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ABSTRACT

Cadherin 11 (CDH11) expression is detected only in invasive breast cancer cells
and aggressive breast cancer specimens. However, little is known about the molecular
mechanisms of CDH11 transcriptional regulation. Here, we report that interleukin
enhancer binding factor 3 (ILF3) interacts with Homeobox C8 (HOXCS8) to activate
CDH11 transcription in breast cancer cells. Using co-immunoprecipitation and mass
spectrometry analyses, ILF3 is shown to interact with HOXCS8 in breast cancer cells.
We demonstrate that ILF3 binds to the CDH11 promoter on nucleotides -2982 ~ -2978
and -2602 ~ 2598 and interacts with HOXC8 to co-activate CDH11 transcription. We
further show that ILF3 promotes proliferation and migration, at least partially, by
facilitating CDH11 expression in breast cancer cells. Moreover, immunohistochemistry
(IHC) shows that expression of CDH11, ILF3 and HOXCS are all upregulated in breast
cancer specimens compared to normal breast tissues. Importantly, the expression
levels of CDH11, ILF3 and HOXCS8 are elevated in the advanced stages of breast
cancer, and high expression of CDH11, ILF3 and HOXCS is associated with poor distant
metastasis-free survival (DMFS) for breast cancer patients.

INTRODUCTION

The cadherin switch, which is an increase in
the expression of N-cadherin and/or cadherin 11 and
a decrease in E-cadherin, is associated with both the
epithelial-to-mesenchymal transition (EMT) and cancer
progression [1, 2]. Cadherin 11 (CDH11), also known as
OB-cadherin, was originally identified in mouse osteoblasts
and is expressed predominantly in mesenchymal tissues
[3, 4]. CDHI1 expression has been detected in multiple
types of cancer including breast cancer, prostate cancer,
colon cancer, gastric cancer, renal cell carcinoma, and
osteosarcoma [5—10]. In breast cancer, CDH11 is expressed
only in invasive cell lines and aggressive clinical specimens,

and ectopically expressing CDH11 enhances the migration
and metastasis of breast cancer cells, suggesting that
CDHI11 plays an important role in breast cancer progression
and metastasis [5, 11, 12]. Therefore, defining the regulatory
mechanisms of CDHI1 expression may unveil more
effective therapeutic strategies to control breast cancer
progression and metastasis.

We previously reported that Homeobox C8
(HOXCR) acts as a transcription factor to induce CDH11
expression in breast cancer cells [11, 13]. HOXCS
belongs to the 39-member Homeobox (HOX) family
and participates in multiple physiological processes,
such as cell proliferation, migration, adhesion, and
differentiation [14]. Dysfunction of HOXCS is implicated
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in various cancers, including breast, prostate, cervical
and pancreatic cancers, by facilitating cell migration
and metastasis [12, 15-17]. All HOX (homeobox) genes
encode homeodomain-containing transcription factors
and associate with other protein factors to regulate the
expression of multiple genes [18, 19]. To further clarify
the roles of HOXCS in regulation of CDH11 transcription
in breast cancer cells, we immunoprecipitated HOXCS8
protein complexes and observed that interleukin enhancer-
binding factor 3 (ILF3) co-precipitated with the HOXC8
protein in this study.

The interleukin-enhancer binding factor 3 (ILF3)
family members include NF90a, NF90b, NF110a and
NF110b, and all of them are splicing variants of ILF3
transcripts [20-22]. All members share a long and
identical N-terminal domain but differ with specific
C-terminal domains [20]. ILF3 proteins are implicated in a
variety of cellular processes, including DNA metabolism,
transcription, translation, RNA stability and microRNA
biogenesis [23-27]. Moreover, it has been reported that
ILF3 plays an important role in tumorigenesis of multiple
cancers, such as hepatocellular carcinoma, non-small cell
lung carcinoma, breast cancer and ovarian cancer [28-31].

In this study, we demonstrated that CDHI1
transcription required the formation of a protein complex
containing the HOXCS8, NF90 and NF110 proteins in breast
cancer cells. Using co-immunoprecipitation (Co-IP) and
mass spectrometry analyses (MS), we observed that ILF3
co-purified with HOXCS8 and co-localized with HOXCS in
the nuclei of breast cancer cells. We further demonstrated
that ILF3 bound to CDH11 promoter to co-activate CDH11
transcription with HOXCS8. Moreover, we found that ILF3
increased proliferation and migration of breast cancer cells
by facilitating CDH11 expression. Lastly, we showed that
CDH11, ILF3 and HOXCS8 were expressed at statistically
higher levels in breast cancer specimens than in normal
breast tissues, and the association of CDHI11, ILF3 and
HOXCS8 was linked to poor distant metastasis-free survival
for breast cancer patients.

