
www.manaraa.com

Corrections

CELL BIOLOGY
Correction for “Dysregulation of PAD4-mediated citrullination
of nuclear GSK3β activates TGF-β signaling and induces epithelial-
to-mesenchymal transition in breast cancer cells,” by Sonja C.
Stadler, C. Theresa Vincent, Victor D. Fedorov, Antonia Patsialou,
Brian D. Cherrington, Joseph J. Wakshlag, Sunish Mohanan, Barry
M. Zee, Xuesen Zhang, Benjamin A. Garcia, John S. Condeelis,
Anthony M. C. Brown, Scott A. Coonrod, and C. David Allis, which
appeared in issue 29, July 16, 2013, of Proc Natl Acad Sci USA
(110:11851–11856; first published July 1, 2013; 10.1073/pnas.
1308362110).
The authors note that the affiliation for C. Theresa Vincent

should also include kCell and Developmental Biology, Weill
Cornell Medical College, New York, NY 10065. The corrected
author and affiliation lines appear below. The online version has
been corrected.
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MEDICAL SCIENCES
Correction for “BRCA1 promotes the ubiquitination of PCNA
and recruitment of translesion polymerases in response to rep-
lication blockade,” by Fen Tian, Shilpy Sharma, Jianqiu Zou,
Shiaw-Yih Lin, Bin Wang, Khosrow Rezvani, Hongmin Wang,
Jeffrey D. Parvin, Thomas Ludwig, Christine E. Canman, and
Dong Zhang, which appeared in issue 33, August 13, 2013, of
Proc Natl Acad Sci USA (110:13558–13563; first published July
30, 2013; 10.1073/pnas.1306534110).
The authors note that they omitted a reference to an article by

Pathania et al. The complete reference appears below.
Furthermore, the authors note that “It is important to note

that the role of BRCA1 in response to UV induced replication
stress has also been examined by Livingston and colleagues (41).
Both studies observed some overlapping phenotypes in BRCA1
depleted cells (for example, the reduction of RPA foci when treated
with UV). However, the two studies also have some discrep-
ancies with respect to PCNA ubiquitination. We speculate that
these discrepancies may be due to the knockdown efficiency
of BRCA1.”
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and David E. Salt, which appeared in issue 35, August 27, 2013,
of Proc Natl Acad Sci USA (110:14498–14503; first published
August 12, 2013; 10.1073/pnas.1308412110).
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Peptidylarginine deiminase 4 (PAD4) is a Ca2+-dependent enzyme
that converts arginine and methylarginine residues to citrulline,
with histone proteins being among its best-described substrates
to date. However, the biological function of this posttransla-
tional modification, either in histones or in nonhistone proteins,
is poorly understood. Here, we show that PAD4 recognizes, binds,
and citrullinates glycogen synthase kinase-3β (GSK3β), both in
vitro and in vivo. Among other functions, GSK3β is a key regu-
lator of transcription factors involved in tumor progression, and
its dysregulation has been associated with progression of human
cancers. We demonstrate that silencing of PAD4 in breast cancer
cells leads to a striking reduction of nuclear GSK3β protein levels,
increased TGF-β signaling, induction of epithelial-to-mesenchymal
transition, and production of more invasive tumors in xenograft
assays. Moreover, in breast cancer patients, reduction of PAD4
and nuclear GSK3β is associated with increased tumor invasive-
ness. We propose that PAD4-mediated citrullination of GSK3β is a
unique posttranslational modification that regulates its nuclear
localization and thereby plays a critical role in maintaining an
epithelial phenotype. We demonstrate a dynamic and previously
unappreciated interplay between histone-modifying enzymes,
citrullination of nonhistone proteins, and epithelial-to-mesenchymal
transition.

Breast cancer is the most common cancer in women world-
wide; major obstacles to successful treatment of this disease

are tumor recurrence and metastasis. Metastatic progression is
a complex and multistep process initiated via an epithelial-to-
mesenchymal transition (EMT) (1). Typically, EMT involves loss
of epithelial polarity, adhesive properties, and acquisition of
a fibroblastoid phenotype with increased cell motility. Col-
lectively, these changes result in dispersed and isolated cells,
capable of invading the surrounding stroma, intravasating into
the bloodstream, and eventually populating distant sites as mi-
crometastases (2). Numerous signaling pathways have been im-
plicated in this process, such as TGF-β, RAS, PI3K/AKT, and
Wnt, and several important downstream transcription factor tar-
gets have been identified, including Snail, Slug, Smad, Twist1, and
Zeb1 (1, 3, 4).
Protein citrullination is a poorly understood posttranslational

