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Abstract

Aiming to identify immune molecules with a novel function in cancer pathogenesis, we found the cluster of differentiation
177 (CD177), a known neutrophil antigen, to be positively correlated with relapse-free, metastasis-free, or overall survival
in breast cancer. In addition, CD177 expression is correlated with good prognosis in several other solid cancers including
prostate, cervical, and lung. Focusing on breast cancer, we found that CD177 is expressed in normal breast epithelial cells
and is significantly reduced in invasive cancers. Loss of CD177 leads to hyperproliferative mammary epithelium and
contributes to breast cancer pathogenesis. Mechanistically, we found that CD177-deficiency is associated with an increase
in P-catenin signaling. Here we identified CD177 as a novel regulator of mammary epithelial proliferation and breast
cancer pathogenesis likely via the modulation of Wnt/p-catenin signaling pathway, a key signaling pathway involved in
multiple cancer types.

Introduction

CD177 (also referred to as NB1, HNA-2a, or PRV1) is

These authors contributed equally: Paige N. Kluz, Ryan Kolb, a glycophosphatidylinositol (GPI)-linked extracellular
Qing Xie membrane-bound protein that belongs to the Ly-6 family

[1, 2]. CD177 is a GPI-linked extracellular membrane
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protein and has been shown to be expressed on the sur-
face and in granules of human neutrophils and serves as a
marker for myeloproliferative diseases [3, 4].
To study the physiological role of CD177, we have
generated a CD177 knockout (Cd177'~) mouse model
[5]. Cd1777'~ mice at 8 weeks of age exhibited slightly
lower blood neutrophil, but they appear to have a normal
function in clearance of bacterial infection and chemo-
taxis [5]. The roles of CD177 in solid cancers are largely
unknown, though there is a correlation between loss of
CD177 expression and poor prognosis in colorectal and
gastric cancers [6, 7].

B-catenin is a member of the catenin family of proteins
mainly involved in two distinct and relevant functions, with
one being a structural protein involved in adherens junctions
and the other as a Wnt-induced transcriptional co-activator
where it plays an important role in development and tissue
homeostasis [8]. f-catenin transcriptional co-activator activity
is regulated by canonical Wnt signaling [9]. Cellular -catenin
largely exists in three pools, i.e., cytoplasmic, nuclear, or
membrane bound. Cytoplasmic p-catenin is associated with
the “destruction complex”, which phosphorylates fp-catenin
leading to its proteasomal degradation. Upon binding of a
canonical Wnt ligand to its receptor, the destruction complex
becomes associated with the membrane leading to f-catenin
accumulation and nuclear localization. Membrane p-catenin
forms a complex with E-cadherin at adherens junctions,
together with p120-catenin and o-catenin that link to cytos-
keleton microfilaments. There is strong evidence showing that
membrane f-catenin can be used by Wnt signaling when E-
cadherin or adherens junctions are genetically or chemically
destroyed [10—13]. Furthermore, expression of E-cadherin in
otherwise negative cells inhibits Wnt/B-catenin-mediated
transcription, thus supporting a role of E-cadherin/adherens
junction in sequestrating P-catenin to prevent its signaling
[11, 14-18].

Dysregulation of fB-catenin has a role in the develop-
ment of several types of cancer, including breast cancer
[19-22]. Wnt/B-catenin signaling is important in all stages
of normal mammary gland development through the reg-
ulation of mammary stem cells via a paracrine interaction
between luminal epithelial cells and basal epithelial cells
[19, 23-29]. Hyper-activation of P-catenin in the mam-
mary gland leads to hyperplasia of mammary epithelial
cells and often tumorigenesis when this pathway is dys-
regulated [30-37].

Here, we identified CD177 as a predictor for good
prognosis in breast cancer and other types of cancer. We
further identified an epithelial cell-intrinsic role of CD177
in tumor suppression that is associated with decreased
[-catenin transcriptional activity.
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Results

CD177 predicts RFS and MFS in breast cancer
patients and other solid tumors

Using a published meta-data set of 3554 specimens [38], we
generated a list of CD molecules whose RNA levels were
correlated with relapse-free survival (RFS) in breast cancer
(Table S1). CD177 had one of the highest correlations
between expression and RFS, higher than many other makers
for immune cells with known anti-cancer functions, including
those for NK cells (CD314/NKG2d, CD94), toxic T cells
(CD8), macrophages (CD163), etc. (Supplementary Table 1,
Fig. 1a hazard ratio (HR) = 0.62). CD177 is also positively
correlated with metastasis-free survival (MFS), in two well-
established data sets, GSE2034 [39] (n =286, Fig. 1b, Fig.
S1A) and GSE2603 [40] (n =81, Fig. S1B), irrelative of
bone or lung metastasis (Fig. S1A, B). The positive corre-
lation between CDI77 and RFS was true among all breast
cancer subtypes (Fig. 1c and Supplementary Table 2).

Using Analysis of Illumina HiSeq expression data
deposited in The Cancer Genome Atlas (TCGA) for 30
cancer types, we next checked if CDI77 expression was
correlated with survival in other types as cancer. We found
that CD177 expression is positively correlated with survival
in eight carcinomas (HR <0.7 and Logrank P < 0.05; Fig.
S1C and Supplementary Table 3), such as overall survival
(OS) in cervical squamous cell carcinoma (HR =0.44),
RFS in lung squamous cell carcinoma (LUSC, HR = 0.60),
and RFS in prostate cancer (HR = 0.5) (Fig. 1c and Sup-
plementary Table 2).