RESULTS

ILF3 interacts with HOXCS in Hs578T and
MDA-MB-231 cells

In our previous study, we found that HOXCS8 bound
to CDH11 promoter to activate CDHI11 transcription.
To further elucidate the regulatory mechanisms of
CDHI1 transcription, we performed HOXCS8 co-
immunoprecipitation experiments to identify proteins that
interacted with the HOXCS protein. MDA-MB-231 cells
were lentivirally transduced with HOXC8-flag expression
vectors or empty vectors, and immunoprecipitation
was performed using anti-Flag M2 antibodies. Mass
spectrometry analyses revealed that ILF3 proteins were
co-precipitated with the HOXCS protein (Figure 1A).

To confirm the mass spectrometry data, co-
immunoprecipitation assays of HOXC8 and ILF3
were performed in Hs578T and MDA-MB-231 cells
that both expressed CDHI11 protein. As shown in
Figure 1B, we found that both NF90 and NF110 co-
precipitated with HOXCS8-flag protein. We next carried
out ILF3 Co-IP experiments and found that HOXCS8-
flag protein co-precipitated with ILF3 in both Hs578T
and MDA-MB-231 cells (Figure 1C). This observation
was confirmed by Co-IP of endogenous HOXCS and
ILF3 proteins in both Hs578T and MDA-MB-231 cells,
suggesting that endogenous HOXCS8 has interaction
with endogenous ILF3 proteins, too (Figure 1D and 1E).
To validate the interaction between ILF3 and HOXCS,
immunofluorescence analyses were carried out in Hs578T
and MDA-MB-231 cells. As shown in Figure 1F and
Supplementary Figure 1, ILF3 and HOXCS8-flag proteins
were found to co-localize within nuclei of Hs578T or
MDA-MB-231 cells by confocal microscopy. Taken
together, these data indicated that ILF3 interacted with
HOXCS in CDH11-expressing breast cancer cell lines.

ILF3 is required for CDH11 expression

Given that ILF3 interacts with HOXCS8, we
assumed that ILF3 was probably involved in HOXCS-
regulated CDH11 transcription. To test this hypothesis,
we first examined CDHI11 protein and mRNA levels in
ILF3-knockdown cells. As shown in Figure 2A and 2B,
depletion of ILF3 resulted in significant reduction in
CDHI11 protein and mRNA levels in Hs578T and MDA-
MB-231 cells. Since ILF3 family contains NF90a, NF90b,
NF110a and NF110b and the designed ILF3 siRNAs
target all splicing isoforms of ILF3, we examined CDH11
expression in NF90 or NF110 shRNA knockdown cells
[32]. Immunoblotting showed that knockdown of NF90,
NF110 or ILF3 led to a significant reduction in CDH11
protein expression in both Hs578T and MDA-MB-231
cells (Figure 2C and 2D), which was consistent with
the observation that silencing of NF90, NF110 or ILF3
resulted in a decrease of about 60% in CDH11 mRNA
levels (Supplementary Figure 2). These data indicated
that both NF90a/b and NF110a/b were involved in the
regulation of CDHI11 expression.

To determine which member of ILF3 family was
involved in the regulation of CDHI1 expression, we
examined CDHI11 expression by lentivirally transducing
breast cancer cells with expression vectors encoding
NF90a, NF90b, NF110a or NF110b. Immunoblotting and
qRT-PCR assays showed that forced expression of each
ILF3 member significantly enhanced CDH11 mRNA
and protein levels in both Hs578T and MDA-MB-231
cells (Figure 2E, 2F and Supplementary Figure 3). Taken
together, these data indicated that all ILF3 family members
were involved in the regulation of CDH11 expression in
breast cancer cells.
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Figure 1: ILF3 interacts with HOXCS in breast cancer cells. (A) MDA-MB-231 cells were lentivirally transduced with the empty
vector or vector encoding HOXC8-flag. Co-immunoprecipitations performed with the anti-flag M2 antibody were separated by SDS-PAGE,
and the differential bands were analyzed by MS. (B) Co-immunoprecipitation (Co-IP) was performed using the M2 antibody in Hs578T
or MDA-MB-231 cells that were lentivirally transduced with the empty vector or vector encoding HOXCS8-flag. Immunoprecipitates were
analyzed by Western blotting (WB). (C) Co-IP was performed using the ILF3 antibody in Hs578T or MDA-MB-231 cells that were lentivirally
transduced with the empty vector or vector encoding HOXC8-flag. Immunoprecipitates were analyzed by WB. (D) Co-IP experiment was
performed using anti-HOXCS8 antibody in Hs578T or MDA-MB-231 cells, and precipitated proteins were analyzed by WB using anti-ILF3 or
anti-HOXCS antibodies as indicated. (E) Co-IP experiment was performed using anti-ILF3 antibody in Hs578T or MDA-MB-231 cells, and
precipitated proteins were analyzed by WB using anti-HOXCS or ILF3 antibodies as indicated. (F) Immunofluorescence staining for HOXCS-
flag (green) and ILF3 (red) in Hs578T or MDA-MB-231 cells that were lentivirally transduced with the vector encoding HOXC8-flag; DAPI
staining for the nucleus. Magnification, 200%; Scale bar, 100 pum.
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Figure 2: ILF3 activates CDH11 expression in the Hs578T and MDA-MB-231 cell lines. (A) Hs578T and MDA-MB-231
cells were transfected with siRNAs that specifically targeted ILF3 or with scrambled siRNAs. Cell lysates were immunoblotted for CDH11,
ILF3 and B-actin, as indicated. (B) Hs578T and MDA-MB-231 cells were transfected with siRNAs that specifically targeted ILF3 or
with scrambled siRNAs. Total RNA was subjected to qRT-PCR to examine the levels of CDH11 mRNA. B-actin mRNA was used as an
internal control for standardization. (C and D) Hs578T or MDA-MB-231 cells were lentivirally transduced with NF90-, NF110- or ILF3-
specific ShRNA, and Western blotting was performed with antibodies for CDH11, ILF3 or B-actin, as indicated. (E and F) Hs578T or
MDA-MB-231 cells were lentivirally transduced with NF90a, NF90b, NF110a or NF110b expression vectors, and Western blotting was