modification (PTM) but has recently gained increased attention
because of its potential role in human disease, including cancer
(5–7). Citrullination, also referred to as deimination, involves
conversion of positively charged arginine residues to uncharged,
nonribosomally encoded citrulline residues (8). The resulting
biochemical change can lead to alterations in protein structure
and protein interactions (9). Citrullination is mediated by pep-
tidylarginine deiminases (PADs), a family of Ca2+-dependent

sulfhydryl enzymes consisting of PAD1–PAD4 and PAD6 (10).
PADs display extensive sequence homologies, but each PAD
isoform has its own characteristic subcellular localization, tissue
distribution, and substrate specificity (8). PAD4, for example,
has been found in a variety of cells, such as embryonic stem cells,
leukocytes, and lung and breast cancer cells. PAD4 is the only
PAD family member that contains a distinct nuclear localiza-
tion sequence (11). We and others have reported that PAD4 can
convert arginine and methylarginine to citrulline in the his-
tones H2A, H3, and H4. Citrullination has been linked to either
transcriptional repression or activation, depending on the con-
text (12–16). Recently PAD4 was also shown to citrullinate
nonhistone proteins, raising important issues as to what other
substrates may be targets of citrullination in different biological
contexts (16–19).
Because PAD4 is expressed in breast cancer cells, we aimed

to investigate whether PAD4 activity might play a role in breast
cancer initiation or progression. We show that knockdown of
PAD4 induces TGF-β signaling, EMT, and increases the in-
vasive potential of breast cancer cells. Depletion of PAD4
causes a dramatic reduction in nuclear levels of glycogen syn-
thase kinase-3β (GSK3β), a key signaling intermediate in path-
ways known to initiate and regulate EMT (20). Our data show
that PAD4 specifically citrullinates arginine residues in the
N-terminal domain of GSK3β that closely resemble its known
target sites on histones H2A and H4. We conclude that this
unique PTM of GSK3β is crucial for nuclear localization of
the kinase, and that this, in turn, is necessary for maintaining
an epithelial phenotype.

Results
Stable Knockdown of PAD4 Induces EMT and Increases the Invasive
Potential of Noninvasive MCF7 Cells. Using shRNAs, we first
knocked down expression of PAD4 in the noninvasive, estrogen
receptor (ER)α-positive human mammary adenocarcinoma cell
line MCF7 (Fig. 1A and Fig. S1A). This resulted in substantial
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silencing of PADI4 but did not affect the mRNA expression
levels of other relevant PADI family members (Fig. S1C). Using
differential interference contrast imaging, we observed that
PAD4-depleted MCF7 cells (shPAD4) showed active spreading,
loss of cell–cell contact, and a fibroblast-like morphology in
contrast to control MCF7 cells (MCF7ctr), which grew as densely
packed clusters with limited cell spreading (Fig. 1B and Fig.
S1B). Detection of epithelial markers E-cadherin and β-catenin
at the plasma membrane and in whole-cell extracts was drasti-
cally reduced in shPAD4 cells, whereas immunofluorescence
(IF) and Western blotting showed higher levels of the mesen-
chymal marker vimentin in shPAD4 cells (Fig. 1 C and D). To
verify that depletion of PAD4 induced similar phenotypic
changes in a different ERα-positive breast carcinoma cell line,
we generated T47D cells with a stable PAD4 knockdown. These
cells also showed a reduction of E-cadherin protein levels and
elevated protein levels of vimentin (Fig. S1 D–F). We next
evaluated the motility and invasiveness of these cells in vitro
using reconstituted basement membrane invasion assays. PAD4-
depleted MCF7 cells showed significantly more invasion than
control cells (Fig. 1E and Fig. S1G), and comparable results were
obtained in PAD4-depleted T47D cells (Fig. S1H). Our findings
thus demonstrate that silencing of PAD4 leads to morphological

and functional changes consistent with EMT, a process known as
an initiating step in tumor invasion and metastasis.
To confirm that the EMT phenotype was specifically due to

the knockdown of PAD4, we performed rescue experiments in
shPAD4 cells using a PAD4-lentiviral construct. This resulted in
partial restoration of the epithelial phenotype, as observed by
changes in cell morphology and increased E-cadherin expression
levels in the rescued cells (Fig. 1 F and G). Additionally, over-
expression of PAD4 in MCF7 cells (MCF7-PAD4) resulted in an
even more pronounced epithelial phenotype, with flattened cells
growing in tight clusters and increased expression of E-cadherin
and β-catenin (Fig. S2 A–C). Thus, the consequences of PAD4
knockdown and subsequent rescue, as well as its overexpression
in MCF7 cells, indicate that PAD4 is involved in maintenance of
an epithelial cell phenotype.