CD177 is expressed in normal mammary epithelial
cells but is reduced in breast cancer

As CD177 is a positive predictor for breast cancer, we
determined whether CD177 is expressed on cells beyond
neutrophils. Immunohistochemistry (IHC) images from
Human Protein Atlas [54] revealed that CD177 is
expressed on epithelial cells in cervical cancer, prostate
cancer and LUSC (Fig. SID-F). In breast cancer, CD177
mRNA expression was reduced compared with normal
tissues of 16-paired human breast cancer patients
(Fig. 1d). Immunofluorescent staining revealed that
CD177 was strongly expressed in the normal mammary
epithelial cells but reduced in all paired cancer specimens
(Fig. le; Fig. S2A). IHC staining for CD177, using a
different monoclonal antibody (clone 4c4), of a tissue
microarray (TMA) found CD177 staining in cancer cells,
with lower levels of CD177 staining correlated with
increased tumor stages (Fig. If, g).
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Fig. 1 CD177 is commonly lost in invasive cancer and positively
correlated with survival. a Correlation between CD/77 expression
and relapse-free survival (RFS) in all breast cancer samples using an
online KMPIlot software including a total of 3554 breast cancer spe-
cimens. b Correlation between CD177 expression and metastasis-free
survival (MFS) in breast cancer among patient populations included in
GSE2034 data set (n=286). Logrank test was done to determine
significance. ¢ Correlation between CD177 expression and RFS (breast
cancer, BrCa; Lung squamous cell carcinoma, LUSC, and prostate
cancer), and overall survival (OS, cervical cancer). BrCa data were
generated using KMPlot software with samples separated by intrinsic
subtypes (Luminal A, LumA; Luminal B, LumB; HER2"; basal-like
breast cancer, BLBC). Cervical, LUSC, and prostate data are from
TCGA Illumina HiSeq level 3 data. Graph represents the hazard ratio
(black bar) and range (box) with the —-Log 10 Logrank P value (closed

Most breast cancer cell lines had significantly decreased
CD177 mRNA levels compared with non-fully transformed
HMLE mammary epithelial cells (Fig. S2B). These cells
had nearly undetectable expression of CD177 by western
blot or surface expression by flow cytometry under mono-
layer culture. However, when mouse mammary breast
cancer 67NR, prostate cancer PC3, lung cancer H146 and a
tamoxifen-resistant MCF-7 (MCF-7-R) cell lines were
grown in non-adherent conditions, CD177 protein was
found on the cell surface by flow cytometry (Fig. S2C-E).

To determine whether CDI77 locus is commonly
mutated, deleted or has promoter methylation, we utilized
cBioPortal data set [41, 42] and found no recurrent muta-
tions or chromosomal deletions related to CD177 locus. We

™ T2 T3 T4
N=78 65 13 11

: BT, . .
Index 1+: 86222, 38.7% - Sdfidex 0; 116/202,52.3%%,

triangle). Dashed line is —Log 10(0.05). N numbers for each group is
presented in Table S2. d CD177 log 10 mRNA level in breast cancer
and paired normal tissue. n =16, paired ¢ test. e Representative
immunofluorescent staining for CD177 in human breast cancer spe-
cimen and paired normal tissue (n=6 pairs, also Fig. S2A).
f Representative IHC staining for CD177 of a tissue microarray of 222
human breast cancer samples. Samples were scored using index of
0—3 + based on the intensity of CD177 staining and percentage of
positivity. The intensity scores and number/percentages are indicated.
g CD177 IHC index for samples from f separated by tumor stage. IHC
index was calculated by the following formula: Intensity index x per-
centage X 10. One-way ANOVA was used to determine significance
with adjusted P values indicated. Only samples with traceable tumor
stage information were shown (n=167). Also see Supplementary
Table S1-S3 and Figs. S1- S2.

also mined TCGA datasets for invasive breast cancer and
found no significant correlation between promoter methy-
lation and CD177 expression in either breast cancer samples
or normal breast tissues, suggesting that CDI77 expression
in breast cancer may not be regulated by promoter methy-
lation (Fig. S2F).

CD177 deficiency induces hyperproliferation of
mammary epithelial cells

As we observed a common loss of CD177 in human breast
cancer, we sought to further study the physiological
function of CD177 in the mammary gland to better
understand the role of CD177 in mammary epithelial

SPRINGER NATURE
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Fig. 2 CD177 deficiency leads to proliferative mammary epithelial
cells. a The No. 4 mammary glands from the indicated mice were
collected at 7 weeks (left panels) and 10 months (right panels) of age.
The number of branches between the white lines was counted. b Graph
depicts the number of branches from a from the indicated mice. Sig-
nificance was determined with by Student’s 7 test (n =3 WT, n=5
Cd17777). ¢ Number of filled ducts was counted from age-matched
mice at 10 months (n =3 WT,n=15 Cdl 777" 7), based on H&E images

cells. We examined the physiological function of CD177
in the mammary gland using CdI77/~ mice [5]. At
7 weeks, there was no discernable difference in mammary
glands of knockout mice compared with wild-type litter-
mates (Fig. 2a). However, mammary glands from
10 month old Cdl177~~ mice exhibited significantly
increased side branching and ductal structures (Fig. 2a, b).
Hematoxylin and Eosin staining revealed many mammary
duct structures with loss of luminal architecture and
multiple layers of epithelial cells (Fig. S3A, black
arrows). This phenotype was not found in the wild-type
(WT) littermates (Fig. S3A, Fig. 2¢). The mammary epi-
thelium from the CdI77~ mice had increased pro-
liferation indicated by Ki-67 IHC (Fig. 2d, Fig. S3B,
upper panels). Cd177~/~ mice exhibited similar nuclear
progesterone receptor (PR, Fig. 2e, Fig. S3C, left) and
slightly decreased nuclear estrogen receptor (ER, Fig. 2f,
Fig. S3C, right), suggesting the hormone-independent
proliferative phenotype within Cd/77~~ mammary epi-
thelium. This suggests that CD177-deletion promotes the

