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Abstract

The expression of NKG2D ligands (NKG2DLs), induced by stress or malignant
transformation, is considered to mark dysfunctional cells for elimination by NK cells
or cytotoxic lymphocytes via NKG2D/NKG2DLs pathway. ULBP1, ULBP2, and
ULBP3 (ULBP1-3), three members of NKG2DLs, are common expressed in breast
cancer. We analyzed the expression of ULBP1-3 in breast cancer and healthy control
tissues with several databases, and found that breast cancer had a higher mRNA level
of ULBP1 and ULBP2, and a higher protein level of ULBP1-3. Analysis with the
bc-GenExMiner database showed that the expression of ULBPI1-3 were
down-regulated by the wild type P53, PR, and HER2+ in breast cancer. Except for
ULBP1, ULBP2 and ULBP3 were associated with poor prognosis in breast cancer.
The analysis of the correlated genes suggested that ULBP1-3 have some common
pathways including NK cell-mediated cytotoxicity, microRNA in cancer, and IL-17
signaling pathway, whereas they also have their own pathways. But ULBP1-3
expression were also a significantly negative correlation with few immune markers on
NK and central memory CD8+ T. The correlations and co-occurrence between
ULBP1-3 and the other ligands by using TIMER and cbioportal databases showed the
same form proteins or the proteins in the same family were more likely to change at
the same time. Together with all these findings, increased ULBP2 and ULBP3 were
correlated with poor prognosis and various markers on immune cells. These
conclusions indicated that ULBP2 and ULBP3 could serve as potential biomarkers to
assess prognosis and they were strong correlation with various markers in immune

cells.
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1| INTRODUCTION

Breast cancer is a leading cause of cancer-related death worldwide in women.
Nowadays, the incidence and mortality of breast cancer is increasing in China (Jemal
et al.,, 2007). To date, current primary therapies including surgical resection,
chemotherapy, and radiotherapy demonstrate high complete response rates (Bajgain et
al., 2018). However, due to the high rate of relapse, the five-year survival rate for
advanced breast cancer is still poor, highlighting the need for effective therapeutic
strategies. As an alternative to traditional treatments, immunotherapeutic approaches
including vaccination, checkpoint inhibitors, monoclonal antibodies (mAbs), adoptive
cellular immunotherapy may be able to specifically target tumor cells. However, the
study of target antigens which are expressed broadly in breast cancer is required.
Natural killer group 2 member D (NKG2D), a C-type lectin-like receptor,
controls the activation of NK cell and cytotoxic T lymphocyte. It is expressed on all
natural killer (NK) cells, CD8+ T cells, NKT cells, a small subset of yd T cells, and
CD4+ T cells. NKG2D binds to various stress-induced ligand molecules and then
facilitates the activation of immune cells leading to the production of numerous
cytokines and target cell elimination. These biological functionss have therapeutic
potential as NKG2D ligands (NKG2DLs) are frequently presented on the various
tumor from multiple origins, whereas their expression in healthy cells is restricted. In
humans, NKG2DLs are classified into two categories: MICA/B and ULBPI1-6.
Recently, a series of experiments have demonstrated that one or more NKG2DLs are
expressed on the surface of all cell types in a wide variety of tumors (Spear, Wu,
Sentman, & Sentman, 2013). The efficiency of NKG2D-mediated lysis by cytotoxic
immune cells has been shown to related to the surface density of NKG2DLs on target
cells. Absent or low expression of NKG2DLs in patients contributes to immune
system evasion (Baragafio Raneros et al., 2015; Paczulla et al., 2019). However, the
overexpression of NKG2DLs induced by the chemotherapy treatments may increase
levels of soluble NKG2DLs in pancreatic cancer (Kohga et al., 2009; Morisaki et al.,

2011). These soluble molecules impaired immune cell activity by reducing the surface



expression of NKG2D in immune cells (Groh, Wu, Yee, & Spies, 2002; Song, Kim,
Cosman, & Choi, 2006). Therefore, it is important to understand the underlying
mechanism of NKG2DLs expression and function in cancer.