PAD4 Citrullinates GSK3β in Vitro and in Vivo.Given the phenotypic
switch in shPAD4 cells, we sought to identify putative targets of
PAD4 that might account for induction of the EMT phenotype.
Crystallographic data suggest that PAD4 does not recognize
specific arginine residues in a unique sequence context but rather
recognizes five successive residues with the consensus sequence
1ϕXRXX5, in which ϕ denotes amino acids with small side-chain
moieties, and X denotes any amino acid (21). The target se-
quence must also be accessible and flexible enough to fit into the
active pocket of PAD4, much like the N-terminal sequence
SGRGK of human histones H4 and H2A, whose arginine at
position 3 (R3) is one of the better described targets of PAD4
(14, 21, 22). Because initiating methionines (M) often are re-
moved during protein maturation, we searched the proteome for
sequences beginning with an amino (N)-terminal MSGR motif
using pBLAST and PredMod (23). We identified 12 nonhistone
proteins with an N-terminal MSGR motif (Table S1). In-
terestingly, 1 of the 12 putative PAD4 target proteins was GSK3β
(Fig. S2D). Because GSK3β is an important inhibitor in several
signaling pathways that have been implicated in EMT-mediated
breast cancer progression, we investigated the hypothesis that
PAD4 might directly citrullinate GSK3β. We performed in vitro
citrullination assays in which recombinant GSK3β was incubated
with purified, recombinant wild-type PAD4 or with PAD4 car-
rying a mutation in its catalytic center (PAD4mut). Citrullination
was evaluated by Western blotting with an anti-modified–citrul-
line antibody. In samples treated with wild-type PAD4, a strong
signal for citrullination of GSK3β was readily detected, whereas
mutant PAD4 or mock-treated samples produced either a weak
signal or no signal at all (Fig. 2A). To map the sites of citrullination

Fig. 1. Knockdown of PAD4 induces EMT in MCF7 cells. (A) Western blot of
nuclear extracts from MCF7 control (ctr) and PAD4 knockdown (shPAD4)
cells demonstrating silencing of PAD4 in shPAD4 cells. (B) Epithelial mor-
phology of MCF7ctr and mesenchymal morphology of shPAD4 cells. (C ) IF
images of MCF7ctr and shPAD4 cells stained for E-cadherin (green), β-catenin
(red), vimentin (red), and nuclei (blue). (Scale bar, 10 μm.) (D) Indicated cell
lysates were analyzed by SDS/PAGE and probed for E-cadherin, vimentin,
and α-tubulin. (E ) Cell invasion assays using ECM Extract coated transwell
filters (**P < 0.01 control vs. shPAD4). (F ) MCF7ctr, shPAD4, and PAD4
rescue cells (shPAD4+PAD4) were processed for bright field (Upper) and
IF imaging (Lower) and stained for E-cadherin (green) and nuclei (blue).
(Scale bar, 10 μm.) (G) Western blot of whole-cell extracts from shPAD4,
MCF7ctr, and PAD4 rescue cells for E-cadherin. PAD4 reexpression was
detected by HA-tag. Bottom lane shows densitometry of E-cadherin levels
normalized to Gapdh.

Fig. 2. PAD4 targets GSK3β for citrullination in MCF7 cells. (A) Recombinant
GSK3β was incubated with recombinant GST-PAD4wt, GST-PAD4mut (in-
active), or left untreated in the presence of calcium. Reaction products were
analyzed by Western blot using modified-citrulline and GSK3β antibodies.
(B) Interaction of PAD4 with GSK3β in MCF7 cells. Nuclear extracts of MCF7
cells stably overexpressing PAD4-FLAG were immunoprecipitated (IP) with
antibodies against either FLAG-tag or GSK3β. Complexes were then immu-
noblotted (IB) using antibodies against the indicated proteins. (C) Citrulli-
nation of GSK3β by PAD4 in MCF7 cells. After treatment with calcium
ionophore A23187, nuclear extracts of MCF7 cells overexpressing either
PAD4wt-FLAG or PAD4mut-FLAG were immunoprecipitated (IP) with an
antibody against GSK3β. Immunoprecipitation material was then immuno-
blotted with antibodies against GSK3β and modified citrulline.
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in GSK3β, we performed LC-MS/MS analysis, revealing that PAD4
preferentially citrullinates the N-terminal arginine residues R3 and
R5 of GSK3β, and to a lesser extent other arginine residues
throughout the protein (Fig. S3 A and B). In accordance, a citrulli-
nation assay using GSK3β peptides (amino acids 1–13) showed
that PAD4 recognizes and citrullinates the N-terminal se-
quence of GSK3β containing the SGR motif (Fig. S3C).
To examine whether PAD4 can directly interact with GSK3β