SPRINGER NATURE

shown in Fig. S3A. d Percentages of Ki-67-positive cells was calcu-
lated from mammary epithelial cells of age-matched mice at 10 months
(mn=3 WI,n=5 Cdl 77" ~, 5-10 ducts counted per gland), based on
IHC shown in Fig. S3B. e, f Percentages of PR- e or ER- f positive
cells was calculated from mammary epithelial cells of age-matched
mice at 10 months (n=2 WT, n=4 Cdl 777", 10 ducts counted per
gland), based on IHC shown in Fig. S3C. Also see Fig. S3.

expansion of mammary epithelial cells, a prerequisite for
breast cancer development.

Normal mammary ducts from both Cd177~~ and WT
mice contained a single layer of keratin (Krt) 5-positive
basal cells and Krt-8-postive luminal cells, whereas the
filled mammary ducts from Cdl77~~ mice had multiple
layers of basal and luminal cells (Fig. S3B, lower panels).
We observed no difference in the percentage of Krt-5- or
Kirt-8-positive cells in mammary glands from Cd177 7~
mice compared with WT littermates (Fig. S3D, E). These
data indicate that CD177 deficiency leads to an increase in
both luminal and basal epithelial cells while maintaining
their ratio.

CD177 is a critical regulator for mammary
tumorigenesis

To study the role of CD177 in breast cancer, we stably
overexpressed human CD177 in human breast cancer cell
lines, including MCF-7 (luminal, Fig. 3a) and SKBR3
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Fig. 3 CD177 suppresses breast cancer cell growth and colony
formation. a, b The indicated cells stably expressing CD177 or GFP
(con) vector were purified by surface CD177 staining and flow cyto-
metry. Expression of surface CD177 was determined by flow cyto-
metry (left panels) and monolayer cell growth curves were shown
(right panels). Two-way ANOVA was done to determine significance
(n=3). ¢, d Three-dimensional soft agar assay for MCF-7 ¢ and
SKBR3 d expressing CD177 (CD) or GFP (Con). Graphs depict the
average number of colonies per microscopy field +s.d. At least three
fields per sample were counted. Students ¢ test was done to determine

(HER2™, Fig. 3b). Overexpression of CD177 in MCF-7 and
SKBR3 cells reduced monolayer growth (Fig. 3a, b) and
soft agar colony formation (Fig. 3c, d). In concordance,
silencing Cd177 in 67NR (murine mammary carcinoma)
cells by shRNA (Fig. 3e, Fig. S4A) resulted in an increase
in the number of soft agar colonies, which was reversed
when CD177 was reconstituted (Fig. S4B, Fig. 3f).

To confirm the role of CD177 as a cancer cell-intrinsic
tumor suppressor, we orthotopically injected CD177-over-
expressing MCF-7 or MDA-MB-231 cells into immuno-
deficient NOD-scid IL2Ryrlull (NSG) mice. Tumor growth
was significantly suppressed relative to control tumors for
both cell lines (Fig. 4a, b). Likewise, silencing CdI77 in
67NR cells (Fig. 3e, Fig. S4A) resulted in the increased
tumor growth compared to 67NR control cells (Fig. 4c).

We also examined the role of CD177 in an oncogene-
induced mammary tumor model. We crossed Cd177 "/~
mice [5] with MMTV-ErbB2-transgenic (tg) mice to pro-
duce MMTV-ErbB2/Cd177"~ or MMTV-ErbB2/Cd177 '~
littermate progeny. The MMTV-ErbB2/Cd177 '~ mice did
not show difference in first tumor onset (Fig. S4C), but had
increased tumor multiplicity compared with MMTV-ErbB2/
Cd177*~ littermates (Fig. 4d, P=0.023); 41% of the
MMTV-ErbB2/Cd177 '~ mice but only 4.5% of the MMTV-
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significance (n = 3). 200 um in ¢ defines the colony size. e 67NR cells
were selected for stable expression of CD177 shRNA following len-
tivirus transduction from two independent shRNAs. Graph depicts the
surface CD177 expression determined by flow cytometry. f Three-
dimensional soft agar assay for 67NR control or shl cells from
e transfected with human CD177 as indicated. Graph depicts the
average number of colonies per microscopy field +s.d. At least three
fields per sample were counted. One-way ANOVA was used to
determine significance. Also see Fig. S4.

ErbB2/Cd177""~ mice had more than three tumors
(Fig. 4e). Surface expression of CD177 was verified in a
small percentage of cancer cells in MMTV-ErbB2/WT mice,
indicative of reduced CDI177 expression in cancer (Fig.
S4D, Fig. 4f). As expected, no CD177 was observed in
tumors from MMTV-ErbB2/Cd177~’~ mice (Fig. 49).
Unlike the cell line data (Fig. 3a, b) or within mammary
glands (Fig. 2), there was no significant increase in Ki-67-
positive cells in these tumors (Fig. S4E, F), suggesting that
tumors evade CD177-mediated suppression of proliferation
at late stages likely by downregulation of surface CD177
(Fig. 41).