performed with antibodies for CDH11, ILF3 or B-actin, as indicated.
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ILF3 binds to CDH11 promoter to activate
CDHI11 transcription

Studies showed that ILF3 participated in not only
transcription but also RNA stability [23, 25], so we
explored the effects of ILF3 on both CDH11 transcription
and mRNA stability. Luciferase analyses using CDHI11
promoter luciferase reporter plasmids showed that
silencing NF90, NF110 or ILF3 resulted in significant
decreases in the luciferase activities (Figure 3A), while
expressing NF90 or NF110 greatly enhanced the luciferase
activities compared to the negative control (Figure 3B).
In actinomycin chase experiments, knockdown of ILF3
did not affect the half-life of CDH11 mRNA (Figure 3C),
which was consistent with the ecto-expression of NF90
or NF110 in both Hs578T and MDA-MB-231 cells
(Figure 3D). These experiments indicated that ILF3
regulated CDH11 transcription.

Based on reported ILF3 protein binding consensus
sequences CTGTT [23], we analyzed the sequence of
CDHI11 promoter and found four putative ILF3 binding
sites on nucleotides —2982 ~ 2978, 2762 ~ 2758, 2602
~—2598, and —2420 ~ 2416 of the CDH11 promoter. We
designed 4 sets of PCR primers that specifically amplified
each region containing the putative ILF3 binding sequence
in the CDH11 promoter (Figure 3E) and performed ChIP
using anti-ILF3 antibodies to investigate the ILF3 binding
sites in CDH11 promoter. ChIP analyses showed that ILF3
bound to CDH11 promoter on nucleotides —2982 ~-2978
and —2602 ~ 2598, but not on nucleotides —2762 ~ —2758
and —2420 ~ 2416 (Figure 3F, 3G and 3H).

To further determine the ILF3 binding sites in
CDHI1 promoter, we performed mutagenesis to mutate
these putative ILF3 binding sites (Figure 4A). Luciferase
assays showed that only the sequences at the sites of
nucleotides —2982 ~ —2978 and —2602 ~ 2598 were
responsible for CDH11 promoter activities, while the
mutagenesis of the sites of nucleotides —2762 ~ —2758
and —2420 ~ 2416 did not alter CDH11 promoter activities
(Figure 4B). This observation was further supported by
luciferase analyses performed in ILF3 ecto-expressing
cells, in which the mutagenesis of the sites of nucleotides
—2982 ~ —2978 and -2602 ~ 2598 abolished the ILF3
effects on CDH11 promoter activities (Figure 4C and 4D).
Taken together, these data indicated that ILF3 bound to
CDHI11 promoter at the sites of nucleotides —2982 ~ 2978
and —2602 ~ 2598 and functioned as a transcriptional
activator to regulate CDH11 transcription in breast cancer
cell lines.

ILF3 and HOXCS bind to CDH11 promoter to
cooperatively activate its transcription

The above observations led us to presume that ILF3
and HOXCS co-occupied CDH11 promoter to co-regulate

CDHI1 transcription in breast cancer cells. To explore
this, we performed sequential ChIP assays. In the Hs578T
and MDA-MB-231 cells that were lentivirally transduced
with HOXCS8-flag expression vectors or empty vectors,
sequential ChIP assays were carried out with anti-flag M2
antibodies and followed with anti-ILF3 antibodies. The
results from the sequential ChIP assays showed that ILF3
and HOXCS co-occupied CDHI11 promoter in both the
Hs578T and MDA-MB-231 cells (Figure SA and 5B).

To determine whether ILF3 and HOXCS
co-regulated CDH11 transcription in breast cancer cells,
luciferase assays with CDH11 promoter reporter plasmids
were performed. As shown in Figure 5C, knockdown of
ILF3 reduced the activities of CDH11 promoter compared
to the negative control, and comparable results were
obtained from HOXCS8 knockdown cells. Moreover,
double knockdown of ILF3 and HOXCS led to a stronger
reduction in the activities of CDH11 promoter. In addition,
ecto-expression of HOXC8, NF90 or NF110 enhanced
the activities of CDH11 promoter, and ecto-expression
of HOXCS plus ILF3 resulted in higher transcriptional
activities of CDH11 promoter (Figure 5D). Together, these
observations indicated that ILF3 and HOXCS formed a
protein complex to co-activate CDHI11 transcription in
breast cancer cells.