in vivo, we performed anti-FLAG immunoprecipitation assays
with nuclear extracts from MCF7 cells, showing coprecipitation
of endogenous nuclear GSK3β in cells stably expressing PAD4-
FLAG but not in cells lacking PAD4-FLAG (control) (Fig. 2B).
Reciprocally, when endogenous GSK3β was immunoprecipitated
from PAD4-FLAG containing nuclear extracts, coimmunopre-
cipitated PAD4 proteins were readily detected with anti-PAD4
antibody but were not seen in IgG control precipitates (Fig. 2B).
To determine whether endogenous, nuclear GSK3β is citrulli-
nated by active PAD4 in vivo, we incubated MCF7 cells over-
expressing either wild-type PAD4 (MCF7-PAD4) or catalytically
inactive PAD4 (PAD4mut) in calcium-containing medium in-
cluding calcium ionophore A23187 before generating nuclear
extracts and immunoprecipitations of GSK3β. Western blotting
using an anti-modified–citrulline antibody showed a band cor-
responding to citrullinated GSK3β in the nuclear extracts of
MCF7-PAD4 cells but only a very faint band in MCF7-PAD4mut
cells (Fig. 2C). Together, these results provide evidence that
PAD4 citrullinates nuclear GSK3β both in vitro and in vivo.

PAD4RegulatesNuclear Levels ofGSK3β.Next we sought to determine
whether silencing of PAD4, and the consequent reduction in cit-
rullination activity, might affect GSK3β levels in MCF7 cells. We
observed a modest reduction of GSK3B mRNA in shPAD4 cells
(43% reduction) (Fig. S4A), concordant with previously reported
down-regulation of GSK3β levels in cells undergoing EMT. We
then investigated GSK3β total protein levels in MCF7ctr and
shPAD4 cells using flow cytometric analysis. shPAD4 cells showed
a clear reduction in the intensity and percentage of GSK3β-posi-
tive cells (Fig. S4D). In contrast, both the PAD4-rescued knock-
down cells and MCF7 cells stably overexpressing PAD4 showed
higher levels of total GSK3β expression (Fig. S4 B, E, and F),
whereas expression of catalytically inactive PAD4 had no effect on
GSK3β total levels (Fig. S4F). GSK3β is regulated by a variety of
mechanisms (24), including its inactivation by phosphorylation of
serine 9. Therefore, we tested whether citrullination of GSK3β by
PAD4 affects serine 9 phosphorylation, but no difference was
observed between MCF7ctr and shPAD4 cells (Fig. S4C).
Although GSK3β is predominantly located in the cytosol,

a proportion of the protein is constantly shuttled in and out of the
nucleus, where it plays important roles in regulating apoptosis,
ribosomal biogenesis, and gene expression (25–27). To investigate
whether PAD4 equally affects both pools, we analyzed whole-cell
lysates (Fig. 3A) and cytosolic and nuclear fractions. Although
GSK3β protein was modestly reduced in the cytosolic fraction of
shPAD4 cells, its abundance was greatly reduced in the nuclear
fraction (Fig. 3B). Similar results were obtained with PAD4-
depleted T47D cells (Fig. S5A). These data suggest that PAD4 is
required for maintaining a pool of GSK3β protein in the nucleus
of breast cancer cells.