CD177 expression is associated with decreased
B-catenin activity

As nothing is known related to CD177-mediated signaling
transduction in cancer, we performed datamining of the
TCGA invasive breast cancer (BrCa) data set. We corre-
lated CD177 expression with known biological pathways
using gene set enrichment analysis (GSEA) [52], com-
paring BrCa samples with low versus high CDI77
expression. We found that the low expression of CDI177
was correlated with the enrichment of Wnt and -catenin

SPRINGER NATURE
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Fig. 4 CD177 suppresses tumorigenesis in a cancer cell-intrinsic
manner. a, b MCF-7 a or MDA-MB-231 b cells stably expressing
CD177 or control vector (con) were implanted into the number 4
mammary glands of NSG mice and tumor volume was monitored.
Graph depicts the average tumor volume + s.e.m. Two-way ANOVA
was used to determine significance (n=4-6). ¢ 67NR cells stably
expressing CD177 shRNA1, shRNA2, or control 67NR cells from
Fig. 3e were implanted into the No. 4 mammary fat pad of Balb/c mice
and tumor volume was monitored. Graph depicts the average tumor
volume +s.e.m. Two-way ANOVA was used to determine

signaling (Fig. 5a). Similar results were found in several
other major cancer subtypes including the TCGA LUSC,
colon adenocarcinoma and rectal adenocarcinoma (READ)
(Fig. 5b), where CD177 expression was observed either in
corresponding cancer specimens (Fig. S1F) or known in
literature [6]. Next generation RNA sequencing also
revealed that Cdl77-deficiency led to decreased expression
of Wnt/p-catenin-targeted genes within ErbB2-induced
tumors from Fig. 4d—f (Supplementary Table 4, Fig. 5c) and
further validated by real-time PCR (Fig. 5d, Fig. S5A). We
have shown before that human breast cancers rarely have
nuclear f-catenin [55], in agreement with previous publica-
tions using clinical approved IHC protocols [37, 56]. Using
an antibody that specifically recognizes active -catenin, we
did not find significant nuclear p-catenin staining on tissue
sections of these ErbB2-induced tumors, either within
Cd177"= or Cd1777'~ genotypes. Staining of normal
glands from Fig. 2a, we found that Cd177 deficiency led to a
significant increase in nuclear B-catenin staining of mam-
mary glands from 10-month-old mice, preferably within the
basal layer of mammary epithelium (Fig. Se, f), in agreement

SPRINGER NATURE

significance. d, e MMTV-ErbB2/Cdl 77"~ and MMTV-ErbB2/Cd177
~~ mice were monitored for tumor development. Mice were killed
when the largest tumor reached 2 cm and the number of tumors per
mice was counted. Graph depicts the number of tumors per mouse
(d, only tumor-bearing mice were shown) or the percent of mice with
the indicated number or tumors (e all mice were shown) from MMTV-
ErbB2/Cd177+"~ and MMTV-ErbB2/Cd177~'~. £ Representative IHC
images for CD177 in tumors from MMTV-ErbB2/WT and MMTV-
ErbB2/Cd177~'~ mice. Also see Fig. S4.

with the critical role of f-catenin in basal mammary
stem cells.

We also determined whether CD177 regulates the
B-catenin-mediated transcription using a dual-luciferase
TOPflash assay [45]. We found that knockdown of Cd177
in 67NR cells increased basal level of P-catenin tran-
scriptional activity with slight but not significant increase
with Wnt3a treatment (Fig. 5g). In H146 cells with
intrinsic CD177 expression (Fig. S2C, E), silencing
CD177 by siRNA (Fig. S5B) significantly increased both
basal and Wnt3a-induced fB-catenin transcriptional activity
compared with control cells (Fig. S5B). Further supporting
the sufficiency of CDI177 in attenuation of f-catenin
activity, overexpression of CD177 in the CD177 negative
MDA-MB-436 cells significantly reduced Wnt3a-
mediated f-catenin activity (first two open bars in
Fig. 5h, S5C). As we have seen silencing CD177 in 67NR
cells resulted in the increased in vitro (Fig. 3f) and in vivo
(Fig. 4c) tumor growth, we further silenced p-catenin in
67NR shl cells to determine the causative role of
B-catenin downstream of CD177-deficiency. We achieved
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Fig. 5 CD177 attenuates the canonical Wnt/B-catenin signaling. a, b GSEA showing activation of Wnt/B-catenin pathways in CD177°% cohorts
of human cancers, including human breast cancer samples (BrCa; GSE2034, 19 CDI177°% versus 19 CD177"#" cancer specimens), lung squamous
cell carcinoma (LUSC; TCGA), colon adenocarcinoma (COAD; TCGA), and rectal adenocarcinoma (READ; TCGA). Cancer specimens were
separated into high versus low CD177 expressing groups (BrCA: low 19 vs high 19; LUSC: low 98 vs high 98; COAD: low 33 vs high 33; READ:
low 15 vs high 15). Graph depicts the net enrichment score (bar) and false discovery rate (FDR, solid triangle) for the indicated gene sets in the
CD177 low groups. ¢ RNAseq was performed using tumor RNAs collected from MMTV-ErbB2/Cd177'~ and MMTV-ErbB2/Cd177~'~ mice used
in Fig. 4d (§ and 7, respectively, Table S4). Heatmap depicting Z scores for the expression of f-catenin-regulated genes, defined by GSEA Wnt/
fB-catenin-regulated gene signatures in cancer cells, including combined genes from the following GSEA gene sets: Go_Canonical_Wnt_Signa-
ling_Pathway; Go_Wnt_Signaling_Pathway; Biocarta_Wnt_Pathway. d Real-time PCR verifying the mRNA expression of several genes in
tumors from the indicated mice. Graph depicts the average mRNA expression relative to Ppia as a fold change compared with WT group + s.d.
Student’s ¢ test was done to determine significance (n =3 from different tumors). e, f Representative IHC images e and percentages of active
nuclear -catenin f positive cells were calculated from mammary epithelial cells of age-matched mice at 10 months (n =2 WT, n=3 CDI1777~,
12—17 ducts counted per gland). g TOPflash dual-luciferase assay for 67NR cells stably expressing CD177 shRNA (Fig. 3e) grown in non-adherent
conditions in polyHEMA coated plates. Cells were then treated with or without 400 ng/mL recombinant Wnt3a for 24 hr. Graph depicts the
average firefly luciferase intensity as a fold change compared with untreated control +s.d. One-way ANOVA was used to determine significance.
n =06 for all experiments. h TOPflash dual-luciferase assay for B-catenin activation in MDA-MB-436 cells transfected with pcDNA3.1 empty
vector (control), CD177 and pcDNA3.1, E-cadherin and pcDNA3.1 or both E-cadherin and CD177, treated with or without 400 ng/mL recom-
binant Wnt3a for 24 hr. Graph depicts the average firefly luciferase intensity as a fold change compared with untreated control +s.d. One-way
ANOVA was used to determine significance (n = 6 for all experiments). g, h black bars, no treatment; white bars, 400 ng/ml of Wnt3A treatment.
Also see Fig. S5.

