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Mitochondria are multifunctional organelles; they have been implicated in vari-
ous aspects of tumorigenesis. In this study, we investigated a novel role of the
basal electron transport chain (ETC) activity in cell proliferation by inhibiting
mitochondrial replication and transcription (mtR/T) using pharmacological and
genetic interventions, which depleted mitochondrial DNA/RNA, thereby inducing
ETC deficiency. Interestingly, mtR/T inhibition did not decrease ATP levels despite
deficiency in ETC activity in different cell types, including MDA-MB-231 breast
cancer cells, but it severely impeded cell cycle progression, specifically progres-
sion during G2 and/or M phases in the cancer cells. Under these conditions, the
expression of a group of cell cycle regulators was downregulated without affect-
ing the growth signaling pathway. Further analysis suggested that the transcrip-
tional network organized by E2F1 was significantly affected because of the
downregulation of E2F1 in response to ETC deficiency, which eventually resulted
in the suppression of cell proliferation. Thus, in this study, the E2F1-mediated
ETC-dependent mechanism has emerged as the regulatory mechanism of cell
cycle progression. In addition to E2F1, FOXM1 and BMYB were also downregu-
lated, which contributed specifically to the defects in G2 and/or M phase progres-
sion. Thus, ETC-deficient cancer cells lost their growing ability, including their
tumorigenic potential in vivo. ETC deficiency abolished the production of reactive
oxygen species (ROS) from the mitochondria and a mitochondria-targeted antiox-
idant mimicked the deficiency, thereby suggesting that ETC activity signaled
through ROS production. In conclusion, this novel coupling between ETC activity
and cell cycle progression may be an important mechanism for coordinating cell
proliferation and metabolism.

ell proliferation is a process that simultaneously demands

macromolecular synthesis in a greater amount and ATP
supply at a higher rate to increase the total biomass and,
finally, divide the cells into two daughter cells."” To meet
these demands, actively dividing cells utilize mitochondria as
biosynthetic organelles rather than powerhouses, which are pri-
marily involved in oxidative phosphorylation (OXPHOS).®
However, this does not necessarily mean that OXPHOS func-
tion is not important for actively dividing cells such as cancer
cells. Indeed, OXPHOS still makes a significant contribution
to ATP supply in cancer cells,” thereby supporting cancer cell
proliferation and survival.

In some cases, mitochondria appear to play more active
roles in tumorigenesis; for example, upon the activation of
oncogenes, the cancer cells exploit the electron transport chain
(ETC) and elevate the production of reactive oxygen species
(ROS).(‘H’) In some hereditary cancers, truncated mitochon-
drial enzymes caused by mutations may have direct oncogenic
properties that affect tumor susceptibility."”
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In addition, it is also possible that basal activities of mito-
chondria may play some fundamental role in cancer cells, such
as sustaining their proliferation potential, given that cell prolif-
eration is degraded greatly when mitochondrial replication and
transcription (mtR/T) are inhibited.®’ Because the inhibition of
mtR/T primarily leads to deficient OXPHOS function,“*'"
this proliferation defect could be explained simply by an insuf-
ficient production of ATP. However, we recently discovered
that ATP levels remained normal under mtR/T inhibition in
several cancer cell types, but their proliferation was still
severely impeded. This finding implies that an unknown mech-
anism regulates cell proliferation depending on the levels of
ETC activity. Therefore, in this study, we explored the details
of the aforementioned defect in proliferation under mtR/T inhi-
bition, which led us to propose a novel role for ETC activity
in cell cycle progression. To the best of our knowledge, this is
the first demonstration of a functional linkage between ETC
activity and the core regulatory mechanism of cell cycle pro-
gression.
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Materials and Methods

Full Methods and Materials are available as Supporting
Information.

Results

Cell proliferation arrest is induced under electron transport
chain-deficient conditions in human breast cancer cells. First, we
observed mitochondrial DNA (mtDNA)-less cells, so-called
pseudo-p0 cells.”” The mtDNA exclusively encodes RNA and
proteins required for the formation of ETC complex; therefore,
the defects in pseudo-p0 cells are considered to be associated
with ETC functions and limited to their relevant activities.
This hypothesis has been supported by extensive studies of p0
cells,"®'? thereby providing a valuable model for the evalua-
tion of the significance of ETC functions in cells.

In this experiment, we examined pseudo-p0 populations
obtained from several human breast cancer cell lines, including
the MDA-MB-231 (MDA) cell line, after treating them with

www.wileyonlinelibrary.com/journal/cas

ethidium bromide (EtBr), which is an mtR/T inhibitor that is
used routinelgl to selectively deplete mtDNA,"'® as described
previously.'" Figure 1(a—c) shows the effects of EtBr treatment
on the condition of mitochondria in MDA cells, which demon-
strates that mtDNA and mitochondria-encoded cytochrome
b (Cyt.b) mRNA were decreased (Fig. 1a,b). The mitochondrial
membrane potential (A¥m), a direct indicator of ETC function-
ality, was virtually lost within 5 days (Fig. 1c). However, the
amount of ATP remained at a normal level (Fig. 1d), presumably
due to the compensation by glycolytic activity. These observa-
tions agree with previously described features of p0 cells,*'"
which support the use of p0 or ETC-deficient cells for studying
the roles of ETC functions uncoupled from ATP synthesis.

Cell proliferation was markedly inhibited under the ETC-
deficient conditions described above (Fig. le). The G2 and/or
M phases were specifically interrupted in the MDA/pO cells
with concomitant enlargement of the cells (Fig. 1f~h). The
short-term treatment of cells with EtBr had no effect, as indi-
cated in the DNA histogram (Fig. 1g, 0 vs 30 min); this
excludes the possibility that EtBr treatment interferes with the
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subsequent staining of cells with PI. According to our results
of the dye exclusion test, cell viability was above 90% during
the observation of cell proliferation (data not shown) and the
sub-G1 population comprised <1% in all of the DNA his-
tograms, which implied that apoptosis was negligible. These
observations indicate that the ETC-deficient cells almost com-
pletely lost their proliferative capacity even when ATP produc-
tion was at normal levels, thereby suggesting a previously
unknown role for the ETC in cell proliferation. Interestingly,
cell-signaling molecules, such as ERK1/2, which are central
molecules in controlling cell proliferation, were active at levels
comparable to those under normal conditions (Fig. 1i). In addi-
tion, the suppression of cell proliferation did not appear to be
associated with the DNA damage response (see below),
although high doses of EtBr affected nuclear DNA as an inter-
calator. Collectively, mitotic catastrophe, a mechanism that
senses mitotic failure and leads to cell death, such as necrosis,
or senescence, might occur under the conditions.
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Similar suppression of proliferation was also observed in
pseudo-p0 cells from other cell lines; namely, T-47D (Fig. 2a)
and MCF7 (Fig. Sla). Furthermore, in T-47D/p0 cells, the cell
cycle was interrupted at G2 and/or M phases (Fig. 2b), as
found in MDA/p0O. However, G1/S arrest was dominant in
MCF7/p0 cells (Fig. S1b), which was probably attributable to
the upregulation of p21CIP1 and p27KIP1 cyclin-dependent
kinase inhibitors (CKI) at the mRNA and protein levels,
respectively (Fig. Slc,d). These inhibitors were not induced in
MDA/pQ cells. In this context, it should be noted that MCF7
retained wild-type p53, whereas T-47D and MDA did not."'¥
In a further study, we explored the defects in cell cycle pro-
gression under ETC deficiency, especially the CKI-independent
mechanisms that resulted in the defects in G2 and/or M phase
progression in MDA and T-47D/p0 cells.

Downregulation of a set of cell cycle regulators in electron
transport chain-deficient cells. To obtain insight into the mecha-
nisms described above, we studied changes in gene expression
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in response to the inhibition of mtR/T. Initially, we analyzed
microarray data using murine mammary epithelial cells and
found that many proliferation-related genes were downregu-
lated under ETC-deficient conditions. Intriguingly, many of
these genes have been previously identified as transcriptional
targets of E2F.">'® These genes included cyclins (A2, B and
El) and other components involved structurally and/or func-
tionally in cell cycle progression (Table S1).

Downregulation of a similar set of E2F-targeted genes, includ-
ing cyclins A2, B1, B2 and E, was noted in the MDA/pO cells
(Fig. 2c¢). In addition to these cyclins, Foxml and Bmyb, having
roles in G2 and M phase regulation as components of the tran-
scriptional regulator complex with MuvB,"” were downregu-
lated; their expression levels were also attenuated in the MDA/
p0 cells (Fig. 2c). The expression of cyclin DI, which was
absent in the list of downregulated genes, was affected slightly
only at the protein level; therefore, it was used as a control due
to its relative insensitivity to ETC activity.

Downregulation of E2F1 in electron transport chain-deficient
cells. Interestingly, in addition to the aforementioned cell cycle
regulators, E2F family members (activator E2F1 and 2) were
included in the list of downregulated genes (Table S1). In the
MDA/pO cells, E2F1, 2 and 8 (a repressor E2F) exhibited sig-
nificant sensitivity to ETC deficiency in terms of their mRNA
levels (Fig. 2d). At the protein level, the expression of E2F1
was particularly sensitive; it decreased dramatically within
2 days of the treatment (Fig. 2d). The expression level of
E2F2 was very low; therefore, its expression was undetectable
in MDA cells by immunoblotting. Thus, the E2Fs, particularly

E2F1, were found to be ETC-sensitive transcriptional
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regulators. Changes in the expression patterns of these E2Fs
were also observed in the pseudo-p0 cells from T-47D
(Fig. 2e) and MCF7 (Fig. Sle, left), thereby suggesting that
the phenomenon is independent of CKI induction or defects in
cell cycle progression, at G1/S boundary or during G2 and/or
M phases, but it is primarily dependent on ETC deficiency.

E2F1 downregulation as a trigger for the downregulation of
cell cycle regulators and cell proliferation. Our results mentioned
earlier suggest that E2F1 was first downregulated in response
to ETC deficiency, followed by its target cell cycle regulators,
which eventually suppressed the cell proliferation. As
expected, the knockdown of E2F1 with siRNA decreased the
expression of the set of cell cycle regulator genes that
responded to ETC deficiency, except for cyclin E and the neg-
ative control of cyclin D1 (Fig. 3a—c). Therefore, cell prolifer-
ation was significantly influenced by E2F1 silencing, whereas
little change was observed using siRNA for E2F2 and 8
(Figs 3d, S2a; E2F8).

Significance of BMYB and FOXM1 downregulation for defects
in cell cycle progression during the G2 and/or M phases. The
expression of the G2 and M phase regulators, BMYB and
FOXML1, was also sensitive to ETC deficiency (Fig. 2¢); they
appear to be under the transcriptional control of E2F1 similar
to cyclins A and B (Fig. 3b). However, unlike the two cyclins,
the siRNA for E2F1 was ineffective in downregulating the
expression of BMYB and FOXMI1 at the protein level
(Fig. 3c), thereby implying that their expression was subject to
an additional layer of regulation at the protein level as well as
the transcriptional regulation by E2F1 (Fig. 3e). Therefore, to
assess the roles of BMYB and FOXMI, we performed
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silencing of FOXMI and BMYB with siRNA for themselves
instead of E2F1 (Fig. S2a; FOXM1, BMYB).

Knockdown of FOXM1 (F) or BMYB (M) alone had no
obvious effects either on the cell number or on the cell cycle
distribution (cell number, Figs 3f, S2b; cell cycle distribution,
Fig. S2d). When they were knocked down simultaneously with
E2F1, we detected proliferation inhibition (Figs 3f, S2b; E/F
and E/M). However, the effect was almost the same as that
obtained by the single knockdown of E2F1 (E), which suggests
that the proliferation potential of the cells was affected princi-
pally by E2F1, rather than by FOXM1 or BMYB.

The cell cycle distribution was influenced by the levels of
FOXMI1 and BMYB. Thus, silencing of E2F1 alone resulted in
the accumulation of cells in the S phase, but the simultaneous
silencing of FOXM1 or BMYB together with E2F1 elicited a
slight but significant shift in the accumulation of cells from
the S phase to the G2 and/or M phases. This suggests that
these two proteins have important roles in regulating the pro-
gression of G2/M phase (Figs 3g, S2c¢). Triple knockdown of
the three genes suggests that the effects of BMYB and
FOXMI1 knockdown were redundant (Fig. S2e), which is con-
sistent with a previous demonstration that BMYB and FOXM1
function in a common mechanism that operates at G and M
phases.'” In summary, our results suggest a mechanism for
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cell proliferation suppression in ETC-deficient cells, where the
downregulation of E2F1 causes defects in cell cycle progres-
sion during the G2 and/or M phases when coupled with the
downregulation of BMYB and FOXMI.

Altogether, the ETC activity was first coupled with the con-
trol of cell proliferation via the regulation of cell cycle-related
gene expression. In an emerging mechanism, the ETC activity
modulates multiple pathways, including E2F1-mediated tran-
scription (Fig. 3e, box; solid line) and non-transcriptional
mechanisms (Fig. 3e, box; broken line), which regulate the
expression of components of the core cell cycle machinery.

Recapitulated electron transport chain-deficient phenotypes in
mitochondrial transcription factor A-knocked down cells. We fur-
ther investigated the novel link between the ETC activity and
cell cycle regulation using additional ETC-deficient cells,
which we generated by the genetic manipulation of mitochon-
drial transcription factor A (TFAM), a regulator of mitochon-
drial transcription. This protein has an additional role as an
architectural protein, which is essential for the maintenance of
mtDNA; therefore, it also serves as a limiting determinant for
the mtDNA copy number.'®'” Thus, the suppression of
TFAM expression (Fig. S3a,b) led to both mtDNA and
mtRNA depletion, and a consequent deficiency in ETC func-
tion in the same manner as EtBr treatment (Fig. 4a—c), as
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described previously.*” In contrast to the pseudo-p0 cells
(Fig. 1b), the depletion of mtRNA (Cyt.b) was only partial
under TFAM knockdown. Further depletion of mtRNA was
achieved by using 2'-C-methyladenosine (2-CM), an inhibitor
of mitochondrial RNA polymerase-mediated transcription
(Fig. S3c). Similar to the treatment with EtBr (Fig. 1d), the
ATP levels in the TFAM-knockdown cells were almost the
same as those in the control (Fig. 4d).

Importantly, TFAM knockdown decreased the expression of
the set of E2F-target cell cycle regulator genes described
above (Fig. 4e—g vs Fig. 2c,d), and it suppressed cell prolifera-
tion (Fig. 4h), thereby strongly supporting the involvement of
ETC activity in the control of cell proliferation. Enrichment of
the G2/M population was observed under decreased mitochon-
drial activity and it was statistically significant in the presence
of 2-CM (Fig. 4i). Moreover, using the genetically ETC-
deprived cells, we demonstrate the importance of ETC activity
in the long-term growth of cancer cells in vitro and in vivo.
Figure 5(a) indicates that TFAM knockdown impeded anchor-
age-independent cell growth in vitro. More importantly, TFAM
knockdown considerably mitigated tumor growth in our in vivo
orthotopic implantation experiments (Fig. 5b).
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tumor growth in vivo by mitochondrial transcription factor A (TFAM)
knockdown. (a) Anchorage-independent cell growth of the TFAM
short hairpin RNA (shRNA)-expressing MDA cells, as described in Fig-
ure S3a,b. Cells grown in methylcellulose under Dox (—) conditions for
4 weeks were photographed (Right; scale bar: 300 um) and the areas
of colonies in images were quantified using Image) software (left).
Values represent the mean + SD. **P < 0.01. (b) TFAM shRNA-expres-
sing cells established from MDA/GFP cells were implanted into the
mammary fat pads of SCID mice and the tumor size was monitored.
Each data point represents the mean + SD based on four or five xeno-
grafts. **P < 0.01.
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Significance of decreased intracellular reactive oxygen species
in electron transport chain-deficient cells. Finally, we investi-
gated whether intracellular redox changes derived from mito-
chondrial sources were involved in the mechanism of ETC-
dependent cell proliferation control. The generation of mito-
chondrial ROS (mtROS) is correlated with levels of A¥m or
ETC activity,*'*? and ETC-deficient p0 cells are incapable of
producing mtROS.“*'V Our results agree with these previous
findings in that the ROS levels measured with H,DCFDA were
significantly lower in the MDA/pO cells compared with the
control cells, where strong fluorescence was observed in the
intracellular organelles (Figs 6a, S4a; [—]). The probe detected
both cytoplasmic ROS and mtROS,*® but the majority of the
fluorescence appeared to be derived from mtROS under the
experimental conditions employed in this study. This is
because the fluorescence was largely co-localized with that of
a mitochondrial indicator in the cells (Fig. S4a; [—] high mag-
nification). In addition, the fluorescence was sensitive to
manipulations of the ETC activity with ETC inhibitors and
supplements (Fig. S4b—d). In conclusion, our results suggest
that mtROS production was reduced in the MDA/pO cells simi-
lar to the other cell types. ¢''™!9

To understand the significance of this decrease in mtROS
during the suppression of proliferation in ETC-deficient condi-
tions, we attempted to reduce mtROS levels using an antioxi-
dant. We utilized mitoquinol (Mitq), a reduced form of the
mitochondria-targeted coenzyme Q (CoQ) analog, which is a
well-characterized mitochondria-targeted antioxidant (mt-anti-
oxidant).m) As expected, Mitq, but not CoQ, effectively
decreased ROS levels in the MDA cells (Figs 6b, S4a). It was
remarkable that the treatment of cells with Mitq but not CoQ
consistently recapitulated the changes in gene expression for
the cell cycle regulators under ETC-deficient conditions
(Fig. 6c [MDA] and Fig. Sle; right [MCF] vs Figs 2c—e, 4e,f)
as well as cell proliferation suppression with concomitant
defects in cell cycle progression during the G2 and/or M
phases (Fig. 6e,f). Therefore, Mitq had almost the same
effects on gene expression and cell cycle arrest as EtBr and
TFAM knockdown. Gene expression levels decreased signifi-
cantly at 24 h prior to inhibition of proliferation, which was
apparent after several days, thereby indicating that the changes
in gene expression were a response to the lower mtROS levels
and not because of the inhibition of proliferation. We con-
firmed that Mitq treatment had no obvious effects on A¥m
(Fig. S5a), which excluded the possibility that Mitq affected
the functionality of the ETC. Thus, mtROS is the most likely
mediator of the effects of ETC activity during the regulation
of cell cycle progression. Mechanistically, our results suggest
that mtROS levels affected the stability of the E2F1 protein
(Fig. 6g).

Finally, we investigated whether the DNA damage response
(DDR) and spindle assembly checkpoint (SAC) signaling were
involved in the transcriptional response of cells under ETC-
deficient (EtBr-treated) or mtROS-decreased (Mitg-treated)
conditions. Although treatment with cisplatin (CDDP) clearly
increased the immunoreactivity to phospho-histone H2A.X
(YH2AX), a key indicator of DNA damage, treatment of cells
with EtBr and Mitq did not increase the activity (Fig. S5b). In
addition, treatments with CDDP or paclitaxel (PTX), which
induce DDR and SAC, respectively, did not downregulate the
E2F transcriptional network (Fig. S5c¢). Therefore, it is unli-
kely that these stress response pathways played a role in the
transcriptional response of cells to ETC-deficient or mtROS-
decreased conditions.
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Discussion

In this study, we identified a novel role for ETC activity in the
control of proliferation of cancer cells. These findings may
also be relevant to proliferation control in normal cells under
physiological conditions. The principal mechanism that under-
lies this effect is the sensitivity of E2F1 expression to ETC
activity or mtROS, which couples ETC activity with the cell
cycle regulatory mechanism via an E2F1-organized transcrip-
tional network. In this context, it is interesting to note that
E2F1 also engages in regulating oxidative metabolism by
repressing the key genes that regulate mitochondrial functions,
including the respiratory chain.®*> Thus, according to our
results and this previous study, a reciprocal regulatory mecha-
nism may be present between E2F1 and the functions of orga-
nelles. In this scenario, when ETC activity declines, E2F1
expression levels decrease (Fig. 2c¢), which leads to the de-
repression of E2F1-mediated transcriptional repression and the
subsequent upregulation of the mitochondrial functions, includ-
ing ETC activity. This constantly maintains ETC activity
above a specific level in cells under physiological conditions.
Thus, E2F1 potentially functions as a connector and coordina-
tor between cellular proliferation and metabolic pathways,
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which appears to be critically important for cellular homeosta-
sis.

A similar study of cell proliferation under mtR/T inhibition
was performed previously using HeLa cells."” The results
agree with ours in that the slowdown of cell proliferation
under mtR/T inhibition was unlikely to be attributable to ATP
depletion, but it could be attributable to the downregulation of
p21CIP1 due to lower ROS levels in the cells. In pO cells
derived from hepatoma cells, lower levels of cyclins A and D1
were observed as well as increased levels of CDK inhibitors,
such as p16, p27 and p21,”® which is similar to the case for
MCF7/p0 cells. Therefore, the specific mechanisms that under-
lie the suppression of proliferation through mtR/T inhibition
may differ among cell types or genetic backgrounds, particu-
larly the p53 status, although no mention was made regarding
the E2F transcriptional network in these previous studies.
According to our study, downregulation of the E2F transcrip-
tional network was observed in several different cell types in
addition to breast cancer cells irrespective of the p53 status
under ETC-deficient conditions (unpublished data); therefore,
the regulation appears to be a fundamental response that can
be modulated by an additional response such as CKI induction.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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At present, the mechanism that allows mtROS to regulate the
expression of E2F1 remains largely unknown. However, con-
sidering the effect of Mitq (Fig. 5),*” it is probable that a
redox change in mitochondria is involved, which is coupled
with the stability of the E2F1 protein (Fig. 6g). Given the
autoregulatory control of E2F1 expression,( decreases in
E2F1 protein levels are assumed to reduce the activity of the
E2F1 promoter, thereby leading to the downregulation of the
entire E2F1-mediated transcriptional network.

In addition to elucidating the detailed mechanisms, under-
standing the negative impact of mtR/T inhibition on cancer
cell proliferation may be of practical value, particularly the
effects on MDA cells (Fig. 1). MDA is a representative cell
line established from triple-negative breast cancer (TNBC), a
subtype of the highly malignant cancers that lack specific cell-
surface receptors needed for targeted therapeutic treatments
and with a poor prognosis. According to the intrinsic impair-
ment of the ETC, which was identified recently in multiple
TNBC cell lines,* it is expected that TNBC will be excep-
tionally sensitive to mtR/T inhibition, which should further
reduce the ETC activity of TNBC cells and effectively sup-
press their proliferation, thereby providing a promising lead in
the fight against the highly malignant cancer.

Gene manipulation is a potential approach for inhibiting
mtR/T, as suggested by a previous study where TFAM was
knocked down in a Kras-driven mouse model of lung
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adenocarcinoma.”” Our study extends the possibility of practi-
cal applications in human cancers (Figs 4, 5). Methods may be
developed to scavenge mtROS as an alternative to gene manip-
ulation that inhibits mtR/T or ETC; in many therapeutic appli-
cations, a practical goal of mtR/T inhibition is to decrease
mtROS, which act as non-relevant signaling molecules that
bring about various adverse conditions. Recently, mt-antioxi-
dants have attracted increasing interest for their potential use
in cancer therapy.?°>® In this study, we demonstrated the
effectiveness of Mitq in inhibiting TNBC cell proliferation
based on new mechanistic insights (Fig. 6), which further
highlights the potential use of mt-antioxidants in cancer ther-
apy. We are hopeful that our results will contribute to the
development of improved cancer therapies.
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Background: Anchorage dependence of cell growth remains incompletely understood.

Results: A cyclin-dependent kinase inhibitor (p21<'P") is transcriptionally up-regulated on anchorage loss, depending on
Kruppel-like factor 4 (KLF4) and a molecular scaffold of hydrogen peroxide-inducible clone-5 (HIC-5).

Conclusion: On anchorage loss, HIC-5 localizes at the nuclear matrix and promotes KLF4 tethering to DNA.

Significance: A novel mechanism regulating gene expression in a detachment-dependent manner has emerged.

Anchorage loss elicits a set of responses in cells, such as tran-
scriptional changes, in order to prevent inappropriate cell
growth in ectopic environments. However, the mechanisms
underlying these responses are poorly understood. In this study,
we investigated the transcriptional up-regulation of cyclin-de-
pendent kinase inhibitor p21"P! during anchorage loss, which
is important for cell cycle arrest of nonadherent cells in the G1
phase. Up-regulation was mediated by an upstream element,
designated as the detachment-responsive element (DRE), that
contained Kruppel-like factor 4 (KLF4) and runt-related tran-
scription factor 1 (RUNX1) recognition sites; both of these
together were necessary for transactivation, as individually they
were insufficient. RNAi experiments revealed that KLF4 and a
multidomain adaptor protein, hydrogen peroxide-inducible
clone 5 (HIC-5), were critically involved in DRE transactivation.
The role of HIC-5 in this mechanism was to tether KLF4 to DNA
sites in response to cellular detachment. In addition, further
analysis suggested that oligomerization and subsequent nuclear
matrix localization of HIC-5, which was accelerated spontane-
ously in cells during anchorage loss, was assumed to potentiate
the scaffolding function of HIC-5 in the nucleus and conse-
quently regulate p21<"P! transcription in a manner responding
to anchorage loss. At the RUNXI1 site, a LIM-only protein,
CRP2, imposed negative regulation on transcription, which
appeared to be removed by anchorage loss and contributed to
increased transcriptional activity of DRE together with regula-
tion at the KLF4 sites. In conclusion, this study revealed a novel
transcriptional mechanism that regulated gene expression in a
detachment-dependent manner, thereby contributing to
anchorage-dependent cell growth.
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Physical and functional cellular adhesion to the extracellular
matrix (ECM)? is indispensable to multicellular organisms
from embryonic stages throughout maturity (1, 2). In metazo-
ans, cellular adhesion to ECM is mediated by integrins, a class of
heterodimeric transmembrane receptors, which on encounter
with a ligand, transmit intracellular signals activating numer-
ous downstream classical kinase- and GTPase-mediated path-
ways (3). Interestingly, the pathways activated by integrin are
largely the same as those activated by growth factor and cyto-
kine receptors, and these signals potentiate each other down-
stream, as observed in the synergistic activation of the extracel-
lular signal-regulated kinase/mitogen-activated protein kinase
cascade (4-6).

In numerous cellular activities, cooperation between growth
factor receptor kinase and integrin signaling is observed, which
is manifested as dependence of activities on cellular adhesion to
ECM along with growth factors. A typical example is cell cycle
progression where various events from mid- to late-G1 phase
culminating in up-regulation of G1l-phase cyclin-dependent
kinase (CDK) activity require both integrin and growth factor
signaling (4-7). In mesenchymal cells, in particular, depriva-
tion of ECM anchorage arrests the cell cycle at the G1-phase,
which has led to the concept of anchorage-dependent cell
growth and is usually interpreted as a requirement of adhesion
for complete activation of Gl-phase CDKs, although the
detailed mechanisms are not fully understood. For multicellu-
lar organisms, the anchorage dependence of cell growth is crit-
ical because it prevents promiscuous reattachment and inap-
propriate proliferation of nonadherent cells in ectopic
environments.

Hydrogen peroxide-inducible clone-5 (HIC-5) is a multido-
main protein comprising four Leu- and Asp-rich LD and LIM
domains (named after the three transcriptional factors Lin-11,

2 The abbreviations used are: ECM, extracellular matrix; Adh, adhesion; BrdU,
5-bromo-2’-deoxyuridine; CDK, cyclin-dependent kinase; CKI, cyclin-de-
pendent kinase inhibitor; CRP, cysteine-rich protein; Dox, doxycycline
hyclate; DRE, detachment-responsive element; EGFP, enhanced green flo-
rescence protein; HIC-5, hydrogen peroxide-inducible clone-5; KLF4, Krup-
pel-like factor 4; LIM, lin-11, Isl-1, and Mec-3; MEF, mouse embryo fibro-
blast; NES, nuclear export signal; siRNA, small interfering RNA; shRNA, short
hairpin RNA; RUNX1, Runt-related transcription factor 1; Sus, suspension.
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Isl-1, and Mec-3) that serve as molecular adaptors in various
cellular activities, including integrin signaling at focal adhe-
sions (8, 9) and nuclear transcriptional activities (10). In addi-
tion, with a shuttling ability between the two compartments,
HIC-5 is capable of coupling cell adhesion with nuclear activi-
ties (11). For example, we recently characterized a fail-safe sys-
tem organized by HIC-5 for anchorage-dependent cell growth
(12). The essence of the system was localization of cyclin D1 to
the nuclei of only adherent cells and its exclusion from the
nucleus on anchorage loss, which is crucial to prevent cell pro-
liferation under nonadherent conditions. This is achieved by
adhesion-dependent shuttling of HIC-5, which is regulated by
the CRM-dependent nuclear export mechanism (11) and com-
petitively localizes cyclin D1 to the nuclei of adherent cells. On
anchorage loss, shuttling is stopped, and cyclin D1 is conse-
quently exported outside the nucleus instead of HIC-5 (12).

In the present study, we addressed another HIC-5-depen-
dent mechanism contributing to growth arrest under nonad-
herent conditions. The mechanism transcriptionally induced a
CDK inhibitor (CKI), p21<'*!, in response to disruption of cell-
ECM interactions. In this mechanism, HIC-5 played a crucial
role in recruitment and/or retention of Kruppel-like factor 4
(KLF4), a transcription factor essential for transactivation, to
DNA sites in a detachment-dependent manner.

EXPERIMENTAL PROCEDURES

Cell Culture—C3H10T1/2 cells, primary mouse embryo
fibroblasts (MEFs), and normal human diploid fibroblasts
(TIG-7) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum as reported previously
(12). TIG-7 cells (JCRB0511) were obtained from the Japanese
Collection of Research Bioresources Bank (Osaka, Japan) and
used between 33 and 39 passages.

The cells were cultured under adherent (adhesion; Adh) and
nonadherent (suspension; Sus) conditions in essentially the
same manner as described previously (12). In brief, the cells
were detached from a culture dish by trypsinization, divided in
half, reseeded onto poly (2-hydroxyethyl methacrylate) (Sig-
ma)-coated (0.8 mg/cm?) (Sus) and noncoated (Adh) dishes,
and analyzed simultaneously.

Reagents—Blasticidin was obtained from Kaken Pharmaceu-
tical Co. Ltd. (Tokyo, Japan), and puromycin and doxycycline
hyclate (Dox) were purchased from Sigma. Small interfering
RNA (siRNA) oligonucleotides used in the present study are
listed in the supplemental information.

Expression Vectors—Short hairpin RNA (shRNA) was
expressed using CS-RfA-ETBsd (Tet-On), CS-RfA-ErTBsd
(Tet-Off), and CS-RfA-EB (constitutive) lentiviral vectors (13).
The shRNA target sequence information is provided in the sup-
plemental information.

Retrovirus expression vectors were based on pMXs-IP (14).
FLAG-tagged HIC-5 and HA-tagged paxillin constructs were as
described previously (15). To generate a pMXs-IP-based series
of FLAG-tagged siRNA-resistant HIC-5 mutants (wild type,
NLS, ALIM4, mLD3, and Cfl/ns), silent mutations were intro-
duced into the siRNA target sequence (ttc aac atc acc gac gaa
atc, Hic-5; 262—278 nucleotides) at the underlined positions
using the PrimeSTAR Mutagenesis Basal Kit (Takara Bio, Inc.,
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Otsu, Japan) with a mutated primer according to the manufac-
turer’s instructions.

Real-time Reverse Transcription (RT)-PCR—Total RNA was
extracted from the cultured cells, reverse transcribed into
c¢DNA, and analyzed by described previously methods (16).

Antibodies and Immunoblotting— The immunoblotting pro-
cedure was essentially the same as that described previously
(15). Antibodies to p21<'P' (BD Biosciences, San Jose, CA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Chemi-
con, Temecula, CA), KLF4 (Santa Cruz Biotechnology, Santa
Cruz, CA), HIC-5 (BD Biosciences), Lamin Bl (Invitrogen,
Carlsbad, CA), and FLAG (Sigma) were used.

Transfection and Infection—siRNA transfection was per-
formed using Lipofectamine RNAiMAX (Invitrogen) accord-
ing to the manufacturer’s instructions. The cells were trans-
fected with siRNA duplexes (100 nm) and processed 48 h after
transfection.

Viral infection was performed as described previously (17).
In brief, Plat-E (for retrovirus) or HEK293T (for lentivirus) cells
were transfected with viral vectors by the calcium phosphate
method to obtain culture supernatants containing the virus.
The target cells were infected by culturing for 24 h in virus-
containing medium. Twenty-four hours after culture in the
presence (Tet-Off lentivirus) or absence (Tet-On lentivirus,
retrovirus) of Dox (1 ug/ml), the infected cells were selected
and maintained in medium supplemented with 10 ug/ml blas-
ticidin (lentivirus) or 5 ug/ml puromycin (retrovirus).

Reporter Constructs and Assay—The WWP reporter con-
taining the 2.4-kbp upstream region of the p21<'P! promoter
and the derived deletion reporters (WWP Sac, 2.0, 1.7, 1.4,
Hinf, and Pst) were described previously (10, 18).

The pGL4.2/minP vector was generated by inserting the
minimal promoter (aga ggg tat ata atg gaa gct cga ctt cca g)
immediately upstream of the luciferase reporter gene of
pGL4.20 (Promega, Madison, WI). The WWP 2.0-Sac, 2.0 -2.1-
Sac,and 2.1-Sac reporters were generated by inserting the PCR-
amplified fragments (—2243 to —1987 bp, —2243 to —2094 bp,
and —2093 to —1987 bp, respectively) upstream of the p21<'P*
promoter in the pGL4.2/minP vector. For a mutant series of the
WWP 2.0-Sac reporter [KLF, USF, GATA, and Runt-related
transcription factor 1 (RUNX1) mt], point mutations were
introduced into the wild-type WWP 2.0-Sac reporter as
described above. The sequence information on the mutational
changes is provided in Fig. 3A.

In the assay, firefly luciferase reporters (1 ug) together with
the internal control of the Renilla luciferase reporter plasmid
(phRL/CMV) (0.02 ug) were transiently introduced into the
cells (19). Twenty-four hours after transfection, the cells were
transferred to monolayer or suspension cultures and further
incubated for 24 h. Luciferase activities were determined using
the Dual Luciferase Assay Kit (Promega). Firefly luciferase
activities were normalized with those of Renilla luciferase.

5-Bromo-2'-deoxyuridine  (BrdlU) Incorporation—BrdU
incorporation was evaluated by immunocytochemistry as
described previously (12).

Chromatin Immunoprecipitation (ChIP) Assay—A ChIP
assay was performed based on the method described by Nelson
et al. (20), with slight modifications (19). The antibody used for
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this assay was anti-KLF4 (Santa Cruz Biotechnology), and anti-
rabbit immunoglobulin (X0903; DAKO Japan, Kyoto, Japan)
was used as the control.

