPDH in HaCaT cells transfected with shCon or shE-cadherin and then
transfected with siCon, sip107 or sip130. Protein levels in C and H were quantified using
ImageJ software (below each band in arbitrary units). The results were obtained from three
independent experiments.
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Fig. 7. Schematic diagram of E-cadherin regulation of nucleotide excision repair (NER)
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