To investigate whether citrullination directly regulates the nu-
clear accumulation or retention of GSK3β, we transfected MCF7
cells with either wild-type PAD4 (MCF7-PAD4) or inactive PAD4
(MCF7-PAD4mut). Nuclear accumulation of GSK3β was ob-
served only in the cells transfected with wild-type PAD4, indicating
that this is dependent on the enzymatic activity of PAD4 (Fig. 4A).
In addition, upon overexpression of GSK3β in MCF7ctr cells,
GSK3β displayed mostly cytoplasmic localization, whereas in
MCF7 cells overexpressing PAD4, GSK3β was readily detected in
nuclei (Fig. S5B).
Truncation of the first nine amino acids of GSK3β has been

reported to reduce its nuclear abundance, but the mechanism has
not been fully elucidated (26). An alignment of GSK3β protein
sequences from five species demonstrated complete conservation
of the first nine amino acids, suggesting that this domain is
functionally important (Fig. S5C). Given that the first nine amino
acids of GSK3β contain two arginine residues (R3 and R5), within
a motif that resembles the N termini of histones H4 and H2A (Fig.
S2D), we asked whether citrullination of these two arginines is
required for the nuclear accumulation of GSK3β. To test this, we
replaced arginines with lysines at positions 3 and 5 of a full-length
GSK3β-NLS (nuclear localization sequence)-myc fusion protein,

Fig. 3. Loss of PAD4 leads to reduced nuclear levels of GSK3β. (A) Whole-
cell lysates and (B) cellular fractions from MCF7ctr and shPAD4 cells were
analyzed with antibodies against GSK3β. Calnexin, Gapdh, and histone H3
were used as loading controls, respectively.

Fig. 4. Nuclear accumulation of GSK3β is regulated by citrullination of its N
terminus. (A) Catalytically active PAD4 leads to accumulation of GSK3β in the
nucleus. MCF7 cells were transfected with (A) PAD4wt-FLAG or PAD4mut-
FLAG and stained against the FLAG-tag (green) and GSK3β (red). Nuclei were
stained with DAPI. Signals were quantified and expressed in a bar graph (**P
< 0.01 PAD4wt vs. PAD4mut). (Scale bar, 40 μm.) (B) Arginine residues R3 and
R5 of GSK3β are critical for nuclear accumulation in the presence of PAD4.
HEK293 cells were cotransfected with PAD4-FLAG or empty control vector and
either wild-type (wt) GSK3β-NLSmyc or GSK3β K3,K5-NLSmyc constructs and
stained against the FLAG-tag (red), myc-tag (green). Quantification of nuclear
GSK3β signal: bar graph depicts GSK3β-NLSmyc vs. GSK3β-NLSmyc+PAD4 (*P =
0.02) and GSK3β-NLSmyc+PAD4 vs. GSK3β K3,K5-NLSmyc+PAD4 (**P = 0.003).
(Scale bar, 10 μm.) (C) MCF7ctr, shPAD4, and GSK3β rescue cells were pro-
cessed for brightfield and IF imaging and stained for E-cadherin (green), and
nuclei (blue). (Scale bar, 10 μm.) (D) Migration assay: shPAD4 and GSK3β rescue
cells were observed by live microscopy for 15 h, and distance of migration was
measured (**P < 0.01 shPAD4 vs. shPAD4+GSK3β).
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thus preserving the charge of these residues but precluding their
possible citrullination. A triple NLS sequence was included in
these constructs to ensure a basal level of nuclear import, even
when the N-terminal residues were mutated (Fig. S5D). The
GSK3βK3/K5NLS mutant and wild-type GSK3β (GSK3β-NLS)
constructs were transfected into HEK293 cells with or without
PAD4-FLAG. Expression of PAD4 caused a significant increase
in the nuclear accumulation of wild-type GSK3β (Fig. 4B). In
contrast, mutation of R3 and R5 resulted in significantly reduced
nuclear accumulation of GSK3β (Fig. 4B), despite the triple NLS
sequence. Thus, we conclude that citrullination of R3 and/or
R5 of GSK3β plays a critical role in the nuclear accumulation
of GSK3β.
To determine whether the EMT phenotype of shPAD4 cells

was attributable to the accompanying loss of nuclear GSK3β, we
restored nuclear GSK3β expression levels by a GSK3β-NLS len-
tiviral construct. Strikingly, expression of nuclear GSK3β in
shPAD4 cells partially restored epithelial cell morphology and
induced increased E-cadherin expression (Fig. 4C and Fig. S5E).
Furthermore, GSK3β-rescued cells migrated slower than shPAD4
cells in a direct comparison by live microscopy (Fig. 4D). Collec-
tively these data demonstrate the importance of PAD4-mediated
citrullination for nuclear abundance ofGSK3β andmaintenance of
an epithelial cell phenotype.