Subcellular Fractionation—Subcellular fractionation was
performed according to the method described by He et al. (21),
with minor modifications. The cells were washed with ice-cold
PBS and resuspended in CSK buffer (10 mm PIPES (pH 6.8), 100
mM NaCl, 300 mm sucrose, 3 mm MgCl,, 1 mm EGTA, 0.5%
Triton X-100, and protease inhibitor mixture (Sigma)). After 5
min of incubation on ice, nuclear pellets were separated from
cytoplasmic supernatants by centrifugation at 3000 X g for 10
min and incubated for 45 min at 30 °C in digestion buffer (10
mwm PIPES (pH 6.8), 50 mm NaCl, 300 mm sucrose, 3 mm MgCl,,
1 mm EGTA, 0.025% Triton X-100, 300 units/ml DNase I (RT-
grade, Nippon Gene Co., Ltd., Tokyo, Japan), and 4 mm vanadyl
ribonucleoside complex (Sigma)). After incubation, ammo-
nium sulfate was added to the digestion buffer to obtain a final
concentration of 250 mm. The chromatin fraction (soluble) was
removed by centrifugation at 6500 X g for 10 min. The nuclear
matrix was recovered by centrifugation at 6500 X g for 10 min
after washing with excess digestion buffer containing 250 mm
ammonium sulfate.

Statistical Analysis—Statistical differences were determined
using the Student’s £ test.

RESULTS

p21°"P" Transactivation on Anchorage Loss Is Dependent on
KLF4 and RUNX1, but Not p53, Binding Sites—It has been pre-
viously shown that p21<"P* is up-regulated when anchorage-de-
pendent cells are placed under suspension conditions (22). This
leads to inhibition of CDKs such as CDK2 in a complex with
cyclin E, which eventually results in growth arrest (23). In the
present study, we confirmed p21“®' up-regulation at the
mRNA and protein levels in C3H10T1/2 cells in response to
anchorage deprivation (Fig. 1, A and B). Under the same condi-
tions, the WWP reporter driven by the 2.4-kbp upstream region
of p21“"P! increased its activity, suggesting that induction was
transcriptionally regulated (Fig. 1C). Similar transcriptional
responses were observed in primary MEFs and TIG-7 cells (Fig.
1C). Another CKI, p27 P!, was reportedly up-regulated by
anchorage loss at the protein level (23), but not at the mRNA
level (Fig. 1A). BrdU incorporation, which was ~70% in adher-
ent cells, was lowered to less than 10% in nonadherent cells as
reported previously (Fig. 1D). However, p21<"P* siRNA treat-
ment recovered incorporation to nearly 20% (Fig. 1D, Sus), sug-
gesting that induced p21“""' contributed to growth arrest as
described previously (24), although the extent was modest, pos-
sibly because of p27" P! compensation (22).

To elucidate the molecular mechanisms underlying the tran-
scriptional response of p21<P! to anchorage loss, we performed
the luciferase assay using a series of WWP deletion mutant
reporters (Fig. 24) and defined a regulatory region responsible
for the response upstream of the gene. The results were definite
as follows. The response of the WWP Sac reporter with the first
0.1 kbp (up to the Sacl site at —2.2 kbp) truncated was compa-
rable with that of full-length WWP, indicating that the first 0.1
kbp was dispensable for the response (Fig. 2B). In contrast, fur-
ther deletion to —2.0 kbp (WWP 2.0) completely abolished the
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response, suggesting that the response was primarily regulated
in the region between —2.2 (the SaclI site) and —2.0 kbp. This
region, designated as WWP 2.0-Sac, was found to independ-
ently exhibit a 2—4-fold response comparable with that of full-
length WWP when connected directly to a minimal promoter
(Fig. 2D), indicating that WWP 2.0-Sac was necessary and suf-
ficient for the response. However, when split into two, neither
2.1-Sac nor 2.1-2.0-Sac could elicit a response (Fig. 2D), indi-
cating that multiple (=two) sites located in either half cooper-
ated to evoke the response. These reporter behaviors were basi-
cally recapitulated in primary MEFs (Fig. 2, B and D).

It should be noted that p53, albeit a well-established p21<®*
transcription activator (25), was not likely involved in this
response. Reporter assay results, for example, eliminated the
necessity of two p53 binding sites. As shown in Fig. 2, A and B,
the WWP Sac reporter with the first p53 site deleted retained
nearly the complete response, whereas the WWP 2.0 reporter
lost the response despite retention of the second site. In con-
trast, WWP 2.0-Sac, which contained no p53 binding sites,
responded to detachment conditions comparably well with the
intact WWP reporter as noted above (Fig. 2D). In addition, p53
siRNA treatment did not affect the p21<"P! response (supple-
mental Fig. S1), although the basal transcription level was
reduced. These results consistently argued against p53 involve-
ment in p21“"P! transactivation on anchorage loss under the
experimental conditions in the present study. Rather, the
response was considered to be mediated by the WWP 2.0-Sac
region, designated as a detachment-responsive (DR) region.

In further study focusing on the DR region, we searched for
transcription factor binding sites (Fig. 34) and introduced
mutations in WWP 2.0-Sac reporter sequences as indicated in
the inset (table). Among the mutations, those disrupting the
KLF4 and RUNX1 sites caused distinctive effects. The KLF4
mutations almost completely deprived the reporter of the
response (Fig. 3B, KLF4 mtI and mt2), underscoring the impor-
tance of the sites for inducing the response. In contrast, the
RUNXI1 mutation led to a marked increase in the basal tran-
scription level under Adh conditions (Fig. 3B, RUNX mt), indi-
cating that a negative effect was imposed by this site under
normal conditions. Importantly, no further increase in tran-
scriptional activity occurred in this mutation on anchorage loss,
suggesting that the RUNXI site was simultaneously involved in
response induction. Thus, the KLF4 and RUNX1 sites emerged
as essential elements for the transcriptional response of p21 <P
to anchorage loss. This result was consistent with the above
observation, suggesting the requirement of multiple elements
in the DR region for the response (Fig. 2, C and D). KLF4
involvement was also verified at the protein level because a
decrease in the protein levels with shRNA expressed under the
Tet-Off system (supplemental Fig. S2A4) resulted in marked
deterioration of the p21“"?* response (Fig. 3, C and D). With
regard to RUNX1, we used pooled siRNA because of the
unavailability of sequences for shRNA with a sufficient knock-
down efficiency. Similar to the disruption of the RUNX1 site
(Fig. 3B, RUNXmt), treatment with siRNA resulted in elevated
basal levels of p21<'P* expression (Fig. 3E), thus supporting the
negative role of RUNX1.
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FIGURE 1. p21°P7 transactivation and growth arrest induced by anchorage loss. A, C3H10T1/2 cells were cultured under adherent (Adh) or nonadherent
(Sus) conditions for 24 h, and total RNA was extracted and quantified by real-time RT-PCR. The p21“P" and p27XP" mRNA levels under Sus conditions are shown
as a ratio to the control (Adh) after normalization with that of GAPDH (mean = S.D., #, p < 0.05). B, cells cultured as in A were lysed and subjected to
immunoblotting using the indicated antibodies. GAPDH is shown as a loading control. C, C3H10T1/2 cells, primary MEFs, and TIG-7 cells were transiently
transfected with the WWP reporter plasmid together with the internal control. After 24 h, the cells were transferred and incubated further under culture
conditions asin A, following which luciferase activities were determined. A ratio to the control (Adh) is shown (mean = S.D., #, p < 0.05). D, siRNA for the control
(scrambled (Scr)) or for p21<P* (100 nm) was introduced into C3H10T1/2 cells. After 48 h, the cells were transferred and incubated further for 16 h under culture
conditions as in A, and BrdU incorporation was examined. Data are shown as mean = S.D. (#, p < 0.05). The experimental conditions are noted under
“Experimental Procedures.” Each assay was performed in triplicate and repeated at least three times.

underlined a pivotal role of HIC-5 in p21<"®! transcriptional
regulation in response to anchorage deprivation. The decrease
of BrdU incorporation under anchorage-deprived conditions

HIC-5, a Molecular Scaffold for Transcriptional Complex
Assembly, Is Required for the Transcriptional Response of
p21“?—OQOur previous result implicated HIC-5 in the control of

p21<'P! transcription (10) and inferred its involvement in
p21<'P! transactivation on anchorage loss. In the present study,
we examined this possibility and found that HIC-5 depletion by
siRNA (supplemental Fig. S2B) significantly reduced p21<'*!
induction in nonadherent cells (Fig. 4A4). Similarly, HIC-5
shRNA expression (Tet-On) (supplemental Fig. S2B) abolished
a transcriptional response of the reporter driven by the DR
region (WWP 2.0-Sac) (Fig. 4B, HIC-5; Dox+). These results

S
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was alleviated by HIC-5 siRNA (Fig. 4C, Sus), which was
expected from the inhibitory effect on p21<'P! induction and
was comparable with the effect of p21<'P! siRNA (Fig. 1D, Sus).

Given the localization of HIC-5 at multiple cellular compart-
ments and its shuttling ability (11), it was possible that HIC-5
regulated the transcriptional response either directly in the
nucleus or indirectly by affecting cytoplasmic cellular events.
To discriminate between these cases, we investigated whether
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FIGURE 2. Identification of a DR region upstream of p21P", A, schematic representation of the WWP deletion series of the p21<P' promoter reporters (x)
along with their responsiveness to detachment. The p53 and Sp1 binding sites are noted. B, the reporters as in A were transfected into C3H10T1/2 cells and
primary MEFs together with the internal control, and reporter activities were evaluated under adherent (Adh) and nonadherent (Sus) conditions as in Fig. 1C.
Arratio to the control (WWP, Adh) is shown (mean *+ S.D., #, p < 0.05). C, schematic representation of the pGL4.2/minP-based WWP p21<P" promoter reporters
along with their responsiveness to detachment. D, the reporter assay was performed using the reporters as in C under the conditions as in B. A ratio to the
control [pGL4.2/minP (minP), Adh] is shown (mean = S.D., #, p < 0.05). Each assay was performed in triplicate and repeated at least three times.

nuclear localization was a prerequisite for the HIC-5 function
in p21<"?* induction. For this purpose, we prepared constructs
expressing siRNA-resistant versions of wild- and mutant-types
of HIC-5 (supplemental Fig. S2C) whose subcellular localiza-
tions were varied and examined their capability to substitute for
endogenous HIC-5 depleted by siRNA. As expected, wild-type
(WT") HIC-5 expression concomitant with siRNA counter-
acted the effect of siRNA and restored p21<"** induction (Fig.
4D). The mLD3 and Cfl/ns mutants, both of which are defective
in the nuclear export signal (NES) function and spontaneously
accumulate in the nucleus (11), also showed this capability. Of
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note, the exclusively nuclear-localized version of HIC-5 (NLS)
(10) similarly overcame siRNA effects, providing strong sup-
port for the concept that HIC-5 functions to directly promote
transcription in the nucleus, but not at focal adhesions or by
shuttling. Paxillin exhibited no such capability (Fig. 4D),
thereby diminishing the concerns of artifacts because of protein
overexpression. Among the HIC-5 mutants, ALIM4 was dis-
tinctive in that it lost the ability to substitute for endogenous
HIC-5 despite retaining the nuclear localizing potential (11),
suggesting the importance of this domain in the nuclear HIC-5
function. This is consistent with a previous result identifying
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FIGURE 3. Analysis of DRE. A, the sequence of the detachment-responsive region in the p21<®' promoter. Binding sites for the transcriptional factors are
underlined. In the table, the wild- and mutant-type binding site sequences are aligned. The underlined bases in boldface were changed in the WWP 2.0-Sac
reporters (Fig. 2C) to generate the mutant reporters. B, C3H10T1/2 cells were transiently transfected with the pGL4.2/minP (minP) vector and the wild-type or
mutant WWP 2.0-Sac reporters as described in A together with the internal control, and reporter activities were evaluated as above. A ratio to the control [minP;
adherent (Adh)]is shown (mean = S.D.). The fold response to detachment is shown at the bottom of the graph. C, cells were infected with the lentivirus (Tet-Off)
encoding shRNA for KLF4 or enhanced green fluorescence protein (EGFP) (control) and selected as described under “Experimental Procedures.” The resistant
cells were pooled and cultured under Adh or nonadherent (Sus) conditions for 24 h in the presence or absence of 1 ug/ml Dox. The p21“P" mRNA levels were
then quantified by real-time RT-PCR as above. A ratio to the control (EGFP, Dox+; Adh) is shown (mean =+ S.D., #, p < 0.05). D, the pooled cells in C were
transfected with the pGL4.2/minP (minP) vector and the wild-type WWP 2.0-Sac reporters together with the internal control in the presence or absence of 1
ng/ml Dox. After 24 h, the cells were transferred to Adh or Sus culture and incubated for another 24 h, and the reporter assay was performed as above. The
values are ratios to the control (EGFP, minP; Dox+/Adh) (mean = S.D., #, p < 0.05). E, cells were transfected with siRNA for RUNX1 or control (Scr), and the p21<F!
mRNA levels were quantified by real-time RT-PCR as above. A ratio to the control is shown (mean = S.D., #, p < 0.05). Each assay was performed in triplicate and
repeated at least three times.

the LIM4 domain as essential for the scaffold function of HIC-5
in the transcriptional complex, although precise roles were
unexplored, except for its role as an interface for protein oligo-
merization (15).

A Role of HIC-5 in Tethering KLF4 to the DNA Sites on
Anchorage Loss—Because KLF4 and HIC-5 were found to play
important roles in p21<"*! up-regulation, we further investi-
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gated whether and how KLF4 and HIC-5 cooperated to achieve
this function. Because the HIC-5 function targeted the tran-
scriptional activity of the DR region (WWP 2.0-Sac) harboring
the KLF4 sites (Fig. 4B), it was highly possible that HIC-5 reg-
ulated the behavior of the KLF4 transcription factor at a certain
level. Considering the role of HIC-5 as a molecular scaffold for
transcriptional machinery (10), HIC-5 may assist KLF4 recruit-
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FIGURE 4. Involvement of a molecular scaffold (HIC-5) in p21<P" transactivation at the DR region. A, C3H10T1/2 cells, primary MEFs, and TIG-7 cells were
transfected with siRNA for HIC-5 or the negative control (Ctr) (100 nm) and transferred to culture under adherent (Adh) and nonadherent (Sus) conditions after
48 h. After 24 h of incubation, the p21“P' mRNA levels were quantified by real-time RT-PCR, and a ratio to the control (Ctr; Adh) is shown (mean = S.D., #, p <
0.05).B,C3H10T1/2 cells were infected with the lentivirus (Tet-On) encoding HIC-5 shRNA or the negative control (Ctr), selected, and pooled as described under
“Experimental Procedures.” Using the resistant pooled cells, reporter activities were assessed in the presence or absence of 1 ug/ml Dox in the same manner
as that shown in Fig. 3D. A ratio to the control (Ctr, minP; Dox-/Adh) is shown (mean = S.D., #, p < 0.05). C, C3H10T1/2 cells transfected with siRNA as in A were
incubated under Adh or Sus conditions for 16 h, and BrdU incorporation was examined as above. D, C3H10T1/2 cells were infected with the retroviral
expression vectors; Vector, the empty vector; HIC-5, a siRNA-resistant version of the FLAG-tagged wild-type (WT") and that of mutant HIC-5 (NLS, ALIM4, mLD3,
Cfl/ns); and Paxillin, an HA-tagged paxillin (“Experimental Procedures”). After selection, the pooled cells were transiently transfected with HIC-5 siRNA (H) or the
negative control (C). The expression of each exogenous HIC-5 protein under the conditions was examined by immunoblotting as shown in supplemental Fig.
S2C. Forty-eight hours after siRNA transfection, the cells were cultured under Adh or Sus conditions, and 24 later, the p21“P' mRNA levels were quantified by
real-time RT-PCR. A ratio to the control (Vector, C; Adh) is shown (mean = S.D., #, p < 0.05). Each assay was performed in triplicate and repeated at least three
times.

ment and/or retention in the p21<"P' promoter region of the
transcriptional complex. Alternatively, HIC-5 may regulate the
KLF4 expression levels by modulating intracellular signaling,
thereby affecting p21“"P* expression indirectly.

To examine these possibilities, we first assessed the KLF4
expression levels with or without HIC-5 shRNA expression. As
indicated in Fig. 54, KLF4 expression was unaffected by the
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HIC-5 levels under these conditions, eliminating the possibility
of HIC-5 regulation of the KLF4 expression levels. We next
investigated the other possibility. We performed a ChIP assay
and evaluated KLF4 binding to the p21<®' promoter region
(Fig. 5B), in particular, the DR region, which contained two
consensus sequences for KLF4 binding and was crucial for the
response (Fig. 3, A and B). We also assessed binding to the
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FIGURE 5. Role of HIC-5 in tethering KLF4 to DNA sites. A, TIG-7 cells infected with the lentivirus (constitutive) encoding HIC-5 shRNA (#1, #2) or the control
(NC) were selected and pooled as described under “Experimental Procedures.” After culturing under adherent (Adh) or nonadherent (Sus) conditions for 24 h,
cell lysates were prepared and examined by immunoblotting with the indicated antibodies. GAPDH is shown as a loading control. B, the detachment-
responsive element (DRE) (see text) and Sp1 binding sites in the p21P" promoter and the primers (arrows) used in the ChIP assay are illustrated. C, the pooled
cells in A were cultured under Adh and Sus conditions for 24 h and lysed after fixation with 1% formaldehyde. The lysates were subjected to ChIP assay as
described under “Experimental Procedures” with antiKLF4 antibody or the IgG control. KLF4 binding to the DNA sites was quantified by real-time RT-PCR using
specific primers as in B. PCR was performed in triplicate, and at least three independent samples were examined. Bars represent averages (%) *+ S.D. normalized
to the input. D, C3H10T1/2 cells were cultured under Adh and Sus conditions for 24 h and biochemically fractionated as described under “Experimental
Procedures.” Fractions were analyzed by immunoblotting with the indicated antibodies. Lamin B1 and GAPDH serve as fractionation monitors as well as
loading controls. £, C3H10T1/2 cells were infected with the retroviral vectors for the FLAG-tagged wild-type or the LIM4-deleted mutant (ALIM4) HIC-5 as

described under “Experimental Procedures.” After selection, the pooled cells were incubated, fractionated, and analyzed as in D.

proximal region encoding a cluster of six GC-rich sequences
(Fig. 5B, Proximal) because the GC-rich sequences, originally
identified as Spl binding sites (26), were recently shown to
serve as KLF4 binding sites (27). The third target was set within
the coding region as a negative control (Fig. 5B, CDS).

Results showed that KLF4 binding to the promoter region
was remarkably stimulated by cellular detachment (Fig. 5C, NC;
Adh versus Sus). Of note, the response to detachment was com-
pletely abolished by HIC-5 shRNA expression, suggesting that
HIC-5 played an important role in facilitating KLF4 binding to
DNA in nonadherent cells. Binding was increased almost
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equally in both DR and proximal regions. Binding enhancement
in the proximal region was apparently incompatible with the
exclusive dependence of the transcriptional response on the DR
region, but not on the proximal region (Fig. 2, A and B). This
inconsistency can be explained by the differences in surround-
ing sequences of the two regions. The DR region, but not the
proximal region, contained the RUNX1 site, another essential
element collaborating with the KLF4 sites for the response
(Figs. 2, Cand D and 3B) in the vicinity of the KLF4 sites. Alter-
natively, the KLF4 sites in the two regions could be redundant.
However, the mutation at the KLF4 site in the DR region sig-
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nificantly impaired the WWP full-length reporter response
(supplemental Fig. S2E), making the possibility unlikely.

Next, we investigated the mechanism underlying the HIC-5
function of tethering KLF4 to the sites. A clue was obtained
when examining cellular HIC-5 localization through biochem-
ical fractionation. In adherent cells, HIC-5 was mostly present
in the cytoplasm, as expected from its primary localization at
focal adhesions (Fig. 5D, Adh). Intriguingly, in nonadherent
cells, a significant population changed its localization to the
nucleus, specifically to the matrix fraction (Fig. 5D, Sus). In case
of the functionally defective ALIM4 mutant (Fig. 4D), however,
the protein largely remained in the cytoplasm even under Sus
conditions with a little increase in the nuclear matrix (Fig. 5E),
indicating that the nuclear matrix localization of HIC-5 in
response to detachment was mediated by LIM4. More impor-
tantly, it suggests that the HIC-5 function in the nuclei of non-
adherent cells is based on its nuclear matrix localization.

Negative Regulation at the RUNX1 Site Is Potentially Medi-
ated by a LIM-only Protein, CRP2— Along with the KLF4 sites,
the RUNXI1 site also appears to play a role in stimulating
p21<P! transcription on anchorage loss, whereas the site is
simultaneously involved in suppressing basal level transcrip-
tion under Adh conditions (Fig. 3B), although the two roles may
be closely related to each other (see “Discussion”). With regard
to suppression of basal transcription, we found that CRP2, a
partner of HIC-5 hetero-oligomerization (28), had a negative
effect on p21<'P! basal transcription. As shown in Fig. 6, A and
B, adecrease in CRP2 expression by shRNA (Tet-Off) increased
the mRNA and reporter activity of p21<’P! in adherent cells,
potentially implicating CRP2 in negative regulation at the
RUNXI1 site. In support of this assumption, we found that
increased p21<"P* transcription under CRP2 knockdown (Fig.
6B, shCRP2#1, #2; WT/Dox+ versus —) was compromised
when the RUNX1 site was mutated (Fig. 6B, shCRP2#1, #2;
mtRUNX1/Dox+ versus —), whereas that at the KLF4 sites did
not interfere with CRP2 knockdown effects (Fig. 6C). These
results suggest that CRP2 mediates negative regulation of basal
transcription at the RUNX1 site under Adh conditions and that
the KLF4 sites appeared to be unrelated to this regulation as
illustrated in Fig. 7A (Adhesion).

DISCUSSION

DR Element (DRE) Identified in the p21<?' Promoter
Region—A line of evidence has shown that cellular detachment
from ECM activates transcriptional responses, some of which
are engaged in subsequent growth arrest or cell death (29, 30).
However, detailed mechanisms underlying the responses
remain largely unknown. In the present study, we examined
p21<'P! transcriptional up-regulation in cells deprived of ECM
attachment and first identified the upstream regulatory region
(designated as DR) that mediated the transcriptional response
to disruption of cell-ECM interactions. The DR region contains
the KLF4 and RUNX1 sites in close proximity, both of which are
necessary for the response but are individually insufficient (Fig.
2, C and D) and believed to constitute a “DRE” together. A
similar disposition of the RUNX1 and KLF4 sites is found
downstream of the p53 binding site in murine p21<'P* genomes
(Fig. 7B), suggesting the evolutionary conservation of DRE
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across the species. It is also interesting to note that among the
tested transcriptional targets of KLF4 (31), half (4/8) responded
to loss of anchorage (data not shown).

In our study, p53 involvement was consistently unlikely (sup-
plemental Fig. S1 and Fig. 2) and seemingly contradictory to a
previous report (22) in which the authors reached their conclu-
sion largely on the basis of p53-null cell responses. Given the
requirement of p53 for the basal transcriptional activity of
p21<'P1 (32, 33) (supplemental Fig. S1), complete elimination of
p53 possibly deprives cells of the fundamental transcriptional
potential undermining response induction. Another concern
was the possibility that the KLF4 and RUNX1 sites immediately
adjacent to the p53 site were deleted together with the p53 site
in their mutant reporter that lost the response. A lack of
detailed information on the constructs hampered further
discussion.

A DR Transcriptional Mechanism Directed by a Molecular
Scaffold, HIC-5—The most prominent finding of the present
study was a novel mechanism regulating transcription in a
detachment-dependent manner with the aid of a molecular
scaffold, HIC-5. HIC-5 assists in recruitment and/or retention
of transcription factors at a given DNA site in response to cel-
lular detachment. In mechanistic detail, the pivot is the LIM4
domain, a mutant of which lost the potential to stimulate
p21<'P! transcription concomitantly with the loss of oligomer-
ization abilities and nuclear matrix localization (10) (Figs. 4D
and 5E). Likewise, paxillin, despite high homology to HIC-5, did
not stimulate p21<P! transcription (10) and exhibited neither
oligomerization (15) nor nuclear matrix localization (data not
shown). This fact provides another instance correlating the
HIC-5 function as a scaffold with inherent oligomerization and
nuclear matrix localization properties, and along with the case
of the LIM4 mutant, strongly supports the hypothesis that
HIC-5 oligomerizes and consequently localizes to the nuclear
matrix, thereby achieving its function. Accordingly, the pri-
mary force driving the system is hypothetically HIC-5 oligo-
merization in response to anchorage loss. In general, protein
oligomerization is promoted by an increase in protein concen-
tration. In case of HIC-5, anchorage loss triggers spontaneous
nuclear accumulation of the protein, i.e. an increase in concen-
tration in the nucleus, because of NES inactivation (12). Such
conditions expectedly accelerate oligomerization and conse-
quently, nuclear matrix localization of HIC-5, which in turn,
presumably stabilizes its scaffold architecture and the tran-
scriptional complex including KLF4 on DNA. Because HIC-5
and KLF4 did not appear to make direct contact (data not
shown), the transcriptional complex is believed to include addi-
tional factors such as nuclear matrix components. Clarification
of this transcriptional complex entity is necessary to elucidate
this mechanism completely.

In addition, the present study revealed a novel aspect of
p21<'P! transcriptional regulation, which operated at the
RUNXI site in the DR region to repress basal transcription
under Adh conditions (Fig. 3B). CRP2 was identified as a can-
didate repression regulator (Fig. 6, A and B), although its pre-
cise role remains unclear. Because p21<"* basal level transcrip-
tion was unaffected by HIC-5 knockdown (Fig. 4, A and B) and
similarly by KLF4 knockdown (Fig. 3, C and D) and mutation at
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FIGURE 6. Negative regulation at the RUNX1 site by the LIM-only protein CRP2. A, primary MEFs were infected with the lentivirus (Tet-Off) encoding shRNA
against CRP2 (#1, #2) or EGFP (a control). After selection, the cells were pooled and cultured for 48 h in the presence or absence of 1 ug/ml Dox as above. The
p21P" mRNA levels were quantified by real-time RT-PCR. The values (mean = S.D.) are relative to the control (EGFP, Dox+). B, the cells obtained in A were
transiently transfected with the wild-type (WT) or the RUNX1 mutant (mtRUNX1) WWP 2.0-Sac reporter plasmid (Fig. 3A) together with the internal control in
the presence orabsence of T wg/ml Dox. After 24 h, reporter activities were measured and graphed as above. The values (mean = S.D.) are relative to the control
(shEGFP, WT; Dox+) (#, p < 0.05). The status of CRP2 expression under Dox= conditions is shown below the graph. C, the cells obtained in A were transiently
transfected with WT or the KLF4 mt2 mutant (mtKLF4) WWP 2.0-Sac reporter plasmid (Fig. 3A), and reporter activities were examined as in B (#, p < 0.05). Each
assay was performed in triplicate and repeated at least three times.

the KLF4 sites (Fig. 3B), neither HIC-5 nor KLF4 were likely
related to negative regulation at the RUNXI1 site under Adh
conditions. Rather, in response to detachment, HIC-5 and
KLF4 are recruited to the KLF4 sites and may function to elim-
inate the negative effect on the adjacent RUNXI1 site, thereby
stimulating DRE transcriptional activity under the conditions
(Fig. 7A).

In conclusion, HIC-5 has emerged as a novel molecular adap-
tor directly coupling the cellular adhesion status to transcrip-
tion and eventually contributing to anchorage dependence of
cell growth. Together with the previous study (12), a molecular
function of HIC-5 could be summarized as a bimodal organizer
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of a fail-safe system simultaneously targeting two crucial cell-
cycle regulators, cyclin D1 and p21<'P*, Such a protective sys-
tem is pivotal for homeostasis of multicellular organisms. Even
under physiological conditions, for instance, when cells move
toward a chemoattractant or enter the mitotic phase, cells
undergo regional or global provisional loss of ECM contact.
Under pathophysiological circumstances such as postinflam-
matory scarring, cells are inevitably exposed to dynamic
changes in surrounding ECM compositions. Therefore, an
increased understanding of cellular behaviors upon interfer-
ence with proper ECM attachment and of underlying mecha-
nisms is not only important in a biological sense but also essen-
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tial for therapeutic development for these pathological
conditions. HIC-5 could be a key modulator of cellular behavior
under such pathophysiological circumstances.
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In most human cancers, somatic mutations have been identified
in the mtDNA; however, their significance remains unclear. We
recently discovered that NMuMG mouse mammary epithelial
cells, when deprived of mitochondria or following inhibition of
respiratory activity, undergo epithelial morphological disruption
accompanied with irregular edging of E-cadherin, the appearance
of actin stress fibers, and an altered gene expression profile. In
this study, using the mtDNA-less pseudo p0 cells obtained from
NMuMG mouse mammary epithelial cells, we examined the roles
of two mitochondrial stress-associated transcription factors,
cAMP-responsive element-binding protein (CREB) and C/EBP
homologous protein-10 (CHOP), in the disorganization of
epithelial phenotypes. We found that the expression of matrix
metalloproteinase-13 and that of GADD45A, SNAIL and integrin
a1 in the p0 cells were regulated by CHOP and CREB, respec-
tively. Of note, knockdown and pharmacological inhibition of
CREB ameliorated the disrupted epithelial morphology. It is
interesting to note that the expression of high mobility group
AT-hook 2 (HMGA2), a non-histone chromatin protein implicated
in malignant neoplasms, was increased at the protein level
through the CREB pathway. Here, we reveal how the activation
of the CREB/HMGA2 pathway is implicated in the repression of
integrin a1 expression in HepG2 human cancer cells, highlighting
the importance of the CREB/HMGA2 pathway in malignant
transformation associated with mitochondrial dysfunction,
thereby raising the possibility that the pathway indirectly
interferes with the cell-cell adhesion structure by influencing the
cell-extracellular matrix adhesion status. Overall, the data
suggest that mitochondrial dysfunction potentially contributes to
neoplastic transformation of epithelial cells through the activa-
tion of these transcriptional pathways. (Cancer Sci 2012; 103:
1803-1810)

O ver the past decades, a range of somatic mutations and
depletions have been identified in the mtDNA in most
primary human cancers. 43 However, the relationship between
mtDNA instability and neoplastic cell development remains
unclear. Recent studies with regard to mtDNA heteroplasmy in
cancers have suggested that somatic mutations in mtDNA are
enriched during tumorigenic processes, implying that they
confer a selective advantage for the survival and growth of
pre-neoplastic cells."® In other studies, several mutations in
the mtDNA regions encoding polypeptides for the respiration
and oxidative phosphorylation chain have been suggested to
actively contribute to tumor progression and metastasis.””"® It
is noteworthy that all such mutations are associated with
increased levels of reactive oxygen species (ROS), suggesting

doi: 10.1111/j.1349-7006.2012.02369.x
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the involvement of ROS in the development of malignant
phenotypes.

Somatic mutations in mtDNA are found not only in the
protein-coding regions but also in the non-coding regions. In
human tumors, point mutations are frequently observed (39.7%
of the cancerou@ tissues examined) in the D-loop (non- codmg)
reglon( Mutations in this region, which contains the impor-
tant regulatory sequences for transcription and replication
initiation, hypothetically affect the copy number and/or gene
expression of the mitochondrial genome. One study supporting
this assumption reports a decrease in mtDNA copy number in
17 hepatocellular carcinoma (HCC) cases out of 24 cases with
somatic mutation(s) in the D-loop region.””” Of note, instability
in the mtDNA D-loop region leading to decreased copy num-
ber has been suggested to be involved in human carcinogene-
sis.® In most cases of HCC and gastrlc cancers,
carcinogenesis is accompamed with an alteration in mitochon-
drial biogenesis and a repression of mtDNA replication.®'*'"
However, the effects of repression of mitochondrial biogenesis
on tumorigenesis are poorly understood. The involvement of
ROS in these processes remains an open question.

The present study examines the impact of decreased mito-
chondrial function on epithelial phenotypes associated with
malignant transformations. We used the mtDNA-less pseudo
p0 cells with decreased mitochondrial function. The pO state
was attained by inhibiting mtDNA replication and transcription
using ethidium bromide (EtBr) rather than by D-loop muta-
tions interfering with mtDNA replication and transcription.”'?
We obtained the p0O cells from NMuMG mouse mammary
epithelial cells (NMuMG cells) and assessed their morphology
and gene expression. In the pO state, the typical cobblestone-
like epithelial morphology was disrupted, resulting in irregular
cell—cell junctions. We also observed some alterations in gene
expression, including alterations in integrin ol (ITGA1)
expression. In conclusion, we demonstrated the importance of
the two mitochondrial stress-associated transcription factors,
particularly that of cAMP-responsive element-binding protein
(CREB), in the disorganization of epithelial morphology.

Materials and Methods

Cell culture, p0 cell preparation and chemicals. NMuMG
mouse mammary eplthehal cells were obtained and maintained
as described previously."'® p0 cells were obtained by culturing

3To whom correspondence should be addressed.
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Cancer Sci | October 2012 | vol. 103 | no. 10 | 1803-1810



in a normal medium containing 250 ng/mL EtBr and 50 pg/
mL uridine for 4-6 days."'?

A panel of human cancer cell lines was maintained in
DMEM (MCF-7, A549, MDA-MB-231, HepG2, HOS, MIA-
Paca-2, Colo205 and EJ-1), F-12 (Hela S3) and RPMI1640
(Lu65) supplemented with 10% FCS. A set of HCC cell lines
was obtained from the Japanese Collection of Research Biore-
sources Bank (Osaka, Japan), and cultured in accordance with
the accompanying instructions.

CREB-CREB binding protein (CBP) interaction inhibitor
[N-(4-chlorophenyl)-3-hydroxy-2-naphthamide] was purchased
from Merck KGaA (Darmstadt, Germany). Protein kinase
inhibitors were obtained from Merck KGaA, except for H-89
and LY294002, which were purchased from Sigma (St Louis,
MO, USA) and LC Laboratories (Woburn, MA, USA), respec-
tively.

Expression of shRNA. shRNA was expressed using a lentivi-
rus vector, CS-RfA-ErTBsd, based on the CS-RfA-ETBsd
plasmid and modified to include the Tet-Off system."'®
HEK?293T cells were transfected with lentivirus vectors by the
calcium phosphate method to obtain culture supernatants
containing the lentivirus. Target cells were infected with the
virus by culturing these in virus-containing medium for 24 h.
After another 24-h incubation in the presence of doxycycline
(Dox, 500 ng/mL), infected cells were selected and maintained
in medium containing 10 pg/mL blasticidin for 2 days.

Antibodies and western blottin?. Western blotting was
performed as described previously.""> We used monoclonal
antibodies to E-cadherin, B-catenin, p120 (BD Transduction
Laboratories, Lexington, KY, USA), GAPDH (Chemicon,
Temecula, CA, USA), C/EBP homologous protein-10 or
CHOP-10 (GADD 153; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), and CREB (48H2; Cell Signaling, Beverly, MA,

@@
EtBr (250 ng/mL)

2 4

Fig. 1.

USA). Polyclonal antibodies included ZO-1 (Zymed Laborato-
ries, San Francisco, CA, USA), phosphor-CREB (Ser133; Cell
Signaling), high mobility group AT-hook 2 (HMGA2) (R&D
Systems, Minneapolis, MN, USA) and HMGAI1 (Santa Cruz
Biotechnology).

Real-time RT-PCR. Total RNA was extracted, and cDNA was
synthesized and analyzed using methods described previ-
ously."® The assay was performed in triplicate, and at least
three independent samples were analyzed.