ULBPI1-3, expressed in glycophosphatidylinositol (GPI)-anchored form, are
found expressed in 90-100% of breast tumor (de Kruijf et al., 2012; Ohashi, Eagle, &
Trowsdale, 2010). Despite recent progress, the diverse expression patterns, prognostic
values, and function of ULBP1-3 in breast cancer have been insufficiently studied. In
the present study, we used the public databases to explore the expression level and
prognosis value of ULBP1-3 in patients with breast cancer. Next, we investigated the
correlations of NKG2DLs with tumor-infiltrating immune cells and their task in
tumor immunity. Finally, we evaluate the pathway related to ULBP1-3 as well as the
relationship between ULBP1-3 and other NKG2DLs. This study revealed the
potential role of ULBP1-3 in breast cancer and provides a new understanding of the

pathogenesis and treatment of breast cancer.

2 | MATERIALS AND METHODS

2.1 | ULBPI-3 expression analysis

The mRNA levels of ULBP1-3 in breast cancer and normal tissue were analyzed by
using the Oncomine database (https://www.oncomine.org/resource/login.html) and
Tumor Immune Estimation Resource (TIMER) database
(https://cistrome.shinyapps.io/timer/) (T. Li et al., 2017; Rhodes et al., 2007). In the
Oncomine database, the cut-off of fold change (FC) and p value were defined as 1.5
and 0.05, respectively. To validate the protein expression of ULBP1-3, Human Protein
Atlas (HPA) database (http://www.proteinatlas.org/) was used (Thul & Lindskog,
2018).

2.2 | Correlation analysis of NKG2DLs Expression and different

Clinicopathological Parameters

The Breast Cancer gene-expression miner v4.5

(http://bcgenex.centregauducheau.fr/BC-GEM/GEM-Accueil.php?js=1), an online



web tool, was employed for analyzing the relationship between ULBP1-3 expression
and clinicopathological parameters of breast cancer patients. The clinicopathological
features including age, HER2 receptor status (HER2) (by IHC), estrogen receptor
status (ER) (by immunohistochemistry [IHC]), P53 status, progesterone receptor
status (PR) (by IHC), triple-negative BC status, and nodal status (N) were selected for

further analysis.

2.3 | Prognostic analysis of ULBPI-3 in breast cancers

Kaplan-Meier Plotter (http://kmplot.com/analysis/) was used to evaluate the potential
prognostic of ULBP1-3 (Lanczky et al., 2016). The survival curves including overall
survival (OS), post-progression survival (PPS), and distant metastasis-free survival
(DMFS) was generated and hazard ratio (HR) with 95% confidence intervals (CI) as

well as the log-rank P-value were calculated.

2.4 | Immune infiltration and immune marker analysis related to

ULBPI-3 expression

To estimate the correlation of ULBP1-3 expression with diverse tumor-infiltrating
immune cells and gene markers on various immune cells, TIMER database was used.
The immune cells include macrophages, B cells, dendritic cells, neutrophils, CD4+ T
cells, CD8+ T cells as well as tumor purity. Further, the association of the gene
markers on various immune cells were analyzed. The gene markers were expressed in
NK cell, NKT cell, yo T cells, activated CD8 T cell, activated CD4 T cell, central
memory CD8+ T cell, central memory CD4+ T cell, effector memory CD8+ T cell,
effector memory CD4+ T cell, NKG2D pathway, and T cell exhaustion. The gene
markers were mainly referenced in prior studies (Ru et al., 2019). The threshold for
the significant correlation was determined according to the following values: |cor[>0.3,

p-value <0.05.

2.5 | The correlation between ULBPI-3 and other different expression

of gene analysis



We analyzed the association between ULBP1-3 expression and mRNA in breast
cancer using LinkedOmics database (http://www.linkedomics.org/) (Vasaikar, Straub,
Wang, & Zhang, 2018). Pearson’s correlation coefficient was applied and all results
were presented in volcano plots, heat maps, or scatter plots in the LinkFinder module.
Then the results from the LinkFinder were used to enrich the KEGG pathway in the
LinkInterpreter module. We selected GSEA and then the “clusterProfiler” package in

R in the LinkInterpreter module.

2.6 | The relationship of ULBPI1-3 and other NKG2DLs analysis

ULBP1-3 correlated with other ligands were obtained using bc-GenExMiner v4.5.
While the other ligands that co-occurred with ULBP1-3 were determined by using the

cBio Cancer Genomics Portal (cbioportal, http://cbioportal.org) database.