ILF3 promotes proliferation and migration by
regulating CDH11 expression

It has been demonstrated that CDH11 promotes breast
tumorigenesis [5, 6, 11], so we examined the effects of
ILF3 on proliferation and migration of breast cancer cells.
MTT assays showed that knockdown of NF90, NF110
or ILF3 significantly decreased breast cell proliferation,
and ecto-expression of NF90 or NFI110 increased
breast cancer cell proliferation (Figure 6A and 6B).
Transwell assays further showed that knockdown of
NF90, NF110 or ILF3 inhibited migration of breast
cancer cells (Figure 6C and 6D), and ecto-expression of
NF90 or NF110 promoted migration of breast cancer cells
(Figure 6E and 6F). These data indicated that ILF3
promoted proliferation and migration of breast cancer cells.

To determine whether the effects of ILF3
were functionally linked to its regulation of CDHI1
transcription, ILF3 knockdown cells were lentivirally
transduced with CDHIl expression vectors. MTT
assays indicated that ILF3-knockdown breast cancer
cells displayed an impaired capability for proliferation,
which was almost restored by ectopically expressing
CDHI11 in the ILF3-knockdown cells (Figure 7A and 7B).
Furthermore, ectopic expression of CDHI1I largely
restored the migration capability of ILF3-knockdown cells
(Figure 7C, 7D and 7E). These observations suggested that
the effects of ILF3 on breast cancer cells were, at least
partially, through its regulation of CDH11 transcription.
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Figure 3: ILF3 binds to CDH11 promoter and activates CDHI11 transcription in breast cancer cells. (A) Luciferase
assays were performed in cells transduced with CDH11 promoter luciferase reporter vectors in NF90-, NF110- or ILF3-specific sShRNA
knockdown cells. The luciferase activity was normalized to the Renilla activity. (B) Luciferase assays were performed in cells transduced
with CDH11 promoter luciferase reporter vectors in NFOOb or NF110b ecto-expression cells. (C) Control or ILF3-knockdown cells were
treated with 1 pg/ml actinomycin D for varying times (0, 1, 2, 4, 6 and 8 h). Total RNA was extracted and then subjected to qRT-PCR to
analyze the level of CDH11 mRNA. B-actin mRNA was used as the internal standard. (D) Cells transduced with vectors encoding NF90b,
NF110b or empty vectors were treated with 1pg/ml actinomycin D for varying times (0, 1, 2, 4, 6 and 8 h). Total RNA was extracted
and then subjected to qRT-PCR to analyze the level of CDH11 mRNA. The level of B-actin mRNA was used as the internal standard.
(E) schematic diagram of the positions of the putative ILF3 binding sites on the CDH11 promoter. Arrows show the regions for PCR
primer amplification. (F) ChIP was performed using the ILF3 antibody, and the immunoprecipitated chromatin DNA was subjected to
PCR. (G and H) ChIP was performed using the ILF3 antibody, and the immunoprecipitated chromatin DNA was subjected to real-time
PCR. Each sample was run in triplicate and in multiple experiments for mean + SEM; "P < 0.05; P < 0.01.

www.impactjournals.com/oncotarget 107482 Oncotarget



The co-occurrence of CDH11, ILF3 and HOXCS
expression in breast cancer samples

As a laboratory study may not always recapitulate the
clinical malignancy, we performed immunohistochemistry
staining (IHC) to examine CDHI11, ILF3 and HOXCS
protein levels in breast cancer specimens and normal
breast tissues. In breast cancer specimens, more than half
of the cases exhibited strong and moderate positivity for
CDHI11, ILF3 or HOXCS, and only a few cases were
negative for CDH11, ILF3 or HOXCS (7.9% for CDHI11,
13.2% for ILF3, and 13.2% for HOXCS). In contrast, none
of normal tissues exhibited strong positivity for CDH11,
ILF3 or HOXCS, and most cases exhibited no and/or
weak positivity. Importantly, the expression differences
between the cancer specimens and normal tissues were
all statistically significant for CDHI11 (P < 0.0001), ILF3
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(P = 0.017) or HOXC8 (P = 0.004) (Figure 8A,
Supplementary Table 2). These data indicated that breast
cancer specimens exhibited higher expression levels of the
CDHI11, ILF3 and HOXCS proteins compared to normal
breast tissues.