Attachment assay. Cells were washed, dissociated with
trypsin, resuspended in the assay buffer (DMEM supplemented
with 0.1% BSA), plated onto ECM-coated wells and incubated
for 20 min at 37°C. After 20-90 min, the cells were washed,
fixed with 3.7% formalin, and stained with 0.5% crystal violet.
An image of each well was acquired, and the number of cells
was counted. The experiments were performed in triplicate and
were repeated five times.

Results

Disorganized epithelial morphology in p0 cells. We treated
NMuMG cells with EtBr for 4-6 days to obtain the pO cells,
as described previously." = Interestingly, the cells were slowly
flattened, and this was accompanied with obscure and disar-
ranged cell-cell junctions concomitant with deterioration in
mitochondrial activity (Fig. 1a). In particular, the cells exhib-
ited irregular edging of E-cadherin, and actin stress fibers were
present in their cytoplasm (Fig. 1b,c). Pharmacological inhibi-
tion of respiratory activity caused a similar morphological
change (Fig. S1), suggesting that interference with respiratory
chain activity was the primary cause of disorganization at the
cell—cell junctions. Expression levels of the cell—cell junction
proteins, such as E-cadherin and ZO-1, were only marginally

(b) Z0-1

(d) (e)
2.5
N pO . [ ] Control X
E-cadherin | — 2 2f Ip0
B-catenin ||E—_—— <
215
pi20 [ |
3 1y
ZO-1 — <
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GAPDH | s— g
0

ol a2 ob o6 B1 B3
Integrin subunit

Disorganized epithelial morphology in the p0 cells. (a) NMuMG cells were treated with EtBr (250 ng/mL) for the indicated periods and

observed by phase contrast microscopy. (b),(c) Treated cells were examined by indirect immunofluorescence labeling using specific antibodies.
Actin fibers were stained with florescence-labeled phalloidin and the nuclei with DAPI. N: Control. p0: 6-day treatment with EtBr. (d) Cell lysate
was examined by immunoblotting with the antibodies as indicated. GAPDH was used as the loading control. (e) Total RNA was extracted and
analyzed by real-time RT-PCR, as described in the Materials and Methods section. The PCR products derived from each mRNA were normalized
to that derived from GAPDH in the same sample and are shown as a ratio relative to the control. The difference in ITGA1 expression in control
and p0 samples was assessed by t-test. #P < 2 x 107, *P < 0.05.
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affected (Fig. 1d), whereas expression patterns of integrins (a
group of cell-ECM receptors) were changed (Fig. le). In par-
ticular, ITGA1 mRNA expression was mgmﬁcantlly repressed
in the pO cells (Fig. le). As described previously,"™ levels of
intracellular ROS were reduced along with the membrane
potential in the pO cells, suggesting that the involvement of
ROS in the above changes was unlikely.

Upregulation of C/EBP homologous protein-10 and cAMP-
responsive element-binding protein and their roles in the pheno-
typic disruption of p0 cells. We recently found a stress-inducible
transcription factor, CHOP, induced in murme myoﬁbroblasts
under conditions of mitochondrial dysfunctlon Slmllarly, we
found that CHOP expression was induced at the mRNA and
protein levels in the NMuMG p0 cells (Figs S2,2a). Under the
same conditions, CREB, which has been identified as a mito-
chondrial stress mediator in sarcoma cell lines,(”) was either
activated or heavily phosphorylated at Ser133 (Fig. 2b). In the
current study, we assessed the roles of two transcription fac-
tors, CREB and CHOP, in epithelial cells under mitochondrial
stress, focusing on their roles associated with morphological
disruption.

We established a cell line in which the expression of each
transcription factor was inhibited by shRNA (using the Tet-Off
system) and observed the cellular responses following
mitochondrial dysfunction. The knockdown effects of shRNA
are shown in Supplementary Figure S2 (mRNA) and in
Figure 2(a,c) (protein). We first studied the involvement of
CREB and CHOP in gene expression in the pO state, and
found that induction of matrix metalloproteinase-13 and
GADDA45A under mitochondrial stress was attenuated bgf the
shRNA for CHOP and CREB, respectively (Fig. 2d).'®
note, we observed a recovery of clear cell—cell junctions in the
p0 cells after the knockdown of CREB (Fig. 3a). In parallel,
the delocalization of E-cadherin and ZO-1 was alleviated under
the same conditions (Fig. 3b). A low molecular weight

(@)

Dox
CHOP |

chemical, designated CCI, interfered with the CREB-CBP
interactions and was also effective in repressing the morpho-
logical disruption (Fig. 3c), thereby supporting the important
role of CREB in this process. CREB was also implicated in
regulating the expression of ITGAl and zinc finger
transcription factors, SNAIL and ZEB2, under conditions of
mitochondrial dysfunction. In the CREB-knockdown pO cells,
the originally downregulated ITGA1 expression was increased,
whereas upregulated SNAIL and ZEB2 expression was
decreased (Fig. 3d). These results suggest that CHOP and
CREB have important functions in stress response signaling
under mitochondrial dysfunction. In particular, CREB is likely
to be implicated in the disruption of epithelial morphology.
High mobility group AT-hook 2 as a downstream mediator in
the cAMP-responsive element-binding pathway. To obtain
insight into the mechanisms underlying the diverse effects of
the CREB pathway ranging from gene expression to cellular
morphology, we focused on HMGA2. HMGA?2, a non-histone
nuclear protein with DNA binding ability, alters chromatin
structure and/or interacts with several transcrlptlon factors
thereby regulatmg a wide range of transcriptions."®'” Our
previous microarray analysis results (data not included)
suggested that this protein is activated in the p0O cells. Indeed,
as indicated in Figure 4(a), the protein level of HMGA?2 in the
p0 cells was elevated to the same extent as in the cells treated
with transforming growth factor (TGF)-B, a well-known
inducer of HMGA2. Of note, HMGA2 expression was
mitigated by the shRNA for CREB, suggesting that HMGA2
was upregulated downstream in the CREB pathway. The effect
of the shRNA was specific to the pO state as the induction by
TGF-B was unaffected (Fig. 4a). CCI treatment also alleviated
the induction of HMGA?2 protein expression in the p0 cells
(Fig. 4b), further supporting the important role of CREB in
this process. Given that only marginal changes were observed
in the mRNA levels (Fig. S3), we suggest that CREB may
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N p0 N p0
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TN o T ———

(b) N p0 (c) shCREB
N Y
s ] s [E e
GAPDH I;I GAPDH | “--|
Fig. 2. Upregulation of cAMP-responsive element- d
binding protein (CREB) and C/EBP homologous (d) MMP-13 GADDA45A
protein-10 (CHOP) and their roles in gene g ~ 20
expression. (a-d) Cell lysates from control (N) and Q 20 — 2
EtBr-treated cells (p0) (as shown in Fig. 1) with ® ¥ T
(Dox—) or without (Dox+) expression of shRNA for © 15 * © 15 *
CHOP and CREB were subjected to immunoblotting = = 5 / T
using specific antibodies. sShRNA was expressed by 2 10 4
removal of Dox (0.5 pg/mL) from the culture 2 o
medium for 48 h. R is a positive control for CHOP <Z( 5 %
induction, exposed to rotenone (1 uM). In (d), total x rﬂm 4 ’:ﬁ
RNA extracted under the same conditions was 1S . . . . € 0
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not found in mammals). *P < 0.05, ***P < 0.0005.
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Fig. 3. The involvement of cAMP-responsive element-binding protein (CREB) in the disruption of epithelial morphology. (a—c) Normal and p0

cells were examined by phase contrast microscopy (a) and (c) and by indirect immunofluorescence labeling (as described above) (b),(c). In (b),
shRNA for CREB were expressed under Dox— conditions. DAPI stained nuclei. In (c; p0 + CCl), the p0 cells were treated with CCl [N-(4-chlorophe-
nyl)-3-hydroxy-2-naphthamide)] (10 uM), a CREB-CBP interaction inhibitor, for 48 h. (d) Total RNA from normal (N) and the pO cells expressing
conditional shRNA as in Figure 2 was examined by real-time RT-PCR, as above. A ratio relative to the control (Dox+ sample of the control) is

shown. *P < 0.05, **P < 0.005, ***P < 0.0005.

indirectly regulate HMGA?2 expression at a post-translational
level. Supporting this view, the rate of degradation of the
HMGAZ? protein in the presence of cycloheximide (CHX) was
lower in the p0 cells compared with the normal cells (Fig. 4c).

Activation of the cAMP-responsive element-binding protein/
high mobility group AT-hook 2 pathway in a human cancer cell
line. To determine whether the CREB/HMGA2 pathway was
activated in human cancer cells, 10 human cancer cell lines
were examined in this study. As shown in Figure 5(a), in
HepG2 cells, HMGA2 was highly expressed, and CREB
appeared to be phosphorylated to a substantial level (taking
the relatively low amount of the total CREB protein into
account). Moreover, HMGA2 expression in HepG2 cells was
sensitive to treatment with CCI, whereas the EJ-1 line, which
had no sign of CREB activation, was unaffected (Fig. 5a,c).
HMGA1 was hardly detected in any of the cell lines tested in
this study. Thus, we suggest that similar to the p0O cell model,
CREB is activated, which, in turn, upregulates HMGA2
expression in HepG2 cells. Of interest, HMGA2 expression
was observed along with CREB phosphorylation in five of the
six HCC cell lines (Fig. 5b), suggesting that activation of the
CREB/HMGAZ2 cascade is a prevalent trait in HCC.

The similarity between the results for the p0 and HepG2
cells suggests a mitochondrial dysfunction underlying the
activation of the CREB/HMGA?2 pathway in HepG2 cells. In
support of this notion, a recent study identified a pathogenic
mtDNA mutation in HepG2 cells that resulted in reduced

1806

activity of respiratory complex 1.*” We reinforce the involve-
ment of mitochondrial stress signaling in the activation of
CREB by demonstrating the involvement of calcium/calmodu-
lin (CaM) kinase. In an earlier study, this kinase was identified
as an activator of CREB under conditions of mitochondrial
dysfunction."” As shown in Figure 5(d), when HepG2 cells
were treated with a panel of kinase inhibitors, only KN-93, an
inhibitor of CaM kinase, significantly decreased the level of
CREB phosphorylation. This inhibitor also decreased HMGA?2
expression in HepG2 cells (Fig. 5d). It should be noted that
mutations were also found in the mtDNA of the other HCC,
particularly in the D-loop region, which is a mutational hotspot
(Motoko Shibanuma, unpublished data, 2012).

We also attempted to define the biological roles of the
CREB/HMGA?2 pathway in HepG2 cells. Unlike in the p0
cells derived from NMuMG cells, CREB was unlikely to play
a role in the gene expression of GADD45A, SNAIL and
ZEB2, as well as in the subcellular distribution of E-cadherin
and ZO-1 in this fully malignant human cancer cell line (data
not shown). Only the expression of ITGA1 was dependent on
the CREB/HMGA?2 pathway. Treatment with both CCI and
siRNA for HMGA2 (Fig. S4) caused an increase in ITGAIl
expression (Fig. 6a). This suggests that in HepG2 cells, the
activated CREB pathway mediates the downregulation of
ITGAL1 through the upregulation of HMGA2. In EJ-1 cells, the
level of ITGA1 was also increased by inhibiting HMGA?2, but
no such effect was observed with CCI (Fig. 6a). This
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Fig. 4. High mobility group AT-hook 2 (HMGA2) upregulated down-
stream in the cAMP-responsive element-binding protein (CREB) path-
way. (a—c) Cell lysates from control (N) and the p0 cells were subjected
to immunoblotting using an antibody specific for HMGA2, as above.
In (a), shRNA for CREB or the control was expressed under Dox— con-
ditions. Cells were treated with TGF-1 (2 ng/mL) for 24 h (a; TGF-B+),
CCl at the indicated doses for 48 h (b) and cycloheximide at 50 pug/mL
for the indicated times (c). Intensities of HMGA2 bands normalized to
those of GAPDH are shown as ratios relative to the control (N, 0 h) at
the bottom in the lower panel.

observation is consistent with the above results suggesting that
the expression of HMGA2 in EJ-1 cells was regulated by
mechanisms unrelated to CREB (Fig. 5b).

Finally, we studied the effect of CREB/HMGA2 pathway
activation on the cellular phenotypes of HepG2 cells. Keeping
in mind the important role of the pathway in the expression of
ITGAI1, a subunit of cell adhesion receptors specific to colla-
gen, we examined the attachment phenotype of HepG2 cells.
We compared cell attachment to collagen and fibronectin with
and without CCI. We found that the attachment preference of
HepG2 cells was shifted in favor of collagen following CCI
interference in CREB function (Fig. 6b); this is consistent with
the observed recovery of ITGA1 expression (Fig. 6a).

Discussion

In general, lesions in the mtDNA coding or non-coding regions
result in deficiencies in the respiratory chain. In a defective
respiratory chain, aberrant ROS production often occurs as a
result of leakage of electrons to oxygen, and, consequently, a
catastrophic cycle of respiratory function dysregulation is
created because of additional mutations caused by ROS.ZV
During such a cycle, the cells are continuously exposed to
ROS and are either at a risk of developing oncogenic somatic
mutations, thereby activating the oncogenic pathways, or are at
risk of increased genome instability. Thus, the aberrant produc-
tion of ROS possibly accounts for some of the effects of
mtDNA mutations on tumorigenesis, especially in the initial
stages.

In the final phase of respiratory chain deficiency, however,
mitochondria are assumed to be completely deprived of their
ROS-producing caPability, regardless of the formation of the
catastrophic cycle."'? In this phase, the impact of ROS and
their signals presumably subsides. Instead, stress signals are
likely to be elicited due to the sensing of the loss of normal
mitochondrial functions. A recent study described such a stress
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Fig. 5. The cAMP-responsive element-binding protein (CREB)/high
mobility group AT-hook 2 (HMGAZ2) pathway activated in a human
cancer cell line. (a) Cell lysates prepared from the human cancer cell
lines (Materials and Methods) were studied to determine the expres-
sion levels of HMGA2, HMGA1, CREB (total) and p-CREB (phosphory-
lated form) by immunoblotting with the specific antibodies. A solid
arrowhead indicates ser-133 phosphorylated CREB, and an empty
arrowhead indicates nonspecific bands. (b) Cell lysates from HCC cell
lines were processed as in (a). (c) HepG2 and EJ-1 cells were treated
with CCl at the indicated doses for 48 h, and the cell lysates were
then subjected to immunoblotting. (d) HepG2 cells treated with a
panel of protein kinase inhibitors (PD95089: MEK1/2, SB203580:
p38MAPK, LY294002: PI3K, Triciribine: Akt1/2/3, H-89: PKA, and KN-93:
CaMKIl), as indicated, were lysed and examined by immunoblotting.
Consistent with the decrease in phosphorylated CREB, double bands
of CREB become single after treatment with KN-93.

response to mitochondrial dysfunction that was mediated by
stress-inducible transcription factors, including CHOP"® and
CREB."” Hypoxia-inducible factor-1 o signaling, which
requires mitochondria-derived ROS, appears to be dormant in
the p0 cells.®?

In the present study, we explored the potential contribution
of mitochondrial dysfunction in tumorigenesis as a stress
modulating intracellular signaling during the later stages of the
process. It is noteworthy that the incidence of somatic muta-
tions in the D-loop of mtDNA is increased in late stage rather
than early stage cancers.”” At the onset of neoplastic transfor-
mation in cells harboring mtDNA mutation(s), ROS are
expected to be the dominant mutagens. However, we reasoned
that in the resulting pre-neoplastic cells, stress signaling
activated by decreased mitochondrial function would play an
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increased role in tumorigenic progression. In the present study,
we observed changes in cell-cell junction structures as well as
altered gene expression in the pO cells, and characterized the
roles of the CHOP and CREB mitochondrial stress mediators
in altering the cellular phenotypes. This is the first report to
evaluate the impact of mitochondrial dysfunction on epithelial
morphology; cells of mesenchymal origin and full;/ trans-
formed cancer cells have been studied previously."'

The mechanisms by which CREB and CHOP are upregulat-
ed under p0 conditions remain an open question. Based on our
prev10us study, ROS are unlikely to be involved in signal-
ing."? Indeed, the phosphorylation of CREB was insensitive
to an antioxidant, N-acetylcysteine (Motoko Shibanuma,
unpublished data, 2012). The involvement of an unfolded pro-
tein response which is a major stress inducing CHOP, is also
unhkely ) Instead, perturbed 1ntracellular calcium distribu-
tion is the most likely mechanism.** Mitochondria are impli-
cated in intracellular calcium storage and homeostasis together
with the endoplasmic reticulum (ER). In addition, they are
physically associated, and the transport of calcium from one
organelle to the other is highly efficient. In a previous report,
ER calcium depletion and the consequent increase in the cyto-
solic fraction were shown to, respectively, induce CHOP and
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protein (CREB)/high mobility group AT-hook 2
(HMGA?2) pathway decreases ITGA1 expression in
HepG2 cells. (a) HepG2 and EJ-1 cells were treated
with CCl at the indicated doses for 20 h or with
siRNA for HMGA2 (50 nM for 48 h) and examined
by real-time RT-PCR to determine ITGA1
expression. The knockdown effects of the HMGA2
siRNA are shown in Figure S1c. A ratio relative to
the control is shown. *P < 0.05, **P < 0.005. (b)
Cells pretreated with CClI for 48 h were
dissociated, plated onto collagen-coated and
fibronectin-coated wells, and processed for the
attachment assay, as described in the Materials
and Methods section. A ratio of the cell number
in the collagen-coated wells to that in fibronectin-
coated wells is shown. *P < 0.05. (c¢) Contribution
of mitochondrial dysfunction to malignant
transformation of epithelial cells. Mitochondrial
dysfunction propagated stress signaling by
activating CREB-mediated and C/EBP homologous
protein-10 (CHOP)-mediated transcriptional
networks. HMGA2 played an intermediary role in
the CREB pathway and regulated a variety of
transcriptional activities downstream. In non-
transformed NMuMG mouse mammary epithelial
cells, the epithelial-mesenchymal transition (EMT)
regulators and ITGA1 were regulated downstream
of HMGA2. Together with previous findings.'? the
cascades and their targets that potentially
contribute to neoplastic transformation are shown.
In the HepG2-transformed cancer cell line, the
CREB/HMGA2 axis is suggested to be active in
regulating the expression of ITGA1, but not the
EMT (see text). **P < 0.005, ***P < 0.00005.

HepG2

activate CREB.*> The inhibition of CREB phosphorylation by
a CaM kinase inhibitor supports a similar involvement of
calcium signaling in pO cells (Fig. 5d).

Our findings revealed the critical role of CREB in the disor-
ganization of epithelial phenotypes because of decreased mito-
chondrial functioning. The detailed mechanisms whereby the
architecture of the cell—cell junctions of the p0 cells was disor-
ganized downstream in the CREB pathway remain unclear.
ATP depletlon has been associated with disordered cell—cell
adhesion.®® The upregulatlon of the SNAIL family members
SNAIL, ZEB2 and SLUG"® may have contributed to this
process through the induction of the epithelial-mesenchymal
transition (EMT) as has been reported in some cases of adeno-
carcinoma.”” However, E-cadherin, an EMT regulator target,
remained highly expressed, and so activation of EMT was
unlikely in the pO state. In other studies, depletion of mtDNA
has also been associated with tumorlgemc phenotzy es
although, again, the detailed mechanisms remain unclear.’

Unexpectedly and interestingly, our study revealed a close
relationship between CREB and HMGA2, namely, CREB
regulation of HMGA?2 expression, implying the existence of a
novel transcriptional network organized by CREB and
downstream HMGA2. HMGA? is an oncofetal protein that is
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frequently amplified, rearranged and overexpressed in multiple
human cancers,"®'® and it is causally related to neoplastic
cell transformation.®*** In this study, we originally identified
ITGAI1 as a potential transcriptional target of HMGA2. Given
the possible interplay between cell-cell and cell-ECM
adhesions, it is likely that the disorganized epithelial morphol-
ogy that arises following mitochondrial dysfunction stems from
a change in ITGA1l expression downstream in the CREB/
HMGA?2 cascade, which indirectly interferes with cell—cell
adhesion structures by influencing cell-ECM adhesion status.
Chen er al.®® report that ITGA1 serves as a negative regulator
of epidermal growth factor receptor (EGFR) activity. This
observation raises another interesting possibility that EGFR
signaling, augmented by the repression of ITGA1 expression,
is a primary cause of the disorganized epithelial structures in
the pO cells. Future studies should address the roles of the
CREB/HMGA?2 pathway in neoplastic transformation in more
detail. The hypothetical contribution of mitochondrial dysfunc-
tion to malignant transformation in epithelial cells is illustrated
in Figure 6(c), highlighting the roles of the CREB/HMGA2
pathway and the CHOP-mediated transcriptional cascade.

We suggest that the CREB/HMGA?2 pathway operates not
only in the p0 model but also in HepG2 human cancer cells.
However, we also noticed a difference between HepG2 and
NMuMG p0 model cells. For example, activation of the CHOP
pathway was not detected in the human cancer cell lines
studied (data not shown). Moreover, SNAIL and ZEB2 were
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not regulated by the CREB/HMGA?2 pathway in HepG2 cells.
Given that HMGA? is an architectural nuclear factor modulat-
ing transcription through interaction with DNA and/or
canonical transcription factors, the difference may be ascribed
to the profiles of the transcription factors present in cells.

Interestingly, among cancerous tissues, HCC is characterized
by a high number of mutations in the D-loop (42.6% of HCC
carry the mutations) and a decreased mtDNA copy number
(57.4%).%> Accordingly, the CREB/HMGA?2 pathway deserves
further research as a potential therapeutic target against HCC
and other cancers that feature activated mitochondrial stress
signaling.
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Loss of anchorage primarily induces non-apoptotic cell
death in a human mammary epithelial cell line under
atypical focal adhesion kinase signaling

F Ishikawa', K Ushida', K Mori' and M Shibanuma*'

Anchorage dependence of cellular growth and survival prevents inappropriate cell growth or survival in ectopic environments, and
serves as a potential barrier to metastasis of cancer cells. Therefore, obtaining a better understanding of anchorage-dependent
responses in normal cells is the first step to understand and impede anchorage independence of growth and survival in cancer
cells and finally to eradicate cancer cells during metastasis. Anoikis, a type of apoptosis specifically induced by lack of appropriate
cell-extracellular matrix adhesion, has been established as the dominant response of normal epithelial cells to anchorage loss. For
example, under detached conditions, the untransformed mammary epithelial cell (MEC) line MCF-10 A, which exhibits
myoepithelial characteristics, underwent anoikis dependent on classical ERK signaling. On the other hand, recent studies have
revealed a variety of phenotypes resulting in cell death modalities distinct from anoikis, such as autophagy, necrosis, and
cornification, in detached epithelial cells. In the present study, we characterized detachment-induced cell death (DICD) in primary
human MECs immortalized with hTERT (""HMECs), which are bipotent progenitor-like cells with a differentiating phenotype to
luminal cells. In contrast to MCF-10 A cells, apoptosis was not observed in detached ™"HMECs; instead, non-apoptotic cell death
marked by features of entosis, cornification, and necrosis was observed along with downregulation of focal adhesion kinase (FAK)
signaling. Cell death was overcome by anchorage-independent activities of FAK but not PI3K/AKT, SRC, and MEK/ERK, suggesting
critical roles of atypical FAK signaling pathways in the regulation of non-apoptotic cell death. Further analysis revealed an
important role of TRAIL (tumor necrosis factor (TNF)-related apoptosis-inducing ligand) as a mediator of FAK signaling in
regulation of entosis and necrosis and a role of p38 MAPK in the induction of necrosis. Overall, the present study highlighted
outstanding cell subtype or differentiation stage specificity in cell death phenotypes induced upon anchorage loss in
human MECs.

Cell Death and Disease (2015) 6, e1619; doi:10.1038/cddis.2014.583; published online 22 January 2015

Normal cells undergo cell death and/or growth arrest in the
absence of attachment to extracellular matrix (ECM) or upon
contact with abnormal or ectopic ECM, which constitutes a
physiologically important defense mechanism in multicellular
organisms for preventing re-adhesion of detached cells to
foreign matrices and their dysplastic growth in inappropriate
sites.’? On the other hand, the process of cancer metastasis
demands that cancer cells circumvent such cell death/growth
arrest. This is true even for incipient tumors, where outgrowth
and displacement of cells from their original location in a mass
result in loss of adequate contact of cells with innate ECM.
Cells that disseminate through foreign stroma experience
more deviant conditions, and upon reaching the parenchyma
of distant organs need to adapt to the non-permissive matrix in
the foreign tissue. To survive through this process, cancer cells
acquire resistance to cell death/growth arrest induced in the

absence of appropriate adhesion to ECM. Therefore, the
eradication of cancer cells in ectopic environments requires an
understanding of their resistance to anchorage dependence
for growth and survival based on responsiveness of their
normal counterparts.

Anoikis is a particular type of apoptosis that is induced by
inadequate or inappropriate cell-ECM interactions, and is
the best-characterized phenotype induced by loss of
anchorage in anchorage-dependent epithelial cells.?>® On
the other hand, detachment of cells from ECM has been
observed to induce a variety of cell death phenotypes that
are distinct from the typical anoikis; these include entosis,
autophagy, and squamous transdifferentiation.*® The
emerging diversity of cell death phenotypes necessitates
extension of the study of adhesion-dependent cell death
beyond classical anoikis.
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A considerable number of studies have suggested that
anoikis is the predominant cell death phenotype induced in
mammary epithelial cells (MECs) upon anchorage loss;®'®
however, many of these studies employed rodent cells or the
human cell line MCF-10 A, which has been characterized as
being predominantly myoepithelial or classified into basal B
subtype.'*'® Given that the majority of malignant breast
cancers exhibit the luminal characteristics, a phenotype based
on a normal counterpart or a correspondent luminal subtype of
human MECs needs to be defined, particularly given the
current limited knowledge in this respect.

In the present study, we characterized anchorage loss-
induced cell death in MECs using primary human MECs
immortalized with hTERT ("™"HMEC)."”"'® The established
cells are potential stem/progenitors of mammary epithelial
cells'® and show a partial differentiation toward to the luminal
phenotype in the culture system developed by Stampfer et al
(http://hmec.Ibl.gov/mreview.htm). Unlike previous observa-
tions based on MCF-10 A cells, the detached "HMECs were
found to have an apparent defect in the execution of apoptosis
and instead, underwent non-apoptotic cell death through
simultaneous entosis, cornification, and necrotic processes.
The roles of focal adhesion kinase (FAK) and its atypical
signaling mediated by TRAIL (tumor necrosis factor (TNF)-
related apoptosis-inducing ligand) in this process have been
highlighted.

Results

Anchorage loss-dependent cell death is induced in
Te'HMECs through downregulation of focal adhesion
signaling. Induction of cell death (hereafter designated as
detachment-induced cell death or DICD) was observed in
Te"HMECs that were incubated in suspension or in a culture
dish coated with the non-adhesive material poly(2-hydro-
xyethyl methacrylate) or polyHEMA. Approximately 20% of
the cells were observed to show positive propidium iodide
(P1) staining 48 h after the loss of anchorage (Figure 1a;
Supplementary Figure S1a), indicating that a fraction of cells
died with concomitant loss of plasma membrane integrity.
Supplementation of the suspension culture with exogenous
ECM (matrigel) resulted in almost complete abrogation of the
increase in Pl staining (Supplementary Figure S1b), suggest-
ing that cell death was triggered per se by loss of adhesion to
ECM and not by an unintentional side effect of the
detachment process. In contrast to Pl staining, staining with
Annexin V resulted in a marginal increase in the fraction of
positively stained cells (Figure 1a; Supplementary Figure
S1a). Annexin V stains phosphatidylserine exposed in the
outer leaflet of plasma membrane, which is an early hallmark
of apoptosis. Accordingly, treatment with staurosporine
(STS), a typical inducer of apoptosis, increased Annexin V
rather than Pl-positive cell populations at an early time point
(Figure 1a; Supplementary Figure S1a).

The effects of loss of cell-ECM adhesion on intracellular
signaling were investigated, with primary focus on FAK and its
downstream signaling, which have a central role in cell
adhesion-mediated signal transduction.’®2° The survival
signals generated upon cell-ECM adhesion are transmitted
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by FAK and its downstream effectors SRC, phosphatidylino-
sitol-4,5-bisphosphate 3-kinase (PI3K)/AKT, and growth factor
receptor-bound protein 2 (GRB2)-MEK/extracellular signal-
regulated kinase (ERK) axes.®2%2' The initial event in this
cascade is a conformational change in FAK that is elicited
upon its binding to the cytoplasmic domain of integrin 8, which
leads to autophosphorylation of FAK at Y397 and its
concomitant activation. Activated FAK activates SRC, which
in turn phosphorylates additional sites in FAK; this leads to the
complete activation of FAK, and therefore that of its down-
stream effectors. However, in detached cells, these signal
transduction events are usually downregulated. Figure 1b
shows the attenuation of FAK autophosphorylation and
activation-dependent phosphorylation of the downstream
kinases SRC, AKT, and ERK with a concomitant decrease in
expression levels of SRC and AKT in detached ™"HMECs. In
marked contrast to other kinases, p38 mitogen-activated
protein kinase (MAPK) appeared to be upregulated, as
previously reported.8-22

FAK and its downstream atypical signaling pathway
function as a determinant of survival in detached
Te'"HMECs. To show the causal association between
downregulation of FAK signaling and DICD, overriding the
signaling downregulation in detached cells was attempted
under the assumption that sustained or adhesion-
independent activation of survival signaling could counter-
act DICD. For this purpose, a series of constitutively active
forms of kinases associated with the signaling pathway was
utilized. Myristoylated FAK (myrFAK), which is known to
exhibit adhesion-independent activity,2® was first tested. As
expected, robust phosphorylation of FAK at Y397 was
detected in cells expressing myrFAK (Figure 1c), which was
mostly located in the cytoplasm (Supplementary Figure
S2a), and phosphorylation became resistant to detachment
(Figure 1c). Similar results were obtained for phosphoryla-
tion at Y925 and S910 (Supplementary Figure S2b).
Consistent with this, paxillin and SRC, which are repre-
sentative effectors of FAK, were found to be phosphory-
lated in these cells under detached conditions at levels
comparable to an attached cell control (Figure 1c), indicat-
ing that FAK transduced signals to the downstream
effectors even under conditions of cell detachment.
Notably, the cells with such adhesion-independent FAK
activity almost completely overcame DICD (Figure 1d;
Supplementary Figure S2c), underscoring the important
role of FAK signaling in DICD.

Furthermore, constitutively active forms of PI3K (myristoy-
lated PI3K or myrPI3K)®>* and Src (Y527F mutant or Src
(Y527F))?® were employed for examining whether DICD could
be similarly overcome by these kinases. However, despite
expression in cells at detectable levels (Figure 1c), neither
myrPI3K nor Src(Y527F) rescued cells from DICD (Figure 1d).
Moreover, the expression of myrPI3K failed to have any impact
on the phosphorylation of AKT, a downstream effector of PISK
under the condition (unpublished data). Therefore, constitu-
tively active forms of AKT isoforms (myrHA-AKT1, 2, and 3)%¢
were used instead of PI3K. Although myristoylated AKTs were
expressed and phosphorylated in cells in an anchorage-
independent manner (Supplementary Figure S3a), they failed
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Figure 1 Cell death is induced in suspension cultures of ™"HMECs accompanying downregulation of adhesion signaling. (a) ™"HMECs were cultured as monolayers (A) or
suspension (S) for 48 h, stained with Pl and Annexin V, and subjected to flow cytometry. The percentages of PI- and Annexin V-positive subpopulations are depicted as a graph
(means + S.D. from at least three independent experiments). For experimental control, monolayer cultures were treated with 0.5 uM staurosporine (STS) in the presence or
absence of 50 uM Z-VAD for 6 h. (b) Cells were cultured in suspension for the indicated time periods, and examined by immunoblot analysis using the indicated antibodies.
S-Actin was used as a loading control. Quantification of band densities was performed using Image J software, and the ratio of the phosphorylated form of AKT to total proteins is
shown. (c and d) Cells were infected with lentivirus constructs expressing control (Mock), FLAG-tagged myrFAK, Src(Y527F), or HA-tagged myrPI3K, and blasticidin selection
was performed to obtain cells that stably expressed these proteins. The cells were cultured for 24 h as in (a) and examined using immunoblot (c). For flow cytometry analysis (d),
cells were cultured for 48 h, stained with Pl and Annexin V, and analyzed as in (a). *P<0.05; **P<0.01; NS, not significant

to reduce DICD (Supplementary Figure S3b), arguing against
a major role of the PISK/AKT pathway in DICD. Similarly,
dominant active MEK (MEK2DD) exerted no inhibitory effect
on DICD (Supplementary Figure S3c and d). Thus, it was likely
that the MEK/ERK pathway was also uncoupled from DICD,
which was supported by the observation that myrFAK
alleviated DICD with ERK activity remaining downregulated
in detached cells (Figures 1c and d). This is in contrast to
anoikis in MCF-10A cells, which was dependent on ERK
signaling.' Thus, DICD in ™"HMECs was shown to be

dependent on FAK activity but not on any of its downstream
effectors SRC, PI3K, or GRB2/MEK. Because the ratio of
activated 1 integrins was rather decreased in detached cells
by myrFAK, involvement of inside-out signaling was also
unlikely (Supplementary Figure S2d). Although the possibility
exists that FAK simultaneously engages multiple downstream
pathways for counteracting DICD, with individual downstream
pathways being insufficient for cell survival, DICD in
Te"HMECs is possibly regulated by atypical and not classical
pathways of FAK signaling.

w
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Other signaling molecules, such as ILK, EGFR, ERBB2,
p21 protein (Cdc42/Rac)-activated kinase, and Rho family of
small G proteins (Rho, Cdc42, Rac), that potentially hae a role
in DICD regulation, were also investigated. Among these,
EGFR overexpression had a modest effect on DICD, while the
overexpression or expression of constitutively active forms of
the other molecules, including ERBB2, had essentially no
effect (unpublished data).

Typical apoptosis or anoikis is not detectable in
detached ™"HMECs. The lack of dependence of DICD on
classical survival signaling and the observation that DICD
was not accompanied by an overt increase in Annexin V
staining (Figure 1a; Supplementary Figure S1a) suggested
that classical apoptosis or anoikis was unlikely to be
responsible for DICD in ™"HMECs. In fact, this assumption
was corroborated by further experiments. In particular,
increase in the typical indices of apoptosis such as DNA
fragmentation and activation of caspases, including caspase
3, were not detected in detached ™"HMECs (Figures 2a and
b). An active (cleaved) form of caspase 3 or its activity,
manifested through cleavage of poly(ADP-ribose) polymer-
ase (PARP), was also not detectable (Figure 2c). Further-
more, the effect of BCL2L1 (Bcl-xL) on DICD was
incompatible with the occurrence of apoptosis. As an anti-
apoptotic protein of the Bcl-2 family, the expression of
BCL2L1 was found to antagonize apoptosis induced by
STS (Supplementary Figure S3e and f) but exerted no effect
on DICD (Figure 2d). Taken together, these observations
supported the conclusion that DICD in ™'HMECs was
primarily caspase independent or non-apoptotic, at least
under the culture conditions adopted in the present study.