Knockdown of PAD4 Induces TGF-β Signaling in MCF7 Cells. TGF-β
transmitted regulation of Smad transcription factors is an impor-
tant mediator of EMT (1, 28). Because GSK3β is a known direct
regulator of Smads (24, 29), we next asked whether TGF-β

signaling was altered in shPAD4 cells. Western blot analysis (Fig.
5A) and IF imaging (Fig. 5B) showed elevated levels of the TGF-β
effector proteins Smad4 and pSmad2 in shPAD4 cells, consistent
with activation of the TGF-β pathway. Total levels of Smad2
remained unchanged (Fig. 5A,Right). To test for functional TGF-β
signaling, we treated MCF7ctr and shPAD4 cells with a specific
TGF-β receptor inhibitor (SB431542) and analyzed known Smad
downstream target genes (Fig. S6). Transcripts of all three target
genes investigated, protooncogene serine/threonine-protein ki-
nase, (PIM1), serpin peptidase inhibitor type 1 (SERPINE1), and
Thrombospondin (THSB1), were elevated in shPAD4 cells and
significantly reduced upon drug treatment, suggesting activated
TGF-β signaling in shPAD4 cells. Because TGF-β signaling can
induce cellmigration accompanyingEMT,we investigatedwhether
treatment with TGF-β receptor inhibitor would change the mi-
gratory phenotype of shPAD4 cells in a wound-healing assay.
shPAD4 cells closed the wound slower upon inhibitor treatment
(Fig. 5C) and displayed reduced pSmad2 staining (Fig. 5D), con-
sistent with active TGF-β signaling in the untreated shPAD4 cells.
Wenext investigated Smad4 levels in shPAD4 cells transducedwith
either the PAD4 rescue construct or the GSK3β-NLS rescue con-
struct. Lower Smad4 levels were observed when either the effector
protein (i.e., PAD4) or the target protein (i.e., nuclear GSK3β) was
reintroduced into shPAD4 cells (Fig. 5E).

PAD4 Knockdown Increases the Invasive Potential of Noninvasive
MCF7 Cells in Vivo. We next evaluated the potential of PAD4-
depleted cells to form invasive tumors in vivo. To this end,
shPAD4 and MCF7ctr cells were injected in the mammary fat
pads of female NCr-nu/nu mice, and tumor growth was mea-
sured for 7 wk. No significant difference in mean tumor volume
was observed (Fig. 6A). However, upon histological analysis,
tumors derived from shPAD4 cells displayed significantly more
evidence of invasiveness. Strikingly, 65% of analyzed shPAD4
tumor sections showed a characteristic invasive front at the tu-
mor margin compared with 24% of MCF7ctr tumors (Fig. 6 B
and C). shPAD4 tumor sections also revealed a reduction in the
proportion of tumor cells expressing GSK3β, cytoplasmic and
nuclear (Fig. 6 D and E). In contrast, the relative number of
tumor cells with nuclear Smad4, and consequently active TGF-β
signaling, a well-described activator of EMT, was increased (Fig.
6 D and E). These results reinforce the notion that down-regu-
lation of PAD4 and subsequent loss of nuclear GSK3β induces
a TGF-β signaling loop and increases the invasive potential of
breast cancer cells in vivo.

Loss of PAD4 Is Associated with Invasive Breast Carcinomas. To in-
vestigate the relevance of altered PAD4 expression in human
breast cancer, we determinedwhether loss of PAD4 correlates with
malignant progression in human breast cancer progression tissue
arrays (NCI Frederick). These consisted of normal breast tissue,
ductal carcinoma in situ (DCIS), and invasive breast cancer sam-
ples. Although PAD4 nuclear staining was not significantly asso-
ciated with age, histological score, and hormonal receptor status,
PAD4 nuclear staining was significantly less in invasive carcino-
mas compared with DCIS tumors or normal breast tissue using
a semiquantitative approach (Fig. 6F, i–iii and Table S2). Addi-
tionally, we evaluated GSK3β staining on a matching tissue array
(Fig. 6G, i–iv and Table S2). We observed a significant correla-
tion between tumors that stained positive in the nucleus for
PAD4 and tumors that stained positive for nuclearGSK3β (Table
S2). Further evidence solidifying an in vivo connection between
the two enzymes came from the intensity of stain and relative
percentage of cells showing positive staining of nuclear PAD4
and GSK3β (Table S3). Together these data are consistent with
our in vitro and in vivo findings, showing that loss of PAD4 cor-
relates with reduced nuclear GSK3β and is associated with in-
vasive breast cancer in human tumor samples.