To confirm our IHC results, we explored CDH11,
ILF3 and HOXCS8 expression levels using publicly
available microarray datasets. Online analyses using
cBioPortal showed that expression of CDH11, ILF3 or
HOXC8 was elevated in the advanced stages of breast
cancer, where high mRNA expression levels of CDH11
or HOXCS8 were detected in cancer stage 1V, and high
mRNA expression levels of ILF3 were detected in cancer
stage IIIC. However, low mRNA levels of CDH11, ILF3
or HOXCS8 were evident in cancer stage 0 (Figure 8B
and Supplementary Figure 4). Moreover, expression of
CDHI11, ILF3 and HOXCS showed a significant tendency
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Figure 4: Identification of the ILF3 binding sites in the CDH11 promoter by mutagenesis. (A) A schematic diagram for
the mutagenesis of four CTGTT (putative ILF3 binding) sites in the CDHI11 promoter. (B) Luciferase analyses were performed with
wild-type (WT) or mutant (Mut) CDH11 promoter luciferase reporter vectors in Hs578T or MDA-MB-231 cells. The luciferase activity
was measured and normalized to the Renilla activity. Columns, mean; bars, SEM; *P < 0.01. (C and D) Hs578T or MDA-MB-231 cells
were lentivirally transduced with NF90b, NF110b expression vectors or the empty vectors and then transfected with mutant (Mut) CDH11
promoter luciferase reporter vectors, as indicated. The luciferase activity was measured and normalized to the Renilla activity. Each sample
was run in triplicate and in multiple experiments for mean + SEM; “P < 0.05; P < 0.01.
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toward co-occurrence among these breast cancer samples
(Table 1). Kaplan-Meier survival analyses showed that
both high CDH11 and ILF3 were significantly associated
with a poor distant metastasis-free survival (DMSF)
rate for breast cancer patients (Figure 8C, P = 0.014 and
0.023, respectively), and high expression of HOXC8 may
also be associated with poor DMSF (P = 0.064). More
importantly, combination analyses of CDH11, ILF3 and
HOXCS8 using Kaplan-Meier plotter further showed
a poor association for distant metastasis-free survival
(P = 0.0057) (Supplementary Figure 5). Overall, these
results indicated that CDHI11, ILF3 and HOXC8 were
highly upregulated in the advanced stages of breast cancer,
and high expression of CDH11, ILF3 and HOXCS8 were
associated with a poor DMSF for breast cancer patients.

MDA-MB-231

A PCR1 PCR3
- 32
£ = ™ £ = ™
—_ o _ b - o _
SL 828y gS
c < € T c < <© =
o « O N O o
O=0=053=0°5
Hs578T
1st ChIP: M2 Ab
2nd ChIP: ILF3 Ab
C
= Hs578T MDA-MB-231
£12
) * % %%
8 1.0
3
£ 08
L o6
S .
E’ 0.4
£ 02
£ 0
Scrambledsh + - - - + - - -
ILF3 sh -+ - 4 -+ - 4+
HOXC8 sh - -+ + - -4+

DISCUSSION

The importance of CDHI11 in breast cancer
progression and metastasis is well established. However,
the regulation of CDHI11 transcription remains largely
unknown. In this study, we demonstrated for the first time
that ILF3 interacted with HOXCS to activate CDHI11
transcription in invasive breast cancer cells.

As a member of the HOX family, HOXCS functions
as a transcriptional activator to induce the expression of
several genes, including osteopontin (OPN), neural cell
adhesion molecule (NCAM), proliferating cell nuclear
antigen (PCNA), and CDHI11 [33, 34]. It has also been
reported that HOXCS acts as a transcriptional repressor
to downregulate the expression of Mgll, Smad6 and
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Figure 5: ILF3 and HOXCS co-occupy the CDH11 promoter to activate CDH11 transcription. (A and B) Sequential
ChIP assays were performed in Hs578T or MDA-MB-231 cells that were lentivirally transduced with HOXC8-flag expression vectors.
Chromatin was incubated with the anti-flag M2 antibody, and the immunocomplexes were subjected to a second round of ChIP using
antibodies against ILF3 or with rabbit IgG as the control. Precipitated chromatin DNA was subjected to PCR or real-time PCR.
(C) Cells were lentivirally transduced with ILF3 shRNA, HOXC8 shRNA or scrambled shRNA vectors as indicated and transfected with
CDHI11 promoter luciferase reporter plasmids. The luciferase activity was measured and normalized to the Renilla activity. (D) Cells
were lentivirally transduced with vectors encoding NF90b, NF110b or HOXCS and transfected with CDH11 promoter luciferase reporter
plasmids. The luciferase activity was measured and normalized to the Renilla activity. Each sample was run in triplicate and in multiple

experiments for mean + SEM; "P < 0.05; P < 0.01.
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embigin [35-37]. Since CDHI1 is expressed only in
invasive breast cancer cells and HOXCS acts as either
a transcriptional activator or repressor, we speculated
that HOXCS associated with other proteins to activate
CDHI1 transcription in breast cancer cells. To test our
hypothesis, we performed Co-IP experiment for HOXCS
using CDH11-expressing cells, and observed that ILF3
proteins co-precipitated with HOXCS8 proteins by
mass spectrometry. Reciprocal Co-IP experiments and

A

— Scrambled shRNA
== ILF3 shRNA

0123 01 23(d)
Hs578T MDA-MB-231

@)

Hs578T MDA-MB-231

*

o
o

o
o

= N W b O
o o o
o O o

Migratory cells / field

0
Scrambled sh
NF90 shRNA
NF110 shRNA
ILF3 shRNA - - - + - - - +

+
I
I
I

+
I
I
I

|
|
|
|
|
+
|

E Hs578T MDA-MB-231

© 700 " *

(0]