To obtain further information on DICD in ™"HMECs, a
pharmacological survey using a set of enzyme inhibitors for a
particular type of cell death was conducted. Consistent with
the aforementioned results (Figures 2a—-d), Z-VAD-fmk (Z-
VAD), a broad-spectrum caspase inhibitor,?” caused little
effect on DICD (Figure 2e). Other inhibitors, such as pepstatin
A (PepA), E64d, and bafilomycin for autophagy’ and
necrostatin for necroptosis,28 also exerted only marginal
effects (Figure 2e).

Entosis is observed in detached ™"HMECs. With respect
to cell death modality responsible for DICD, a morphological
study provided clues. As shown in Figure 3a, transmission
electron microscopy (TEM) revealed unique ultrastructural
changes in the detached population of ™"'HMECs; cell
internalization within another cell was observed, which
closely resembled what has been referred to as cell-in-cell
structure,?® characterized as the complete inclusion of one
cell within another. Such inclusion of cells within other cells
was confirmed in detached population of ™"HMECs using
red- or green-labeled cell populations which were mixed,
incubated in suspension, and visualized by confocal micro-
scopy (Figure 3b). The structure appeared within 12 h, and
further incubation resulted in its growth into a large cellular
aggregate due to reiterative internalization, which hampered
the accurate enumeration of internalization ratio after 24 h
(Figure 3c). Nuclear staining with DAPI or TUNEL suggested
that cell death was induced in cells inside the structure
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(Figures 3d and e). Internalized cells have been shown to be
degraded by lysosomal activity.® These observations suggest
that a cell death modality, which is typified by cell
internalization termed entosis, occurs in "HMECs upon
loss of attachment to ECM. Cell internalization was the only
morphological phenotype discernible by TEM in detached
Te'HMECs, and this process was suppressed by the
expression of myrFAK but not myrPI3K and Src(Y527F), as
shown in Figure 3f.

DICD in ™"HMECs is mediated by at least three types of
non-apoptotic cell death modalities. Gene expression
profiling and biochemical analysis were performed for more
precise characterization of DICD. Gene expression profiling
suggested that caspase 14, a non-canonical caspase
specifically associated with terminal differentiation in
keratinocytes,?® was upregulated in detached ™"HMECs
(unpublished data). Its upregulation was confirmed by
quantitative RT-PCR and immunoblotting along with the
induction of cornification markers, such as keratin 10 and
filaggrin (Figure 4a). This finding is in good agreement with
previous observations of epidermis-like cornification in
MECs.2®' Similar to entosis, the expression of these
cornification markers was remarkably inhibited by myrFAK
expression (Figure 4b). The expression of SrcY527F and
myrPI3K also reduced the expression, but their effects were
modest and not significant in some cases.

On the other hand, biochemical analysis suggested that
DICD assumed features of necrosis, as manifested by the
release of lactate dehydrogenase (LDH), which was increased
72 h postincubation under detached conditions (Figure 4c);
this increase was also suppressed by expression of myrFAK
(Figure 4d). Before LDH release, a decrease in ATP/ADP ratio
accompanying the deterioration of mitochondrial membrane
potential (AYm) was observed (Supplementary Figure S4a
and b). According to a recent report,*®® MECs suffered
metabolic defects under detached conditions, which resulted
in necrotic cell death.

Collectively, three simultaneous types of cell death, entosis,
cornification, and necrosis, were possibly implicated in DICD
of ™"HMECs, and all three types of cell death were mitigated
by the expression of myrFAK. In conclusion, DICD in
Te"HMECs is mediated by at least three types of non-
apoptotic cell death modalities that were presumably primed
by downregulation of FAK activity upon loss of anchorage.

Role of TRAIL in DICD of ™"HMECs. Compared with
apoptosis, non-apoptotic cell death and its modalities,
regulatory signaling, and mechanisms are poorly understood.
In the present study, an important cue was obtained for
regulatory signaling in DICD from the results of the
aforementioned DNA  microarray-based genome-wide
screening; TRAIL was found to be upregulated during DICD
along with caspase 14. As shown in Figures 5a and b,
quantitative reverse transcription (RT)-PCR and immunoblot
analyses verified the induction of TRAIL; the induction was
detected at the mRNA level as early as 3h following
detachment (Supplementary Figure S5a) and persisted for
72h (Figure 5b). The expression of myrFAK but not Src
(Y527F) or myrPI3K resulted in significantly impaired
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induction of TRAIL (Figure 5c). shRNA-mediated knockdown
of TRAIL expression interfered with cell internalization and
LDH release (Figures 5d-f), while the expression of
cornification markers was not significantly affected
(Figure 5g). DR4 was inferred to function as a receptor for
TRAIL (Supplementary Figure S5b—d). These results suggest
that in detached ™"HMECs, TRAIL is induced upon down-
regulation of FAK signaling, and in turn contributes to entosis
and necrosis but not cornification mechanisms. Thus, an
important role of TRAIL as a mediator of FAK signaling that
regulates DICD in ™"HMECs has emerged.

Role of p38 MAPK in DICD of ™"HMECs. The possible
involvement of p38 MAPK in the regulation of DICD was

investigated. As noted above, p38 MAPK was distinct from
other adhesion-related signaling molecules, including JNK; in
that it was evidently activated in response to loss of
anchorage (Figures 1b and 6f). In addition, a previous study
using an inhibitor, SB203580, of p38 MAPK suggested a role
for this kinase in activation of cornification program in
detached MECs.?

In fact, the induction of the cornification markers was
similarly inhibited with the inhibitor in detached ™"HMECs in
the present study (Supplementary Figure S6). However, the
results were different when the activity of the kinase was
attenuated with shRNA (Figures 6a and b). The inconsistency
between the results of the two approaches is possibly
attributed to the limitations of pharmacological inhibition with
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respect to the specificity of targets. As shown in Figure 6b,
shRNAs for p38 MAPK failed to inhibit the expression of the
cornification markers, arguing against a role of the kinase in
activation of cornification program in detached ™"HMECs.

Likewise, the ratio of Pl-positive cells and the frequency of cell
internalization was not reduced by shRNA expression
(Figures 6¢ and d); only LDH release was suppressed
(Figure 6e), suggesting a role for this kinase in necrosis but
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not entosis and cornification processes. When the association
of p38 MAPK activation with FAK and TRAIL signaling was
examined, the activation was observed to be significantly
impeded by myrFAK expression and shRNA for TRAIL
(Figures 6f and g); this observation together with that in
Figure 5c suggested that the activation of p38 MAPK
was mediated by TRAIL under the downregulation of FAK
activity.

Discussion

Diversity of DICD in epithelial cells. The diversity of
phenotypes assumed by cells upon loss of ECM attachment
has been perceived from the seminal study on anoikis, which
mentioned different phenotypes in the epithelial cells of gut
versus ureters.®® In the two decades that have elapsed since
this study, our knowledge of detachment-responsive pheno-
types in cells, particularly in MECs, has been enormously
expanded by a series of studies on lumen formation in
mammary glands during morphogenesis.®'"3436 Experi-
ments in mice that were genetically deficient for caspase-
dependent cell death mechanisms revealed the requirement
of caspase-dependent cell death for efficient luminal clearing
but not the eventual formation of a lumen, suggesting that
caspase-independent or non-apoptotic cell death programs
function as an alternative mechanism for luminal clearing in
the absence of apoptosis.® Subsequent studies led to the
discovery of autophagy, necrosis, and cornification as such
alternatives.*3*

A salient observation of the present study is that immorta-
lized human MECs, bipotent progenitor-like cells with a
differentiating phenotype to luminal cells (™"HMECs)'®
(http://hmec.lbl.gov/mreview.htm), primarily underwent non-
apoptotic instead of apoptotic cell death under detached
conditions, at least in forced suspension cultures in vitro. This
mechanism is in striking contrast to MCF-10A cells, another
immortalized, non-tumorigenic MEC cell line, which has been
established to execute anoikis in response to loss of
anchorage.''2 In this cell line, the apoptosis program is
tightly coupled with growth factor signaling; EGFR expression
is downregulated upon loss of adhesion, resulting in upregula-
tion of the Bcl-2 protein Bim.'2 If this is the case, then it is
hypothesized that EGFR expression and signaling is sus-
tained under conditions of detachment in ™"HMECs so that
apoptosis is not executed. However, this is unlikely because
downregulation of EGFR expression in response to detach-
ment has also been observed in "HMECs similar to that in
MCF-10A cells (unpublished data). Therefore, the difference

<

Detachment-induced non-apoptotic cell death in human MECs
F Ishikawa et al

&

between the two cell lines is possibly attributed to the
difference in their cell subtypes,'*'® basal/myoepithelial- or
luminal-like, although details remain unclear.

Non-apoptotic cell death in detached ™"HMECs. The
identified cell death modalities in detached ™"HMECs
include entosis and necrosis along with the activation of the
transdifferentiation program resulting in cornification. Given
that the majority of malignant breast cancers assume luminal
traits, this finding is potentially of great significance as it
suggests that metastatic mammary tumors, if not all, acquire
resistance to non-apoptotic cell death mechanisms rather
than to classical apoptosis and that non-apoptotic cell death
mechanisms have the potential to function as an important
barrier to the development of breast carcinoma. The
tumorigenic role of ERBB2 is also open to alternate
interpretations. Although anoikis in MCF-10A cells was
suppressed by the activation of ERBB2,'? non-apoptotic cell
death mechanisms in detached ™"HMECs were apparently
unaffected as mentioned above (unpublished data). ERBB2
signaling potentially contributes to tumorigenesis through the
regulation of cellular metabolism rather than of cell death.®?

A critical role of FAK, which engages atypical survival
signaling that is tightly coupled with TRAIL expression,
emerged in the regulation of non-apoptotic cell death. In
contrast to myrFAK, FAK(397E), which is another constitu-
tively active form of the kinase, was unable to suppress DICD
(unpublished data); this observation implied that kinase
activity alone is insufficient for protecting cells from DICD,
and that subcellular localization of the kinase or its anchoring
to the plasma membrane, which was achieved by myristoyla-
tion, was critical for the regulation of DICD by FAK. On the
other hand, recent studies have revealed highly context- and
cell type-dependent aspects of FAK signaling.?® The present
study revealed a novel role of TRAIL in FAK signaling
regulating non-apoptotic cell death mechanisms, particularly
in entosis (Figure 5), albeit it has been generally accepted as
an apoptosis inducer.3” A previous study showed that the Rho-
dependent actomyosin-mediated contractile system played a
role in entosis.® The results obtained in the present study
suggest that TRAIL mediates the adhesion-dependent activa-
tion of Rho-actomyosin system, although details are yet to be
defined. In conclusion, a schematic representation of the key
players and their roles in DICD of ™"HMECs is shown in
Figure 6h.

The overall phenotype of detached ™"HMECs resembles
that of differentiating keratinocytes, which appears natural given
that both skin and mammary glands are derived from the
ectoderm of the embryo. More specifically, instead of apoptosis,

Figure 3 Detached ™HMECs undergo cell internalization, followed by cell death. (a) ®"HMECs cultured for 24 h under adherent (Adh) or non-adherent (Sus) conditions were
fixed with 2.5% glutaraldehyde and processed for TEM analysis. Dashed lines outline engulfed cells. Scale bar: 2 um. (b and ¢) Single-cell suspensions of cells labeled with
CellTracker Green or Red were mixed in 1: 1 ratio and plated onto polyHEMA-coated plates. At the indicated time points, cells were stained with Hoechst 33342 (10 M) and fixed.
Confocal images were acquired as z-stacks, processed, and shown as orthogonal views of z-stacks (b). Lines on images indicate corresponding points in the orthogonal planes.
Three dimensional axes and scale bar (10 zm) are indicated. Percentages of internalization were calculated from 200 cells viewed under a confocal microscope in three independent
experiments, and depicted as graph (means +S.D.) (c). (d and e) Cells in suspension culture as in (b) were fixed after 96 h (d) or 72h and 96 h (e), and TUNEL staining was
performed. Confocal images of internalized cells stained with TUNEL (green), CellTracker Red (red), and DAPI (blue) are shown (d). Scale bar: 10 um. Percentages of TUNEL-
positive population among the internalized cells were calculated by counting under a confocal microscope, and depicted as a graph (total numbers of cells counted in three
independent experiments are shown) (e). (f) Cells expressing constitutively active forms of various kinases (myrFAK, Src(Y527F), and myrPI3K) were cultured under non-adherent
conditions for 48 h as in (b). Cell internalization was evaluated as in (¢), and percentages of internalization were depicted as graphs (means + S.D.). **P<0.01; NS, not significant
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both the cell types activate non-apoptotic cell death mechan-
isms along with metabolic inactivation upon anchorage loss
(Figure 4a, Supplementary Figures S4a and b).%®*' In
differentiating keratinocytes, apoptosis is naturally prevented
to ensure completion of the differentiation process resulting in

non-apoptotic cell death by cornification.***243 Likewise, under
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conditions where apoptosis is inhibited, MECs undergo non-
apoptotic cell death.8''3* The same regulatory mechanisms
that counterbalance apoptosis and non-apoptotic cell death are
likely shared between keratinocytes and MECs.

Metastasis is a formidable challenge not only for cancer
patients to survive but also for cancer cells to achieve.
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Figure 5 TRAIL upregulation in detached ™"HMECs contributes to cell internalization and necrosis. (a) ™"HMECs were cultured as monolayers (A) or suspension (S) for
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specific antibody. -Actin was employed as a loading control. (c) Cells expressing constitutively active forms of various kinases were cultured as above and TRAIL mRNA and
protein levels were examined. The ratio with respect to mRNA levels in monolayer cultures of Mock-infected cells is shown. (d) Cells infected with lentiviral expression constructs
of shRNAs (Ctr: control, TRAIL # 1, # 2: two shRNAs with unrelated sequences specific for TRAIL (Materials and Methods)) were cultured as in (a) and TRAIL mRNA levels were
analyzed as above. Cell lysates from 48h cultures were analyzed by immunoblot using TRAIL-specific antibody as mentioned in (b). (€) shRNA-expressing cells were stained with
10 uM CellTracker Red or Green, mixed, and cultured in suspension for 20 h, followed by counting of internalized cells by confocal microscopy, as mentioned in Figures 3b and c.
(f) shRNA-expressing cells were cultured as in (a) for 72 h, and LDH release (%) was examined as mentioned in Figure 4c. (g) shRNA-expressing cells were cultured as in (a) for
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Millions of cells are possibly released from a primary tumor
every day, but only a small minority colonizes a distant organ.
Thus, the process of metastasis could be exploited as an
opportunity for eradicating cancer cells, particularly during
their dormant period, which is probably underpinned by
resistance to DICD or anchorage-independent cell growth
and survival. This study is expected to set the stage for the
identification of relevant molecular targets for interfering with
anchorage-independent growth, thereby inducing death in
metastasizing breast cancer cells.

Materials and Methods

Cell culture and chemicals. HVMECs were purchased from Lonza
(Walkersville, MD, USA) and cultured in MCDB170 (US Biological, Salem, MA,
USA) supplemented with 0.1 mM ethanolamine (Sigma-Aldrich, St Louis, MO,
USA), 0.1 mM ortho-phosphoethanolamine (Sigma), 0.25% bovine pituitary extract
(Hammond Cell Tech, Windsor, CA, USA), 5 ng/ml EGF (Peprotech, Rocky Hill, NJ,
USA), 0.5 ug/ml hydrocortisone (Sigma), 5 ug/ml insulin (Sigma), 5 pg/ml transferrin
(Sigma), and 5uM isoproterenol (Sigma).* For immortalization, HMECs were
transduced with hTERT-expressing retrovirus as described previously."”

For suspension culture, cells were detached by treatment with 0.025% trypsin,
followed by resuspension in the growth medium supplemented with 0.5%
methylcellulose and plated on polyHEMA-coated dishes. Anisomycin, pepstatin A,
and polyHEMA were obtained from Sigma-Aldrich. E64d and Z-VAD-fmk (Z-VAD)
were purchased from Peptide Institute, Inc. (Osaka, Japan), staurosporine (STS) and
bafilomycin from Wako Pure Chemical Industries, Ltd. (Osaka, Japan), and
necrostatin-1 from Enzo Life Sciences, Inc. (Farmingdale, NY, USA). BD Matrigel
Matrix Growth Factor Reduced (GFR) was obtained from BD Biosciences (Franklin
Lakes, NJ, USA).

Expression vectors. The cDNAs for human FAK, catalytic subunit (p110) of
PI3K, Bel-xL, AKT1, AKT2, AKT3, and MEK2 were amplified from HMEC cDNA
library and cloned into CSII-CMV-MCS-IRES2-Bsd vector*® (CSlI vector) with FLAG
or HA tag sequences. cDNA for Src was amplified from pcDNA3 chick c-Src*
(a generous gift from Dr T Akagi, Osaka Bioscience Institute, Osaka, Japan) and
cloned into the CSII vector. The constitutively active Src(Y527F) and MEK2DD were
generated using PrimeSTAR Mutagenesis Basal Kit (Takara Bio, Inc., Otsu, Japan).
Constitutively active forms of FAK, PI3K, and AKT isoforms were generated
by amplification of respective cDNAs using 5’ primers that included c-Src
myristoylation signal sequences, followed by cloning into CSII vector. The lentiviral
destination vector, CS-RfA-EP, was generated by replacing the gene encoding
blasticidin S deaminase in CS-RfA-EB with the gene for puromycin N-acetyl-
transferase from pGL4.2 vector (Promega, Madison, WI, USA).

For construction of shRNA expression vectors, target sequences for control
(SHC002), TRAIL (# 1: TRCN0000005924; # 2: TRCN0000005925), DR4
(TRCN0000005934), DR5 (TRCN0000005933), and p38 (# 1: TRCN0000000510; #
2: TRCN0000000511) shRNAs were obtained from Mission shRNA (Sigma-Aldrich).
Oligonucleotides encoding the target sequences were subcloned into pENTR4-H1, and
the shRNA expression cassettes were recombined into CS-RfA-EB (for TRAIL, DR4,
and DR5) or CS-RfA-EP (for p38) using LR Clonase Il (Invitrogen, Carlsbad, CA, USA).

Infection. Lentivirus production and infection have been previously described.*”
The selection and maintenance of infected cells was accomplished using 10 zg/ml
blasticidin for CSIl and CS-RfA-EB vectors and using 1 ug/ml puromycin for
CS-RfA-EP constructs.

Flow cytometry. Cells were washed with PBS/EDTA, digested with 0.25%
trypsin, and centrifuged (800x g, 5min, 4°C). Following washes with PBS
containing 0.2% serum, the cells were resuspended in incubation buffer (10 mM
HEPES (pH 7.4), 140 mM NaCl, 5mM CaCl,) containing Annexin V (Annexin-
V-FLUOS; Roche Applied Science, Penzberg, Upper Bavaria, Germany) and
1 ug/ml Pl (Sigma-Aldrich), incubated for 30 min at room temperature under dark
conditions, filtered using 0.4-um filter, and analyzed using Epics XL (Beckman
Coulter, Inc., Fullerton, CA, USA).
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Immunoblot analysis. Immunoblot analysis was conducted as previously
described.*® The primary antibodies employed in the study are listed in Supplementary
Information.

DNA fragmentation and caspase 3/7 activity assays. DNA
fragmentation and activities of caspase 3/7 were assessed using DNA Fragmentation
Cell Death ELISA PLUS Kit (Roche Applied Science) and Caspase-Glo 3/7 assay kit
(Promega), respectively, according to the manufacturers’ instructions.

Transmission electron microscopy. Cell pellet was fixed with 2.5% (v/v)
phosphate-buffered glutaraldehyde for 2 h, washed with phosphate buffer, postfixed
in 1% (w/v) phosphate-buffered osmium tetroxide for 1h at 4 °C, and subjected to
TEM as previously described.*®

Cell internalization assay. Monolayer cultures of cells were stained with
1 uM solutions of CellTracker Green CMFDA or Red CMTPX (Invitrogen) for 30 min
in a CO, incubator. Equal volumes of single-cell suspensions of red and green-
labeled cells at densities of 1.0x10° cells/ml were mixed in growth media
containing 0.5% methylcellulose, and placed on polyHEMA-coated plates. Aliquots
of suspended cells were withdrawn at regular intervals and stained with Hoechst
33342 (10 uM; Sigma-Aldrich) for 15 min at room temperature, washed with PBS,
and fixed with 3.7% formaldehyde for 10 min at room temperature. Fixed cells were
washed with PBS and placed in glass bottom dishes.

Laser scanning confocal microscopy was performed using FV10i-LIV confocal
microscope (Olympus Corporation, Shinjuku, Tokyo, Japan). Three-dimensional
images were acquired through z-stacking of sequential optical x-y sections taken at
0.5-1.0 um z-intervals. Orthogonal slice views from z-stack images were processed
with the FLUOView software (Olympus).

TUNEL assay. Cells were fixed with freshly prepared 2% paraformaldehyde for
60 min at room temperature, washed with PBS, and permeabilized with 0.2% Triton
X-100 for 2 min at 4 °C. The cells were then incubated with TUNEL reaction mixture
containing TUNEL Enzyme and TUNEL label mix (Roche) according to the
manufacturer’s instructions. Positive staining in the nucleus was identified using
FV10i-LIV confocal microscope (Olympus).

RNA extraction and quantitative RT-PCR. RNA extraction and
quantitative RT-PCR were performed as previously described,”” with minor
modifications. The cDNA samples were mixed with specific primers
(Supplementary Information) and GoTagq gPCR Master Mix (Promega), and
amplified using MyiQ Real-time PCR detection system (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) according to the manufacturer’s instructions. The mRNA levels
were normalized with respect to the control, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

LDH release assay. LDH activities were measured using LDH-Cytotoxic Test
Wako (Wako Pure Chemical Industries, Ltd.). In brief, cells were cultured in
polyHEMA-coated 12-well plates containing 1ml of medium with 0.5%
methylcellulose, and precipitated by centrifugation (800 x g, 5 min, 4 °C). An aliquot
of the supernatant (i.e., medium) was diluted with equivalent volume of PBS
containing 0.2% Tween-20 for the quantification of LDH in media. The cell pellet was
resuspended in growth medium, and an aliquot of the suspension was similarly
mixed with equivalent volume of PBS/0.2% Tween-20, followed by overnight
incubation at 4 °C to obtain total LDH levels (media and cells). The mixtures were
cleared by centrifugation, incubated with coloring solution, and absorbance at
570 nm was obtained using Appliskan (Thermo Electron Corp., Madison, WI, USA).
PBS/0.1% Tween-20 was employed for measuring background. LDH release was
evaluated as a ratio of LDH activity in media to total LDH activity (media and cells).

Statistics. Data are expressed as mean+S.D. unless otherwise indicated.
Differences between experimental samples were all analyzed by two-tailed
Student's ttest. P-values less than 0.05 and 0.01 are shown as * and **,
respectively. A P-value of less than 0.05 was considered as statistically significant.
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Summary. Background: Integrin olIbB3 plays key roles in
platelet aggregation and subsequent thrombus formation.
Hydrogen peroxide-inducible clone-5 (Hic-5), a member of
the paxillin family, serves as a focal adhesion adaptor protein
associated with olIbB3 at its cytoplasmic strand. Objec-
tives: Hic-5 function in ollbB3 activation and subsequent
platelet aggregation remains unknown. To address this ques-
tion, platelets from Hic-57" mice were analyzed. Methods
and Results: Hic-57'~ mice displayed a significant hemostatic
defect and resistance to thromboembolism, which were
explained in part by weaker thrombin-induced aggregation in
Hic-57" platelets. Mechanistically, Hic-5" platelets showed
limited activation of allbB3 upon thrombin treatment. Mor-
phological alteration in Hic-57" platelets after thrombin
stimulation on fibrinogen plates was also limited. As a direct
consequence, the quantity of actin co-immunoprecipitating
with the activated oIIbp3 was smaller in Hic-57/~ platelets than
in wild-type platelets. Conclusion: We identified Hic-5 as a
novel and specific regulatory factor for thrombin-induced
allIbP3 activation and subsequent platelet aggregation in mice.

Keywords: focal adhesion protein, Hic-5, integrin, platelet.

Introduction

Circulating platelets are activated by vascular endothelial
dysfunction, which induces morphological changes and
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discharge of intracellular granules, leading to platelet aggre-
gation. Platelet aggregation, a key step in thrombus forma-
tion, is caused by the activation of integrin olIbf3, which
was clearly demonstrated in integrin P3-deficient mice [1].
Integrin olIbB3 displays low affinity for its ligands (e.g.
fibrinogen and von Willebrand factor), under unstimulated
conditions. However, following three-dimensional conforma-
tional change due to inside-out signaling, integrin ollbf3
shifts to an activated form characterized by higher affinity for
its ligands [2-4]. Integrin itself possesses no kinase domain,
no enzymatic activity and no actin-binding activity [5].
Rather, integrin activation is controlled by a series of
molecules forming a complex with integrin at its cytoplasmic
short strand through inside-out signaling, which results in the
formation of a signaling platform [5]. More than 30 types of
proteins (e.g. talin, kindlin and RIAM) are known to be
integrin-associated proteins; [6-11] moreover, these proteins
appear to play key roles in inside-out signaling. However, the
precise mechanisms governing olIbB3 activation and the
signaling pathway involving integrin and platelet membrane
receptors remain unknown.

Hic-5 (hydrogen peroxide-inducible clone-5), the molecule in
question in the current study, was isolated as a gene induced by
TGF-B or hydrogen peroxide [12]. The Hic-5 gene codes for a
protein localized in focal adhesion, which serves as a cellular
attachment point to extracellular matrix [13]. Talin is also
localized in focal adhesion and binds to Hic-5 in platelets [14].
It is notable that Hic-5 is an adaptor molecule sharing high
homology with paxillin, a member of the four LIM domain
family [15]. The paxillin family includes three members,
paxillin, Hic-5 and leupaxin. These three molecules are
expressed in murine platelets; however, only Hic-5 is expressed
in human platelets [16].

Recently, we succeeded in terms of the generation of Hic-
57/~ mice; subsequently, our data revealed that the recovery
of arterial media following vascular injury is delayed
significantly in Hic-57~ mice [17]. Moreover, our prelimin-
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ary observations regarding vascular lesions in Hic-57" mice
suggested that morphological changes are suppressed in
those platelets attached to a damaged vascular wall imme-
diately after vascular injury. Therefore, we hypothesized that
Hic-5 might play an important role in controlling inside-out
and/or outside-in signal(s) in platelet aggregation. Conse-
quently, we examined the role of Hic-5 in platelet aggre-
gation as well as its molecular mechanism in thrombosis
and hemostasis.

Materials and methods

Determination of bleeding times

Adult C57BL/6N mice were anesthetized via intraperitoneal
injection of pentobarbital (50 mg kg™ body weight) and
intramuscular injection of xylazin (3 mg kg™"). The tail was
cut 1 mm from the tip and immersed in saline at 37 °C.
Bleeding time was defined as the time at which all visible signs
of bleeding from the incision had abated. The experiment was
terminated 10 min after the tail was cut. All animal studies
were conducted in accordance with the protocols approved by
the institutional committee for animal research of Showa
University.

Thromboembolism model

To induce thromboembolism, a mixture of collagen (0.5 mg
kg™', equine collagen; NYCOMED, Munich, Germany) and
epinephrine (60 pug kg™', Sigma) was injected into tail veins of
wild-type (n = 5) and Hic-57" mice (n = 5). Blood and lungs
were collected 15 min after the injection and platelet counts
were determined. Three mice from each group were histolog-
ically analyzed.

Platelet preparation and aggregation

Whole blood was collected from the heart (100 pL mL™'
blood) of anesthetized mice in acidic citrate dextrose, after
which it was centrifuged at 220 x g for 10 min. To the
supernatant transferred to a new tube, 1 pum prostaglandin E;
and 1 UmL™" apyrase were added to prevent platelet
activation. The mixture was centrifuged at 400 x g for
10 min to sediment a platelet pellet. The pellet was then
resuspended in an appropriate volume of modified Tyrode-
HEPES buffer at pH 7.4 (10 mm HEPES, 12 mm NaHCOs;,
138 mm NaCl, 5.5 mm glucose, 2.9 mm KCI and 1 mm
MgCl,) and used for the following assay after addition of
I mm CaCl,. Platelet aggregation was measured with a
platelet aggregometer (PA-200, KOWA, Nagoya, Japan)
following stimulation with thrombin (Sigma-Aldrich,
St.Louis, MO, USA). The degree of platelet aggregation was
expressed as %light transmission and the maximal aggrega-
tion (Tmax) was expressed as % light transmission determined
10 min after addition of the stimulus.

Flow cytometry

To examine alIbB3 activation, whole blood was incubated for
10 min at room temperature with PE-conjugated JON/A
(emfret, Eibelstadt, Germany) in the presence of ADP (0.1 or
1 pm), Convulxin (10 or 100 ng mL™!) or human thrombin
(001 or 0.5 UmL™). JON/A binding to platelets was
quantified with a flow cytometer (BD Biosciences, San Jose,
CA, USA). Platelets were gated by forward and side scatters. P-
selectin surface expression was analyzed via detecting FITC-
conjugated CD62 (emfret, Eibelstadt, Germany) binding to
platelets using the flow cytometer.

Immunoblotting

Platelet lysates, which were treated with RIPA buffer
(20 mm Tris-HCI, pH 8.0, 0.5% Triton-X 100 and 5 mm
EDTA) supplemented with proteinase inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA), were separated by
electrophoresis on 10% SDS-polyacrylamide gel and trans-
ferred to a polyvinylidine difluoride membrane (Millipore,
Bedford, MA, USA). Immunodetection was performed
utilizing the primary antibodies against Hic-5 (BD Bioscienc-
es, San Jose, CA, USA), paxillin, vinculin, GAPDH, B-actin
(these antibodies were purchased from Sigma-Aldrich),
integrin B3 (Santa Cruz Biotechnology), kindlin-3 (abcam,
Cambridge, UK), ILK (BD Biosciences), followed by the
appropriate secondary antibodies conjugated with horserad-
ish peroxidase.

Electron microscopic observation

Immunoelectron microscopy was performed as previously
described [18]. Briefly, the sections were stained first with
the primary antibodies (anti-Hic-5, BD  Biosciences;
anti-olIbp3 (Leo), emfret; anti-B3, Santa Cruz, Santa Cruz,
CA, USA), followed by incubation with their appropriate
secondary antibodies (BBI International, Cardiff, UK) conju-
gated with smaller sized (5 nm) and larger sized (10 or 15 nm)
colloidal golds, respectively; subsequently, sections were eval-
uated with a JEM-1200 EXII electron microscope (JEOL,
Tokyo, Japan) at an accelerating voltage of 80 kV. For
scanning electron microscopy analysis, cover slips were coated
overnight with 1 mg mL ™" human fibrinogen and then blocked
for 1 h with 1% BSA in PBS. Platelets were activated with
0.01 U mL™" thrombin shortly before plating on fibrinogen-,
fibronectin- or collagen-coated cover slips. Platelets were
allowed to spread for 30 min, after which they were fixed in
2.5% glutaraldehyde in Tyrode’s-HEPES buffer and processed
for scanning electron microscopy. Numbers of platelets
displaying filopodia longer than 3.5 pm as well as total platelets
were counted in 10 separate fields and totaled for each sample
(Fig. 1B). The ratios of platelets exhibiting longer filipodia to
total platelets were calculated and compared between wild-type
and Hic-57" platelets. In another set of experiments, platelets
were seeded on fibrinogen-coated cover slips in the presence of

© 2012 International Society on Thrombosis and Haemostasis



MnCl, (3 mm of Mn* ") for analysis of spreading filopodia as
above.

Immunoprecipitation MALDI-TOF-MS

Platelets were treated with thrombin for 10 min at room
temperature; platelets were then lysed upon the addition of
2 x IP buffer (1% Triton X-100, 150 mm NaCl, 20 mm Hepes,
pH 7.4, 1 mm Na;V0,, 1 mm NAF) containing a mixture of
proteinase inhibitors (Sigma-Aldrich). Dynabeads conjugated
with an antibody against allbB3 (Leo) or control IgG were
added to lysates (5 ug per sample) and rotated at room
temperature for 60 min. Samples were washed with 1 x IP
buffer three times and soaked in elution buffer for 10 min.
Immunoprecipitated proteins were subjected to 10% SDS-
PAGE for immunoblotting or MALDI-TOF. The MALDI-
TOF analysis was performed as previously described [19].
Briefly, the excised polyacrylamide gel pieces were incubated
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Fig. 1. Limited platelet morphological changes due to Hic-5 deficiency.
(A) Scanning electron micrograph of wild-type or Hic-57/~ platelets.
Washed wild-type and Hic-57" platelets were stimulated with 0.1 U mL™"
thrombin; subsequently, platelets were allowed to adhere to immobilized
fibrinogen for 30 min. Scale bars represent 10 um (upper) and 3 pm
(lower). (B) The ratios of platelets displaying filopodia longer than 3.5 um
to total platelets are presented as % of wild type (see ‘Methods’ for details).
(C) Wild-type and Hic-57'~ platelets were plated on fibrinogen-coated
cover slips for 30 min in the presence of 3 mm MnCl, (Mn> ") followed by
analysis of platelet spreading as (B). Values are means + SEM from three
independent experiments. *P < 0.05; NS, no significant difference.

© 2012 International Society on Thrombosis and Haemostasis

Hic-5 and platelets 1869

with wash solution (50% acetonitrile plus 50 mM ammonium
bicarbonate) for 10 min. Disulfide bond cleavage was effected
with 10 mwm dithiothreitol and 100 mm carbamidomethylation
in the presence of 55 mm iodine acetamide. The dried gel pieces
were soaked in 5 pL of trypsin solution (12.5 ng pL™" trypsin
and 10 mm ammonium bicarbonate) and incubated overnight.
On the following day, sonicated samples were spotted on a
stainless steel MALDI carrier tray with matrix. MALDI-time-
of-flight (TOF)-MS was conducted on an AXIMA Perfor-
mance (Shimadzu, Kyoto, Japan). The tryptically-digested
proteins were identified using the MASCOT database search
engine with National Center for Biotechnology Information
and the Swissprot database with a mass tolerance below 0.1 Da
of the monoisotopic peaks.