3| RESULTS

3.1 | NKG2DLs Expression in breast cancer

In the Oncomine databases, ULBP1, ULBP2, and ULBP3 were lower in normal
tissues (Figure 1A). While higher expression of ULBP1 and ULBP3 were also
observed in breast cancer compared with that in normal tissues in the TIMER
database. However, overexpression of ULBP3 was found in healthy controls (Figure

1B).
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Figure 1 ULBPI1, ULBP2, and ULBP3 expression in breast cancer and normal
tissues. (A), NKG2DLs expression in the Oncomine database. (B), ULBP1, ULBP2,
and ULBP3 expression expression in the TIMER databas

The Human Protein Atlas database was used to analyzed the protein expression
of ULBP1, ULBP2, and ULBP3 by immunohistochemistry (IHC) in breast cancer
tissues and the related normal tissues. ULBP1, ULBP2, and ULBP3 were almost
negative staining in normal tissue. Compared with normal breast tissues, the protein
of ULBP1, ULBP2, and ULBP3 were more highly expressed in the breast cancer
tissues (Figure 2). It is worth noting that the compared result of ULBP3 protein
expression in breast cancer and healthy tissues is contrary to that of ULBP3 mRNA

expression. It may be that translation of ULBP3 is restricted in normal tissues.
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Figure 2 IHC images of ULBP1, ULBP2, and ULBP3 detected in the HPA

3.2 | Correlation between NKG2DLs Expression and different

Clinicopathological Parameters of breast cancer patients.

According to different clinicopathological parameters, We compared the mRNA
expression of ULBP1, ULBP2, and ULBP3 between groups of patients by Welch’s
test in bc-GenExMiner database. As for age, mRNA levels of ULBP1, ULBP2, and



ULBP3 were down-expression in >51 y patients group. For the nodal status criterion,
there was no significant difference between positive and negative nodal status. The
expression level of ULBP1, ULBP2, and ULBP3 was negatively controlled by
estrogen receptor (ER), progesterone receptor (PR), HER2 receptor (HER2), and wild
type P53. Comparing PR and ER status, the negative effect of ER was higher than that
of PR for ULBP1-3 mRNA expression level (Supplemental Figure 1). Furthermore,
they were up-expression in triple-negative breast cancer (TNBC) groups, compared

with non-TNBC groups.

3.3 | Investigate the clinical significance of ULBPI-3 in breast cancer

patients

Many studies have shown that the prognostic of tumor patients affect by NKG2DLs.
To study the correlation between NKG2DLs mRNA expression and clinical features,
we evaluated the prognostic value of NKG2DLs in patients with breast cancer by
using Kaplan-Meier Plotter tools. As shown in Figure 3, ULBP1 expression did no
effect on OS (p=0.15), PPS (p=0.15), (DMFS, p=0.13). ULBP2 over-expression was
associated with poor OS (p=4.7¢-05), PPS (p=0.00049), and DMFS (p=0.00074).

While ULBP3 over-expression was only associated with poor OS (p=0.0025).
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Figure 3 Clinical significance of ULBP1-3 in breast cancer patients. (A-C), Survival
curves of OS, PPS, and DMFS for ULBPI in breast cancer, respectively; (D-F),
Survival curves of OS, PPS, and DMFS for ULBP2 in breast cancer, respectively;
(G-I), Survival curves of OS, PPS, and DMFS for ULBP2 in breast cancer,
respectively