>90% reduction of P-catenin protein level in 67NR  CD177 indirectly interacts with B-catenin

shl cells (Fig. S5D, right panels), which led to sig-

nificantly reduced colony growth from the 67RN shl cells = To gain mechanistic understanding how CD177, a GPI-
(Fig. S5D, left panels). linked extramembrane protein without a transmembrane
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Fig. 6 CD177 indirectly interacts with p-catenin. a-d Normal
human breast tissues were stained with anti-CD177 (a: green, clone
4c4) and anti-B-catenin (b: red). Representative confocal images are
shown as individual colors and an overlay ¢ with nuclear DAPI
staining (blue). d Enlarged merged image from ¢ with white arrows
indicating areas where the two signals are parallel. e 1 pg of FC-fusion
CD177 and His-Tag full-length f-catenin, both purified from
HEK293T cells, were incubated using RIPA buffer, with or without

domain, regulates intracellular f-catenin activity, we further
characterized the molecular nature of CD177 on cancer
cells. CD177 was found to be expressed on the membrane
(Fig. S2C by surface flow cytometry, Fig. S6A by immu-
nofluorescence staining), indicative of physiological mem-
brane localization. Using the confocal microscope, we
further found that both CD177 (Fig. 6a: green) and
p-catenin (Fig. 6b: red) were localized at sites of cell-cell
contact (Fig. 6a—c) within normal human mammary glands,
whereas control IgGs did not yield any fluorescence signal
(Fig. S6B). The two signals were mostly in parallel with
each other (Fig. 6d, white arrows), indicating the two are
likely at the opposite sides of the plasma membrane. As
extracellular CD177 does not have a transmembrane
domain and B-catenin is an intracellular protein, we rea-
soned the transmembrane E-cadherin may mediate the
interaction since both E-cadherin and p-catenin belong to
the protein complex involving adherens junctions. We
identified co-localization between CD177 and E-cadherin
along the plasma membrane of normal human mammary
ducts (Fig. S6C). We further combined FC-fusion CD177
recombinant protein with His-Tag full-length f-catenin,
both purified from HEK293T cells, and did not detect any
interaction by pull down assays (Fig. 6e and Fig. S6D, first
two lanes). Co-incubation with cell lysates from MCEF-7
(E-cadherin positive), MDA-MB-231 (E-cadherin negative)
(Fig. 6e), or HEK293T (Fig. S6D) induced the interaction
between CD177 and p-catenin. We further used an anti-E-
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the presence of 1 mg of cell lysates from MCF-7 or MDA-MB-231
cells. Ni-NTA agarose was used to pull down His-p-catenin complex,
following with SDS-PAGE and Western Blotting. Also see Fig. S6D
(n = 2). f Inmunoprecipitation of p-catenin or CD177 from MCF-7-R
cells transfected with E-cadherin siRNA. IP using non-immunogenic
IgG was used as a control. Immunoblotting of whole-cell lysates
(WCL, left) and IP (right) for E-cadherin, p-catenin, CD177, f-actin,
and/or IgG heavy chain (IgH) are shown (n =2). Also see Fig. S6.

cadherin antibody to deplete E-cadherin protein from
HEK?293T lysate, using an IgG or non-relevant anti-trans-
membrane protein DSG2 as negative controls (Fig. S6E).
Depletion of E-cadherin did not influence the interaction
between CD177 and p-catenin (Fig, S6D). We also depleted
E-cadherin by siRNA with a 90% silencing efficiency in
MCF-7-R cells (Fig. 6f) without altering the levels of
endogenous CD177 and B-catenin (Fig. 6f). Same lysates
were subject to co-immunoprecipitation (co-IP) where anti-
B-catenin pulled down both p-catenin and CD177 regardless
of E-cadherin expression (Fig. 6f, right panels). The reci-
procal co-IP of CD177 showed similar results (Fig. 6f).
CD177-dependent suppression of P-catenin activity was
independent of E-cadherin in an E-cadherin-negative MA-
MB-436 cells (Fig. 5h). These data indicate that CD177
forms a complex with p-catenin indirectly along the plasma
membrane.