Statistical analysis

All data are expressed asmeans = SD. The two-unpaired #-test
(Figs 2B, 3B-F and 1B), the Mann-Whitney U-test (Fig. 2A)
and the chi-square test (Fig. 4A) were used to detect differences.
A value of P < 0.05 was considered to be significant.
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Fig. 2. Prolonged bleeding times in Hic-57/~ mice. (A) Tail bleeding time in
wild-type (circle) and Hic-5~~ mice (triangle). The tails of wild-typeand Hic-
57/~ mice were cut and the duration of bleeding was measured. Statistical
significance was determined with Mann—Whitney U-tests (P = 0.0016).(B)
Peripheral platelet counts in wild-type and Hic-5~'~ mice. (C) Western blot
analyses of platelet lysates from wild-type and Hic-5~/~ mice demonstrating
Hic-5, vincullin, integrin B3, kindlin-3, paxillin, ILK, B-actinand GAPDH
expression. GADPH served as a loading control.
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Result

To address the function of Hic-5 in platelets, the hemostatic
abilities of wild-type and Hic-57 mice were tested via tail
bleeding in 8—10-week-old offspring of Hic-5"/~ and Hic-5"/~
mating under conditions with genotype blind until study
completion. Hic-5~~ mice exhibited a pronounced hemostatic
defect in comparison to the wild-type background (KO,
7.60 £ 3.40 min vs. wt, 2.72 + 0.75 min) (Fig. 1A). To
determine whether the hemostatic disorder was due to defective
thrombopoiesis, platelet counts were compared between wild-
type and Hic-57/~ mice. However, Hic-5~~ mice demonstrated
platelet counts similar to those of wild-type mice (Fig. 2B).
Additionally, expression levels of the proteins, namely, integrin
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Fig. 3. Limited platelet aggregation and integrin allbB3 activation in Hic-
57~ platelets in response to thrombin. (A) Washed platelets were stimu-
lated with thrombin; subsequently, platelet aggregation was monitored
employing an aggregometer at 37 °C for 10 min. The aggregation was
assessed by measuring %light transmission. In contrast to wild-type
platelets, thrombin-induced aggregation was significantly limited in Hic-
57~ platelets. (B) Statistical analysis showing significantly different Tmax
between wild-type mice and Hic-57/" platelets after addition of thrombin.
(C) Integrin olIbp3 activation was assessed by flow cytometry of wild-type
or Hic-57 platelets following stimulation with thrombin. Platelets were
incubated with PE-labeled anti-mouse aIIbf3 monoclonal antibody
(JON/A) specific for the activated conformation of mouse alIbB3. (D)
Hic-57" platelets showed limited activation of integrin aIIbp3 after
stimulation with 0.5 U mL™" thrombin. (E, F) Thrombin-induced platelet
degranulation measured by the surface expression of CD62 (P-selection)
was not affected in Hic-57" platelets. (F) Resting (Rest.) platelets were
used as control. MFI, mean fluorescence intensity. (*P < 0.05; NS, no
significantly difference).

B3, kindlin-3, vinculin, paxillin, integrin-linked kinase and -
actin, were unaltered (Fig. 2C).

To further evaluate the in vivo consequence of Hic-5
deficiency, we examined a model of thromboembolism chal-
lenged by collagen and epinephrine. The numbers of platelets in
challenged Hic-5"'~ mice were significantly larger than those in
Hic-5"/" mice (Fig. 4A). Furthermore, histological analysis of
three Hic-5"/" mice revealed multiple pulmonary thrombo-
embolism in every mouse (Fig. 4B, upper panel). In a sharp
contrast, three Hic-5~~ mice did not show any pulmonary
thromboembolism (Fig. 4B, lower panel). These data indicate
that Hic-57/~ mice are more resistant to thromboembolism
than Hic-5"/" mice.

To determine whether the hemostatic defect and resistance
to thromboembolism in Hic-57~ mice are attributable to the
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Fig. 4. Deficiency of Hic-5 protects mice against thromboembolism. (A)
Mice were treated with 600 ng g~' collagen plus 60 ng g~' epinephrine by
intravenous injection via tail veins and platelets were counted 15 min after
injection. Each symbol represents the platelet count of a single mouse. Bars
represent the mean values of the two groups. The numbers of platelets
after the challenge were significantly smaller in wild-type mice

(285 + 108 x 10° pL™!, circle, n = 5) than in Hic-57" mice

(606 + 33 x 10° pL™", triangle, n = 5) (mean + SEM; P < 0.001). (B)
Light microscopy (H&E staining) of the lungs after collagen/epinephrine
injection, revealing extensive platelet thromboembolism (arrows) in wild-
type mice (n = 3) but no thrombosis in Hic-57~ mice (n = 3). Scale bars,
100 pm.
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impairment of platelet function, platelet aggregation induced
by thrombin was assessed. Representative aggregometric
tracing of platelets demonstrated weaker aggregation (lower
%light transmission) of Hic-57" platelets after thrombin
stimulation compared with Hic-5"/" platelets (Fig. 3A). As
a result, Ty, following the addition of thrombin was limited to
27% in Hic-57" platelets relative to wild-type platelets (36%)
(Fig. 3B). This result was suggestive of a possible dysfunction
of platelets in Hic-57~ mice. Interestingly, Tp. values
following the addition of ADP or collagen were not statistically
different between Hic-5"/" and Hic-57~ platelets (data not
shown).

Platelet aggregation occurs consequent to the activation of
alIbp3. To test whether activation of alIbf3 is actually limited
in Hic-5" platelets, we measured agonist-induced binding of
JON/A-PE antibody, which selectively binds to activated
alIbB3 of mouse platelets [20]. Integrin odIbB3 in wild-type
platelets was activated in response to thrombin (Fig. 3C,D). In
addition, the amount of activated aIIbB3 in Hic-57/" platelets
was much smaller than that in wild-type platelets (Fig. 3C,D).
Thus, Hic-5 deficiency led to limited thrombin activation of
olIbB3. Hic-57" platelets also showed limited activation of
integrin olIbPB3 after stimulation with a PAR4 agonist
(Fig. S1D). Notably, other agonists such as ADP, the GPVI
receptor agonist Convulxin, the TxA2 analog U46619 and
MnCl, induced olIbf3 activation in Hic-5"/" and Hic-57~
platelets to the same extents (Fig. 2A). Furthermore, there was
no significant difference in the surface expression of integrin
ollbB3 between Hic-5"/" and Hic-57" platelets (Fig. 2C).
P-selectin surface translocation by thrombin or Convulxin in
Hic-57" platelets was similar to that in Hic-5"/" platelets
(Fig. 3E,F and Fig. SIB). This suggests a selective defect in
alIbB3-dependent aggregation in response to thrombin rather
than an impairment of general signaling pathways in Hic-57/~
platelets.

Hic-5 is a focal adhesion scaffolding protein that binds to
integrin ouf; [21]. Activation of aIIbp3 was limited in Hic-57/~
platelets (Fig. 3); consequently, we hypothesized that Hic-5
might bind to alIbP3 other than integrin oyf;. In order to test
this possibility, the association between Hic-5 and ollbp3 was
evaluated via immunoprecipitation. As shown in Fig. 5(A),
Hic-5 co-precipitated with oIIbf3 in the presence or absence of
thrombin involving anti-alIbf3 antibody. Moreover, the co-
localization of allbB3 and Hic-5 was examined utilizing an
immunoelectron microscopic method in platelets from mice
(Fig. 5B) and humans (Fig. 5C). Hic-5 and olIbB3 were
detected by their primary antibodies followed by the secondary
antibodies conjugated with smaller sized (5 nm) and larger
sized (10 and 15 nm) gold colloids, respectively. The co-
localization of allbB3 and Hic-5 was demonstrated by the
proximity of these different sized colloids. Association of
alIbB3 and Hic-5 in both mouse and human platelets suggested
the possibility that Hic-5 may modulate the function of alIb3
in platelets. It is also noteworthy that there was no difference in
the numbers of gold colloids in resting and activated Hic-57/~
platelet surfaces (data not shown).
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Fig. 5. Association of Hic-5 with integrin oIIbB3 in mouse and human
platelets. (A) Co-immunoprecipitation of Hic-5 with alIbB3 in mouse
platelets treated with or without 1 U mL™" thrombin for 10 min. Total
platelet extract and its immunoprecipitates prepared with normal IgG and
anti-alIbp3 antibody were subjected to western blot. Integrin 3 and Hic-5
were detected in the platelet extract and immunoprecipitates. (B, C) Co-
localization of Hic-5 and alIbB3 in mouse platelets (B) and human
platelets (C). Immunogold electron microscopy of wild-type platelets was
performed. Platelets were treated with 1 U mL™" thrombin; subsequently,
endogenous alIbB3 and Hic-5 were detected utilizing the secondary anti-
bodies conjugated with larger sized (10 or 15 nm) and smaller sized (5 nm)
gold colloids, respectively. Arrows indicate Hic-5 (5 nm gold colloids).
Arrowheads indicate allbB3 (10 or 15 nm gold colloids).

An ollbB3-associated protein in platelets, Hic-5 probably
acts as an adaptor molecule and a scaffold for various
functionally interacting molecules. In order to analyze the
changes in the components of allbB3 complexes due to Hic-5
deficiency, we compared the olIbB3 interacting molecules
between wild-type and Hic-57 platelets. Platelets were immu-
noprecipitated with beads conjugated to the anti-odIbf3
antibody; subsequently, molecules exhibiting different levels
of co-precipitation between wild-type and Hic-57~ platelets
were analyzed by MALDI-TOF-MS. As a result, we found
that the amount of actin co-precipitating with activated olIbp3
was smaller in Hic-57/~ platelets than that in wild-type platelets
(Fig. 6, arrow).

Platelets demonstrate dynamic morphological changes such
as the extension of lamellipodia and filopodia due to agonist
stimulation. These morphological changes are caused by
remodeling of actin cytoskeleton. Thus, actin plays key roles
in cytoskeletal construction of platelets. Hic-5 depletion from
the olIbB3 complex led to limited integrin anchorage to the
actin cytoskeletal matrix (Fig. 6). Therefore, we hypothesized
that platelet morphological changes might be affected in
Hic-57" platelets. Wild-type and Hic-57" platelets were
stimulated with thrombin and placed on a fibrinogen-coated
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Fig. 6. Co-immunoprecipitated actin with activated integrin olIbp3 de-
creased in Hic-57 platelets. Flamingo-stained SDS-polyacrylamide gel
following electrophoresis of immunoprecipitated proteins. Immunopre-
cipitation was conducted employing wild-type and Hic-57" platelet lysates
and antibody to olIbB3 in the presence or the absence of 1 U mL™
thrombin for 10 min. The band indicated by the arrow was identified by
MALDI-TOF MS analysis.

glass slide for analysis with a scanning electron microscope.
The findings revealed that the numbers of platelets displaying
filopodia longer than 3.5 pm were smaller in Hic-5" platelets
than in wild-type platelets (Fig. 1A,B), which indicated that
Hic-5 deficiency affects platelet morphological changes conse-
quent to actin cytoskeleton remodeling. Moreover, this change
was canceled when platelets were placed on a fibrinogen-coated
glass slide in the presence of Mn " (Fig. 1C). Thus, Hic-5 is not
essential for alIbB3-dependent outside-in signaling. Finally, the
extension of filopodia in Hic-57~ platelets was not affected by
extracellular matrices themselves such as collagen and fibro-
nectin (Fig. S2).

Discussion

Hic-5"" mice grew normally, as did wild-type mice with no
apparent abnormality [17]. These results suggested that Hic-5 is
functionally replaceable with paxillin, another member of the
paxillin family, which includes Hic-5, under physiological
conditions in mice. Although no difference in paxillin protein

expression level was evident between Hic-57~ and Hic-5"/"
platelets (Fig. 2C), this level of paxillin may be sufficient to
compensate for Hic-5 deficiency. Moreover, no difference was
observed in the number of platelets between Hic-5"~ and Hic-
5%/" mice; thus, it is unlikely that Hic-5 deficiency in
megakaryocytes might affect the platelet production process
(Fig. 2B).

During electron microscopic evaluation of arterial restenosis
after wire injury in mice,'* we noted as a preliminary result that
Hic-57 platelets, unlike Hic-5"/" platelets, formed unstable
platelet morphology in thrombosis. This finding led us to
examine hemostatic function in Hic-57" mice. Indeed, we
observed elongation of bleeding time (Fig. 2A) and limited
platelet aggregation in Hic-5~~ mice (Fig. 4). Platelet aggre-
gation is a key step in thrombus formation. Moreover, Hic-5 is
the sole member of the paxillin family expressed in human
platelets, which is indicative of the indispensable roles of Hic-5
in human platelets. Therefore, identification of Hic-5 function
in platelet aggregation is essential in order to advance the
understanding of platelet dysfunction and subsequent hemor-
rhagic diseases in human.

Platelet aggregation is caused by the eventual activation of
allIbP3, the focal adhesion receptor crucial for aggregation [22].
The activation of ollbB3 is controlled by the two types of
intracellular molecular mechanisms, namely, inside-out and
outside-in signaling. Dysfunctions of these mechanisms play a
role in Glanzmann’s thrombasthenia and other platelet disor-
ders consequent to quantitative or qualitative abnormality of
alIbB3. Identification of a novel molecule involved in the
regulation of allbf3 activation may lead to a novel therapeutic
target.

In this study, we proposed that Hic-5 may be a novel alIbp3
regulatory factor based on the findings that Hic-5 demon-
strated interaction and co-localization with alIbf3 (Fig. 5) and
that thrombin-induced aIIbB3 activation was limited in Hic-5~/
~ platelets (Fig. 3). Hic-5 is a well-known adaptor protein,
which functions as a scaffold for various interacting molecules
and participates in integrin signal transduction [13,16,23,24]. In
order to identify the changes attributable to Hic-5 deficiency in
the allbP3-interacting proteins in platelets, we conducted
immunoprecipitation followed by MALDI-TOF-MS (Fig. 6).
As a result, we determined that the amount of actin co-
precipitating with activated oIIbB3 decreased in Hic-5"~
platelets. Thus, Hic-5 is likely to act as a scaffold that stabilizes
the association between alIbB3 and actin. When the scaffold is
destabilized consequent to Hic-5 deficiency, the binding
between alIbB3 and actin may weaken. Integrin ollbP3 is
known to interact indirectly with actin in the presence of
vinculin and talin mediation [25-28]. Vinculin and talin binding
to Hic-5 was examined via GST pull-down assay. These data
indicated that Hic-5 behaves as an intermediator in conjunction
with vinculin and talin in the association between allbf3 and
actin [15].

Complex formation of Hic-5 and CrKL was also noted in
studies regarding actin cytoskeleton regulation [29]. CrKL,
Wiskott-Aldrich syndrome protein (WASP) and syk play key
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roles in adhesion and migration of leukocytes. During platelet
aggregation, the majority of Hic-5, CrKL, syk and WASP
localized in cytoplasm migrates to actin cytoskeleton; more-
over, Hic-5 is thought to serve as an essential scaffold for CrKL
during the migration process [29]. Moreover, when platelets
were stimulated and stretched on fibrinogen, Hic-5 was
phosphorylated by protein-rich tyrosine kinase 2 (Pyk2);
eventually, Hic-5 localization shifted to the terminal region of
actin filaments [30]. These findings were suggestive of a
cooperative relationship between Hic-5 and actin in terms of
morphological change in platelets due to reassembly of actin
cytoskeleton.

In addition, the number of Hic-5~" platelets characterized by
longer filopodia decreased in comparison with wild-type plate-
lets (Fig. 1B). Platelet adhesion and aggregation occur as a result
of the tangling of stretched filopodia; this process leads to the
formation of clumps of deformed platelets in which each platelet
isindistinguishable from adjacent cells. Thus, Hic-5 is believed to
play an important role in platelet morphological change and
aggregation, which are mediated by actin cytoskeleton reassem-
bly. The aforementioned results suggested that Hic-5 regulates
ollIbPB3 activation by thrombin and participates in the process of
thrombus formation, including platelet aggregation.

In summary, the current study demonstrated essential roles
of Hic-5 in alIbP3 activation and platelet aggregation in mice.
Paxillin, a molecule belonging to the family that includes Hic-5,
is not expressed in human platelets; consequently, Hic-5
deficiency is expected to exert more serious effects on human
platelet function relative to mouse platelet function. Therefore,
it is possible that the Hic-5 gene could be responsible for
platelet disorders in humans with unknown molecular basis.
Furthermore, because platelets are involved in both thrombosis
and hemostasis, elucidation of pathophysiological implications
of Hic-5 in human platelets may provide novel mechanistic
insights into more common and fatal human diseases such as
stroke and acute coronary syndrome, the leading causes of
death in western countries.
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Identification of Hic—5 as a Novel Scaffold for the MKK4/p54
JNK Pathway in the Development of Abdominal Aortic
Aneurysms
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Background—Although increased amounts of reactive oxygen species in the pathogenesis of abdominal aortic aneurysm (AAA) are
well documented, the precise molecular mechanisms by which reactive oxygen species induce AAAs have not been fully elucidated.
This study focused on the role of hydrogen peroxide—inducible clone 5 (Hic-5), which is induced by hydrogen peroxide and
transforming growth factor-f, in the cellular signaling of AAA pathogenesis.

Methods and Results—Using the angiotensin Il-induced AAA model in Apoe ”~ mice, we showed that Apoe /~Hic-5"/" mice
were completely protected from AAA formation and aortic rupture, whereas Apoe ’~ mice were not. These features were similarly
observed in smooth muscle cell-specific Hic-5—deficient mice. Furthermore, angiotensin Il treatment induced Hic-5 expression in a
reactive oxygen species—dependent manner in aortic smooth muscle cells in the early stage of AAA development. Mechanistic
studies revealed that Hic-5 interacted specifically with c-Jun N-terminal kinase p54 and its upstream regulatory molecule mitogen-
activated protein kinase kinase 4 as a novel scaffold protein, resulting in the expression of membrane type 1 matrix
metalloproteinase and matrix metalloproteinase 2 activation in aortic smooth muscle cells.

Conclusion—Hic-5 serves as a novel scaffold protein that specifically activates the mitogen-activated protein kinase kinase 4 /p54
c-Jun N-terminal kinase pathway, thereby leading to the induction and activation of matrix metalloproteinases in smooth muscle
cells and subsequent AAA formation. Our study provided a novel therapeutic option aimed at inhibiting the mitogen-activated
protein kinase kinase 4—Hic-5—p54 c-Jun N-terminal kinase pathway in the vessel wall, particularly through Hic-5 inhibition, which
may be used to produce more precise and effective therapies. (/ Am Heart Assoc. 2014;3:e000747 doi: 10.1161/JAHA.113.
000747)

Key Words: aneurysm e« Hic-5 ¢ JNK-signaling scaffold protein ¢ smooth muscle

bdominal aortic aneurysm (AAA) is an age-associated
disease that affects approximately 5% of elderly individ-
uals and is responsible for a significant number of deaths in
Western countries.’ Oxidative stress, generated by excessive
reactive oxygen species (ROS), has been shown to play causal
roles in AAAs.>® Animal models deficient in ROS-generating
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enzymes, such as inducible nitric oxide synthase, NADPH
oxidase-1, and p47phox, clearly demonstrated preserved
aortic wall morphology and attenuated AAA development.*®
Increased activities of matrix metalloproteinases (MMPs) play
a key mechanical role in the formation of AAAs.”® A strong
mechanistic link exists between increased ROS production
and MMP activity. As has been reported recently, angiotensin
Il (Ang Il) induces the generation of ROS in vascular smooth
muscle cells (VSMCs), which triggers the activation of MMPs
and vascular inflammatory responses, thereby promoting the
formation of AAAs in an animal model.?’ However, little is
known about the detailed signaling pathways that regulate
these processes.

Hydrogen peroxide—inducible clone 5 (Hic-5), originally
identified as a gene induced by H,0, as well as transforming
growth factor-B1 (TGF-f31), has been shown to serve as a focal
adhesion protein that belongs to the paxillin family.'® We
recently successfully generated Hic-5—deficient mice, which
were viable and fertile and had no obvious abnormalities.'’
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The molecular basis of Hic-5 and its implications in various
pathophysiological conditions including vascular remodeling
have already been described.'"'? However, whether Hic-5 is
involved in AAA formation is unknown. In this study, we
analyzed the potential role of Hic-5 in AAA formation. We
found that AAA formation and rupture were almost completely
prevented in Hic-5—deficient mice. Mechanistic studies
showed that Hic-5 served as a novel scaffold protein to
regulate c-Jun N-terminal kinase (JNK) pathway activation,
which resulted in MMP expression and activation in VSMCs
and the subsequent formation of AAAs.

Methods

Generation of Mice

All experiments were conducted in accordance with the
protocols approved by the Institutional Committee for Animal
Research of Showa University. All of the mice were bred in
C56BL/6 background genotype. Apoe ™ Hic-5~"" mice were
generated by crossing Hic-5"7" mice with Apoe ™ mice. For
the generation of smooth muscle (SM)—specific knockout
mice for Hic-5 (SM-Hic-5KO), we used our previously
produced mouse strain in which all exons of Hic-5 were
floxed (Hic-57")."" Hic-57" mice were intercrossed with a
transgenic mouse line expressing inducible SM-specific Cre
recombinase with a modified estrogen receptor binding
domain (CreER™) under the control of the SM-specific SM
myosin heavy chain promoter (SMMHC)."® The SMMHC-Cre
gene is located on the Y chromosome in this mouse line,
and only male offspring carried the SMMHC-Cre gene. The
Hic-5"* /SMMHC-Cre”™  (Hic-5"" /sCre"™) mice strain was
used. Apoe ”~ Hic-5"F/sCre"™ mice were generated by
crossing Hic-57%/sCre”™ mice with Apoe ™"~ mice. Male
Hic-5"* /sCre" mice (5 to 6 weeks old) were injected with
tamoxifen (1 mg/day IP) on 5 consecutive days. The day of
the last tamoxifen injection was defined as day 0. The Ang Il
treatment was performed for 4 weeks from day 55 after the
tamoxifen injection. All animals were housed under a 12-hour
light/12-hour dark regimen and consumed on a normal
chow diet.

The Mouse Model of Ang ll-Induced Aortic
Aneurysm

The mouse model of Ang ll-induced aneurysm formation has
been previously described.' Ang Il was infused via the use of
ALZET model 2004 osmotic pumps (ALZA Corp) at 1000 ng/
kg per minute. After 4 weeks of infusion, aneurysm size was
evaluated by measuring maximal abdominal aortic diameters
with a digital caliper. Systolic blood pressure was measured in
conscious mice by using the tail-cuff method (MK-2000;

Muromachi Kikai Co). Serum total cholesterol concentrations
were determined by using a cholesterol determination kit
(Wako Chemicals).

Histological Analysis

After the animals were killed, their aortas were perfused with
10% phosphate-buffered formalin for 5 minutes. Whole aortas
were harvested and fixed with 10% formalin for 24 hours. The
aortas were cut and embedded in paraffin or OCT compound
for the preparation of cross sections (5 um). Paraffin sections
were stained with hematoxylin and eosin (H&E) staining and
Victoria Blue H&E staining or used for immunostaining. Frozen
sections were used for immunofluorescence.

Immunohistochemistry

Formaldehyde-fixed paraffin sections and frozen sections
were incubated with primary antibodies overnight at 4°C. The
primary antibodies used were Hic-5 monoclonal (BD Bio-
sciences), o-SM actin monoclonal (Sigma-Aldrich), and rat
anti-mouse macrophage-monocyte specific monoclonal (AbD
Serotec). As a negative control, isotype-matched antibodies
were used in place of the primary antibodies. Slides were
viewed with use of a microscope (IX70; Olympus) and digital
camera (DP72; Olympus). Immunofluorescence images were
captured and analyzed with Lumina vision software (Mitani
Visual System).

Harvest of Mouse Aortic VSMCs

The preparation of mouse aortic VSMCs was performed as
previously described.'’ In brief, aortas were isolated from
Hic-5"* and Hic-5~"~ mice, followed by separation of tunica
media from the adventitia and endothelium. The cells were
dispersed in collagenase and elastase and maintained in
Dulbecco’s modified Eagle’s medium. Passage 2 to 8 VSMCs
were used for experiments.

Western Blotting

VSMCs were harvested on ice-cold lysis buffer. In some
experiments, VSMCs were infected with adenovirus encoding
Hic-5 (Ad-hic-5/flag) or [-galactosidase (Ad-B-gal) as a
control. Aortic tissue samples were crushed with a biomasher
(Nippi) and lysed in lysis buffer. Equal amounts of protein
were separated by 10% SDS-PAGE. Immunodetection was
performed using the following primary antibodies: Hic-5;
GAPDH and MMP2 (Santa Cruz Biotechnology), membrane
type 1 (MT1)-MMP (Sigma-Aldrich); extracellular signal-regu-
lated kinase (ERK), p38, mitogen-activated protein kinase
kinase (MAPKK; also known as MKK) 4, MKK7, and their
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phosphorylated (P) forms (P-ERK, P-p38, P-MKK4, P-MKK7,
and P-JNK1/2) (Cell Signaling); and JNK1/2 (Santa Cruz
Biotechnology). The densities of the bands were measured
using Light-Capture and Densitograph software (AE-6962FC,
CS Analyzer version 2.0; ATTO).

Gelatin Zymography and In Situ Zymography

The evaluation of MMP activities in response to Ang Il was
performed as described previously.g’15 To analyze the role of
Hic-5 in Ang ll-induced MMP activation, VSMCs were treated
with Ang Il (1 umol/L) for 24 hours. Aortas from Apoe '~
and Apoe " "Hic-57/" mice infused with Ang Il for 7 days
were incubated in culture medium for 20 hours. The medium
was then collected and centrifuged to remove cell debris. The
conditioned medium was concentrated and electrophoresed
in SDS-PAGE gels containing gelatin (Sigma-Aldrich). Gels
were washed in 2.5% Triton X-100 and incubated overnight
in zymography buffer (50 mmol/L Tris, pH 7.4, 10 mmol/L
CaCl,) at 37°C. Gels were subsequently stained with
Coomassie brilliant blue. For in situ zymography, freshly cut
frozen aortic sections (10 um) were incubated with a
fluorogenic gelatin substrate (DQ gelatin; Invitrogen) dissolved
to 25 mg/mL in zymographic buffer. Proteolytic activity was
detected as green fluorescence with microscopy (IX70;
Olympus, Japan). Negative control zymograms were incubated
in the presence of 5 mmol/L EDTA.

Immunoprecipitation

Aortic media were lysed in RIPA buffer containing a mixture
of proteinase inhibitors and 1 mmol/L sodium vanadate for
immunoprecipitation studies. Dynabeads (Invitrogen) conju-
gated with an antibody against Hic-5 or control mouse I1gG
(Santa Cruz Biotechnology) were added to the lysates (5 pg
per sample) and rotated at room temperature for 60 minutes.
Samples were washed with RIPA buffer 3 times and soaked in
elution buffer for 10 minutes. Immunoprecipitated proteins
were then processed for SDS-PAGE and Western blot
analysis.

In Situ Proximity Ligation Assay

The in situ proximity ligation assay (PLA) method allows
the subcellular colocalization of protein—protein interactions
to be determined.'®'” Mouse VSMCs were cultured in cover
glasses. After culture in serum-free medium for 24 hours,
VSMCs were treated with or without Ang Il for 10 minutes.
VSMCs were then washed in PBS and fixed with 4%
paraformaldehyde for 15 minutes. PLA assays were per-
formed as recommended by the manufacturer (OLink Bio-
sciences). Red fluorescent spots were then visualized with

microscopy (IX70; Olympus). The negative control was
performed without primary antibodies.

Electron Microscopic Observations

Immunoelectron microscopy was performed as previously
described. Briefly, sections of mouse aortas were incubated
overnight with primary antibodies at 4°C. After the sections
were washed with PBS, 10-nm gold-labeled sheep anti-mouse
IgG and 15-nm gold-labeled goat anti-rabbit IgG secondary
antibodies (BBI International) were used; subsequently, sec-
tions were evaluated with Hitachi H-7600 transmission
electron microscope.

Statistical Analyses

The data are presented as mean+SEM. Statistical tests
including the Mann—-Whitney test (for comparisons of
parameters among 2 groups), Gehan-Breslow-Wilcoxon test
(for survival curves), Fisher's exact test (for aneurysm
incidence), and 2-way ANOVA using the Bonferroni posttests
(for comparisons of different parameters between 2 geno-
types) were performed using GraphPad Prism (version 5.0
for Mac) software. P<0.05 was considered statistically
significant.

Results

Hic-5 Deficiency Suppressed Ang ll-Induced AAA
Formation and AAA Rupture

Ang Il infusion for 4 weeks induced AAA formation in Apoe ™~
mice.'* Here, we used Apoe ™~ mice and Apoe ™ Hic-5"~
mice to investigate the role of Hic-5 in the pathogenesis of Ang
Il-induced AAAs. Ang Il infusion increased systolic blood
pressure in both groups to the same extent (Table). No
significant difference in cholesterol levels was observed
between these 2 groups after Ang Il infusion (Table).

No aneurysm was detected in either group after saline
infusion (Figure 1A). Ang Il infusion markedly induced AAAs in
87% (13/15) of Apoe ™ mice (Figure 1A and 1C), while only
11% (1/9) of Apoe " Hic-57~ mice developed small AAAs.
We also noted that maximal aortic diameter (Figure 1B and
1D) was significantly smaller in Apoe "~ Hic-5"/" mice than
in Apoe™”~ mice. Interestingly, over the 4 weeks of the
experiment, 40% (6/15) of the Apoe "~ mice infused with
Ang Il died in the first week, whereas none of the Apoe_/_Hic—
57/~ mice died during the entire experiment (Figure 1E).
Apoe™”~ mice showed arterial rupture and massive bleeding
in the abdominal cavities (Figure 1F and 1G). In Victoria Blue
H&E staining, which specifically demonstrates elastic fibers in
the background of H&E-stained tissues, the elastic lamina was
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Table. Systolic Blood Pressure and Total Cholesterol Levels
of Apoe "™, Apoe " "Hic-5"" and Apoe ™~ Hic-5"F /sCre"*
Mice

Systolic Blood Pressure, mm Hg | Total

Cholesterol,
Before mg/dL (Ang Il
Mice Treatment Ang Il Infusion Infusion)
Apoe~~ 109.5+5.7 | 140.2+9.7* 651.2+81.8

104.4+7.9 | 136.8+12.3%7 | 615.4+104.4
141.44+9.6* 524.1+106.7
135.9+10.6%" | 518.7+73.77

Apoe™"~ Hic-5"~
Apoe™’~ (tamoxifen) | 108-+8.5

Apoe™~ Hic-57"/ 109+10.7
sCre™ (tamoxifen)

*P<0.01 versus before Ang Il treatment.
"No significant difference between Apoe ™~ and Apoe ™ ~Hic-5~"~ or Apoe ™" ~Hic-5"*/
sCre”™ mice.

extensively disrupted and degraded in Apoe ™~ mice. In
contrast, Hic-5 deficiency completely prevented the elastic
lamina from degradation (Figure 1G). These results suggest
that protection from elastin degradation is a key mecha-
nism for the inhibition of Ang ll-induced AAA formation in
Apoe™ " Hic-5""" mice.

VSMC-Derived Hic-5 Was Required for AAA
Formation

We first investigated the expression of Hic-5 in aortic tissues
from normal and Ang ll-infused Apoe ”~ mice. Consistent
with our previous report,'*'® Hic-5 was highly expressed in
SM cells (SMCs) in addition to endothelium (Figure 2A) but
not in macrophages in the aortas of Apoe_/_ mice after the
Ang Il treatment for 7 days or 4 weeks (Figure 2B and 2C).
The expression pattern of Hic-5 was similar to that of o-SM
actin in both normal aorta and AAA lesions, which was
consistent with our previous report.'® Although macrophages
have been reported to have a crucial role in the development
of Ang ll-induced AAAs,'® Hic-5 was not detected by
immunostaining in the macrophages of AAA lesions (Fig-
ure 2B) or by Western blotting analyses in cultured macro-
phages (data not shown).

To obtain direct evidence for the key role of VSMC-derived
Hic-5 in AAA formation, we created SM-specific Hic-5
knockout mice (SM-Hic-5 KO). We used a transgenic mouse
line, which expressed in an SMC-specific manner a tamoxifen-
inducible Cre recombinase under the control of the SMMHC
promoter,'® bred to the well-established Hic-5"*? mouse
line.""  Hic-5""% /SMMHC-Cre™  (Hic-57* /sCre™) mice
(see “Methods” for details) were treated with tamoxifen as
shown in Figure 3A. As a control, we used Hic—5F/F/sCreY+
mice to which tamoxifen was not administered. The success-
ful SMC-specific deletion of Hic-5 in the aortic media was

shown by Western blotting after the tamoxifen treatment
(Figure 3B). Cre expression in this mouse line has previously
been shown to be specific for vascular and visceral SMCs.'?
We also noted that tamoxifen treatment suppressed Hic-5
expression in the colon (Figure 3B) but not in the lung. Hic-5
was expressed mainly in the endothelium and pneumocytes
rather than SMCs in the mouse lung (data not shown).

By crossing male Hic-5"" /sCre" mice with female Apoe ™~
mice, Apoe ~ Hic-5"/* /sCre"" mice were generated. The Ang I
treatment was performed from day 55 after the tamoxifen
injection (Figure 3A)using tamoxifen-injected Apoe ™~ mice as
a control. The successful SMC-specific deletion of Hic-5 in
tamoxifen-injected Apoe ™ ~Hic-5/% /sCre" mice was con-
firmed with use of Western blotting assay of the aortic media
after the Ang Il treatment, which showed a 98% reduction in Hic-
5 protein levels after the tamoxifen treatment (Figure 3D). In
contrast, Hic-5 expression in the aortic media from Apoe ™~
mice was not affected by tamoxifen. Systolic blood pressure and
total cholesterol levels were not significantly different between
the 2 groups (Table). Although total cholesterol levels were
decreased after the tamoxifen treatment in Apoe ™~ mice, as
previously reported,?® treatment of Apoe "~ mice and tamox-
ifen-injected Apoe ™~ mice with Ang Il for 4 weeks induced AAA
formation (13/15and 5/7, respectively) and AAA rupture (6 /15
and 3/7, respectively) to the same extent. However, in contrast
to tamoxifen-injected Apoe ", a marked reduction in AAA
rupture (0/8), AAA formation (1/8), and maximal aortic
diameter was observed in tamoxifen-injected Apoe '~ Hic-5""
F/sCre™ mice (Figure 3C, 3E through 3G). These results
suggest that the loss of Hic-5 expression in aortic VSMCs, but
not other aortic wall cells, is crucial for Ang Il-induced AAA
formation.

We next examined the effects of Ang Il on Hic-5 expression
in the aorta from Apoe "~ mice and cultured aortic VSMCs.
Hic-5 levels in aortic tissues were significantly enhanced in
Apoe "~ mice in the early stage of Ang Il infusion (Figure 4A).
Hic-5 expression was also increased by Ang Il in a concen-
tration-dependent manner in cultured mouse aortic VSMCs
(Figure 4B). As was previously reported, Ang Il increased the
amount of NADPH oxidase—derived ROS in aortic VSMCs.?"*?
Pretreatment with ROS scavenger N-acetyl-.-cysteine mark-
edly reduced Ang ll-induced Hic-5 expression (Figure 4B).