< 600

2 500

© 400

300

200

100
0

Empty vector + — — + - -
NF90b - 4+ -
NF110b

/

e

Migratory

Hs578T

MDA- | &
MB-231 [ S
& :

immunofluorescence staining confirmed the interaction
between HOXCS and ILF3, and the interaction mainly
localized to the nuclei of breast cancer cells (Figure 1).
Furthermore, depletion of ILF3 by siRNA knockdown
led to significant downregulation of CDH11 expression
(Figure 2A and 2B), suggesting that ILF3 was involved in
regulating CDH11 expression in breast cancer cells.

The ILF3 family contains four members, namely,
NF90a, NF90b, NF110a and NF110b, which are the

2.0 — Empty vector
. --NF90b
15 ’4' --- NF110b

Cell growth (ODeoonm)
o -
o o

o

0123 01 23(d)
HsS78T MDA-MB-231

Scrambled sh  NF90 sh NF110 sh ILF3 sh

Empty vector NF90b NF110b

Figure 6: ILF3 promotes proliferation and migration breast cancer cells. (A) MTT assays to analyze cell proliferation of control,
or ILF3 knockdown cells. Data are the mean = SEM; n=3; P<0.01. (B) MTT assays were carried out in cells that were lentivirally transduced
with empty vectors or vectors encoding NF90b or NF110b. Data are the mean += SEM; n=3; P <0.01. (C and D) Transwell assays to analyze
cell migration of control, NF90, NF110 or ILF3 knockdown cells. Columns, mean; bars, SEM; n = 3; "P < 0.05. (E and F) Transwell assays
to analyze migration of cells that were lentivirally transduced with empty vectors or vectors encoding NF90b or NF110b. Columns, mean;

bars, n=3; SEM; "P < 0.05.
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splice variants of ILF3 transcription [20-22]. In the
Co-IP experiments, we found that both NF90a/b and
NF110a/b were significantly enriched in the HOXC8
immunoprecipitates, indicating that both NF90 and NF110
interacted with HOXCS in breast cancer cells. In support
of this, individual knockdowns of NF90 or NF110 by
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shRNA resulted in a decrease in CDH11 expression, as
did the ILF3 knockdown, indicating that both NF90 and
NF110 were involved in regulating CDH11 expression.
This observation was further supported by that the ecto-
expression of NF90a, NFO0b, NF110a or NF110b greatly
enhanced the expression of CDH11 (Figure 2). Therefore,
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Figure 7: The effects of ILF3 knockdown on cell proliferation and migration are rescued by ecto-expression of CDH11
in breast cancer cell lines. (A and B) ILF3 knockdown cells were lentivirally transduced with CDH11 expression vectors, and MTT
assays were performed to analyze cell proliferation. Data are the mean + SEM; n =3; P <0.01. (C and D) Hs578T or MDA-MB-231 cells
that were transduced with NFO0 shRNA, NF110 shRNA or ILF3 shRNA were lentivirally transduced with CDH11 expression vectors, and
Transwell assays were performed to analyze cell migration. Columns, mean; bars, SEM; n = 3; "P < 0.05. (E) Representative images of
migratory cells that are crystal violet-stained on the undersurface of transwell.
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Table 1: Co-occurrence tendency for CDH11, ILF3 and HOXCS8 (www.cbioportal.org)

Gene A Gene B p-value Log Odds Ratio Association

CDH11 HOXCS <0.001 2.234 tendency towards co-occurrence significant
CDHI11 ILF3 <0.001 2.216 tendency towards co-occurrence significant
HOXCS ILF3 <0.001 1.572 tendency towards co-occurrence significant

The query contains no gene pairs with mutually exclusive alteration, and 3 gene pairs with co-occurrent alteration ( 3 significant )

(METABRIC datasets, 2,509 samples, cBioPortal).
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Figure 8: Immunohistochemistry of ILF3, CDH11 and HOXCS in breast cancer specimens and analyses of ILF3,
CDH11 and HOXCS expression using publicly available datasets. (A) IHC staining of CDHI1, ILF3 and HOXCS in normal
breast and breast cancer tissues. Magnification, 200x; Scale bar, 200 pm. (B) mRNA expression levels of CDH11, ILF3 and HOXCS in
breast cancer specimens from different disease stages using the breast cancer dataset (Breast invasive carcinoma, TCGA, Nature 2012, 825
samples) from cBioPortal (www.cbioportal.org). (C) Kaplan-Meier survival plots show distant metastasis-free survival for breast cancer
patients with high and low expression of CDH11, ILF3 or HOXCS. Data were analyzed using an online survival analysis tool (www.
kmplot.com, probe ID: 217804 s_at for ILF3, 207173 x_at for CDHI11 and 221350 at for HOXCS).
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these data showed that all ILF3 members, including
NF90a, NFOOb, NF110a and NF110b, play important roles
in regulation of CDH11 expression.