Fig. 5. Knockdown of PAD4 leads to activation of TGFβ signaling in MCF7
cells. (A) Nuclear extracts from MCF7ctr and shPAD4 cells were analyzed for
Smad4, pSmad2, and Smad2. Histone H3 was used as control. (B) IF analysis
of Smad4 and pSmad-2 (red) in MCF7ctr and shPAD4 cells. Nuclei were
stained with DAPI (blue). (Scale bar, 10 μm.) (C) Scratch assay in shPAD4 cells
in the presence or absence of the specific TGF-β inhibitor SB431542. Wound
closure was observed for 48 h. (D) IF analysis of p-Smad2 (red) in shPAD4 cells
treated with SB431542 for 48 h. (Scale bar, 10 μm.) (E) IF analysis of Smad4
(green) levels in MCF7ctr, shPAD4, PAD4 rescue, and GSK3β rescue cells.
(Scale bar, 10 μm.)
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Discussion
Citrullination of arginine and methylarginine residues by PAD4
mediates changes in protein–protein interactions and regulates
gene transcription, thereby impacting various cellular processes.
The importance of thismodification in human pathologies remains
largely unknown. In this study we show that loss of PAD4 from
breast tumor cells initiates early steps of the metastatic process
(i.e., migration and invasion). We further demonstrate that PAD4
is an important posttranslational modifier of GSK3β that regulates
nuclear protein levels of GSK3β by citrullinating its N-terminal
domain. Furthermore, PAD4-depleted MCF7 cells form invasive
tumors in nude mice, and PAD4 expression is drastically reduced
during human breast cancer progression, strongly correlating with
the loss of nuclear GSK3β in these tissues.
Previously PAD4 has been shown to convert arginine and

methylarginine residues in the histones H2A, H3, and H4 to
citrulline in various human cancer cells (12–15, 18, 22), influ-
encing the regulation of target genes, such as TFF1, p21, and
OKL38 (12–16). PAD4 was recently also shown to citrullinate the
nonhistone proteins p300, nucleophosmin (NPM1), ING4, Elk-1
and RPS2, thereby partially influencing the activity or localiza-
tion of these proteins (16–19). Despite this progress, in-depth
studies linking experiments that examine cell morphology, mouse

xenograft, and human tissue array analyses to elucidate the role
of PAD4 in breast cancer progression have largely been lacking.
To evaluate the role of PAD4 in breast cancer processes, we

generated experimental cell models with stable knockdown of
PAD4 in noninvasive human breast cancer cell lines. Our analysis
demonstrated that silencing of PAD4 leads to morphological
changes defined as EMT. Consistent with cells undergoing EMT,
our results also show that down-regulation of PAD4 increases cell
migration and invasion.
To identify putative targets of PAD4 that might account for the

induction of EMT, we searched the proteome for proteins with an
N-terminal MSGR motif and identified GSK3β as a potential
target substrate of PAD4. This was of particular interest because
the loss or down-regulation of GSK3β activity has previously
been associated with EMT and cancer progression (3, 26, 30).
GSK3β was originally identified as a kinase regulating conversion
of glucose to glycogen. Subsequent studies have indicated that
this kinase is directly involved in numerous human diseases,
including neurological disorders, EMT, and cancer (20). Known
nuclear targets of GSK3β in these processes include Smads,
β-catenin, CREB, p53, c-myc, HIF1α, and cyclin D1. GSK3β con-
trols these transcription factors by affecting their nuclear localiza-
tion, protein stability, and/or DNA binding activity (31, 32). The
protein itself is subject to regulation by a variety of mechanisms
(24). Given that GSK3β is an important and diverse signaling me-
diator, we investigated whether PAD4 could citrullinate and reg-
ulate GSK3β directly. Our data indicate that PAD4 both interacts
with, and citrullinates, GSK3β in vitro and in vivo.
Although PAD4 depletion resulted in decreased nuclear

GSK3β levels, expression of wild-type PAD4 drastically increased
nuclear GSK3β levels in MCF7 cells. Catalytically inactive mutant
PAD4 had no such effect. These data support a model wherein
citrullination by PAD4 promotes the nuclear accumulation of
GSK3β, although the underlying mechanisms remain to be de-
termined. We provide evidence that citrullination of the N termi-
nus is involved in nuclear retention or stabilization of GSK3β
because mutating R3 and R5 at the SGR motif lead to decreased
levels of nuclear to GSK3β in the presence of active PAD4 despite
an added 3XNLS motif.
These data fit well with a previous report showing that the