Discussion

We identified a novel function of CD177 as a tumor-
suppressive protein and biomarker for predicting patient
outcomes in breast and other types of cancer. The expres-
sion of CD177 is decreased in paired invasive cancers as
well as more advanced tumors, which agrees with the
general loss of tumor suppressors during cancer develop-
ment. CDI77 expression also predicts a good patient
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outcome in breast cancer and other cancer types. Although
the loss of CD177 alone was insufficient to induce tumor-
igenesis, it did induce hyperproliferation of mammary epi-
thelial cells. Mammary ducts from 10-month-old Cd177 "/~
mice exhibited multiple layers of epithelial cells with some
filled ducts, a phenotype observed in the early stages of
tumorigenesis and puberty. This resembles the activation of
B-catenin in the mammary gland that leads to hyperproli-
feration of the mammary epithelial cells and adenocarci-
noma [30, 31]. Nuclear f-catenin is also elevated within the
mammary epithelial cells from 10-month-old Cd177 "/~
mice relative to WT mice.

We also found that CD177 forms a complex with
p-catenin, suppressing Wnt-induced [-catenin transcrip-
tional activity. Though constitutive activation of Wnt sig-
naling leads to adenocarcinoma in aged mice, Cd177 "~
mice did not develop spontaneous carcinomas. [-catenin is
a known tumor promotor in several other types of cancer
where CD177 is a good prognosis marker such as cervical
[57-59], prostate [60, 61], and LUSC [62, 63]. CD177 may
act as a tumor suppressor in these cancers by attenuating
B-catenin signaling similar to breast cancers.

We have made a long-term commitment to determine a
transmembrane protein that potentially mediates the inter-
action between extracellular CD177 and intracellular
B-catenin. The apparent E-cadherin fails to fulfill this
function. Several attempts using mass spectrometry also
failed to identify a membrane protein that bridges CD177
and B-catenin; whereas the search is ongoing, it is important
to add CD177 as a negative regulator of pf-catenin activity.
In summary, our results support a model where CD177
indirectly interacts with pB-catenin at the plasma membrane
independently of E-cadherin, preventing p-catenin activa-
tion. This is in agreement with bioinformatics analysis
where CD177 is a good prognostic factor in various
cancer types.

Materials and methods
Murine models

All animal experiments were in accordance with University
of Towa IACUC guidelines. NOD-scid IL2Ry™! (NSG)
(Jackson laboratory, Bar Harbor, Maine) mice were
implanted with subcutaneously with estradiol pills (Inno-
vative Research of America, Sarasota, FL). Three days later,
1 x 10° MCE-7 CD177-myc or green fluorescent protein
(GFP) cells in 50% Matrigel (Corning, Corning NY)/
phosphate-buffered saline (PBS) were orthotopically trans-
planted. In all, 2x10° MDA-MB-231-overexpressing
CD177-myc or GFP cells in 50% Matrigel (Corning,
Corning NY)/PBS were orthotopically transplanted. Balb/C

female 6-week-old mice were injected with 2.5 x 10° 67NR
cells or 67NR cells expressing control or CD177 shRNAs
(shl or sh2) in 50% Matrigel (Corning). All cells were
transplanted into the number four mammary fat pad. For the
syngeneic orthotopic transplant tumor model, 6-week-old
Balb/C female mice were obtained from Charles River
Laboratories (Burlington, MA). Tumor growth and devel-
opment was monitored by external palpations and measured
using calipers. Tumor volume was calculated as length x
width? x 0.502. MMTV-ErbB2 mice were crossed with
CD1777~ mice to generate MMTV-ErbB2/WT, MMTV-
ErbB2/CD177""~ and MMTV-ErbB2/CD177 "~ littermates.
All comparisons between WI' and CDI77” as well as
those between MMTV-ErbB2/CDI177"'~ and MMTV-
ErbB2/CDI177"~ were made between littermates or aged-
related mice. Tumor-free survival was determined by
recording the date the mice first had palpable tumors
2 weeks in a row. All mice were terminated when their
largest tumor reached 2cm in diameter or when they
reached 600 days old. Tumor multiplicity was determined
by counting the number of individual tumors at the time
when mice were terminated. With a fixed power of 0.8, for
transplant models, we expect a variation of 0.5 standard
deviation and a twofold change, giving 5-6 per group of
animals; for spontaneous models, we expect a variation of
one standard deviation and a twofold change, giving 17-18
per group of animals. Randomization and double-blinded
measurements were performed for all transplantation animal
experiments.

Survival analysis

Kaplan—Meier survival curves were made using GraphPad
Prism software (GraphPad Software Inc., San Diego, CA)
from publicly available data sets. RFS based on RNA
expression of CD molecules were generated using data from
a published meta-data set of 3554 breast cancer specimens
and the KMplot online tools (KMplot.com) [38]. MFS
curves were generated using data from GEO Dataset
GSE2034 [39] (n = 286) and GSE2603 [40] (n = 81). Level
3 Illumina RNAseq data were obtained from the TCGA for
30 cancer types from the cBioPortal [41, 42]. HRs and
P values for survival based on CDI77 expression were
determined using Cox’s proportional hazards model.