3.4 | Analysis of the ULBPI-3 functional network and pivotal role in

breast cancer

To broaden the understanding of ULBP1-3 biological role with the other correlated
genes in breast cancer, the correlation genes of ULBP1-3 were analyzed by using the
function module of LinkedOmics from 1093 patients with LIHC in the TCGA dataset.
There were 2284, 2114, and 2947 genes significantly correlated with ULBP1, ULBP2,
and ULBP3, respectively (Supplemental table 1-3). KEGG enriched by the significant
correlation genes of ULBP1-3 were conducted by GSEA in LinkedOmics. This results
showed that ULBP1-3 not only having a similar functioning but also have their own
unique function (Figure 4). The KEGG pathway including NK cell mediated
cytotoxicity, microRNA in cancer, IL-17 signaling pathway, ribosome biogenesis in
eukaryotes, glycosphingolipid biosynthesis, bacterial invasion of epithelial were
shared by ULBP1-3. The unique pathways to ULBP1 were RNA transport, DNA
replication, cellular senescence, aminoacyl-tRNA biosynthesis, and Epstein-Barr virus
infection pathways. The significant correlation genes enriched in ULBP2 were
osteoclast differentiation, rheumatoid arthritis, regulation of actin cytoskeleton. We
also identified four specific pathways including cytokine-cytokine receptor interaction,
ferroptosis, adherens junction, focal adhesion, and hippo signaling pathway enriched
by the significant correlation genes of ULBP3. Thus, a widespread impact of

ULBP1-3 on the global transcriptome.
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Figure 4 Significantly enriched KEGG pathways of ULBP1-3 in breast cancer
patients (FDR<0.05). (A), KEGG pathways of ULBPI1; (B), KEGG pathways of
ULBP2; (C), KEGG pathways of ULBP3

3.5 | ULBPI-3 expression is associated with the level of immune

infiltration in breast cancer

In all subtypes of breast cancer, Tumor-infiltrating lymphocytes (TILs) play an
important role in improving clinical outcomes (Stanton & Disis, 2016). We tried to
investigate whether ULBP1-3 associate with TILs in breast cancer by using the
TIMER database. We found there were no high correlations between ULBPI1-3
expression and immune cell infiltration levels. ULBP1-3 expression had weak
correlations (|cor|<0.3) with the majority of immune cell infiltration levels and tumor

purity (Figure 5). These results indicated that ULBP1-3 could not modulate immune



infiltrating cells into breast cancer tissues and their expression may be from cells in

the tumor microenvironment.
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Figure 5 Correlation of NKG2DLs expression with immune infiltration level in breast
cancer cohort

3.6 | Correlation Analysis Between ULBPI-3 Expression and Immune

signatures

Varying expression levels of ULBP1-3 in breast cancer patients may be associated
with functional differences in immune regulation. To investigate the correlation
between ULBP1-3 and immune functions in breast cancer, the correlations between
the expression of ULBP1-3 and the immune marker of different immune cells were
studied in the TIMER database. We initially evaluated the immune cells, which
express the receptor of ULBP1-3, including NK cell, activated CD8+ T cells, NK T
cells, activated CD4+ T cells, and yo T cells. The results revealed that ULBP1-3
expression level was significantly correlated with most immune marker sets of
activated CD4+ T cells, NK T cells, and yd T cells in breast cancer (Figure 6A, C, E).
More remarkable, ULBP1-3 were not only significantly positive correlations with the
marker of NK cells but also were significantly negative correlations with the marker
of NK cells (Figure 6D). The negatively correlated genes mainly include ERBB3,
BCL2, GLS2, and FUCA1 in NK cells. As for activated CD8+ T cells, only the



expression of MPZL1 was significantly positive correlations with the expression of
ULBP1-3 (Figure 6B).

Expression of NKG2DLs in some mouse tumor models strongly enhances the
induction of anti-tumor memory responses (Diefenbach, Jensen, Jamieson, & Raulet,
2001). In this study, results showed the expression levels of ULBP1-3 have positive
correlations with various markers expression in effector memory CD8+ T, central
memory CD4+ T, and effector memory CD4+ T (Figure 6F-I). Among the four
memory T cells, the number of significantly and positively correlated genes in central
memory CD4+ T cell was more than that in effector memory CD8+ T, central
memory CD8+ T, and effector memory CD4+ T, and indicating central memory CD4+
T cell paly an important role for anti-tumor memory responses. For central memory
CD8+ T cell, only TNFRSF11A was significantly and positively correlated with the
expression of ULBP3, and RARA was significantly and negatively correlated with the
expression of ULBP1-3 (Figure 6F). In effector memory CD4+ T, except for EZH2
significant correlation with ULBPI, the rest of significantly and positively correlated
genes were ULBP3 with 1L34, DARS, WIP1, CD300E, REPS1 (Figure 6G). What is
more, RARA is the only significantly and negatively correlated marker in the memory
cells (Figure 61). All these results thus suggest that ULBP1-3 play an important role in
central memory CD4+ T and effector memory CD8+ T, whereas the expression level
of ULBP3 plays an important role in central memory CD8+ T.