N-terminal nine amino acids of GSK3β are involved in nuclear
localization of the protein (26). The GSK3β nuclear pool has
been shown to modulate several cellular functions (27, 33) and is
regulated in a dynamic manner (26). Our study identifies cit-
rullination as a unique PTMofGSK3β and demonstrates that this
modification regulates the nuclear GSK3β pool. Loss of PAD4-
mediated citrullination of GSK3β and the resulting EMT phe-
notype highlights the importance of nuclear GSK3β for the
maintenance of an epithelial phenotype and, thus, its function as
a suppressor of EMT. Our data are in line with a recent study
describing the importance of H4R3 citrullination by PAD4 in
carcinogenesis and indicating a tumor suppressor function (34).
Our data support PAD4’s role as a tumor suppressor by ensuring
adequate nuclear levels of GSK3β.
PAD4-depleted MCF7 cells also displayed activation of func-

tional TGF-β signaling, a critical inducer of EMT (1, 28). Ex-
pression of TGF-β target genes was enhanced in shPAD4 cells and
reduced to the levels of MCF7 control cells by a specific TGF-β
receptor inhibitor. Interestingly, one of the genes induced in PAD4
depleted cells was THSB1, which has been shown to convert latent
inactive TGF-β ligand to its active form (35), thus supporting
the notion of a continuous TGF-β signaling loop in these cells. The
possibility that additional signaling pathways contribute to the
EMT phenotype of PAD4-depleted cells cannot be excluded.
However, the observed stabilization of Smad4 and phosphorylated
Smad2 in PAD4-depleted cells and the fact that overexpression of
nuclear GSK3β reduces Smad4 levels suggests that this may occur
as a direct consequence of altered nuclear GSK3β levels. Together
with the reducedmigratory properties of cells rescued with nuclear
GSK3β, these data suggest that PAD4-GSK3β inhibits Smad

Fig. 6. Correlation between expression levels of PAD4 and invasiveness of
breast cancer cells in vivo. Orthotopic tumors were generated in nude mice
by injection of MCF7ctr or shPAD4 cells (n = 8 mice per group). (A) Tumor
volume was measured at 7 wk after injection. (B) Quantification of 10× fields
at primary tumor margins that display an invasive front (**P < 0.01 control
vs. PAD4). (C) Representative images of tumor margins of MCF7ctr and
shPAD4 orthotopic tumors (H&E staining). Arrows indicate the invasive
front. (Magnification: 10×; scale bars, 100 μm.) (D) Representative images of
MCF7ctr and shPAD4 orthotopic tumors stained with GSK3β and Smad4
(Magnification: 40×; scale bars, 25 μm.) (E) Quantification of histological
images of MCF7ctr and shPAD4 orthotopic tumors stained with GSK3β and
Smad4 antibodies. (F) Abundance of PAD4 and (G) GSK3β in human normal
breast tissue and in breast tumor samples. (i) Normal breast epithelium. (ii)
DCIS. (iii and iv) Invasive carcinoma. (Scale bars, 50 μm.)

Stadler et al. PNAS | July 16, 2013 | vol. 110 | no. 29 | 11855

CE
LL

BI
O
LO

G
Y



www.manaraa.com

stabilization and TGF-β signaling and therefore ensures an epi-
thelial cell phenotype.
Citrullination neutralizes positively charged arginine residues

and therefore has an impact on protein structure, folding, and
interprotein binding capabilities (9). Thus, it is conceivable that
citrullination of the N terminus of GSK3β may regulate the
binding of additional proteins involved in destabilization or nu-
clear export of the kinase in much the same way that nearby or
adjacent histone modifications, such as those embedded in rel-
atively unstructured “tail domains,” may regulate histone func-
tion through PTM effector (“reader”) binding, drawing upon an
emerging concept being described as “histone mimicry” in a wide
range of biological processes (36–39). Citrullination of the N
terminus is an entirely new concept in GSK3β regulation, and we
look forward to future studies aimed at addressing the function
(s) of N-terminal citrullination of GSK3β and the pathway being
described here.

Materials and Methods
Reagents, cell lines, transfections, and viral transductions are listed in SI
Materials and Methods.

Immunofluorescence, invasion assays, intracellular staining procedures,
citrullination assays, protein purification, nuclear extract preparation,

immunoprecipitation assays, and mass spectrometry were conducted using
standard procedures detailed in SI Materials and Methods. Xenograft tumor
studies, tissue arrays, and immunohistochemistry followed established pro-
cedures described in SI Materials and Methods.
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