Cell lines, transfection, and transduction

SKBR3, MDA-MB-231, MDA-MB-436, HEK293T, and
MCEF-7 cells were obtained from ATCC and maintained in
Dulbecco’s Modified Eagle Medium (DMEM) (Life Tech-
nologies, Waltham, MA) with 10% fetal bovine serum
(FBS). HMLE cells were provided by Dr. Jing Yang
(University of California, San Diego) and maintained in F12
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media (Life Technologies) supplanted with 10% FBS, 0.1%
insulin, 2 pg/ml hydrocortisone, and 10ng/ml epithelial
growth factor. H146, obtained from ATCC, and 67NR,
168FARN, and 4TO7 cells were maintained in Roswell
Park Memorial Institute 1640 media supplemented with
10% FBS. Human colon epithelial cells were obtained from
Dr. Jerry Shay (University of Texas Southwestern) and
cultured in DMEM with 10% FBS. Human mammary epi-
thelial cell line (AG11132) was obtained from Coriell
Institute for Medical Research (Camden, NJ), and cultured
using mammary epithelial cell growth medium complete
medium (Lonza, Basel, Switzerland). MCF7-R cells [43]
were from Dr. Marc Lippman at the National Cancer Institute
and cultured using DMEM (Life Technologies, Waltham,
MA) with 10% FBS. For non-adherent culture of 67NR and
H146 cells, plates were coated with poly 2-hydroxyethyl
methacrylate (polyHEMA; Sigma Aldrich, St Louis MO)
12 mg/ml of 95% ethanol and allowed to evaporate. In all,
2 x 10° cells per ml were plated and cultured for 48 h. ATCC
cells were used within 5 —6 generations and other cells were
tested for mycoplasma using PlasmoTest-Mycoplasma
Detection (InvivoGen, San Diego, CA). For CD177 shRNA,
Lentivirus containing shRNA sequences were packaged in
HEK293T cells and media containing packaged virus was
collected. 67NR cells were incubated with media containing
the packaged shRNA lentivirus for 24 h and stable cells lines
expressing the CD177 shRNA were generated by selection of
transduced cells with 4 pg/ml puromycin (Thermo Fisher
Scientific). The mouse CD177 shRNA'’s targeting sequences:
Shl 5-GCCAAGACTTGATAATGCTCC-3; Sh2 5'-ACC
CAGGCGATTGGGACCTTG-3' were used to silence
CD177 in 67NR cells. For soft agar colony assay, 5 x 10* cells
were suspended in 0.4% agarose/media mixture and plated on
top of solidified 0.8% agarose/media mixture. Colonies were
cultured for 2 weeks and counted. For monolayer growth
curves, 1x 10’ cells were plated and counted at 24, 72, and
120 h.

Cell lysates, immunoprecipitation, and immunoblots

For membrane and cytosolic fractionation, we followed our
previously described protocol [44].

For immunoprecipitation, 1 mg of cell lysate was incu-
bated with 1pug/mL of antibodies at 4°C overnight.
Immunocomplex was precipitated using protein A or G
sepharose beads (Thermo Fisher Scientific). Sepharose
beads were resuspended in SDS loading buffer and sepa-
rated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and visualized by western
blotting. For in vitro pull down assay, 1 pg of FC-fusion
CD177 (14501-HO2H, SinoBiological, Beijing, China) and
His-Tag full-length p-catenin (11279-H20B, SinoBiologi-
cal), both purified from HEK293T cells, were incubated
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using radioimmunoprecipitation assay buffer, with or
without the presence of 1 mg of cell lysates from MCF-7 or
MDA-MB-231 cells. Ni-NTA agarose was used to pull
down His-B-catenin complex, following with SDS-PAGE
and western blotting.

Mammary gland whole mount

No. 4 mammary glands were removed from CDI177 '~ and
WT mice and fixed in Carnoy’s fix (six parts ethanol, three
parts chloroform, and one-part glacial acetic acid) over-
night. They were then rehydrated with ethanol washes,
stained with carmine alum stain, cleared, and mounted.
Whole-mount slides of mammary glands were marked an
inch above the inguinal lymph node and all branch points
within this inch were counted.

Immunohistochemistry

Tissues were processed with standard IHC protocols. Tris-
based pH 9 antigen unmasking solution (Vector Labs) was
used for antigen retrieval and samples were blocked with
background punisher (BioCare Medical, Concord CA).
Slides were incubated with primary antibody, anti Ki-67
antibody (D2H10; Cell signaling), anti-KRT5 antibody
(Poly 19055; Biolegend, San Diego, CA), anti-active
B-catenin (D13Al; Cell Signaling), anti-ERa (C-311;
Santa Cruz Biotechnology, Dallas, Texas), or anti-PR
(D8Q2J; Cell Signaling) for 2 h. Next, rabbit or mouse-
on-rodent polymers (BioCare Medical) for 30 min, devel-
oped with 3,3’-diaminobenzadine (0.3% H,0, in PBS)
developing buffer, and counterstained. Positive cells and
total cells per mammary duct were counted.

Immunofluorescence staining and confocal
microscopy

Frozen tissue samples or plated cells were fixed for 20 min
with 35% methanol/65% acetone on ice. The samples were
rehydrated with ice-cold PBS, permeabilized, blocked with
5% goat serum and 0.3% Triton X-100, then incubated with
primary antibodies, CD177 (Clone 4C4, Sigma Aldrich),
f-catenin (H-102; Santa Cruz Biotechnology), or E-cadherin
(DECMA-1; Santa Cruz Biotechnology) overnight. The
slides were then counterstained with ToPro3 and SlowFade
diamond antifade with DAPI (Life Technologies). Images
were taken using a Zeiss LSM710 or LSM510 confocal
microscope.