Upon binding to ligands, the activating NKG2D receptor can specifically interact
with DAP10 and DAP12 mediating cytotoxic responses, secretion of cytokines, and
chemokines (Diefenbach et al., 2001; Jelenci¢, Lenarti¢, Wensveen, & Poli¢, 2017;
Stojanovic, Correia, & Cerwenka, 2018). However, the gene expression level of
NKG2D, DAP10, IFN-0, and IFN-y have not significantly positive correlations with
ULBPI1-3 expression (Figure 6J). In the markers related to T cell exhaustion, results
showed that only the expression levels of GZMB and CTLA4 were significantly

positive correlations with ULBP3 expression (Figure 6K).
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Figure 6 Correlation analysis between ULBP1-3 and immune markers of various
immune cells. *, p<0.05

3.7 | Relatiotnship analysis between ULBPI-3 and five other ligands

Since the correlations and co-occurrence between ULBP1-3 and five other ligands are

largely unknown. Finally, we analyzed the correlations of NKG2DLs with each other

by using be-GenExMiner database. As shown in Figure 7, ULBP1, ULBP2, ULBP3,

and ULBP6, which are expressed in glycophosphatidylinositol (GPI)-anchored, are

significant and positive correlations with each other. The co-occurrence of NKG2DLs

were predicted by using cbioportal. ULBP1-6 were co-occurrence with each other and

MIAC was only co-occurrence with MICB, indicating that the genes in the same

family were more likely to co-occurrence. While there were no significant mutually

exclusive genes.



MICA
MICB
ULBP1
ULBP2
ULBP3

MICA =
&= 08
= o0s
miCcB 0.4
0.2

0
- ..-
— -0.2

5 0.4
ULBP2 = 06

=

E -0.8

= -1
ULBPS3 D missing

Figure 7 The correlations and interaction between ULBP1-3 and five other ligands

Discussion

NKG2DLs expression is highly heterogeneous, and their expression level can
markedly differ depending on the type of cells in response to stress or malignant
transformation (Champsaur & Lanier, 2010). Studies have shown that NKG2D
ligands are frequently high expression in kinds of cancers such as ovarian cancer,
colorectal cancer, and breast cancer (Lazarova & Steinle, 2019). Our research is
consistent with the previous findings that ULBP1 and ULBP2 in both mRNA and
protein levels of breast cancer patients were higher than that of normal tissues. As
regards the expression of ULBP3, gene translation may be widely restricted in normal
tissues, thus the protein expression level in breast cancer is higher than that in normal
tissue.

Many factors, such as chemotherapeutic agents, miRNA, cytokines, and tumor
microenvironment, affect the expression of NKG2DLs in transcriptional, translational,

and post-translational modification regulation (Duan et al., 2019; Toledano,



Vitenshtein, Stern-Ginossar, Seidel, & Mandelboim, 2018; Xie et al., 2014). As this
particular study shows, the correlation genes of ULBPI1-3 enriched in NK cell
mediated cytotoxicity, IL-17 signaling pathway, and microRNA in cancer. Meanwhile,
Oncogenes directly can induce the expression of NKG2DLs (Boissel et al., 2006;
Okita et al., 2012). A study using breast cancer cell lines has confirmed that HER2
overexpression enhanced NK cell-mediated cytotoxicity via inducing the expression
of MICA/B (Okita et al., 2012). This contrasts with the present study that HER2+
negatively regulated the expression of ULBP1-3 in patients with breast cancer.

Theoretically, NKG2DLs binding to the activating receptor NKG2D can promote
anti-cancer immune responses, with the result that NKG2DLs over-expressed are
associated with a good prognosis. However, the prognosis of NKG2DLs changes
according to the type of cancer. In cervical cancer, multivariate analysis showed high
expression of either ULBP1 or MICA/B and ULBP1 combined resulted in a good
prognosis (Cho et al., 2014). de Kruijf et al. demonstrated that MIC-A/B and ULBP-2
expression were independent markers of a longer relapse free period (RFP) in breast
cancer patients (de Kruijf et al., 2012). On the contrary, NKG2DLs over-expressed
could takes as a poor prognostic factor in ovarian cancer patients (K. Li et al., 2009;
McGilvray et al., 2010). However, the survival analysis showed that the high
expression of ULBP1 had no significantly effect on the prognosis of breast cancer,
whereas the high expression of ULBP2 and ULBP3 predicts an unfavorable
prognosis.