Hic-5 Deficiency Prevented Ang ll-Induced MMP
Expression and Activation in VSMCs

Among the MMPs, VSMC-derived MMP-2, which is cleaved by
MT1-MMP into active MMP2, and macrophage-derived MMP9
were shown to work in concert to degrade extracellular
matrix, thereby promoting AAA formation and rupture.”?® Ang
[l has been shown to stimulate the secretion and activation of
MMP2 in VSMCs during AAA formation.”?*?° Ang Il infusion
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Figure 1. Hic-5 deficiency blocked Ang Il—induced AAA formation and AAA rupture in vivo. Apoe ™~ and
Apoe ™/~ Hic-5~"" mice were treated with Ang Il or saline for 4 weeks. A, Representative aortas from mice treated
with saline or Ang Il. The arrows point to typical AAAs in Apoe ™~ mice. Scale bars, 1 mm. B, Hematoxylin and
eosin (H&E [HE]) stains of aortic cross sections from Apoe™”~ and Apoe "~ Hic-5"7~ mice after saline or Ang |
infusion for 4 weeks. Scale bars, 500 um. C, The incidence of Ang ll-induced AAAs in Apoe™”~ (n=15) and
Apoe™” " Hic-5""" mice (n=9). No AAA formation was observed in the control groups (saline treatment) in both
Apoe™ ™ (n=3) and Apoe™” " Hic-5""" mice (n=3). *P<0.05, significantly different from Ang Il—infused Apoe ™~
mice. D, Maximal diameters of the abdominal aortas of Apoe "~ and Apoe ™~ Hic-5~"" mice after the Ang I
treatment for 4 weeks (n=9). Closed circles represent the means, and error bars denote SEM. *P<0.01,
significantly different from Ang Il-infused Apoe ™~ mice. E, Survival curves of Apoe™~ and Apoe™ ~Hic-5"""
mice during the Ang Il treatment. *P<0.05 significantly different from Apoe '~ mice. F, Typical AAA rupture in Ang
ll-infused Apoe "~ mice. The arrows point to a hematoma in the abdominal cavity. G, Victoria Blue H&E (VBHE)
stains of aortic cross sections from Apoe ™~ and Apoe ™~ Hic-5""" mice after Ang Il infusion. The arrows indicate
ruptured elastic lamina in Apoe ™~ mice. Scale bars, 100 um. AAA indicates abdominal aortic aneurysm; Ang Il,
angiotensin ll; Hic-5, hydrogen peroxide—inducible clone 5.
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Figure 2. The expression of Hic-5 in the mouse aorta. A, Representative fluorescent immunostaining for Hic-5 (red), o—
smooth muscle actin (0-SMA) (green), and DAPI for nucleus in aortic serial sections from Apoe ™ ~. B, Representative VBHE
staining elastin and fluorescent immunostaining for Hic-5 (green), a-SMA (green), and monocyte/macrophage (MOMA) (red)
in aortic serial sections from Apoe "~ and Apoe ”~Hic-5/" mice after saline or Ang Il infusion for 7 days. Scale bars,
200 um. C, Representative immunostaining for Hic-5 and 0-SMA in aortic cross sections from Apoe™~ and Apoe™”~Hic-5~""~
mice after saline or Ang Il infusion for 4 weeks. AAA indicates abdominal aortic aneurysm; Ang ll, angiotensin Il; Hic-5, hydrogen

peroxide—inducible clone 5; VBHE, Victoria Blue hematoxylin & eosin.
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Figure 3. Smooth muscle—specific deletion of Hic-5 inhibited Ang Il-infused AAA formation in vivo. A, Time scheme for
the generation of smooth muscle—specific knockout mice for Hic-5 (SM-Hic-5K0). B, Immunoblots to assess
the expression of Hic-5 in the colon, lung, and aortic media from Hic-5~"~ and HI'C—5F/F/SCI’8Y+ with or without the
tamoxifen treatment. C, Representative aortas from Apoe ' Hic-5"" and Apoe "~ Hic-5" /sCre"™ mice treated with
Ang |l after the tamoxifen injection. Scale bars, 1 mm. D, Immunoblots to analyze the expression of Hic-5 in the aortic
media. Quantitative analyses of Hic-5 are shown in the right panel. *P<0.01 significantly different from Apoe ™~ Hic-5"*
mice. E, The incidence of Ang ll-induced AAAs in Apoe™ ~Hic-5""" (n=7) and Apoe™ ~Hic-5"* /sCre"" (n=8) after the
tamoxifen injection. *P<0.05 significantly different from Apoe ™~ Hic-5"" mice. Saline infusion did not induce AAA
formation in either group. F, Maximal diameters of abdominal aortas in both groups. Open circles represent Apoe ”~ Hic-
5'* mice; triangles represent Apoe ™~ Hic-5"F /sCre"* mice. Closed circles represent the means, and error bars denote
SEM. *P<0.01 significantly different from Ang ll-infused Apoe '~ mice. G, Survival curve of both groups during the Ang I
treatment after the tamoxifen injection. *P<0.05 significantly different from Apoe "~ Hic-5"" mice. AAA indicates
abdominal aortic aneurysm; Ang Il, angiotensin II; Hic-5, hydrogen peroxide—inducible clone 5.
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Figure 4. Ang Il upregulated the expression of Hic-5 in the
mouse aorta and cultured VSMCs. A, Immunoblot analysis of Hic-
5 expression in the aortic media from Ang ll-infused Apoe™”~
mice at the indicated times. The lower panel shows quantitative
analyses of Hic-5 expression after normalization with glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH). B, Immunoblots to
analyze the expression of Hic-5 in cultured Hic-5"* VSMCs in
response to Ang Il with or without an ROS scavenger, 10 mmol/L
N-acetyl -cysteine (NAC). The lower panel shows the results of
the densitometric analysis of immunoblots after normalization
with GAPDH. Data are expressed as means£=SEM of 3 indepen-
dent experiments. *P<0.01 significantly different from untreated
controls; **P<0.01 significantly different from the Ang |l
108 mol/L treatment without ROS scavengers. AAA indicates
abdominal aortic aneurysm; Ang Il, angiotensin II; Hic-5, hydrogen
peroxide—inducible clone 5; ROS, reactive oxygen species;
VSMCs, vascular smooth muscle cells.

for 7 days in Apoe ”~ mice markedly increased the expres-
sion of proMMP2 and activated MMP2 in the aortic media
(Figure 5A). The induction of these 2 MMP2 proteins by Ang I
infusion was significantly weaker in Apoe ™~ Hic-5""" mice
than in Apoe ™~ mice (Figure 5A and 5B). We next focused on

MT1-MMP, a major activator of proMMP2. Basal expression of
MT1-MMP was negligible in the aortic media from both
Apoe™”~ and Apoe ™’ Hic-5"7" mice. The Ang Il treatment
increased MT1-MMP protein expression in both groups;
however, the induction of MT1-MMP was significantly atten-
uated in Apoe ™ ~Hic-5"/" mice (Figure 5A and 5C). Gelatin
zymography of the aortas from Apoe ”~ showed an increase
in proMMP2 and activated MMP2. In contrast, Ang Il-treated
aortas from Apoe /" Hic-57~ mice showed markedly
reduced MMP2 expression and activation (Figure 5D). We
obtained a similar result by in situ zymography, which showed
that Ang Il infusion markedly increased MMP activity in the
medial layers of Apoe ™~ mice but not in Apoe " Hic-5~"~
mice (Figure 5E). MMP activity was negligible in both Apoe ™~
and Apoe " Hic-5~" mice after saline infusion (Figure 5E).
We also observed that the Ang Il treatment induced the
expression of MT1-MMP and MMP2 in cultured VSMCs
isolated from Hic-5""" mice, whereas VSMCs from Hic-5~"~
mice did not exhibit such an upregulation (Figure 5F and 5G).
As shown with gelatin zymography, the secretion and activation
of MMP2 in the culture media were lower in Hic-5~"~ VSMCs
than in Hic-5"/" VSMCs (Figure 5F, lower panel). In contrast to
VSMCs, macrophages did not express Hic-5. As expected, no
significant difference in MMP9 production was observed for
macrophages from Hic-5""* and Hic-5”~ mice (data not
shown).

Hic-5 Regulated Phosphorylation of the JNK
Pathway in VSMCs

We next analyzed the mechanism for decreases in MMP
secretion and activation by Hic-5 deficiency. Although the
enhanced production of ROS and associated vascular inflam-
mation are known to accelerate Ang Il-induced MMP
induction and subsequent AAA development and progres-
sion,?>%¢ we found that Hic-5 deficiency in Apoe ™~ mice did
not affect Ang Il-induced ROS production or the secretion of
proinflammatory cytokines and chemokines in cultured
VSMCs and isolated aortas (data not shown).

The JNK pathway was previously shown to upregulate the
expression of MMPs including MMP2 and MT1-MMP."7"?” We
next investigated whether Hic-5 was required for JNK
activation by phosphorylation. VSMCs from Hic-5"* and
Hic-5~"~ mice were treated with Ang Il at the indicated
times, and the phosphorylation of JNK was analyzed
(Figure 6A). We used anisomycin, a potent stimulator of
INK, as a positive control.?® Figure 5A showed no significant
differences between Hic-5"" and Hic-5~/~ VSMCs in the
phosphorylation of ERK1/2 and p38 after the Ang Il
treatment. However, Ang ll-induced phosphorylation of JNK
was markedly lower in Hic-5~7~ VSMCs than in Hic-5"*
VSMCs, particularly in phosphorylation of p54 JNK, in which
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angiotensin Il; Hic-5, hydrogen peroxide—inducible clone 5; MMPs indicates matrix metalloproteinases; VBHE, Victoria Blue
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phosphorylation was almost completely suppressed even
under anisomycin stimulation (Figure 6A and 6B). In vivo, the
Ang Il treatment of Apoe ™~ mice for 7 days significantly
induced the phosphorylation of JNK, as shown by Western
blotting assay of the aortic media. In contrast, a marked
reduction in the phosphorylation of JNK after Ang Il infusion
was observed in Apoe /™ Hic-5"7" mice (Figure 6C). We next
restored Hic-5 expression in Hic-5~7~ VSMCs through adeno-
virus-mediated gene transfer (Ad-hic-5/flag), using the pB-
galactosidase gene (Ad-B-gal) as a control. Compared with
control gene, exogenous Hic-5 (flag-tagged) expression in Hic-
57/~ VSMCs efficiently restored basal and Ang ll-induced
phosphorylation of JNK; especially p54 JNK (Figure 6D). We next
examined whether Hic-5 served as a component of the JNK
pathway. JNK protein kinases are activated by phosphorylation
by MKK4 and MKK7, which are well known as adjacent upstream
kinases of JNK.??° We found that Hic-5 deficiency hardly
affected the phosphorylation of MKK7 (data not shown).
However, the phosphorylation of MKK4 was significantly higher
in Hic-5-"~ VSMCs than in Hic-5"* VSMCs, even at basal levels
(Figure 6E).

Hic-5 Is Associated Directly With MKK4 and JNK

The specificity of signal transduction depends on specific
protein—protein interactions. Scaffold proteins, including the
JNK interacting protein group bind to MKK4 and/or MKK7, in
addition to JNK, and coordinate signal transduction in the JNK
pathway.>*®! As described previously, Hic-5 serves as a
scaffold of integrin signaling through interactions with multi-
ple signaling molecules.'? Because Hic-5 deficiency led to the
decreased phosphorylation of p54 JNK and increased phos-
phorylation of MKK4, we reasoned that Hic-5 may serve as a
scaffold protein between MKK4 and p54 JNK. To test this
possibility, we performed immunoprecipitation experiments
using an Hic-5—specific antibody and aortic tissue lysate from
Hic-5"* mice. The results showed that the Hic-5 antibody
pulled down JNK, especially p54 JNK and MKK4, but not
MKK?7, p38, or ERK together with Hic-5 (Figure 7A). Using the
specific antibody of JNK1 and JNK2, we found that JNK2 is
primarily composed of the p54 JNK isoform in cultured mouse
VSMCs (data not shown).

To further validate the association of Hic-5 with p54 JNK or
MKK4 in Hic-5"* VSMCs, we performed in situ proximity
ligation assays, which identify the subcellular localization of
interacting endogenous proteins within approximately 40 nm
at single molecule resolution.®? A fluorescent signal by this
method (red dots) indicated the association of Hic-5 with p54
JNK or MMK4. Clear red spots were detected with the Hic-5
antibody in combination with the JNK2 antibody or MKK4
antibody in Hic-5"" VSMCs, whereas only background
staining was obtained with the Hic-5 antibody in combination

with control IgG (Figure 7B). These results indicate that Hic-5
colocalized with p54 JNK and MKK4 within 40 nm in VSMCs.
The colocalization of these molecules was further demon-
strated by using an immunoelectron microscopic method in
aortas from Hic-5""" mice (Figure 7C). We next analyzed the
interaction of Hic-5 with P-JNK or P-MKK4 in cultured Hic-5"*
VSMCs using PLA assays. More red fluorescent dots were
detected with the Hic-5 antibody in combination with the P-
JNK antibody or P-MKK4 antibody in VSMCs after Ang Il
treatment than in those detected with the control (untreated
with Ang Il) (Figure 7D), suggesting that Hic-5 also contrib-
utes to the association of P-JNK and P-MKK4 in VSMCs.
Together, these results suggest that Hic-5 serves as a scaffold
selective for p54 JNK and MKK4 in VSMCs and contributes to
the activation of p54 JNK by binding to both MKK4 and p54
JNK (Figure 7E).

Discussion

We showed that Ang Il-induced ROS promoted the expression
of Hic-5 in VSMCs, which subsequently accelerated the
phosphorylation of JNK, especially p54 JNK. Mechanistically,
Hic-5 can bind to both p54 JNK and its upstream regulatory
molecule, MKK4. Suppression of the p54 JNK pathway by Hic-
5 loss resulted in the limited secretion of proMMP2 and
MMP2 and expression of MT1-MMP, which led to protection
from elastin degradation and subsequent AAA formation and
rupture (Figure 8). This study not only identified Hic-5 as a
downstream molecule of ROS, which promotes AAA forma-
tion, but also suggested that Hic-5 can serve as a specific
scaffold between MKK4 and p54 JNK in VSMCs.

Although numerous studies have clearly demonstrated
that ROS play an important role in the development of
aneurysms, no strong therapeutic strategy currently exists for
the clinical benefits of antioxidant administration. One
potential reason for this could be the crucial role of ROS in
mediating the transduction of intracellular signals that are
also important for regulating both VSMC and vascular
functions.®*** Our findings not only demonstrated that Hic-
5, as a downstream molecule of ROS in the transduction of
intracellular signals, regulates AAA development but also that
its absence did not affect ROS production or normal function
in mice. In addition, Hic-5 specifically binds to p54 JNK and
its upstream molecule, MKK4, and plays an essential role in
the phosphorylation of p54 JNK in VSMCs. Although the
inhibition of JNKs has been considered as a potential
therapeutic target for aneurysms,'” JNKs have been shown
to play critical roles in adult tissue homeostasis. In fact, the
knockout of both Jnk7 and /nk2 genes in mice was shown to
be an embryonic lethal mutation.®® Thus, targeting JNKs
themselves may be limited to be used as a mainstream
treatment approach. Therefore, the exact JNK isoform (JNK1
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Figure 6. Hic-5 deficiency inhibited the phosphorylation of c-Jun N-terminal kinase (JINK) in VSMCs. A, Representative
immunoblots of VSMCs are shown for MAP kinases (ERK, p38, and JNK) and for their phosphorylated forms (P-ERK, P-p38, and
P-p54/p46 INK, respectively) in the indicated genotypes after the Ang Il (1077 mol/L) or anisomycin (AN; 20 pg/mL)
treatment. B, Quantitative analyses of P-p54/p46 JNK are shown after normalization with GAPDH. C, Phosphorylation of p54/
p46 JNK was detected using mouse aortas from Ang ll-infused Apoe "~ and Apoe ™~ Hic-5~/~ mice for 7 days. Quantitative
analyses of P-p54/p46 JNK are shown in the lower panel. D, Adenovirus-mediated expression of flag-tagged Hic-5 (Ad-Hic-5/
flag) in Hic-5”~ VSMCs induced the phosphorylation of p54/p46 JNK. Hic-57/~ VSMCs were infected with Ad-Hic-5/flag or
the adenovirus-mediated B-galactosidase gene (Ad-B-gal) as a control. After 12 hours of infection, the expression of P-JNK and
Hic-5 with or without the Ang Il treatment was analyzed by immunoblots. E, Enhanced phosphorylation of MKK4 in Hic-5~"~
VSMCs. The levels of MKK4 phosphorylation induced by Ang Il were detected at each of the indicated times. AN was used as a
positive control. All results are means+SEM of 3 independent experiments. *P<0.01, *p<0.05 significantly different from Hic-
5%* VSMCs (B and E) or Apoe " Hic-5"" mice (C) or infected with Ad-B-gal gene (D). AAA indicates abdominal aortic
aneurysm; Ang Il, angiotensin Il; Hic-5, hydrogen peroxide—inducible clone 5; JNK, Jun N-terminal kinase; MKK, mitogen-
activated protein kinase; VSMCs, vascular smooth muscle cells.

HDYVHASHY TVNIDIYO

DOI: 10.1161/JAHA.113.000747 Journal of the American Heart Association 1



Hic-5 Deficiency Blocks Aortic Aneurysm Lei et al

Duolink in situ PLA & DAPI staining

Hic-5 + control IgG  Hic-5 + JNK p54 Hic-5 + MKK4

Angli (-) Angll (+)

Angli(-) Angli(+)

|

Hic-5 + P-JNK
Hic-5 *+

<,
&

Hic-5"

ED
o5

M® phosphorylation

Hic-5 +P-MKK4

Figure 7. Hic-5 interacted with p54 JNK and MKK4 in VSMCs. Coimmunoprecipitation of p54 JNK and MKK4 with the Hic-5 antibody in
the mouse aorta. Immunoblots for p54/p46 INK, MKK4, ERK1/2, p38, MKK7, and Hic-5 in the total lysates of the mouse aorta or that
after immunoprecipitation with the Hic-5—specific antibody or nonimmune mouse IgG as a negative control. IP, immunoprecipitation.
B, Interaction of endogenous Hic-5 and p54 JNK or MKK4 in cultured Hic-5"* VSMCs. PLA was carried out to detect the proximal location
of Hic-5 and p54 JNK or that of Hic-5 and MKK4 (shown as red dots) as described in “Methods.” All samples were stained with DAPI (blue)
to visualize nuclei. C, Immunogold electron microscopy of Hic-5"" mouse aortas was performed. Co-localization of Hic-5 with p54 JNK or
that with MKK4 in mouse aortic SMCs was detected using secondary antibodies conjugated with larger (15-nm) gold colloids for Hic-5
(arrowheads) and smaller (10-nm) gold colloids for p54 JNK or MKK4 (arrows), respectively. D, Interaction of Hic-5 with P-JNK or that with
P-MKK4 in cultured Hic-5"* VSMCs with or without the Ang Il treatment as demonstrated by the PLA method. E, Schematic diagram
summarizing the interaction of Hic-5 and p54 JNK or MKK4 in VSMCs. Red circles represent phosphorylation. Arrows indicate signal
transduction for p54 JNK phosphorylation after the Ang Il treatment. The red X-mark represents inhibited signal transduction by Hic-5
deficiency. AAA indicates abdominal aortic aneurysm; Ang ll, angiotensin IlI; Hic-5, hydrogen peroxide—inducible clone 5; JNK, Jun N-
terminal kinase; MKK, mitogen-activated protein kinase; PLA, proximity ligation assay.
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Figure 8. Ang Il-induced AAA formation via Hic-5 in mice. Ang Il binds to its receptors
and induces the production of ROS in VSMCs. Ang ll-induced ROS promote the
expression of Hic-5 in VSMCs and Hic-5 serves as a specific scaffold between JNK p54
and its upstream molecule, MKK4, which contributes to the transmission of the activated
signal from MKK4 to JNKp54. The loss of Hic-5 suppresses the JNK p54 pathway and
results in the limited expression of proMMP2 and MT1-MMP and activation of MMP2. AAA
indicates abdominal aortic aneurysm; Ang ll, angiotensin Il; Hic-5, hydrogen peroxide—
inducible clone 5; JNK, Jun N-terminal kinase; MMP, matrix metalloproteinase; MKK,
mitogen-activated protein kinase; ROS, reactive oxygen species.

or JNK2) is required to be identified in aneurysm formation.
We found that JNK2 is primarily composed of the p54 JNK
isoform in cultured mouse VSMCs. In addition, /nk2 defi-
ciency in mouse VSMCs markedly inhibited the secretion of
MMP2." All these suggest that Hic-5—targeted therapy may
be more specific for the treatment of aneurysms with
minimum side effects.

Paxillin, a member of paxillin family proteins together with
Hic-5, has extensive homology with Hic-5 and is known to
provide an efficient scaffold for the ERK module.®® In the
present study, we demonstrated that Hic-5 served as a
scaffold for the p54 JNK module. These results raise the
possibility that each paxillin family protein may behave as a
respective scaffold for one of the MAPK modules.

We also found that Hic-5 expressed in VSMCs, rather than
other types of cells, was essential for the development of AAAs.
A couple of molecules expressed in VSMCs have been proposed
to initiate AAA development by promoting the secretion of
MMP2 and inflammatory cell recruitment in aneurysm forma-
tion in mice and humans.®?%3” These studies strongly support
our findings that VSMC-derived Hic-5 played a key role in the
initiation of AAAs by promoting the secretion and activation of
MMP2. Moreover, our results showed that Hic-5 was induced in
the aorta in the early stage of Ang ll-induced AAA formation.
Although the Ang ll-induced vascular inflammatory response
contributes to AAA progression, Hic-5 deficiency did not affect

the secretion of proinflammatory cytokines in VSMCs, and Hic-
5 was also not expressed in mouse macrophages. In light of
these findings, Hic-5 may not play a major role in inflammatory
responses in AAA development.

It has been previously reported that there are differences
between human AAAs and Ang ll-induced mouse AAAs
including their location in the infrarenal versus suprarenal
region, respectively; and aortic dissection is an early event in
Ang ll-induced mouse AAAs but not in human AAAs."
Previous studies have shown that an Ang Il receptor blocker
prevented aortic aneurysm dilatation in mouse and human
Marfan syndrome (MFS).*®**? One of the major clinical
manifestations of MFS is aortic aneurysm. Fibrillin-1 has
been identified as the gene responsible for MFS.*® Recently,
elevated circulating TGF-B1 concentrations and the critical
role of TGF-B—activated MAPK signaling were reported in
human and mouse MFS, respectively.*"*? Hic-5 was originally
identified as a TGF-B1-inducible gene; moreover, the Gene
Coexpression Database, which is a database of comparative
gene coexpression networks in mammals (http://www.cox-
presdb.jp/),*® revealed that fibrillin-1 and Hic-5 were spatio-
temporally coexpressed in mice and humans. Therefore, it is
reasonable to speculate that Hic-5 may play a key role in the
development of MFS together with fibrillin-1. Future studies
should focus on the role of Hic-5 in MFS using an appropriate
animal model.
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The current study demonstrated that Hic-5 deficiency
resulted in the effective suppression of AAAs in an animal
model. Hic-5—targeted therapy may provide a novel therapeu-
tic option for the treatment of AAAs in the future.
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Hic-5 deficiency attenuates the activation of hepatic stellate cells
and liver fibrosis through upregulation of Smad7 in mice
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Background & Aim: Hydrogen peroxide-inducible clone-5 (Hic-
5), also named as transforming growth factor beta-1-induced
transcript 1 protein (Tgfb1il), was found to be induced by
TGF-B. Previous studies have shown that TGF-f is a principal
mediator of hepatic stellate cell (HSC) activation in liver
fibrosis. However, this process remains elusive. In this study,
we aimed to define the role of Hic-5 in HSC activation and liver
fibrosis.

Methods: We examined the expression levels of Hic-5 during
HSCs activation and in fibrotic liver tissues by quantitative
real-time reverse transcriptase polymerase chain reaction, Wes-
tern blot and immunohistochemistry. Hic-5 knockout (KO) and
wild-type (WT) mice were subjected to bile duct ligation
(BDL) or carbon tetrachloride (CCly) injection to induce liver
fibrosis.

Results: Hic-5 expression was strongly upregulated in activated
HSCs of the human fibrotic liver tissue and BDL or CCls-induced
mouse liver fibrosis. Hic-5 deficiency significantly attenuated
mouse liver fibrosis and HSC activation. Furthermore, Hic-5
knockdown by siRNA in vivo repressed CClg-induced liver
fibrosis in mice. Mechanistically, the absence of Hic-5 signifi-
cantly inhibited the TGF-B/Smad2 signaling pathway, proved
by increasing Smad7 expression, resulting in reduced collagen
production and o-smooth muscle actin expression in the acti-
vated HSCs.

Conclusion: Hic-5 deficiency attenuates the activation of HSCs
and liver fibrosis though reducing the TGF-B/Smad2 signaling
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by upregulation of Smad7. Thus, Hic-5 can be regarded as a
potential therapeutic target for liver fibrosis.

© 2015 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Liver fibrosis represents a wound healing process in response to
chronic liver damage from a variety of causes and is characterized
by the deposition of extracellular matrix (ECM) proteins, which
can impair the normal liver function [1]. Following liver injury,
quiescent hepatic stellate cells (HSCs) are activated and believed
to be the major source of myofibroblasts, which are the main
ECM-producing cells during liver fibrosis [2,3]. Increasing evi-
dence has shown that transforming growth factor-p (TGF-B)/
Smad signaling pathway plays a critical role in the activation of
HSCs [4-6], Smad7, a TGF-B inducible antagonist for TGF-B
signaling [7], has been shown to inhibit the activation of HSCs
and prevent liver fibrosis [8,9], as well as other fibrotic diseases
such as renal and pulmonary fibrosis [10,11]. From these findings,
we are aware of the importance of the cellular expression of
Smad7 in the regulation of TGF-B/Smad signaling during progres-
sion of organ fibrosis. However, the intracellular Smad7 regula-
tory mechanism in this pathogenic process remains elusive.
Hydrogen peroxide-inducible clone 5 (Hic-5), also known as
transforming growth factor beta-1-induced transcript 1 (Tgf-
b1i1), is originally identified as a gene induced by H,0, as well
as TGF-B1 and is a focal adhesion scaffold LIM-containing protein
with homology to paxillin [12]. Hic-5 is highly expressed in the
vascular smooth muscle cells of different organs [13]. This mole-
cule can shuttle between focal adhesions and the nucleus in
response to oxidants [14]. Furthermore, Hic-5 participates in
the transcriptional regulation of several genes [15-17]. It was
reported that Hic-5 upregulates TGF-B signaling through its
ability to directly interact with and neutralize Smad7 in a
myofibroblast cell line [18]. In a recent study, we successfully
generated mice lacking Hic-5, which developed with no obvious
abnormalities [19]. However, in the various types of vascular dis-
order models, we found that Hic-5 contributes to vascular repair
and remodeling [19,20]. Interestingly, Hic-5 also plays an impor-
tant role in some fibrotic disorders, including scar formation and
glomerulosclerosis [21-23]. Currently, no studies have examined

Journal of Hepatology 2016 vol. 64 | 110-117


mailto:shuri@pharm.showa-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhep.2015.08.026&domain=pdf

the role of Hic-5 in the liver. Here we hypothesized that Hic-5
may be involved in liver fibrosis. Thus, we first examined Hic-5
expression in normal and fibrotic human and mouse livers.
Second, we determined whether Hic-5 is involved in liver fibrosis
using the Hic-5 knockout mice. Third, we investigated the mech-
anisms by which Hic-5 contributes to liver fibrosis.

Materials and methods

Please refer to the Supplementary materials and methods for more detailed
descriptions.

Human liver samples

Human liver samples were obtained from patients undergoing surgical hepatec-
tomy. The study protocol was approved by the local ethics committee (The first
affiliated Hospital of Sichuan Medical University, Luzhou city, China), and all
samples collected were from subjects who provided informed consent for their
tissues to be used for research purposes. Patient characteristics were summarized
in Supplementary Table 1.

Animal studies

Wild-type (WT) and systemic Hic-5 knockout (Hic-5 KO) mice (C57BL/6 back-
ground) [19] were maintained under specific pathogen-free conditions in the
animal care facility of Showa University School of Medicine. Experiments were
performed with age- and sex-matched mice at 8-12 weeks of age. Liver fibrosis
was induced by bile duct ligation (BDL) for 2 weeks or injection with carbon tetra-
chloride (CCly) for 12 times (twice a week for six weeks). All experiments were
approved by the regional Animal Study Committees and performed according
to the institutional guidelines stipulated by Showa University School of Medicine.

Cell isolation and culture

Major cell types in the liver include hepatocytes, Kupffer cells, liver sinusoid
endothelial cells (LSECs), and HSCs.

Mouse HSCs were isolated by in situ perfusion of livers with pronase/collage-
nase perfusion digestion followed by subsequent density gradient centrifugation
as reported [24]. HSCs were maintained in Dulbecco’s modified Eagle medium
(WAKO Chemicals, Japan) supplemented with 10% fetal bovine serum, 1% peni-
cillin/streptomycin, and 10 mM HEPES; cells were counted and cell suspensions
were incubated in collagen I-coated dishes (IWAKI, Japan) and maintained at
37°C in a humidified atmosphere of containing 5% CO, and 95% air. After
culturing for 2 h, the purity of isolated HSCs was checked by identifying the blue
fluorescence of vitamin A when excited by ultraviolet light (Supplementary
Fig. 1). The culture medium was replaced every 48 h unless otherwise described.

Human primary HSCs were purchased from ScienCell Research Laboratories
(SanDiego, CA, USA; Catalog #5300) and cultured in stellate cell medium (Catalog
#5301) according to the manufacturer’s instructions.

Refer to the Supplementary materials and methods section for isolation of
other cell types.

Statistical analysis

Animals were randomly allocated to control and treatment groups. At least three
samples were tested in each assay. All data were expressed as means * the stan-
dard error of the mean. Statistical analyses were performed using Mann-Whitney
test (GraphPad Prism, version 5.0 for MAC) for comparisons of parameters
between the two groups and differences were considered statistically significant
at p value <0.05.

Results
Hic-5 expression is enhanced in activated HSCs and fibrotic liver

We first assessed Hic-5 expression in normal and fibrotic human
livers. Real-time reverse transcriptase polymerase chain reaction

JOURNAL OF HEPATOLOGY

(RT-PCR) and Western blot analyses confirmed that the mRNA or
protein expression of Hic-5, a-smooth muscle actin (ACTA2) and
collagen I (COL1A1) was markedly increased in human fibrotic
livers vs. normal livers (Fig. 1A, B; Supplementary Fig. 2A). Using
immunostaining, Hic-5 expression was only found in vascular
smooth muscle cells of Glisson’s sheath in normal livers, whereas
the enhanced expression of Hic-5 was found in human fibrotic
livers (Fig. 1C; Supplementary Fig. 2B). Furthermore, we analyzed
colocalization of Hic-5 with each of a-SMA, LYVET1, and Ibal, the
cell type marker for activated HSCs, LSECs, and Kupffer cells,
respectively. Hic-5 expression overlapped with a-SMA-positive
HSCs as seen by the yellow fluorescence in human fibrotic liver
(Fig. 1C, enlarged), but neither LSECs, including endothelial cells
of liver central vein, nor Kupffer cells expressed Hic-5 (Supple-
mentary Fig. 3A-C). In addition, immunofluorescence staining
of commercially available primary human HSCs showed signifi-
cant Hic-5 expression (Supplementary Fig. 4A). We then analyzed
Hic-5 levels in mouse fibrotic livers that were generated by two
different methods, BDL and intraperitoneal CCl, injection. Similar
to the human results, both mouse models of liver fibrosis showed
a significant increase in Hic-5 protein expression: a 5.5-fold
increase with BDL and a 4.7-fold increase with CCl, injection
compared with controls (Fig. 1D). Immunofluorescent micro-
scopy revealed the colocalization of Hic-5 and o-SMA in both
the BDL and the CCly fibrosis models evidenced by yellow fluores-
cence (Fig. 1E). We next examined Hic-5 expression in isolated
mouse primary liver cells such as HSCs, LSECs, Kupffer cells,
and hepatocytes. After culturing for 2 h, Hic-5 expression was
detected only in HSCs, but not in other cell types (Fig. 1F). We
comparatively analyzed the expression of Hic-5 and o-SMA in
cultured primary mouse HSCs undergoing differentiation from
quiescent to activated HSCs at different times (from 2h to
15 days) by Western blot analysis. Both of these proteins gradu-
ally increased during differentiation. Meanwhile, we detected
Hic-5 at an earlier stage of differentiation compared with
o-SMA (Fig. 2H). Similarly, immunofluorescence analysis con-
firmed that Hic-5 and a-SMA were increased during differentia-
tion. Hic-5 was detected at focal adhesions of cells from 2 h of
culture, while «-SMA was observed at day 3 of culture (Fig. 2G,
Supplementary Fig. 4B). Of note, vitamin A lipid droplets were
depleted during HSC differentiation as previously reported.

Hic-5 deficiency reduces BDL- and CCly-induced liver fibrosis

To investigate the contributing roles of Hic-5 in liver fibrogenesis,
we induced liver fibrosis using two different ways, BDL or CCly
injection, in WT and Hic-5 KO mice. Sirius Red and Masson’s
trichrome stainings were used for morphometric analysis of liver
fibrosis. After treatment of mice with BDL or CCly, we found sig-
nificant reduction in both kinds of staining in Hic-5 KO mice com-
pared with WT mice (Fig. 2A, B and Fig. 2C, D left panels).
Histological examination of hematoxylin and eosin-stained liver
sections indicated that necrotic area was significantly decreased
in Hic-5 KO mice compared with WT mice after BDL (Supplemen-
tary Fig. 5). Moreover, the liver from Hic-5 KO mice displayed a
marked decrease in hydroxyproline, a specific amino acid compo-
nent of collagen (Fig. 2C, D right panels). In addition, RT-PCR anal-
ysis confirmed significantly lower expression of fibrosis-related
genes, including collagen 1 (Collal, Colla2) and collagen III
(Col3a1) in Hic-5 KO mouse livers compared with WT mouse
livers after BDL (Fig. 2E) or treatment with CCl, (Fig. 2F). We also
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Fig. 1. Expression of Hic-5 is upregulated in activated HSCs and in human and mouse liver fibrosis. (A) mRNA and (B) protein expression of Hic-5, o-SMA (ACTA2) and
collagen I (COL1A1) in three normal and eight fibrotic human livers. ‘p <0.01 (C) Sirius Red staining and double immunofluorescence staining for Hic-5 (red) and o-SMA
(green) in normal and fibrotic human livers. Scale bars = 50 um. (D) Representative Western blot analysis of Hic-5 expression in mouse livers from WT mice with or without
BDL or injections of CCl,, Quantitative analyses of Hic-5 is shown in the lower panel. (E) Double immunofluorescence staining for Hic-5 (red) and o-SMA (green) in the livers
from WT mice with or without BDL or injections of CCly. Scale bars = 50 um. (F) Western blot analysis of Hic-5, lymphatic vessel endothelial receptor (LYVE-1), and Iba1l
expression in isolated HSCs, liver sinusoid endothelial cells (LSEC), Kupffer cells and hepatocytes (Hep) from WT mice after 2 h incubation. (G) Representative double
immunofluorescence staining for Hic-5 (red) and «-SMA (green) in cultured HSCs from WT mice at the indicated time points. (H) Western blot analysis of Hic-5 and o-SMA

expression in cultured HSCs from WT mice at the indicated times.
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Fig. 2. Hic-5 KO attenuates mouse liver fibrosis following BDL or CCl;-treatment. (A, C, E, G) WT (n = 10) and Hic-5 KO (n = 9) mice underwent BDL for two weeks and (B,
D, F, H) WT (n =13) and Hic-5 KO (n = 11) mice underwent CCl, injection for 12 times. Liver fibrosis was evaluated by Sirius Red and Masson’s trichrome staining (Scale
bars = 50 um) (A, B and C, D left panels) and hydroxyproline content (C, D right panels). (E, F) mRNA expression of collagen I (Colla1, Col1a2), collagen III (Col3al) and TGF-
B1 (Tgfb1) in the livers of WT and Hic-5 KO mice. (G, H) Representative Western blot analysis of «-SMA expressions in the livers from WT and Hic-5 KO mice. The lower
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assessed the protein levels of o-SMA, a marker of activated HSCs
[3], in the liver by Western blot analysis. The fibrotic livers of
WT mice showed high levels of a-SMA expression, but the expres-
sion was markedly reduced in Hic-5 KO after BDL (Fig. 2G) or treat-
ment with CCly (Fig. 2H). These results suggest that Hic-5
contributes to liver fibrosis induced by BDL or CCl, treatment in
mice. Interestingly, there was no difference in mRNA expression
of inflammatory cytokines including TGF-p1 between WT mice
and Hic-5 KO mice (Fig. 2E, F and Supplementary Fig. 6). In addi-
tion, we did not observe the differences in the proliferation of
cholangiocytes and hepatocytes between WT mice and Hic-5 KO
mice in both models of liver fibrosis (Supplementary Figs. 7 and 8).