Studies have shown that ILF3 can regulate
gene expression through various mechanisms, such as
transcription, translation and mRNA stability [23-25].
We found that ILF3 bound to CDH11 promoter to activate
CDHI1 transcription, and ILF3 did not affect CDH11 mRNA
stability in actinomycin chase experiments, suggesting that
ILF3 facilitates CDHI1 expression at the transcription
level. Moreover, our study showed that HOXCS and ILF3
co-occupied CDHI11 promoter and co-regulated CDHI11
transcription. Taken together, our study demonstrated
that ILF3 was involved in HOXC8-regulated CDHI11
transcription in breast cancer cells (Figures 3, 4 and 5).

It has been reported that overexpression of ILF3 is
detected in diverse cancer types, such as nasopharyngeal
carcinoma, non-small cell lung cancer and ovarian cancer
[29, 31, 38]. In breast cancer, studies have also shown
that ILF3 promotes cancer progression by inducing tumor
angiogenesis or uPA expression [25, 30]. In this study, we
showed that knockdown of ILF3 significantly inhibited
proliferation and migration of breast cancer cells, which could
be rescued by ecto-expression of CDH11 in ILF3 knockdown
cells. This observation suggested that the effects of ILF3 on
cell proliferation and migration were, at least partially, due
to its induction of CDHI1 transcription in breast cancer
cells (Figures 6 and 7). Moreover, immunohistochemical
staining of breast cancer specimens and normal breast
samples showed that the expression of CDHI11, ILF3
or HOXCS8 was upregulated in breast cancer specimens
(Figure 8A). This observation was supported by the meta-
analysis (cBioPortal) using publicly available human cancer
microarray datasets, in which higher expression levels of
CDHI11 or HOXCS8 were detected in cancer stage IV and
that high expression levels of ILF3 were detected in cancer
stage I1IC (Figure 8B). The analyses from cBioPortal also
showed a significant tendency for co-occurrence between
CDHI11-HOXCS8, CDHII-ILF3 or ILF3-HOXCS8 (P <
0.001, respectively) (Table 1). More importantly, high
expression of CDH11, ILF3 and HOXCS is linked to poor
distant metastasis-free survival (DMFS) for breast cancer
patients. In summary, all our data together demonstrated that
LF3 and HOXCS co-regulated CDH11 transcription in breast
cancer cells and promoted the proliferation and migration of
breast cancer cells by facilitating CDH11 expression in breast
cancer cells.

MATERIALS AND METHODS

Cells and materials

Human breast cancer cell lines Hs578T and MDA-
MB-231 were obtained from American Type Culture
Collection and cultured in DMEM supplemented with

10% fetal bovine serum (FBS). Anti-flag M2 (titer,
1:1000) was obtained from Sigma. Anti-ILF3 rabbit
(titer, 1:1,000) and anti-B-actin mAb (titer, 1:1,000) were
obtained from Santa Cruz Biotechnology. The ILF3 siRNA
duplexes were obtained from Thermo Fisher Scientific.
TRIzol, Lipofectamine LTX and Lipofectamine 2000
were purchased from Life Technology. All enzymes were
purchased from NEB, and all chemicals were purchased
from Sigma.

Co-immunoprecipitation (Co-IP) and mass
spectrometry (MS)

Overnight cultured cells were lysed in Co-IP buffer
(20 mM Tris at pH 7.4, 0.5% NP40, 150 mM KCl, 1.5 mM
MgCl,, 0.5 mM dithiothreitol, and protease inhibitors).
The cell lysates were precleared with protein G agarose
for 1 h at 4°C. The precleared supernatants were then
incubated with the specific antibody for 2 h at 4°C, and
immune complexes were collected by addition of protein
G agarose for 1 h at 4°C. After washing of the beads with
Co-IP buffer five times, the immunoprecipitated proteins
were eluted with 3 x Flag peptides and separated by
SDS-PAGE. The differential band was analyzed by Mass
Spectrometry (MS).

Quantitative RT-PCR

For RNA expression assays, total RNA was
extracted using the Trizol reagent (Life Technology).
qRT-PCR was used to analyze the expression of CDH11,
ILF3 and HOXCS. Target gene expression levels were
normalized based on -actin expression levels. The
primers that were used for the qRT-PCR analysis are
described in Supplementary Table 1.

Western blotting analysis

Samples containing equal amounts of protein
were separated by SDS-PAGE and electroblotted onto
Immobilon-P membranes (Millipore). Western blotting
was performed using antibodies as indicated.