Some studies have found the cooperation of NKG2DLs with each other. And the
superimposed prognostic effect was observed, when the expression of two NKG2DLs
were combined (de Kruijf et al., 2012; McGilvray et al., 2010; McGilvray et al., 2009).
Our database analysis showed that the significant correlations and co-occurrence of
NKG2DLs occurred in glycophosphatidylinositol (GPI)-anchored form protein and
the same family, respectively. So when we consider the additive effect of ligands we
should consider their structure and function, don't just think about the union of

ligands.



NKG2DLs usually came in two forms: membrane-bound NKG2D ligands
(mNKG2DLs), soluble NKG2DLs (sNKG2DLs). Convincing evidence has been
found sSNKG2DLs are found in serum from patients with kinds of malignancies or in
supernatant from various cell lines. mNKG2DLs stimulate tumor immunity by
activating cytotoxic T lymphocytes cells and NK cells. While sNKG2DLs compete
with mNKG2DLs for NKG2D receptor binding and downregulate effector cell-related
NKG2D and eventually impair the effector function of immune cell (Dhar & Wu,
2018). The sNKG2DLs level also associate with tumor stage and down-regulate
NKG2D expression on the surface of NK and CD8+ lymphocytes (Groh et al., 2002;
Holdenrieder et al., 2006; Jinushi et al., 2008; Salih, Rammensee, & Steinle, 2002;
Weil et al., 2017). In addition to the reduction of NKG2D expression, soluble ULBP2
secreted from pancreatic cancer reduced the cytotoxicity of NK (Kegasawa et al.,
2019; Song et al., 2006). So ULBP1-3 were positive correlation with markers of
multifunctional immune cells on the one hand, on the other hand, the expression level
of ULBP1-3 were significantly negative correlation with some markers in NK cells
and central memory CD8+ T cells. Thus, the shedding of NKG2DLs not only impair
the anti-tumor reactivity of NK but also negative regulate the function of memory of
CD8+ T cells. The high expression of ULBP1-3 had no significant influence on the
gene expression of NKG2D pathway, it may be also due to the shedding of
NKG2DLs.

In conclusion, our data demonstrated that ULBP1-3 up-regulation in breast
cancer is correlated with poor prognosis and various markers in immune cells. While
the expression of ULBP1-3 were not associated with immune cell infiltration and
genes in the NKG2D/NKG2DLs pathway. Besides sharing the same pathway for the
regulatory role of ULBP1-3, they also have their own specific pathway. So we should

conduct further study to learn the other function of ULBP1-3 in breast cancer.
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Figure 1

ULBP1, ULBP2, and ULBP3 expression in breast cancer and normal tissues. (A), NKG2DLs expression in
the Oncomine database. (B), ULBP1, ULBP2, and ULBP3 expression expression in the TIMER databas
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Figure 2

IHC images of ULBP1, ULBP2, and ULBP3 detected in the HPA
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Figure 3

Clinical significance of ULBP1-3 in breast cancer patients. (A-C), Survival curves of 0OS, PPS, and DMFS
for ULBP1 in breast cancer, respectively; (D-F), Survival curves of 0S, PPS, and DMFS for ULBP2 in breast
cancer, respectively; (G-1), Survival curves of 0S, PPS, and DMFS for ULBP2 in breast cancer, respectively
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Figure 4

Significantly enriched KEGG pathways of ULBP1-3 in breast cancer patients (FDR<0.05). (A), KEGG
pathways of ULBP1; (B), KEGG pathways of ULBP2; (C), KEGG pathways of ULBP3
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Figure 5

Correlation of NKG2DLs expression with immune infiltration level in breast cancer cohort
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Figure 6

Correlation analysis between ULBP1-3 and immune markers of various immune cells. *, p<0.05
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Figure 7

The correlations and interaction between ULBP1-3 and five other ligands
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