Hic-5 deficiency attenuates activation of cultured HSCs

Activation and proliferation of HSCs is well known to play a
crucial role in promoting ECM production and liver fibrosis
[2,3]. Cultured WT HSCs at day 7 showed phenotypic change to
myofibroblast-like cells characterized by a loss of vitamin A and
upregulated o-SMA, an activation marker of HSCs (Supplemen-
tary Fig. 4B). To assess if Hic-5 is required for the activation of

HSCs in vitro, we isolated HSCs from the livers of WT and Hic-5
KO mice and cultured HSCs on collagen I-coated plastic dishes
for seven days. Quantitative mRNA analysis showed a marked
decrease in the expression of multiple genes associated with
activated HSCs, including o-SMA (Acta2), collagen 1 (Collal),
collagen III (Col3u1), in Hic-5 KO HSCs compared with WT mice
(Fig. 3A). Furthermore, Western blot analysis showed that
o-SMA protein levels were reduced in culture-activated Hic-5
KO HSCs (Fig. 3B). Consistent with the mRNA levels in mouse
livers, HSCs activated in culture from WT and Hic-5 KO mice
had similar TGF-f1 mRNA expression (data not shown). In
addition, cell proliferation was detected by MTT assay. During
the differentiation of cultured mouse HSCs at different times
(from 1 day to 7 days), we found no significant difference in the
proliferation rates between WT HSCs and Hic-5 KO HSCs (Supple-
mentary Fig. 9A). We also knocked down Hic-5 in cultured human
HSCs using Hic-5 siRNA. Western blot analysis showed that the
expression of both o-SMA and collagen 1 was suppressed in
addition to Hic-5 (Fig. 3C). These results indicate that the activa-
tion of HSCs is mediated through Hic-5 expression and imply that
Hic-5 serves as a potential novel marker for activated HSCs.
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was injected for control (n =5 per group). (E) mRNA expression of Hic-5, a-SMA (Acta2), and collagen I (Col1al) in control and Hic-5 siRNA-injected mouse liver after CCly
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In vivo knockdown of Hic-5 attenuates CCly-induced liver fibrosis after CCl, treatment (Fig. 3D). Efficiency of Hic-5 in vivo knock-

down was assessed by RT-PCR (Fig. 3E) and Western blot
To evaluate the therapeutic potential of Hic-5 in CCly-induced (Fig. 3F). Hic-5 siRNA treatment caused a signification decrease
liver fibrosis, Hic-5 siRNA was intravenously injected through in Hic-5 mRNA and protein expression (Fig. 3E, F). To analyze
the tail vein of the mice from the second week to the fourth week the antifibrotic effects of Hic-5 siRNA on the liver fibrogenesis,
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Fig. 4. Hic-5 depletion impairs Smad2 phosphorylation by upregulating Smad7 expression in both cultured murine and human HSCs. Representative Western blot
analysis of phosphorylated Smad2 (P-Smad2) in cultured HSCs from WT and Hic-5 KO mice livers (A) or in cultured human HSCs transfected with Hic-5/control siRNA (B).
These cells were treated with TGF-1 (5 ng/ml) for 1 h and 24 h. Quantitative analyses of P-Smad2 are shown in the lower panels. Representative Western blot analysis of
Smad?7 in cultured HSCs from WT and Hic-5 KO mice livers (C) or in cultured human HSCs transfected with Hic-5/control siRNA (D). The lower left panel shows quantitative
analyses of Smad7 protein expression after normalization with GAPDH. The lower right panel shows quantitative analyses of Smad7 mRNA expression after normalization
with GAPDH. (E) Western blot analysis of Smad7 and Hic-5 in cultured Hic-5 KO HSCs. Cells were infected with adenovirus-mediated flag-tagged Hic-5 (Ad-Hic-5/flag) or
adenovirus-mediated B-galactosidase (Ad-p-gal) as a control for 12 h. Representative data from 3 to 5 independent experiments. ‘p <0.05. "p <0.01. (F) A signal transduction

diagram showing that Hic-5 enhances TGF-B signaling in liver fibrosis.

o-SMA, and collagen I contents were measured. A significant
reduction in o-SMA (Acta2) and collagen I (Collal) mRNA
expression was observed in Hic-5 siRNA-treated mice relative
to controls (Fig. 3E). Furthermore, the level of a-SMA proteins
was significantly lower in Hic-5 siRNA-treated mice than
controls (Fig. 3F). Sirius Red staining as well as Masson’s
trichrome staining also showed that CCls-induced liver fibrosis
was inhibited in the Hic-5 siRNA-treated group compared with
controls (Fig. 3G, H). These results demonstrate that Hic-5 siRNA
can inhibit CCl4-induced liver fibrosis in vivo, proposing Hic-5 as a
potential therapeutic target for liver fibrosis.

Hic-5 depletion impairs Smad2 phosphorylation by upregulating
Smad?7 expression in both cultured murine and human HSCs

The TGF-p/Smad pathway was previously shown to contribute to
HSC activation and production of ECM. We next investigated
whether Hic-5 is required for the activation of the TGF-B/Smad

pathway. Using HSCs isolated from WT and Hic-5 KO mice, we
found that the phosphorylated Smad2 levels were significantly
increased after TGF-B treatment in WT HSCs, but not in Hic-5 KO
HSCs (Fig. 4A). Furthermore, RNAi depletion of endogenous Hic-5
in cultured human HSCs showed a similar effect (Fig. 4B). These
data strongly indicate a requirement for Hic-5 in the TGF-p/
Smad?2 signaling pathway in murine and human. For the detailed
mechanism, we analyzed the effect of Hic-5 depletion on the
expression of Smad7, which is a well-known antagonist of TGF-$
signaling. Consistent with a previous report [18], Hic-5 deficiency
enhanced Smad7 protein level but not mRNA expression level in
murine and human HSCs (Fig. 4C, D). We also restored Hic-5
expression in Hic-5 KO HSCs through adenovirus-mediated gene
transfer, and compared with the control gene. Exogenous Hic-5
depressed the expression of Smad7 in Hic-5 KO HSCs (Fig. 4E).
Together, these results suggest that Hic-5 deficiency reduces the
phosphorylation of Smad2 by upregulation of Smad7 expression
(Fig. 4F), thereby inhibiting the HSC activation.
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Discussion

The major finding of this study is the identification of a patholog-
ical role of Hic-5 in the activation of HSCs and liver fibrosis. First,
Hic-5 expression was significantly upregulated in both mouse
liver fibrosis models (BDL and CCl;) and human fibrotic livers
(Fig. 1). Second, Hic-5 deficiency markedly lessened the develop-
ment of mouse liver fibrosis caused by BDL or CCl, treatment
(Fig. 2). Third, Hic-5 was highly expressed in activated HSCs
(Fig. 1) and promoted liver fibrosis by upregulating the activation
of HSCs (Fig. 3). Fourth, siRNA knockdown of Hic-5 in vivo
reduced liver fibrogenesis in the CCl,-induced liver fibrosis model
(Fig. 3). Finally, Hic-5 promoted the TGF-p-induced phosphoryla-
tion of Smad2 by reducing Smad7 protein levels in mouse and
human HSCs (Fig. 4). Therefore, Hic-5 is considered a potential
marker of activated HSCs and therapeutic target in the treatment
of liver fibrosis.

Little is known about the function of Hic-5 in the liver. A tran-
scriptome analysis of mRNA expression from quiescent to
culture-activated human HSCs and a proteomic analysis of cul-
tured rat HSCs showed that Hic-5 was not detected in quiescent
HSCs, while Hic-5 was markedly enhanced during the activation
process [25,26]. We previously demonstrated in mice that the
expression pattern of Hic-5 was similar to that of a-SMA in both
normal and lesion tissues in balloon injury and abdominal aortic
aneurysms [19,20]. a-SMA is a well-known marker of activated
HSCs and is highly expressed in liver fibrosis [3]. In normal liver
tissue, Hic-5 expression was detected only in vascular smooth
muscle cells of Glisson’s sheath, whereas in fibrotic livers expres-
sion of Hic-5 was markedly enhanced together with colocalized
o-SMA (Fig. 1). It is noteworthy that Hic-5 expression was
detected at an earlier stage (cultured for 2 h) than «-SMA expres-
sion (cultured for three days) (Fig. 1). In culture-activated HSCs at
day 7, Hic-5 gene deletion significantly decreased the activated
marker, o-SMA expression (Fig. 3A, B). This result was consistent
with the recent reports that a-SMA expression was upregulated
through a Hic-5-dependent pathway [27,28]. Together, these
results strongly suggest that Hic-5 serves as a potential novel
marker for activated HSCs, as well as a more sensitive diagnostic
marker than o-SMA for early stage liver fibrosis.

Substantial evidence has clearly demonstrated that intracel-
lular TGF-B signaling pathways mediate the progression of liver
fibrosis following injury in experimental and human fibrotic
liver [6,29-31]. Although activated HSCs secrete TGF-B1 during
liver injury, our results showed that Hic-5 deficiency did not
alter the levels of TGF-B1 expression in both mouse liver fibrosis
models (BDL and CCly) and in culture-activated HSCs. In addi-
tion, Hic-5 deficiency did not affect TGF-B1-induced apoptosis
in culture-activated HSCs (Supplementary Fig. 9C). Smad7 is well
known as an important feedback inhibitor of TGF-B signaling, in
part, involving TGF-B-mediated phosphorylation of Smad2 [7].
Our results showed that Hic-5 interferes with the inhibitory
effects of Smad7 on TGF-B signaling (Fig. 4), which is consistent
with a previous report using a myofibroblast cell line [18], indi-
cating that Hic-5 serves as a novel antagonist of Smad7 in HSCs.
Quiescent HSCs in culture display a functional negative feedback
regulation of TGF-B signal transduction through a TGF-B-induced
upregulation of Smad7 expression, which, however, is lost in
activated HSCs (cultured for 7 days) [32]. Conversely, our results
showed that Hic-5 expression was significantly higher in acti-
vated HSCs (cultured for 7 days) while its expression was low
in quiescent HSCs (cultured for 2 h) (Fig. 1H). These results

indicate that enhanced Hic-5 expression in activated HSCs leads
to suppression of Smad?7, thereby accelerating TGF-B signaling.
TGF-B signaling is upregulated by Hic-5 and downregulated by
Smad7. Thus, the balance between Hic-5 and Smad?7 is critical
for TGF-B signaling.

Although HSC-derived myofibroblasts are the main ECM-
producing cells in the injured liver [2], liver fibrogenesis is a
complex interplay among different hepatic cell types including
residents immune cells and infiltrated inflammatory cells [33].
We confirmed that Hic-5 deficiency does not affect mRNA expres-
sion of pro-inflammatory cytokines, but alone it is unlikely to
explain the whole inflammatory response in liver injury. More-
over, liver fibrogenesis following liver injury is induced by multi-
ple factors. Although their cellular and molecular mechanisms
remain unclear except for the involvement of TGF-p, an increas-
ing number of studies have demonstrated that angiotensin II
and reactive oxygen species such as H,0, are involved in the acti-
vation of HSCs and the pathogenesis of liver fibrosis [34-37]. The
relationship between angiotensin II- and TGF-p-induced cellular
signaling pathways is under investigation, however, recent
evidence indicates that they may likely share partial common
pathways. Our previous study revealed that Hic-5 expression
was also induced by either angiotensin Il or H,O, in smooth
muscle cell and fibroblasts [13,14,20]. Although the present study
identified the role of Hic-5 in TGF-B signaling in liver fibrosis,
future studies should focus on the role of angiotensin Il or H,0,
in TGF-B signaling and liver fibrosis.

It was once believed that fibrosis was irreversible, but accu-
mulating evidence indicates that even advanced fibrosis may be
a reversible condition. During liver injury, HSCs undergo activa-
tion and the key steps for the activation process have been iden-
tified as potential therapeutic targets. As a conclusion, our study
identified Hic-5 as a novel regulator of liver fibrosis through acti-
vation of HSCs during liver injury. These results indicate that Hic-
5 plays a key role in the process of liver fibrogenesis and its
potential therapeutic application, which may be clinically useful
in preventing or treating liver fibrosis. In addition, our findings
could be applicable to fibrosis in other organ systems, since
Hic-5 is potentially involved in other fibrotic disorders [21-23].
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macrophages by disturbing CWC22/E)C systems.

Introduction
Atherosclerosis is a vascular disease characterized by intimal and
subintimal cholesterol deposition in which cholesterol forms an
initial fatty streak that is followed by an extended atheroma (1).
Rupture of atherosclerotic plaques leads to lethal cardiovascular
events, such as myocardial infarction and stroke, 2 primary caus-
es of morbidity and mortality worldwide. Pharmacotherapy using
statins is beneficial for the primary prevention of cardiovascular
diseases, achieving a reduction in event rates of approximately
20%-40% in randomized, placebo-controlled clinical trials (2);
however, statins are insufficient for lowering the number of recur-
rent events. For instance, lethal recurrent ischemic events follow-
ing acute coronary syndrome occur in more than 20% of patients
by 30 months despite optimal cholesterol-lowering therapy (3).
Thus, a precise understanding of the pathogenesis of atheroscle-
rotic diseases in vascular walls, including cholesterol deposition,
is indispensable for next-generation antiatherosclerosis therapies.
Cholesterol deposition in vascular walls is mainly due to
foam cell formation within monocyte-derived macrophages (4).
Although many earlier investigations are based on the concept
that foam cell formation in macrophages is driven by the uptake
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Macrophages contribute to the development of atherosclerosis through pinocytotic deposition of native LDL-derived
cholesterol in macrophages in the vascular wall. Inhibiting macrophage-mediated lipid deposition may have protective effects
in atheroprone vasculature, and identifying mechanisms that potentiate this process may inform potential therapeutic
interventions for atherosclerosis. Here, we report that dysregulation of exon junction complex-driven (EJC-driven) mRNA
splicing confers hyperpinocytosis to macrophages during atherogenesis. Mechanistically, we determined that inflammatory
cytokines induce an unconventional nonproteolytic calpain, calpain-6 (CAPNG), which associates with the essential EJC-
loading factor CWC22 in the cytoplasm. This association disturbs the nuclear localization of CWC22, thereby suppressing the
splicing of target genes, including those related to Rac1 signaling. CAPN6 deficiency in LDL receptor-deficient mice restored
CW(C22/E)C/Rac1 signaling, reduced pinocytotic deposition of native LDL in macrophages, and attenuated macrophage
recruitment into the lesions, generating an atheroprotective phenotype in the aorta. In macrophages, the induction of
CAPNG in the atheroma interior limited macrophage movements, resulting in a decline in cell clearance from the lesions.
Consistent with this finding, we observed that myeloid CAPN6 contributed to atherogenesis in a murine model of bone
marrow transplantation. Furthermore, macrophages from advanced human atheromas exhibited increased CAPNG6 induction
and impaired CWC22 nuclear localization. Together, these results indicate that CAPN6 promotes atherogenicity in inflamed

of oxidized LDLs by scavenger receptors, some findings challenge
this hypothesis. For instance, LDL isolated from human athero-
sclerotic vessels is insufficiently oxidized to be recognized by
scavenger receptors (5). Furthermore, a deficiency of scavenger
receptors does not abrogate foam cell formation in macrophages
in atherogenic mice (6), implying that alternative mechanisms
govern LDL uptake in macrophages. Recent advances have shown
that scavenger receptor-independent uptake of native LDL in
macrophages can drive foam cell formation. This phenomenon
is known as fluid-phase pinocytosis (7). The pinocytotic uptake of
native LDLis also independent of the degree of LDL oxidation and
does not saturate, which is distinct from the properties of recep-
tor-mediated uptake of modified LDL. Buono et al. reported that
pinocytotic activity is potentiated in macrophages in murine ath-
erosclerotic lesions (8). Although pinocytosis is mediated through
Rho GTPase cytoskeletal dynamics (9, 10), little is known about its
regulatory mechanisms.

In macrophage biology, growing evidence suggests that the
posttranslational processing of functional proteins, in addition to
their transcriptional regulation, defines their physiological and
pathophysiological behavior. Calpain, an intracellular Ca*-sensi-
tive protease, plays a pivotal role in this process, thereby controlling
endocytic signals in macrophages (11) and intracellular trafficking
in platelets (12) as well as cytoskeletal dynamics (13). In terms of
cholesterol regulation, calpain-1 (u-calpain) reportedly proteolyzes
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Figure 1. Loss of CAPNG reduces the pinocytotic uptake of native LDL in macrophages. BMMs at day 4 of differentiation were used in these experiments.
(A) Expression of calpain family members in BMMs in response to TNF-o stimulus. (B) Expression of Capn6 mRNA in BMMs in response to variety of
inflammatory stimuli. BM cells were stimulated with a variety of cytokines (IL-1B, IL-4, I1L-12, IL-17A, IFN-y, TNF-a, 10 ng/ml; or CCL2, 50 ng/ml) together
with M-CSF at 50 ng/ml for 4 days. (C) CAPNG protein expression in TNF-a./M-CSF-primed BMMs. One representative result of 3 independent experiments
is shown. (D) Subcellular distribution of CAPNG in TNF-a/M-CSF-primed Capn6*”/LdIr’- BMMs. Capn6Ldlr’- BMMs served as a negative control. Scale
bars: 10 um (D); 3 um (insets).(E) Cellular movements in BMMs. TNF-a/M-CSF-primed BMMs were tracked for 10 hours in the presence of CCL2 at 50
ng/ml. (F) Uptake of native LDL in TNF-o./M-CSF-primed Capn6*”Ldlr’- or Capn6Ldlr’- BMMs. Cells were treated with native LDL for 24 hours at the
concentrations indicated, either in the presence of DMSO or nocodazole (Noco) at 1 pmol/I. (G) Temporal changes in the uptake of Dil-labeled LDL in
TNF-a/M-CSF-primed BMMs. **P < 0.01; *P < 0.05, 1-way ANOVA followed by Bonferroni's test (A and B), Mann-Whitney U test (E), 2-way ANOVA

(F and G). Error bars represent the mean + SEM.

the proteins ATP-binding cassette transporter subfamily A mem-
ber 1 (ABCA1) and ATP-binding cassette transporter subfamily G
member 1 (ABCG1), thereby preventing cholesterol efflux in cul-
tured macrophages (14, 15). Earlier investigations by others and us
have suggested that administering subtype-nonselective inhibitors
of calpains suppresses atherogenesis in mice without altering plas-
ma dyslipidemia (16, 17). These atheroprotective actions may be
due to the suppression of hyperpermeability induced by calpain-2
(m-calpain) in vascular endothelial cells and calpain-1-induced
hyperinflammation in macrophages, whereas the proatherogenic
roles of calpain in lipid handling in macrophages remain enigmat-
ic. Moreover, considering that there are 15 homologues of the cat-
alytic subunit of human calpain (13), the predominance of calpain
family members in macrophage regulation remains unclear. Using

jci.org  Volume126  Number9  September 2016

gene-targeting approaches, we herein investigated the impact of
calpain family members on LDL uptake in proatherogenic macro-
phages. This study identifies calpain-6 (CAPN6), a unique nonclas-
sical calpain without proteolytic activity, as an accelerator of the
pinocytotic deposition of native LDL in macrophages and proposes
a mechanism involving LDL metabolism in macrophages that is
inducible by the disturbance of posttranscriptional mRNA splicing.

Results

CAPN6 modulates Racl-dependent cellular dynamics and pinocy-
totic activity. To examine the involvement of calpains in macro-
phage regulation, we investigated the expression of calpain family
members in murine BM-derived macrophages (BMMs) (Figure
1A). Capn6 mRNA was selectively induced by supplementing the
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Figure 2. Recovery of Rac7 by CAPN6 deficiency antagonizes pinocytotic activity in macrophages. BMMs differentiated with M-CSF/TNF-o. for 4 days
were utilized in these experiments. (A) Expression of Rho GTPases and their regulatory molecules in Capn6*/Ldlr”~ or Capn6Ldlr’- BMMs. Cells were
stimulated with 10 ng/ml TNF-a for the indicated time periods. One representative result of 3 independent experiments is shown. (B) RacT activity in
Capn6**LdIr’- or Capn6~"Ldlr’- BMMs. TNF-a-primed BMMs were stimulated with CCL2 at 50 ng/ml or native LDL at 400 pug/ml for 20 minutes. (C) Pino-
cytotic activity in Capn6-deficient BMMs. Cells were pretreated with y-27632 at 10 umol/I or NSC23766 at 50 umol/I for 1 hour. (D) Silencing of endogenous
Rac1 protein by siRNA. One representative result of 3 independent experiments is shown. (E) Effects of RacT silencing on pinocytotic activity in Capné-
deficient BMMs. **P < 0.01; *P < 0.05, 1-way ANOVA followed by Bonferroni's test (B, C and E); error bars represent mean + SEM.

culture medium with TNF-o and macrophage CSF (M-CSF). Next,
BMMs were stimulated with TNF-q, [FN-y, IL-1B, IL-4, IL-12,
IL-17A, or chemokine (C-C motif) ligand 2 (CCL2, also known as
monocyte chemoattractant protein-1), together with M-CSF (Fig-
ure 1B). Capn6 mRNA was increased 2- to 3-fold by IL-12, IL-17A,
or CCL2, whereas it was elevated 15- to 20-fold by TNF-a. Capn6é
mRNA expression in M-CSF/TNF-o-primed BMMs reflected the
changes in its protein, which was abolished by a deficiency of
Capné (Figure 1C). Then TNF-o-stimulated expression of CAPN6
was induced in J774 macrophages and THP-1 cells (Supplemental
Figure 1, A and B; supplemental material available online with this
article; doi:10.1172/JCI85880DS1). Immunocytochemical analysis
showed that CAPN6 in M-CSF/TNF-o-primed BMMs is located in
clusters in the cytoplasm (Figure 1D). CAPN6 did not exist in major
intracellular vesicles involving pinosomes, endosomes, or mito-
chondria, whereas a small portion of CAPN6-positive vesicles was
overlapped with lysosomes (Supplemental Figure 1C).

DNA array analysis showed that mRNA expression levels in
M-CSF/TNF-o-primed BMMs were not comprehensively altered
by Capné6 deficiency (Supplemental Figure 1D); indeed, the expres-

sion ratio (Capn6”’Ldlr”~ versus Capn6Ldlr”-, where Ldlr indi-
cates LDL receptor) 0f 93.3% of genes (55,359 0f 59,305 genes) was
within 2-fold. A PCR-based analysis confirmed that the expression
levels of molecules related to the uptake of oxidized LDL (Cd36,
Msrl, Nr1h3, Abcal, Abcgl, and Acatl) and markers for M1 (Nos2,
Tnf, Ii1b, and 1I6) and M2 (Argl) macrophages were comparable
between Capn6*’Ldlr7~ and Capn67’Ldlr”~- BMMs, even in the
presence of M-CSF/TNF-a stimulus (Supplemental Figure 1E). In
turn, Capné deficiency accelerated cellular movements in M-CSF/
TNF-o-primed BMMs in the presence of CCL2 (Figure 1E).

Next, we analyzed cholesterol handling in BMMs. The recep-
tor-mediated uptake of oxidized LDL and engulfment of aggre-
gated LDL in M-CSF/TNF-o-primed Ldlr"~ BMMs were not
influenced by Capné deficiency (Supplemental Figure 1, F and G,
respectively); conversely, the pinocytotic uptake of native LDL in
the cells was significantly downregulated by Capné deficiency (Fig-
ure 1F). We confirmed that the uptake of native LDL in Capn6*?
Ldlr’- BMMs was prevented by nocodazole-induced microtubule
disorganization, as noted in previous studies (18). Similar noco-
dazole-induced prevention was undetectable in Capn6*Ldlr’-
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Detection of endocytosis-associated markers on pinosomes
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Figure 3. Loss of CAPNG6 decelerates pinosome velocity and maturation and facilitates the leakage of pinocytotic particles in macrophages. (A) Pino-
some maturity in Capn6-deficient BMMs. BMMs were fixed following pulsed application of TRITC-labeled dextran at 5 mg/ml for 30 minutes, and fluores-
cence intensity in individual pinosomes was measured. Scale bars: 5 um. (B) Leakage of pinocytotic particles in BMMs. Spontaneous leakage of TRITC-
labeled dextran for 24 hours was measured in the presence or absence of NSC23766 at 50 umol/I. EE, early endosome; LE, late endosome; RE, recycling
endosome; Lyso, lysosome. (C) Pinosome velocity in Capn6-deficient BMMs. Cells were pretreated with y-27632 at 10 pmol/l or NSC23766 at 50 umol/I for
1hour. **P < 0.01, Mann-Whitney U test (A) and 1-way ANOVA followed by Bonferroni's test (B and C); error bars represent mean + SEM.

BMMs. Consistently, uptake of Dil-labeled LDL in Capn67’Ldlr’~
BMMs was lower than that in Capn6*Ldlr”- BMMs. It is likely that
the uptake in Capn6-*Ldlr”- BMMs was saturated within 12 hours
following administration (Figure 1G). Capné deficiency increased
cholesterol efflux in the presence or absence of apoA-I (Supple-
mental Figure 1H), indicating that CAPN6 potentially weakens
spontaneous cholesterol efflux, but not apoA-I-induced efflux.

We sought to determine the mechanisms underlying the
changes in pinocytotic activity in Capn67Ldlr7~ BMMs. RhoA/
Racl GTPases and their modulators, Rho/Rac guanine nucleotide
exchange factor 2 (GEF2) and Rho GDP dissociation inhibitor o
(RhoGDIuw), were induced during differentiation in both Capn6*”
Ldlr’~ and Capn6-Ldlr”- BMMs in the absence of TNF-a stimu-
lus (Figure 2A). The induction of Racl and GEF2 in Capn6*’Ldlr/~
BMMs, but not of RhoA and RhoGDlIa, was abolished by TNF-a
stimulus, whereas the induction of Racl and GEF2 was rescued by

jci.org  Volume126  Number9  September 2016

Capné deficiency. Capn67’Ldlr”~-BMMs showed higher Rac1 activ-
ity in the presence of native LDL or CCL2 compared with Capn6+?
Ldlr”- BMMs, whereas the baseline activity of Racl was unaltered
by Capné deficiency (Figure 2B). Racl protein expression was inde-
pendent of its mRNA expression (Supplemental Figure 2A).

We measured the uptake of fluorescent dextran in isolated
BMMs as an index of macropinocytosis (Figure 2C). Macropi-
nocytosis in Capn6”’Ldlr”- BMMs was potentiated by TNF-a
stimulus and attenuated by Capné deficiency. This reduced
pinocytotic activity in Capn67Ldlr”~ BMMs was rescued by
NSC23766-induced inhibition of Racl, but not by Y27632-induced
inhibition of RhoA/Rho kinase signaling. Similarly, siRNA-based
silencing of Racl recovered declined macropinocytosis in Capn6 "
Ldlr’- BMMs (Figure 2, D and E), while overexpression of wild-
type Racl failed to decrease pinocytotic activity in Capn6**Ldlr’-
BMMs (Supplemental Figure 2B). Furthermore, uptake of Lucifer
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Table 1. Candidate CAPNG6-associated proteins detected
by IP-LC-MS/MS analysis

Gene name Gene ID Cover (%)

Calpain-6 Capnb 12338 301
ADP/ATP translocase 1 Slc25a4 1739 23.5
Runt-related transcription factor 3 Runx3 12399 205
Jumonii, AT rich interactive domain 2 Jarid? 16468 18.2
CWC22 spliceosome-associated Cwe22 80744 16.0
protein homolog

Lysine (K)-specific demethylase 3A Kdm3a 104263 4.8
DEAD (Asp-Glu-Ala-Asp) box Ddx5 13207 39
polypeptide 5

Ring finger protein 38 Rnf38 73469 29

yellow in BMMs was partially inhibited by Capné6 deficiency, sug-
gesting that Capné contributes to micropinocytosis as well as mac-
ropinocytosis (Supplemental Figure 2C). Forced Capné expression
accelerated macropinocytosis in M-CSF/TNF-o-stimulated ]J774
macrophages, which was prevented by the broad-range small
GTPase inhibitor Clostridium difficile toxin B (Supplemental Figure
2D). Consistently, forced expression of Capn6 downregulated Racl
expression in J774 cells, thereby decelerating CCL2-driven cellu-
lar movement (Supplemental Figure 2, E and F). Capné deficiency
potentiated other Racl-associated events in BMMs, including gen-
eration of oxidative stress and efferocytic engulfment of apoptotic
cells (Supplemental Figure 2, G and H, respectively), while the cel-
lular mitosis remained unchanged (Supplemental Figure 2I).

Atthe initial stage of pinocytosis, plasma membrane is internal-
ized as clathrin-coated vesicles (for micropinocytosis) or noncoat-
ed vesicles (for macropinocytosis), which subsequently fuse with
early/late endosomes. The endosomes finally fuse with lysosomes
to digest interior particles, thereby releasing and accumulating the
particles into cytoplasm. Importantly, a portion of intracellular ves-
icles refuses with the plasma membrane, allowing the vesicles to
be recycled. During this process, interior particles are released to
the extracellular spaces. To evaluate the fate of pinosome, we visu-
alized endosome-related markers on dextran-labeled pinosomes
(Figure 3A). We showed that intensity of the early endosome mark-
er RABS5 and lysosomal labeling with LysoTracker (Thermo Fisher
Scientific) on pinosomes was reduced by Capné deficiency; con-
versely, that of clathrin, a marker for clathrin-coated vesicles, was
unchanged by Capné6 deficiency. In contrast, recycling endosome
marker RAB11 on pinosomes was increased by Capné deficiency.
Consistently, deficiency of Capn6 facilitated the spontaneous leak-
age of fluorescent dextran from BMMs in a Racl-dependent man-
ner (Figure 3B). Real-time tracking of pinosomes showed that their
velocity was reduced by Capné6 deficiency (Figure 3C). Pinosome
velocity in Capn67Ldlr”- BMMs was recovered by NSC23766-
induced inhibition of Racl, but not by Y27632-induced inhibition
of RhoA/Rho kinase signaling. Conversely, Capné deficiency did
not influence pinosome density (Supplemental Figure 3).

CAPNG6 associates with CWC22, thereby interfering with the
posttranscriptional regulation of Racl signaling. Next, we focused
on how CAPN6 modulates Racl expression during macrophage
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differentiation. IP-liquid chromatography-mass spectrometry/
mass spectrometry (IP-LC-MS/MS) analysis identified sever-
al CAPN6-associated molecules, including CWC22 spliceo-
some-associated protein homolog, an essential loading factor of
exon junction complex (EJC) (Table 1). Physical linkage between
CWC22 and CAPNG6 was validated by IP-immunoblotting analy-
sis (Figure 4A). Organelle fractionation showed that Capné defi-
ciency enhanced nuclear localization of CWC22 in response to
a second administration of TNF-a to BMMs at day 3 (Figure 4B).
Immunocytochemical analysis showed that nuclear localization
of CWC22 was induced by IL-1p and IFN-y in addition to TNF-q,
whereas IL-4 elicited relatively weak nuclear localization (Fig-
ure 4C). CWC22 was uniformly expressed in the cytoplasm of
M-CSF-primed BMMs, whereas it was clustered and colocalized
with CAPN6-positive vesicles in the cytoplasm of M-CSE/TNF-o~
primed BMMs (Figure 4D). Such TNF-o-induced clustering of
CWC22 was canceled by Capné deficiency (Figure 4E). A second
administration of TNF-a to BMMs caused nuclear localization
of CWC22, which was potentiated by Capné deficiency (Figure
4E). In humans with atherosclerosis, significant nuclear localiza-
tion of CWC22 in CD68-positive macrophages was detectable in
mild-to-moderate atherosclerotic lesions; conversely, the local-
ization was marginal in severe atherosclerotic lesions (Figure 5;
clinicopathologic information is available in Supplemental Table
1). Thus, it is likely that the degree of CWC22 nuclear localization
negatively correlates with the severity of atherosclerosis.

Because CWC22 is reportedly associated with EJC-mediated
mRNA splicing (19), we assessed splicing efficiency in Capné-
deficient BMMs by a PCR-based analysis (Supplemental Figure 4
for detail). Capné deficiency in M-CSF/TNF-o-primed BMMs ele-
vated the ratio of spliced Racl, Arhgef2 (GEF2), and Tpil mRNA to
their pre-mRNAs, indicating improved mRNA splicing efficiency
(Figure 6A); conversely, the splicing efficiency of RhoA and Arhg-
dia (RhoGDIa) mRNA remained unaffected. The elevation of Racl
splicing by Capné deficiency was prevented by the siRNA-based
silencing of Cwc22 (Figure 6B). Accordingly, the induction of Racl
protein in Capn6’Ldlr”- BMMs was reduced by the silencing of
Cwc22 (Figure 6C). Furthermore, Cwc22 silencing reversed the
phenotypic changes evident in Capn6-deficient BMMs, including
the downregulation of pinocytotic activity (Figure 6D) and upreg-
ulation of cellular movements (Figure 6E).

Deficiency of macrophage CAPNG suppresses proatherogenic
pinocytosis. We compared the aortic expression of catalytic sub-
units of the calpain family in chow-fed and high-fat diet-fed
(HFD-fed) Ldlr~/~ mice. We found that the unconventional calpain
genes Capn6 and Capn9 were induced in the aortas of HFD-fed
mice in addition to the conventional Capn2 (Figure 7A). Previ-
ously, we demonstrated that calpain-2 induction causes vascular
endothelial cell hyperpermeability and subsequent atherosclero-
sis progression (16); thus, we attempted to focus on the roles of
CAPN6 and CAPNO. Capné deficiency in Ldlr”~ mice significantly
inhibited the development of atherosclerotic lesions in the aorta
independently of the sex of the mice (Figure 7B and Supplemental
Figure 5A), whereas Capn9 deficiency did not yield these athero-
protective effects (Supplemental Figure 5, B and C). Capn6 defi-
ciency did not alter blood glucose homeostasis (Supplemental Fig-
ure 5D), population of peripheral blood cells (Supplemental Figure
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Following 30-minute incubation, cells were fixed and CWC22 was detected by immunocytochemistry. Arrows represent nuclear localization of CW(22.
**P < 0.01, 1-way ANOVA followed by Bonferroni's test (C); error bars represent mean + SEM. Scale bars: 10 um (D); 10 um (E).

5E), and oxidative stress in the lesions (Supplemental Figure 5F)
and did not ameliorate plasma dyslipidemia (Figure 7C and Sup-
plemental Figure 5G). Relative necrotic core in the lesions was
slightly decreased by Capné deficiency (Supplemental Figure SH).