Luciferase assay

In all, 1 x 10° cells/well were plated in 24-well plates. After
24 h cells were transfected with pRL-RLuc-Myc (Promega,
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Madison, WI) and M50 Super8x TOPflash (Addgene
Plasmid # 12456) [45], plasmids at a 1:16 ratio. MDA-MB-
436 were co-transfected with 500ng CDI177-myc,
E-cadherin or empty pcDNA3 plasmids, alone or together.
H146 cells were co-transfected with 25 nm CD177 or Non-
targeting siRNAs (L-020431-00-0005, D-001810-10-20;
Dharmacon, Lafayette, CO). 24 h after transfection, media
was collected and 400 ng/mL recombinant Wnt3a (R&D
Systems, Minneapolis, MN) or vehicle was added and
distributed back to the cells. For 67NR cells, following
transfection 1 x 10° cells were plated in polyHEMA coated
24-well plates for 24h prior to treatment with Wnt3a.
Luciferase levels were measured using the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI) 24 h after
treatment. Sequence for CDI77 siRNA was as follows:
ACACGUUGAUGCUCAUUGA, CAGUUCAGCAUGU-
GUGGAA, GCAACAACCUCGUUAACUC and GGAC
CACCAUUAUGACACA.

Flow cytometry

Cells were suspended in PBS with 2% FBS and incubated
with CD177-FITC conjugated antibody (MEM-166; Bio-
legend) for 30 min. Cells were washed and evaluated by
flow cytometry using a BD FACSCanto II (BD Biosciences,
San Jose, CA) and analyzed using FlowJo software (FlowJo
LLC, Ashland, OR).

Real-time PCR

RNA was isolated as described above and cDNA was gen-
erated using Superscript III First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific). mRNA expression was quantified
by real-time PCR using SYBR premix Ex Taq II (Takara,
Mountain View, CA) and analyzed using ViiA7 Real-time
PCR System (Thermo Fisher Scientific). The following pri-
mers were used: Human CDI177 F-CCAGGAGGA
CTTCTGCAACA R-ACTGGGCAC CTCAAGGATCC,
Mouse Cdl177 F-CCGGGAGAATATGGAGACAC,R-CGC
TGCTG CTCATAGACGTA, Mouse Lgr5 F-TCTTCTAGG
AAGCAGAGGCG R-CAACCTCAGC GTCTTCACCT,
Mouse Axin2 F-TGCATCTCTCTCTGGAGCTG R-ACTG
ACCGACGATTC CATGT, Mouse TCF4 F-TCTCCA
TAGTTCCTGGACGG R-GTGGACATTTCAC TGG
CTCA, Mouse Fabp5 F-TGTTGTTGCCATCACACGTA R-
CGGCTTTGAGGA GTACATGA, Mouse Snai2 F-GAT
GTGCCCTCAGGTTTGAT R-GGCTGCTTCAA GGACA
CATT, Mouse Sfrpl F- GGGTTTCTTCTTCTTGGGGA
R-CATCTCTGTGCAAGCGAGTT, Mouse [I2rg F-GAA
CCC GAAATGTGTACCGT R-ACAGAGATCGAAGC
TGGACG, Mouse Ppia F-CAGTGCTCAGA GCTC
GAAAGT R-GTGTTCTTCGACATCACGGC, Mouse

Cmnbl F- ATGGAGCCGGACAGAAAAGC R- CTTGCC
ACTCAGGGAAGGA.

CRISPR/Cas9

E-cadherin protein expression was knocked down using the
LentiCRISPRvV2 (Addgene plasmid #52961) CRISPR/
Cas9 system [46, 47]. The guide sequence, 5-ATAG
GCTGTCCTTTGTCGA-3’, was ligated into the Lenti-
CRISPRV2 plasmid using Roche Rapid Ligation kit (Basel,
Switzerland). The lentiviral particles were packaged in
HEK?293T cells followed by infection of target cells. Pur-
omycin was used for selection, followed by flow cytometry
to sort out E-cadherin-negative population.

RNA sequencing and genomic analysis

RNA from tumor samples were isolated with RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany). Samples with an RNA
Integrity Number score > 8.0 as measured by an Agilent
BioAnalyzer 2100 were submitted to the University of
Chicago Genomics. Paired-end 75 bp on the Illumina HiSeq
2000 was performed. Gene sets related to Wnt/B-catenin
signaling enriched in the CDI77-low expressing groups
with a false discovery rate <0.25 were identified and
graphed using Prism GraphPad software.

Raw data were aligned using the Usegalaxy web plat-
form and TopHat with the mm10 genome [48-50]. The
aligned bam files were further processed according the
previously established workflow for cufflinks [51] using
quartile and bias corrections. Z scores were calculated using
the resulting gene expression file and a heatmap of
B-catenin-regulated genes was generated using Graphpad
Prism Software (Graphpad Software Inc). Expression versus
methylation analysis utilized mean-centralized level 3 Illu-
mina HiSeq 2000 RNAseq expression data and Infinium
HumanMethylation450 beta-values. Data were downloaded
from the UCSC Cancer Genome Browser with samples
being divided into primary tumor and paired normal tissue
samples. Copy number analysis was done using cBioportal
with the available cancer data sets [41, 42]. Expression data
for Breast cancer (GSE2034), LUSC (TCGA), and COAD/
READ (TCGA) were separated into groups with high and
low expression of CD177 and GSEA was performed using
the Molecular Signature Database (MSigDB) [52, 53].

Statistical methods
Logrank testing was used to determine significance for all
survival curves. One-way analysis of variance (ANOVA)

with multiple comparisons was used to determine sig-
nificance for dual-luciferase assays. Significance of tumor
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growth curves was determined with two-way ANOVA.
Significance for all other experiments was determined by
Student’s t test assuming equal variance. P values <0.05
were considered significant.
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