Immunofluorescence staining

Cells grown on glass coverslips were fixed with 4%
formaldehyde, permeabilized with 0.2% Triton X-100 and
blocked with 3% BSA for 30 min. Cells were incubated
with anti-flag M2 antibodies (Sigma) or anti-ILF3
antibodies overnight. After washing, cells were incubated
with an Alexa Fluor 488-conjugated anti-mouse antibody
(Invitrogen, A11032) and Alexa Fluor 594-conjugated
anti-rabbit antibody (Invitrogen, A21207) for 30 min. The
nuclei were stained with DAPI. Images were acquired
under a confocal laser microscope.
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CDH11 promoter reporters and luciferase assays

The CDH11 promoter sequence was amplified using
genomic DNA isolated from MDA-MB-231 cells. The
generated CDH11 promoter fragment was subcloned into
the pGL4.31 vector (Promega) that contains the firefly
luciferase reporter gene. Mutagenesis of the ILF3 binding
site was performed by end-prolongation PCR (primer
sequences are provided in the Supplemental information).
An expression vector encoding Renilla luciferase was
included in the transfection for standardization, and a dual
luciferase system (Promega) was used to measure luciferase
activities according to the manufacturer’s protocol.

Chromatin immunoprecipitation (ChIP) and
sequential ChIP (Re-ChIP)

ChIP assays were carried out as previously
described [11]. Briefly, the MDA-MB-231 or Hs578T
cells were grown to near confluence in 15-cm dishes
and fixed in 1% formaldehyde. Sheared chromatin was
immunoprecipitated with the anti-HOXCS8 antibody
overnight at 4°C. Immune complexes were captured
using protein G-agarose, and the formaldehyde cross-
links in the eluted complexes were reversed. The DNA
was analyzed by PCR or real-time PCR. For sequential
ChlIP, the first ChIP was performed using M2 antibodies
in cells transduced with empty vectors or HOXC8-flag
expression vectors, followed by a second ChIP with the
ILF3 antibodies or negative control immunoglobulin
G alone. Pelleted chromatin was treated with RNase,
Proteinase K and reverse crosslinked overnight. ChIP’d
DNA was extracted with phenol/chloroform and subjected
to PCR or Real-time PCR.

Construction of short hairpin RNA and
expression lentiviral vectors

The shRNA sequences for the NF90, NF110 or ILF3
shRNAs were designed as previously described [32] and
were subcloned into the pLV-shRNA vector (BioSettia).
The NF90a, NF90b, NF110a, NF11b or CDHI11 Ilentiviral
expression plasmids were subcloned into pCDH-CM V-
MCS-EF1-puro (Biosciences). Lentiviruses were prepared
as previously described [12].

MTT proliferation assay

In total, 30,000 cells per well were seeded into
24-well plates and cultured in media containing 10% fetal
bovine serum for 1-3 days. Cell viability was tested by
adding 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution. After incubating for 4 h at 37°C, the
cultured medium was discarded from each well, and 100 pl of
dimethyl sulfoxide was added to solubilize the MTT formazan.
The color intensity in each plate was read and measured
spectrophotometrically using a microplate reader at 560 nm.

Transwell migration assays

Cell migration was performed as previously described
[12]. Briefly, the undersurface of each Transwell chamber
(8 wum pore size; Costar) was coated with 10 pug/mL
of Collagen I overnight at 4°C. Cells were suspended
in serum-free medium at a density of 5 x 10° cells/mL,
and 100 pl of the cell suspension was added into each
Transwell upper chamber. Meanwhile, 10% FBS was added
into the lower chamber to serve as a chemo-attractant. After
a 4 h migration period, the remaining cells in the upper
chamber were removed with cotton swabs, while the cells
on the undersurface of the chamber were stained with a
crystal violet solution. The number of migratory cells was
determined by counting the stained cells in three different
fields under a phase-contrast microscope.

Clinical samples and immunohistochemistry
staining (IHC)

Clinical human breast cancer samples were obtained
from Department of Oncology, Tongji Hospital of Huazhong
University of Science and Technology. All samples were
collected for research use. Paraffin-embedded tissues were
sectioned and used for immunohistochemistry with CDH11,
HOXCS8 and ILF3 as previously described [12]. Sections
were also subjected to H&E staining. Staining was scored
as +++ if > 75% of the cancer cells were immunostained
positive, ++ for 50-75%, + for 25-50%, +/— for 10-25%
cells and — if <10% were positive. The staining intensity of
each sample was given a modified histochemical score (MH-
score) that included an assessment of both the intensity of the
stain and the percentage of stained cells [39].

Bioinformatics analysis

The expression analyses of the CDHI11, ILF3 and
HOXC8 mRNA levels in the TCGA (Nature 2012, 825
samples) and METABRIC (Nature 2012 & Nat commun
2016, 2,509 samples) patient datasets were performed using
cBioPortal (http://www.cbioportal.org) [40]. The Kaplan-
Meier analysis was performed using the online Kaplan-
Meier Plotter [41] (www.kmplot.com) to estimate distant
metastasis-free survival curves, and the best performing
threshold was used as the cut-off point for the high and low
groups of CDH11, ILF3 and HOXCS expression. For all
statistical analyses, p < 0.05 was considered significant.

Statistical analysis

The data are presented as the means + s.e.m. Statistical
analyses were performed on data collected from at least
three independent experiments. The student’s #-test (two-
tailed) was used to compare two groups, and differences
were considered statistically significant when p < 0.05.
Statistical analyses were performed with GraphPad Prism
with significance levels set at *P < 0.05 and "P < 0.01.
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