We investigated CAPN6 systemic expression in HFD-fed
Capn67Ldlr’~ mice using a LacZ reporter assay (Figure 7D), as
the mice express LacZ under the Capné native promoter (20). As a
result, transcriptional activity of Capn6 is restricted in atherosclerot-
ic plaques, but not in other organs. Immunohistochemistry showed
CAPNG6 expression in macrophages in atherosclerotic lesions (Fig-
ure 7E), but not in other vascular component cells, including endo-
thelial cells and smooth muscle cells (Supplemental Figure 5I). Next,
we evaluated CAPN6 expression in human atheromas (Figure 8;
clinicopathologic information is available in Supplemental Table 1
and Supplemental Table 2). CAPN6 expression was negligible in
adventitial macrophages in the normal aorta (Figure 8A). Converse-
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ly, CAPN6 was abundant in macrophages in severe coronary lesions.
CAPNG6 expression in human aortic atheromas was positively cor-
related with the severity of the lesions (Figure 8, B-D).

We assessed the contribution of myeloid Capné6 to atherogene-
sis through BM transplantation experiments (Figure 9). PCR-based
genotyping validated BM chimerism in recipient mice (Capn6™”
Ldlr7~ and Capn67Ldlr”") transplanted with BM cells of differ-
ent genotypes (Figure 9A). Transplantation of Capn67Ldlr”- BM
cells significantly decreased HFD-induced aortic atherosclerotic
lesions compared with transplantation of Capn6*’Ldlr”~ BM cells
independently of the recipient genotype (Figure 9B).

Using methods reported by Tacke et al. (21), we conducted
in vivo labeling of circulating Ly-6C" monocytes to evaluate the
recruitment of proatherogenic macrophages into the atheroscle-
rotic lesions (Figure 10A). Subsequent to the transient depletion
of preexisting monocytes by clodronate liposome, recruitment
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Figure 5. Nuclear localization of CWC22 in human macrophages/foam cells is negatively correlated with atherosclerosis grade. (A) Representative
micrographs of CWC22 subcellular distributions in macrophages/foam cells in human atherosclerotic lesions in aorta. Scale bars: 5 um.(B) Nuclear local-
ization of CWC22 in CD68-positive cells was quantified with respect to each specimen. (C) Statistical comparison of CWC22 nuclear localization in human
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(C); error bars represent mean + SEM.

of latex-positive monocytes into the aortic lesions was evaluated
at day 3 following i.v. injection of latex beads. Whereas uptake of
latex in circulating monocytes was equivalent between Capn6™?
Ldlr’~ and Capn67Ldlr’- mice (Figure 10A), the number of
latex-positive cells in atherosclerotic lesions was reduced by
Capné deficiency (Figure 10B). Importantly, preexisting foam
cell macrophages, but not newly recruited monocytes, abundantly
express CAPN6 (Figure 10C and Supplemental Figure 6A), indi-
cating that CAPN6 in monocytes/macrophages is induced after
the cells infiltrate into lesions. Consistently, expression of the
macrophage marker CD68 and macrophage accumulation in ath-
erosclerotic lesions in the mice fed HFD for 12 weeks were reduced
by Capné deficiency (Figure 10, D and E), whereas the expression
of the inflammatory molecules Icaml, Vcaml, Sele, Tnfa, 1l1b, 116,
and Ccl2 (Supplemental Figure 6B), as well as of the lymphocyte
markers Cd4 and Cd8al (Figure 10D), remained unchanged. Fil-
ipin IlI-based cholesterol staining in macrophages in murine ath-
eromas showed that Capn6 deficiency reduced the amount of cho-
lesterol in individual macrophages (Figure 10F), whereas it did not
affect expression of genes related to the receptor-mediated uptake
of oxidized LDL and its subsequent processing, including MsrI,
Cd36, Abcal, Abcgl, and Acatl (Supplemental Figure 6C).

We assessed the in vivo uptake of fluorescent nanoparticles
in macrophages as an index of pinocytotic activity (Figure 10G).
Pinocytotic activity in macrophages in Capn67’Ldlr”~ athero-
mas was significantly lower than that in Capn6*?Ldlr”~ lesions.
Immunohistochemical analysis showed that nuclear localization
of CWC22 was relatively frequent in macrophage foam cells in
Capn67’Ldlr”~ atheromas than in Capn6*’Ldlr/~ atheromas (Fig-
ure 11A). Capné6 deficiency upregulated the splicing efficiency of

Racl and Tpil mRNA but not of Rhoa mRNA in the proatherogenic
aortas of Ldlr”~ mice (Figure 11B), a phenomenon accompanied
by the elevated Racl protein expression in the whole aorta, while
RhoA protein expression remained unchanged (Figure 11C). BM
transplantation experiments showed that Racl splicing upregula-
tion was dependent on Capné expression in myeloid cells (Supple-
mental Figure 6D). Immunohistochemical analysis demonstrated
that Capné deficiency upregulated Racl protein expression in
macrophages in atherosclerotic plaques (Figure 11D).

Discussion

Although it is established that macrophages uptake LDL and
adopt foam cell properties, the specific mechanisms underly-
ing the hyperpinocytosis of native LDL by macrophages evident
under inflammatory conditions remain elusive. Our results show
that pinocytotic activity, as well as cellular and intracellular
dynamics in inflamed macrophages, depended on induction of
CAPNG6 (Figure 1, E and G, and Figure 3C). Capné6 deficiency
counteracted progression of atherosclerosis as well as macro-
phage pinocytotic ability and deposition in the lesions (Figure
7B and Figure 10, E and G); thus, CAPN6 conferred atherogenic-
ity to the inflamed macrophages. Unexpectedly, CAPNG6 failed
to induce global changes in mRNA expression; however, Capn6
deficiency elevated efficiency of mRNA splicing in certain genes.
Consequently, for what we believe is the first time, we have
shown that the CWC22/E]JC posttranscriptional splicing system
is disturbed by a physical interaction with CAPN6, which confers
the ability to pinocytose LDL under inflammatory conditions to
macrophages, resulting in cholesterol deposition in the athero-
prone vascular wall (Figure 11E).
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the upregulated Rac1 splicing caused by Capn6 deficiency. (C) Silencing of Cwc22 cancels the upregulation of Rac1 protein expression caused by Capné defi-
ciency. One representative result of 3 independent experiments is shown. Con, control; Si, siRNA. (D) Impaired pinocytotic activity in Capn6Ldlr’- BMMs
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CAPNG is primarily expressed in the foam cell macrophages in
the human and murine atherosclerotic lesions (Figure 7E and Fig-
ure 8). Actually, current BM transplantation experiments showed
that Capn6é in BM-derived cells, but not in other vascular compo-
nent cells in the lesions, is responsible for atherogenesis (Figure 9B),
suggesting the dominant contribution of macrophage CAPNG6 to

jci.org  Volume126  Number9  September 2016

atherogenesis. Reportedly, small GTPase signals orchestrate pino-
cytotic activity in certain cell types, including macrophages. Partic-
ularly, Racl GTPase mediates pinocytotic membrane transport (22)
and membrane ruffling (23). Pharmacologic inhibition of Rho fam-
ily GTPases by C. difficile toxin B diminishes the pinocytotic uptake
of native LDL, even in macrophages (9, 18), whereas that of RhoA
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**P < 0.01; *P < 0.05, 1-way ANOVA followed by Bonferroni's test (A, B and C); error bars represent mean + SEM. Scale bars: 100 pm (D); 25 pum (E).

or Racl fails to abolish pinocytotic uptake in these cells (18); thus,
the contribution of individual Rho GTPases to pinocytotic activity
in macrophages remains unclear. Our data indicate that Capn6 defi-
ciency restores the reduced expression of the Racl and GEF2 pro-
teins evident in M-CSE/TNF-a-primed BMMs without altering the
expression of the RhoA and RhoGDla proteins, leading to the recov-
ery of Racl activity in cells (Figure 2, A and B). This is consistent
with an earlier investigation indicating that siRNA-based silencing
of CAPNG6 in NIH3T3 cells potentiates Racl activity (24). This Racl
system recovery appears to abrogate pinocytotic ability in Capn6”’
Ldlr’- BMMs (Figure 2, C and E), while it slightly accelerates the
production of oxidative stress and efferocytic activity in the cells
(Supplemental Figure 2, G and H, respectively). It is noteworthy that
the latter 2 phenotypes are likely to be pathophysiologically insignif-
icant, since the changes in oxidative stress and the necrotic core by
Capné6 deficiency in the murine atherosclerotic lesion was marginal
(Supplemental Figure 5, F and H, respectively). Importantly, Fujii

et al. noted that prolonged Racl activity impairs the integration of
RAB21 into pinosomes in macrophages (10), suggesting that Racl
signaling delays pinosome maturation. This is consistent with our
finding that the recovery of Racl activity by Capné deficiency sup-
pressed the integration of RAB5 into pinosomes and their lysosomal
transition without altering pinosome density (Figure 3A and Supple-
mental Figure 3). While Capné deficiency abrogates the pinosomal
maturation in BMMs, pinocytotic particles in Capn67Ldlr’- BMMs
were preferentially transferred into RAB11-positive recycling vesi-
cles (Figure 3A), which probably led to subsequent leakage of the
particles to the extracellular space (Figure 3B). Our data further
showed that the overexpression of wild-type Racl failed to decrease
pinocytotic activity in BMMs (Supplemental Figure 2B), suggesting
that Racl induction is necessary but insufficient for downregulation
of pinocytotic activity in the cells. It is thought that the unknown
mechanism or mechanisms that switch Racl into antipinocytosis
action are activated by Capn6 deficiency together with the Racl
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Figure 8. CAPNG is localized in macrophages/foam cells in human moderate-to-severe atheromas. (A) CAPN6 expression in macrophages in human
normal aorta and severe coronary atheromas. (B) CAPN6 expression in macrophages in human aortic atheromas. Scale bars: 50 um (A and B). (C) CAPN6
expression in CD68-positive cells was quantified with respect to each specimen. (D) Statistical comparison of CAPNG expression in human macrophages/
foam cells. Specimens were divided into 3 groups based on the atherosclerosis grade. CD68 served as a macrophage marker. Arrows represent CAPN6-posi-
tive macrophages. **P < 0.01; *P < 0.05, 1-way ANOVA followed by Bonferroni's test (D).

inductions. In contrast, our pharmacologic data did not prove the
contribution of RhoA signaling to pinocytotic activity in Capn67
Ldlr”- BMMs (Figure 2C). Collectively, Capné abrogates Racl sig-
naling and accelerates pinosomal maturation in macrophages rath-
er than participating in the pinosome formation. This may confer
hyperpinocytosis on inflamed macrophages.

Although our present data showed that Capné6 deficiency facil-
itated the movement of BMMs in response to CCL2 (Figure 1E), it
inconsistently limited the recruitment and deposition of macro-
phages in murine atherosclerotic lesions (Figure 10, B, D, and E).
It is noteworthy that the newly recruited monocytes in the athero-
sclerotic lesions did not express CAPN6, while preexisting foam
cell macrophages were enriched with CAPN6 (Figure 10C and
Supplemental Figure 6A), indicating that CAPN6 in monocytes/
macrophages was induced after infiltration into the lesions. Thus,
the recruitment of circulating monocytes may be independent of
their endogenous CAPNG6, while the exact mechanisms by which
CAPNG facilitated the recruitment are currently unclear. The abun-
dance of CAPNG6 in the preexisting macrophages, in turn, can limit
their motility, thereby decelerating the emigration of the cells from
the lesions. Therefore, it is possible for upregulation of CAPN6 to
reduce the clearance of macrophages in atherosclerotic lesions.
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Our in vitro DNA array and quantitative PCR (qPCR) analysis
showed that the majority of the mRNA expression was comparable
between Capn6**Ldlr’- and Capn67*Ldlr’- BMMs (Supplemental
Figure 1, D and E). Similarly, the expression of Icaml, Vcaml, Sele,
Tnfa, Il1b, 1l6, Ccl2, Msrl, Cd36, Abcal, Abcgl, and Acatl in whole
aorta was unchanged by Capné deficiency, even with reducing
macrophage number in the vessels (Supplemental Figure 6, B and
C). Distinct changes in macrophage number and gene expression
in the vessels indicated that the Capn6-driven proatherogenic
macrophages have a negligible impact on the net gene expres-
sion in the vessels. A lack of global changes in gene expression
in Capn6-deficient macrophages eliminated the possibility that
their phenotypes were due to transcriptional regulation. Recent
advances in macrophage biology revealed that the posttranscrip-
tional processing of pre-mRNAs, in addition to their transcription-
al regulation, modifies the fate of macrophages under inflamma-
tory conditions (25). This pre-mRNA processing is driven by the
spliceosome, a large ribonucleoprotein complex, and is mediated
through RNA-binding proteins that form messenger ribonuc-
leoprotein complexes (mRNPs) (26). A key regulatory element
within mRNPs is EJC. EJC, which comprises 4 subunits — eIF4A3
(DDX48), MAGOH, Y14 (RBM8A), and BTZ (CASC3, MLN51; ref.
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A Donor +ly ~ly +ly -y Figure 9. Myeloid Capné is rate limiting for atherogenesis. (A)
Recipient +y -y BM cells (1 x 107 cells/mouse) isolated from Capn6*/LdIr’- or
AnimalNo. 1 2 3 1 2 3 1 2 3 1 2 3 Capn6~/LdIr’- donor mice were i.v. injected into x-ray-irradiated
Neo — — — (8 Gy) Capn6*”LdIr’- or Capn6™Ldlr’- recipient mice. The Capné
Wild — —— genotype in BM cells from chimericland nonchimeri'c .mice v'vas
determined by a PCR-based analysis. (B) Capné deficiency in BM
cells, but not in resident cells, reduces atherosclerotic lesions.
B +y —r 4y =y > +ly +Hy — -1y —ly = -ly **P < 0.01; *P < 0.05, 1-way ANOVA followed by Bonferroni's test
. - & 9 - B); error bars represent mean + SEM.
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1 A " f abundant (Figure 8). Thus, it is likely that CAPN6 limits
! ‘ i the activity of the CWC22/E]JC system in foam cells during
.? ) . atherogenesis, even in humans.
‘b"', ¥ ',t CAPNG6 was first cloned by Dear et al. (29). CAPN6
I ; expression is reportedly detectable in fetal skeletal mus-
; - > - cle and in the placenta (20); however, its expression in
g, o P 4 e e skeletal muscle vanishes during growth. A gene-targeting
=gk ks T4 g & study showed that CAPNG6 limits the development and
ai - 1 e i P Yy P
i 5 3 ; \_] 4 “; ‘7: e regeneration of skeletal muscle (20), although the physi-
e : - g 5 ologic and pathophysiologic role of this molecule remains
N o unclear. Hong et al. noted that CAPNG6 is induced during
40 - Aortic free 1.0+ Aortic sinus the differentiation of osteoclasts from BM-derived cells
ok by receptor activator of NF-kB ligand, thereby accelerat-
sl * — 0.8- * ,;I ing bone-resorptive activity (30), suggesting that CAPN6
& o ' E 5 U o may function in the monocyte/macrophage lineage under
E o = 061 % @ o certain conditions. Our data also revealed that CAPN6
it 201 E,% @_ o o % 0ad © o '% is induced by proatherogenic mediators (Figure 1B) and
'% © Q _é ' % C00 %g switches macrophages to a hyperpinocytotic and immo-
- 104 00 0® g % 024 o° Op tile phenotype through disturbance of the CWC22/E]JC
© © system (Figure 6, D and E). CAPNG is robustly induced
0 0 by TNF-a, whereas CWC22 is activated uniformly by
Donor +ly =y +y -y Donor +ly —ly 4y -y . . . P
Recipient +y +ly —ly -y Recipient +y +y -y -y multiple cytokine classes (Figure 4C); thus, it is likely that
n= 11 10 9 10 n= 6 6 9 10 disturbance of the CWC22/E]JC system occurs primarily

27) —is known to bind to CWC22, an essential E]JC-loading factor
(19). Although binding of CWC22 to the EJC is indispensable for
EJC-mediated splicing, their roles in macrophage biology remain
unclear. Through a comprehensive protein-protein interaction
analysis, we identified that CAPN6 is a CWC22-associated pro-
tein (Table 1) and that CWC22 nuclear localization is limited by
the physical cytoplasmic interaction between CAPN6 and CWC22
(Figure 4, B, D, and E). Furthermore, we revealed that CWC22 was
enriched in the nucleus in response to many inflammatory stim-
uli (Figure 4C). Interestingly, Singh et al. noted that MAGOH, a
core component of the EJC, is induced in lipopolysaccharide-stim-
ulated macrophages (28), suggesting that inflammatory signal-
ing modifies CWC22/EJC-mediated mRNA processing. Current
cell-based experiments suggest that Cwc22 silencing reverses
the macrophage phenotypes induced by Capné deficiency, such
as the recovery of Racl signaling, reduction in pinocytotic activ-
ity, and promotion of cellular movements (Figure 6, C-E); thus,
the CWC22/E]JC system dominates the phenotypic changes in
Capné6-deficient BMMs. Importantly, the nuclear localization of
CWC22 was negatively correlated with atherosclerosis grade in
human patients (Figure 5) and was almost imperceptible in mac-
rophages in severe atherosclerotic lesions in which CAPN6 is

in the presence of TNF-o. Considering the predominance

of TNF-u in atherosclerotic diseases (31), it appears that
CAPNG acts as a molecular switch, conferring hyperpinocytosis
on inflamed macrophages in atherosclerotic lesions.

We identified regulatory mechanisms underlying LDL metabo-
lism in macrophages. This concept of CAPN6-induced disturbance
of the CWC22/EJC system explains the mechanism activating
pinocytotic abilities in macrophages in atherosclerotic lesions. Tar-
geting CAPNG6 to achieve normalization of the CWC22/EJC system
may represent an efficient approach to suppressing proatherogenic
pinocytosis because CAPNG6 is specifically expressed in inflamed
macrophages and CAPN6-induced disturbance of the CWC22/
EJC system may be translatable into humans with atherosclerosis.
To confirm the pathophysiologic significance of the CWC22/E]JC
system, future studies exploring the target genes of the CWC22/
EJC system in response to inflammatory insults are necessary.

Methods

Reagents. All chemicals used were commercial products of the highest
grade of purity available. The sources of these reagents are detailed in
Supplemental Methods.

Mice. Mice were fed chow (CRF-1; Oriental Yeast Co.) or HFD
(F2HFD1; CRF-1 supplemented with 16.5% fat, 1.25% cholesterol, and
0.5% sodium cholate; Oriental Yeast Co.) for 12 weeks from 8 weeks of
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latex beads in circulating monocytes at day 3 was equivalent between Capn6*Ldlr”~ and Capn6~Ldlr’- mice. (B) Latex-positive monocytes in aortic ath-
erosclerotic lesions were reduced by Capn6 deficiency. (C) CAPNG expression is abundant in preexisting foam cell macrophages, but not in newly recruited
macrophages, in Capn6*/Ldlr”- atheromas. (D) PCR-based quantification of leukocyte markers in aortic atherosclerotic lesions in mice receiving HFD for 12
weeks. (E) Deposition of macrophages in atherosclerotic lesions is reduced by Capn6 deficiency. MOMAZ2* area in aortic sinus lesions in the mice receiving
HFD for 12 weeks was quantified. (F) Cholesterol deposition in atherosclerotic plagues. Aortic sections were stained with Filipin Ill. Arrows indicate macro-
phage-enriched regions. (G) Pinocytotic activity in atherosclerotic lesions. AngioSPARK nanoparticles were i.v. injected as a pinocytotic activity marker. L,
aortic lumen. **P < 0.01; *P < 0.05; Student’s t test (D, E, and G) and Mann-Whitney U test (B); error bars represent mean + SEM. Scale bars: 50 um (B); 20

um (C); 500 um (E); 100 pum (F); 40 um (G).

age. Generation of Capn6- and Capn9-deficient mice was performed
as described previously (20, 32). Capn67 mice express LacZ instead
of CAPNG6. Ldlr”- mice (C57/BL6]) were obtained from The Jackson
Laboratory (stock no. 2207). Capn6Ldlr”- and Capn9~-Ldlr’/- mice
were generated by intercrossing Capn67 and Capn97~ mice with
Ldlr/~ mice, respectively. Capn6*’Ldlr’-, Capn67’Ldlr’-, Capn9+*
Ldlr”~, and Capn9~-Ldlr’~ mice were maintained by homozygous
breeding, as they have a common genetic background; the genotypes
were determined by standard PCR-based genotyping with specific
primers (Supplemental Table 3). High-sensitivity lipoprotein profil-
ing was performed on EDTA plasma with the LipoSEARCH system
equipped with a specific cholesterol detector by Skylight Biotech Inc.
BMMs. The isolation of BMMs was performed as described in our
previous study (33). Briefly, murine BM cells were collected by flushing
femoral BM with culture medium; subsequently, the cells were incu-
Number9  September 2016
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bated in DMEM (Sigma-Aldrich) supplemented with 10% serum, pen-
icillin-streptomycin-amphotericin B (Wako Pure Chemical Industries
Ltd.), and M-CSF (50 ng/ml) for differentiation into macrophages in
the presence or absence of the inflammatory cytokines TNF-o, IL-1f,
IFN-y, or IL-4 (10 ng/ml each). Unbound cells were removed by wash-
ing with medium; the culture medium was changed every other day.

Cellular movements. Measurement of cellular movements was
described previously (34). Twenty thousand BMMs suspended in min-
imal essential medium were seeded on a 24-well culture plate. Then
cellular movements in the presence of CCL2 (50 ng/ml) were moni-
tored using a BioStation CT System (Nikon Instruments Inc.) at 37°C
ina 5% CO, atmosphere under humidified conditions. Phase-contrast
images were obtained at 60-minute intervals for 10 hours. Movement
of cell centroids, calculated using Image] software (NIH), was mea-
sured to determine cell velocity as a statistical value.
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(A) Nuclear localization of CWC22 in macrophages in murine atheromas. MOMA2 served as a macrophage marker. Arrows represent nuclei. (B) Splicing

of Cwc22 mRNA is accelerated by loss of Capné. Splicing efficiency in whole aorta was measured by a PCR-based analysis. (C) Protein expression of Rac1
but not of RhoA in proatherogenic aorta. Protein expression in whole aorta was evaluated by immunoblotting. (D) Immunohistochemical distribution of
Rac1 protein in macrophages in atheromas. MOMA?2 served as a marker for macrophages. (E) Schematic depiction of the CAPN6-mediated disturbance

of posttranscriptional regulation in proatherogenic macrophages. CAPN6 was induced in Capn6*”¥ macrophages in response to TNF-a and was associated
with CWC22 in the cytoplasm. This association disturbs the nuclear localization of CWC22, thereby suppressing posttranscriptional processing of Rac1
and Arhgef2 (the genes encoding Rac1 and GEF2, respectively) and potentiates subsequent pinocytotic responses. Thus, CAPN6 induction in macrophages
facilitates atherosclerotic development. *P < 0.05, Fisher’s exact test (A) and 1-way ANOVA followed by Bonferroni’s test (B); error bars represent mean +

SEM. Scale bars: 10 um (A); 20 um (D).

Invitro uptake of native LDL and the pinocytosis assay. Human LDL
(d = 1.019-1.063 g/ml) was prepared as described previously (16).
To prepare oxidized LDL, native LDL (0.1 mg/ml) was incubated for
20 hours at 37°C with 5 umol/l CuSO,, followed by the addition of 1
mmol/] ethylenediaminetetraacetic acid and cooling. To measure the
uptake of LDL-derived cholesterol, TNF-a/M-CSF-primed BMMs (3
x 10* cells) were seeded on a 96-well culture plate. Next, native or
oxidized LDL was added to the culture medium and incubated for 24
hours. After washing 3 times with HBSS, cellular lipids were extract-
ed using hexane-isopropanol (v/v 3:2; 100 ul/well). Then the extracts
were transferred to another 96-well plate and dried. Cholesterol in the
residue was quantified using a Cholesterol-E Kit (Wako Pure Chem-
ical Industries Ltd.) and normalized against the total protein, which
was measured by the bicinchoninic acid (BCA) method (Pierce Bio-

technology Inc.). To measure pinocytotic activity, BMMs or J774 mac-
rophages were exposed to TRITC-labeled dextran (molecular weight,
70,000) at 5 mg/ml for 24 hours. To evaluate the temporal changes in
Dil-LDL uptake, BMMs were subjected to the mixture of Dil-labeled
LDL (Alfa Aesar) and unlabeled LDL (mixture ratio: w/w 1:20) at 400
ug/ml. After washing 3 times with PBS, fluorescent dextran or Dil-la-
beled LDL uptake in the cells was measured using a microplate reader
(Mithras LB 940; Berthold Technologies GmbH & Co. KG) or by con-
focal microscopy (A1; Nikon Instruments Inc.), as appropriate.

Racl activity. Racl activity in BMMs was measured using a Racl
G-LISA Activation Assay Kit (Cytoskeleton, Inc.) according to the manu-
facturer’s instructions. TNF-0,/M-CSF-primed BMMs (2 x 10° cells) were
stimulated with CCL2 at 50 ng/ml or native LDL at 400 pg/ml for 20
minutes and lysed in lysis buffer. Subsequently, protein was quantified
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using the BCA assay (Pierce Biotechnology, Inc.); protein aliquots (0.6
mg/ml) were loaded into the assay plate. Active Racl bound to plate
walls was probed using an anti-Rac1 antibody and a horseradish peroxi-
dase-labeled secondary antibody. After the chemiluminescent reaction,
optical absorbance at 490 nm was measured as an index of Racl activity.

Pinosome dynamics and maturation. BMMs were seeded onto col-
lagen I-coated cover slips; then 5 mg/ml TRITC-labeled dextran was
added to the culture medium to label the pinosomes. After 30 min-
utes, cells were washed 3 times with HBSS, and pinosomes in individ-
ual cells were tracked for 30 minutes at 1-minute intervals using confo-
cal microscopy (Al; Nikon Instruments Inc.). The velocity and density
of pinosomes were determined using Image] (NIH).

Leakage of pinocytotic particles. BMMs were differentiated in the
presence of 10 ng/ml TNF-a and 50 ng/ml M-CSF for 3 days and were
seeded onto 48-well culture plate (2 x 10° cells/well). Subsequently,
the cells were loaded with TRITC-labeled dextran at 5 mg/ml in the
presence or absence of NSC23766 at 50 pumol/l. After 24 hours of
incubation, cells were washed 3 times with RPMI medium and were
incubated with RPMI medium supplemented with 10 ng/ml TNF-a
and 50 ng/ml M-CSF in the presence or absence of NSC23766 at 50
umol/1. Subsequent to the incubation for 24 hours, the culture medi-
um was collected and cells were lysed by PBS containing 0.4% Triton
X-100. Detached cells and unlysed debris in the culture medium and
cell lysate were removed by centrifugation; then fluorescent dextran in
the culture medium or cell lysates were measured using a microplate
reader (Mithras LB 940; Berthold Technologies GmbH & Co. KG; Ex/
Em: 530/590 nm). Dextran leakage was calculated from the follow-
)] x 100%, where
F .. represents fluorescence intensity in the culture medium and F,

medi

ing equation: dextran leakage = [F, . /(F ,+F, .
denotes fluorescence intensity in cell lysate.

IP-LC-MS/MS. LC-MS/MS analysis was used as described previ-
ously (35). J774 cells were a gift from Masamichi Takami (Showa Uni-
versity School of Dentistry, Tokyo, Japan). J774 cells were transfected
with vectors encoding GFP alone or GFP-fused Capn6 using Lipo-
fectamine 3000 (Invitrogen). Twenty-four hours after transfection,
tagged proteins were collected by IP using anti-GFP antibody (Clon-
tech Laboratories Inc.) and were eluted using citrate buffer (pH 2-3).
The eluent was then blotted onto PVDF membranes, and the mem-
branes were dried out. Subsequently, the membranes were incubated
with a DTT-based reaction solution (80 mmol/I NH,HCO,, 10 mmol/1
DTT, and 20% acetonitrile) at 56°C for 1 hour. The reaction solution
was then replaced with iodoacetamide solution (80 mmol/l NH,H-
CO,, 55 mmol/l iodoacetamide, and 20% acetonitrile) and incubated
at room temperature for 45 minutes in the dark. Following washing
with distilled water and 2% acetonitrile, the membranes were incubat-
ed overnight with 1 pg of trypsin dissolved into 30 mmol/l NH,HCO,
containing 70% acetonitrile. The tryptic digests were extracted twice
with 70% acetonitrile/1% TFA and were dried out using a SpeedVac
evaporator (Thermo Fisher Scientific). The residues were dissolved in
0.2% formic acid and analyzed using a Triple TOF5600 System (AB
SCIEX). Data were analyzed by ProteinPilot Software (AB SCIEX) to
explore the candidate CAPN6-associated proteins. Proteins that were
precipitated similarly in GFP-expressing ]J774 lysates (GFP tag alone)
were omitted from the candidate proteins.

PCR-based detection of mRNA splicing. To evaluate the efficiency of
mRNA splicing, expression levels of pre-mRNAs and spliced mRNAs
were measured by qPCR. The analytic principles and primer designs
Volume 126 Number 9
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are detailed in Supplemental Figure 4. The expression ratio of spliced
mRNA to pre-mRNA served as an index of splicing efficiency. To avoid
contamination with genomic DNA, total RNA was treated with DNase I
(Invitrogen) before the reverse-transcription reaction.

BM transplantation. BM transplantation was conducted as previously
described (33). To eliminate resident BM cells, recipient mice (Capn6
Ldlr’~ or Capn6/'Ldlr’-) were x-ray-irradiated at 8 Gy for 10 minutes
using a soft x-ray system (OM-150HTS; OHMIC). The next day, BM
cells (1 x 107 cells/animal) isolated from donor mice (Capn6*Ldlr~- or
Capn6’Ldlr”-) were iv. injected into recipient mice. Four weeks later,
mice received HFD to induce atherosclerotic disease. Successful replace-
ment of BM cells was validated by PCR-based genotyping of the BM.

In vivo tracking of circulating monocytes. In vivo labeling of circu-
lating Ly-6C" monocytes was performed according to the previous lit-
erature by Tacke et al (21). Mice were fed HFD for 12 weeks, followed
by i.v. injection of 200 ul of clodronate liposome (FormuMax Scien-
tific Inc.) into tail vein to transiently deplete circulating monocytes.
Eighteen hours later, 1.0-um Fluoresbrite Plain YG Microspheres (w/v
2.5% solids; Polysciences Inc.) were diluted 1:25 in PBS, and 250 ul
of the solution was injected into the mice via tail vein. After 3 days,
mice were sacrificed, and aortic sinus and whole blood with EDTA
were collected. Erythrocytes in the whole blood samples were lysed
with BD Pharm Lyse (BD Biosciences); then the samples were ana-
lyzed by using BD FACSVerse (BD Biosciences) to evaluate the uptake
of fluorescence beads in monocyte population. Aortic sinus was cryo-
sectioned at a thickness of 10 pym and was stained with oil red O and
DAPI. Latex beads in the atherosclerotic lesion sections were detected
by using a conventional fluorescent microscope (IX70, Olympus ) and
were counted using Image] software (NIH).

In vivo pinocytosis activity. The detection of in vivo pinocytotic
activity was performed as described previously (8). Capn6*Ldlr”~
and Capn6Ldlr”~ mice that received a HFD for 12 weeks were used
in these experiments. The mice were subjected to the i.v. adminis-
tration of AngioSPARK 680 nanoparticles (PerkinElmer) at 80 mg/
kg. After 24 hours, the mice were sacrificed; the aortic trees were dis-
sected. The isolated aortas were cryosectioned; the uptake of fluores-
cent nanoparticles by the vascular wall was detected using confocal
microscopy (Al; Nikon Instruments Inc.). Simultaneously, mono-
cyte/macrophage antigen-2 (MOMA?2) was immunohistochemically
detected as a macrophage marker.

X-gal staining, immunohistochemistry, and quantification of athero-
sclerotic lesions. Because the targeted allele in Capn6-deficient mice con-
tains the LacZ reporter, which is driven by the Capn6 native promoter
(20), we assessed the activity of Capné using a p-Galactosidase Staining
Kit (Takara Bio Inc.) according to the manufacturer’s instructions. Brief-
ly, isolated aortic tissues were immersed overnight in reaction buffer at
37°C. Subsequently, specimens were cryosectioned at 6-um thickness
and photographed using light microscopy. For immunohistochemical
analysis in mice, the isolated aortic trees and roots were fixed in 4%
paraformaldehyde (PFA) in PBS and were subsequently frozen, sec-
tioned at 6-um thickness, and mounted on glass slides as required. Tar-
get molecules were detected using immunofluorescence histochemistry
or conventional immunohistochemistry with specific antibodies (Sup-
plemental Table 4). To quantify atherosclerotic lesions, PFA-fixed aortic
trees and roots were stained with oil red O in 60% isopropanol for 30
minutes. The specimens were washed with 60% isopropanol and pho-
tographed to calculate the staining-positive areas using Image] (NIH).
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DNA array. BMMs from 4 different mice were pooled in each
mouse line to minimize the individual differences and were lysed
using TRIzol Reagent (Invitrogen). The DNA array was conducted
using an Agilent Expression Array (Agilent Technologies) and a Sure-
Print G3 Mouse GE 8 x 60 K Microarray (Agilent Technologies) in the
Dragon Genomics Center (Takara Bio Inc.). Data were deposited in
the NCBI’s Gene Expression Omnibus (GEO GSE83815).

Immunohistochemical analysis in humans. To evaluate the nucle-
ar localization of CWC22 in macrophages, atherosclerotic lesions in
human aortic segments, collected from 10 autopsied patients (men, 5;
women, 5; age, 39-86 years; Supplemental Table 1), were graded based
on the American Heart Association’s criteria (36). Antigen retrieval
was performed by heat-induced epitope retrieval using citrate buffer
(Sigma-Aldrich) for 5 minutes at 121°C. The expression of CWC22
protein in the segments was detected by fluorescent immunohisto-
chemistry with anti-CWC22 antibody (Sigma-Aldrich). Meanwhile,
a commercially available cardiovascular tissue microarray (Provitro
AG), as well as the specimens noted above, was employed for immu-
nohistochemical detection of CAPN6 expression. Antigen retrieval
was performed using proteinase K (DAKO) for 15 minutes at room
temperature; CAPN6 protein expression was detected by fluorescent
immunohistochemistry with anti-CAPN6 antibody (Abcam). Clinico-
pathological information regarding the tissue microarray is available
in Supplemental Table 2.

Statistics. Our results are expressed as mean * SEM; statistical
analyses were performed using GraphPad Prism 5 (GraphPad Soft-
ware Inc.). Two-tailed Student’s ¢ test was used to compare 2 groups
with equal variances; alternatively, Mann-Whitney U test was applied
for data with unequal variances. Multiple comparisons were conduct-
ed with 1- or 2-way nonrepeated measures ANOVA followed by post-
hoc Bonferroni’s test, as appropriate. P values of less than 0.05 were
considered statistically significant.

Study approval. All experimental procedures involving animals
were approved by the Institutional Animal Care and Use Commiittee
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of Showa University and were conducted in conformity with the Ani-
mal Care and Use Committee Guidelines of Showa University. Use of
human aortic autopsy specimens was approved by the Ethics Commit-
tee of Kumamoto University School of Medicine and was conducted in
conformity with the Ethics Committee guidelines of Kumamoto Uni-
versity School of Medicine.
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